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ABSTRACT

Hydrogenation is one of the most efficient methods to alter and improve the physical properties
of unsaturated polymers and to produce a new material. The aim of this research is to transform|
partially the unsaturated part of natural rubber (NR) into saturated moiety in order to improve its
thermal and oxidative properties and to widen its area of applications. In this study, non-catalytic
hydrogenation process was applied by using diimide generated in situ from two types of hydrogenating
agent i.e. thermal decomposition of p-toluenesulfonylhydrazide (TSH) and oxidation of hydrazine
(N;H,) by hydrogen peroxide (H,0;). The chemical structure of the hydrogenated rubbers was analyzed
by vibrational and resonance spectroscopies i.e. FTIR, Raman, 'H- and *C-NMR.

First, the hydrogenation of NR and its modified form as epoxidized NR (ENR) was performed
by using TSH in xylene solution at 135°C. The motlar ratio of [TSH]:[C=C] equal to 2 was used for
hydrogenation of NR and four different types of ENR i.e. ENR-10, ENR-22, ENR-30 and ENR-40,
containing 10, 22, 30 and 40% mole of epoxide content, respectively. The quantitative measurements on
fraction of saturated units determined by Raman, 'H-NMR in liquid state and >C-NMR in solid state
gave simitar results which indicated that percent hydrogenation increased with increasing reaction time
and about 80-8%9 % hydrogenation was obtained at 8h. While in the case of ENRs, the percent
hydrogenation is approximately 93-98%. Cis-frans isomerization was also observed by 'H-NMR in
liquid state and *C-NMR both in liquid and solid state. Some side reaction occurred i.c. chain
degradation of both NR and ENRs which might be due to a relatively high temperature process. In the
case of hydrogenation of ENRs, formation of furan structure and fixation of p-toluenesulfinic acid|
{TSOH) by-product were detected by FTIR.

For hydrogenation using {(N,H,) and (H,(,), NR in the original form of latex was used. Various
parameters affecting the hydrogenation reaction were investigated i.e. reaction time and temperature,
amount of reactants, and dry rubber content. The hydrogenation progress could be monitored by means
of NMR in liquid state as function of reaction condition. The results indicated that the best result was
obtained when equimolar ratio of (N.H,) and (H,0,) was used. With addition of varying hydrazine and
hydrogen peroxide contents, the best condition of diimide reduction is achieved when their content is
1.5 times the amount C=C of the rubber.

Molecular characteristics in the NR, ENR-10 and the hydrogenated rubbers were investigated by
Raman and "*C-NMR in solid state techniques. The relative variation force constant as analyzed by
Raman spectroscopy tends to increase with the hydrogenation level. It might be suggested that the
higher stiffness of the rubber chains upon hydrogenation is correlated to the increased relative variation
force constants. In cross-polarization (CP) experiment of HNR and HENR, it was found that the rate of]
cross polarization of methyl carbon in HENR-30(8) is highest with respect to methyl carbon in HNR(8)
and HENR-10(8). It is clear that the methyl carbon of HENR-30(8) has the least mobility due to more,
furan units and chemical fixation of TSOH on the rubber chains.

Thermal properties studied by a differential scanning calorimetry revealed thermal improvement
after hydrogenation, both in solution and in aqueous systems, Comparison of the thermal stability using
thermogravimetric analyzer, under air and nitrogen atmosphere, showed the decomposition temperature
of HNR in air is lower than that in nitrogen atmosphere. The thermal stability of ENR was also
enhanced after hydrogenation. Rheological propertics of HNR samples measured using RPA rheometer
exhibited the storage and loss moduli of HNR97 sample with the highest value compared to HNR38 and
HINR69 samples. For instance, the fully hydrogenated NR has a significant increment in the loss and
storage moduli of the samples. By using Raman mapping technique, it revealed that the hydrogenation
of NR is a random process at the micron level.

KEY WORDS: NATURAL RUBBER / NON-CATALYTIC HYDROGENATION /
DIIMIDE MOLECULE / HYDROGENATED RUBBER
288 P. ISBN 974-04-6163-8
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RESUME

Cette étude aborde 1'hydrognation du caoutchouc naturel dans un but de développement]
et de valorisation de cette substance largement produite dans le sud-est asiatique et en
particulier en Thailande. En effet, ce composé est un polymére insaturé bien connu, possédant
d’excellentes propriétés élastiques, mais sa résistance en température est nettement inférieure
aux ¢élastoméres synthétiques. Dans ce travail, I’hydrogénation a été menée par voic non
catalytique, en utilisant un agent intermédiaire de type diimide généré in-situ a partir de deux
types de composés, a savoir 1} la décomposition thermique du p-toluensulfonnylhydrazide
(TSH) ainsi que ii) la réaction de I’hydrazine (N;H.) et ’hydroperoxide (H;0;) en présence
d’un catalyseur. La structure des caoutchoucs hydrogénés a été analysée par différentes
méthodes spectroscopiques : absorption infrarouge, diffusion Raman , RMN en phase liquide
et solide.

L’hydrogénation du caoutchouc naturel et de sa forme époxyde a eté réalisée a 1’aide de
TSH dans une solution de xyléne a 135°C. Un ratio molaire [TSH] :[C=C] de 2 a été choisi
pour I'hydrogénation du caoutchouc naturel et de 4 formes époxydes contenant respectivement
10,22, 30 et 40% d’époxyde. Les mesures quantitatives menées par les différentes techniques
spectroscopiques sont toutes concordantes et indiquent une augmentation du taux
d’hydrogénation avec le temps de réaction pour atteindre des valeurs limites proches de 90%
pour un temps de réaction égal a 8h. L isomérisation cis-trans a été observée par RMN en
phase liquide et solide. En outre des réactions secondaires peuvent apparaitre, dues aux
temnpératures ¢levées des protocoles utilisés,

Dans le cas de ['utilisation de N;H, et de H;O; |’hydrogénation a été réalisée
directement sur la forme latex du cacutchouc naturel, avec étude de 'influence de divers
paramétres : temps de réaction, température, taux des réactifs.Le suivi du taux
d’hydrogénation par RMN liquide montre que les meilleurs résultats sont obtenus pour des
rapports équimolaires de NaH, et de H,O,.

Les caractéristiques moléculaires du caoutchouc naturel, de la forme époxyde a 10% et
des différents composés hydrogénés a été complétement étudiée par diffusion Raman et RMN
du carbone C. La diffusion Raman montre I’augmentation de la constante de force associée i
la double liaison C=C en fonction du taux d’hydrogénation, qu’il est possible d’associer a un
accroissement de la rigidité de la structure d’ensemble.

L’¢tude thermique effectuée par DSC réveéle une amélioration des propriétés des
eéchantillons aprés hydrogénation tant en solution que pour les systémes en phase aqueuse. La
comparaison des propriétés de stabilité thermique des caoutchoucs naturels hydrogénés, par
analyse thermogravimétrique, sous air ou sous atmosphére d’azote montre que la
décomposition en température est plus faible sous air. De méme les propriétés thermiques des
formes époxydes ont été améliorées aprés hydrogénation. L’ensemble des matériaux af
egalement fait I’objet d’une étude rhéologique compléte. Enfin la technique d’imagerie Raman
revele que I’hydrogénation est un processus aléatoire au moins  I’échelle micrométriqu

288 P. ISBN 974-04-6163-8
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Summary: The diimide hydrogenation of natural rubber (NR) was studied by
using p-toluenesulfonylhydrazide (TSH) as a diimide-releasing agent. The
microstructure and the percentage of hydrogenation were studied by Raman, 'H-
NMR and “C-NMR spectroscopic techniques. Quantitative measurements on
fraction of hydrogenated part gave the results in good apreement by using these
techniques. The results indicated that percent hydrogenation increased with
increasing of reaction time and about 80-85 % hydrogenation was achieved when a
two-fold excess of TSH was used. The vibrational characteristic of C=C bond of
NR is strongly Raman active and noted at 1663 cm™. The decrease of this signal
was clearly observed during the progress of hydrogenation but the vibrational
frequency of the cis and trans structures of the trisubstituted olefin unit of NR can
not be differentiated by this technique. While 'H- and “C-NMR analysis showed
that cis-frans isomerization of carbon-carbon unsaturation of NR occurred during
hydrogenation.

Keywords: diimide hydrogenation; FT-IR; natural rubber; NMR; Raman
spectroscopy

Introduction

Chemical modification of unsaturated pelymers via hydrogenation is one of the most
important methods for altering and optimizing the physical and mechanical properties of the

macromolecules. The hydrogenation is also a potential method offering a polymer that can

© 2004 Lternational Union of Pure and Applied Chemistry DOI: 10.1002/masy. 200451214
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not be prepared by a simi:le conventional polymerization reaction. An example is the
preparation of poly(ethylenc-alt-propylenc) which can be potentially obtained by fully
hydrogenation of l,4-po!yisoprcnc.m Diimide (N2Hy) is an inorganic reducing agent which
has been progressively used for hydrogenation of unsaturated molecules.?! It is considered
as a noncatalytic reaction and found to be a convenient hydrogenation method since it can be
performed under atmospheric pressure with relativety simple apparatus and procedure. In
contrary, catalytic hydrogenation using hydrogen gas in the presence of a noble metal catalyst
is rather difficult in handling the reaction, usually involving high pressure and
temperature.!'*
Natural rubber (NR) which has been known as highly cis-1,4 polyisoprenic structure, has a
primary drawback in thermal and oxidative stabilities and poor oxygen and ozone resistance.
This is due to the presence of the unsaturation along the molecular chain. Thercfore,
reduction of the unsaturated units of NR should overcome some of these drawbacks. N.K.
Singha et al reported that catalytic hydrogenation of NR using RhCI(PPhs;) catalyst increased
the thermal stability of the resulting product without affecting its glass transition
tcmperature.m Utilization of a diimide hydrogenating agent generated from thermal
decomposition of p-toluenesulfonylhydrazide (TSH) for hydrogenation of polybutadiene and
polyisoprene has been reported.™ In both cases, an excess amount of TSH is required if
complete hydrogenation is expected. The evidence of hydrogenation was examined by IR and
NMR spectroscopy.

Generally, spectroscopic techniques i.e. Raman, infrared, 'H- and "“C-NMR can be used for
characterization of the microstructure of the chemically modified products.ls'ﬁl Hydrogenation
of NR can be therefore extensively investigated by vibrational (i.¢. Raman and infrared) and
resonance spectroscopic techniques (i.e. IH- and “C-NMR) since the characteristic signal of
the C=C bond of polyisoprene is very sensitive to its environment.® However, only a few
work has been analyzed by Raman scattering and solid state NMR, including the
quantification of the unsaturated units of NR. Therefore, these two techniques have been
used for such purposes in this present work and compared to other spectroscopic technique
j.e. '"H-NMR in solution.

This article describes the hydrogenation of NR by using diimide as a reducing apgent

generated from the in sifu decomposition of TSH. The progress of reaction was observed by
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Raman, FT-IR and NMR both in solution and solid state spectroscopic techniques. The
percentage of hydrogenation was determined by Raman, 'H-NMR in solution and *C-NMR.
in solid state. The evidence of cis-trans isomerization as hydrogenation progress was also
investigated by 'H- and *C-NMR.

Experimental

Hydrogenation

Hydrogenation of NR was carried out as follows; about 1.0 g of rubber was dissolved in 100
ml of xylene (JT Baker). Two folds of p-toluenesulfonylhydrazide (TSH, Fluka) as compared
to rubber unsaturated units (fTSH)/[C=C] = 2) was added to the solution. The mixture was
then stirred and heated to 135°C under nitrogen atmosphere. Samples were taken at various
reaction times and precipitated in methanol. The hydrogenated product was purified by
dissolving in hexane and reprecipitating in methanol. Finally, the product was dried in

vacuum at room temperature before analysis,

Characterization

Raman Spectroscopy

Raman spectra of all samples were recorded with a T64000 Jobin-Yvon multichannel
spectrometer adjusted either in simple spectrograph configuration with a 600 lines/mm grating
or in triple subtractive configuration for high resolution experiments.  Samples were
illuminated with a Coherent Argon-Krypton lon Laser selecting the 647.1 nm lines in order to
minimize luminescence contribution to spectra. To improve the signal/noise ratio, each
spectrum was accumulated 20 times during 30 sec. The frequency range selected was 500-
3200 cm’. Calibration of the spectrometer was prcclisely checked on the 520.2 cm™' silicon
band and the resolution of the spectra was estimated to be smaller than 1 cm™. All
experiments were performed under microscope using an x 50 long work distance objective

(Olympus B x 40 microscope).
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FT-IR Spectroscopy
FT-IR spectra were carried out by using Perkin-Elmer system 2000 spectrometer by casting
thin film of the sample on NaCl plate. All samples were recorded at 16 scans in the range of

500-4000 cm™ with 4 cm™ spectra resolution in order to obtain a good signal-noise ratic,

Nuclear Magnetic Resonance Spectroscopy in Solution
'H-NMR and C-NMR (Bruker DPX-300 NMR spectrometer) spectra were obtained from
the samples dissoived in CDCly using tetramethylsilane (TMS) as an internal reference.

Nuclear Magnetic Resonance Speciroscopy in Solid State

High resolution solid state experiments were recorded on a Bruker MSL 300 spectrometer
operating at 75.47 MHz. The instrument is equipped with a high-power amplifier for proton
decoupling. The experiments were carried out using a pulse width of 90° (4 ps) with a
tepetition time of 4 5. A spectral width of 20 kHz and 16 K data points were used for data

collection. The spinning speed of MAS technique was applied at 10 kHz.

Results and Discussion
The diimide molecule (NzH;) is generated in situ from the thermal decomposition of p-
toluenesulfonylhydrazide (TSH) as shown in equation (1) in Figure L. it can then release a

hydrogen molecule directly to the carbon-carbon double bonds of isoprene units as

represented in equation (2) in Figure 1.

-Toluencsulfonylhydrazide p-Toluenesulfinic acid Diimide
p
(TSH)

Figure 1. Hydrogenation of NR by using diimide generated from p-toluenesulfonylhydrazide.
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Microstructare Analysis of Hydrogenated Rubber
Vibrational Spectroscopy

Non catalytic hydrogenation of NR in this study was carried out by using 2 moles of TSH as
compared to the isoprene units. When one molecule of diimide reacted with the NR, one unit
of the C=C should be disappeared as shown in Figure 1. The vibrational characteristic of the
C=C of the isoprene unit can therefore be examined by Raman and Infrared (IR)
spectroscopy. A comparison between the Raman spectra of the starting NR and that of
hydrogenated NR (HNR) samples taken during hydrogenation at various reaction times is
given in Figure 2. As hydrogenation reaction proceeded, the decrease of absorption band at

1664 cm™' assigned to the C=C stretching modes can be clearly detected with increasing of

the vibrational intensity of the band at 1432 cm™, atributed to the -CH;- deformation

vibration. No alteration of the band at 1452 cm™! which belongs to an asymmetric vibration of
-CH; group in Raman spectra was noted after hydrogenation.

Relative intensity

1200

Figure 2, Raman spectra of natural rubber (NR) and hydrogenated rubbers at different
reaction times.
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It is not surprising that after 8 h of reaction the total disappearance of the peak at 1664 cm™' is
not observed as it has been reported that the complete reduction of unsaturation of butadiene
polymers and of polyisoprene can be obtained with a five-fold excess of TSH.12H

For IR analysis of the hydrogenated rubber, the decrease of two important characteristic peaks
at 1665 and 836 cm”', attributing to C=C stretching and the C-H out of plane deformation of
the trisubstituted olefin of polyisoprene, respectively, were observed as shown in Figure 3.
The signat at 1375 cm™' assigning to the C-H deformation and the signal at 735 cm™', being
due to sequences of three continuous methylene units occurred after hydrogenation were also
detected. It can be seen that the vibrational absorption modes obtained from IR spectrum is
not as powerful as Raman mode. The intensity of the C=C absorption peaks at 1665 and 836

em™' are not strong for quantitative analysis of the percent of hydrogenation.

HNRE

%T

4000 3500 3000 2500 2000 1500 1900 500

Wavenumber (¢cm’ l)

Figure 3. FTIR spectra of natural rubber (NR) and hydrogenated rubbers at 4h (HNR4) and
8h (HNRB) reaction times.
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Resonance Spectroscopy

'H-NMR analysis of NR in Figure 4 shows three main characteristic signals of proton
adjacent to C=C, methylene and methy] protons of the unsaturated unit at 5.12, 2.03 and 1.67
ppm, respectively. "H-NMR spectra of the products of hydrogenation after 4 and 8 h of the
reaction, symbolized as HNR4 and HNRS, respectively are also shown in Figure 4. The figure
indicates that the intensity of proton signal adjacent to C=C bonds at 5.12 ppm decreases with
the increased reaction time, as well as the decrcaselof signal at 1.67 ppm characteristic of
methy] proton of ¢is-1,4 polyisoprenic units of NR. The methyl and methylene proton signals
observed at 0.84 and 1.1-1.3 ppm, respectively showed a strong increment due to the
transformation of double bonds into saturation moieties. The hydrogenation levels can be
therefore determined by comparison of the integrals of signal at 5.12 ppm with the integrals

for proton signal of saturated units.

HNRS ]

HNR4 | A '\J‘M |

w1

.I-__
 fa-
it

Chemical shift (ppm)

Figure 4. '"H-NMR spectra of natural rubber (NR) and hydrogenated NRs at 4h (HNR4) and
8 h (HNRS8) reaction times.
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In the case of '*’C-NMR analysis in solution, the carbon signals of C=C of cis-structure of
isoprene units of NR are positioned at 135.2 and 125.5 ppm. Three signals characteristic of
methy! and two methylene carbons of the unsaturated unit were found at 23.4, 26.4 and 32.2
ppm, respectively. The extra peaks at 19.5, 33 and 37.1 ppm assigning to the methyl, methine
and methylene carbons of saturated units in the hydrogenated rubbers are observed. The
detected chemical shifts are in good agreement with those reported in the titeratures."® The
BC.NMR spectrum of the partially hydrogenated product reveals the evidence of the cis-trans
isomenzation of isoprene unit in the polymer chains as the signal at 134.9 and 124.7 ppm,
corresponding to olefinic carbons of trans-polyisoprenic structure are detected for HNR.

The "*C-NMR study in solid state of natural rubber and hydrogenated rubbers was carried out
at room temperature, which is the temperature far above their glass transition temperatures
(Tg). Under this condition, the dipolar interactions and chemical shift anisotropy that lead to
line broadening arc partially averaged by chain motion, and sharp lines are observed with
high power decoupling and magic angle spinning. The motional averaging is such that high
resolution signals of NR and HNR can be observed with spinning, and peak assignments can

be established using the traditional sotution methods (Figure 5).

w— HNR4
HNR2
HE.
i o ) T )
Chemical shift (ppm)

Figure 5. Solid state '*C-NMR spectra of natural rubber (NR) and hydrogenated NR
at 2h (HNR2), 4h (HNR4), 6h (HNR6) and 8 h (HNR8] reaction times.
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The dominant peaks of NR spectrum at 23.6, 26.7, 32.5, 134.8 and 125 ppm observed were
related to the five carbon atoms of the cis-1,4 polyisoprenic units, similar to the assignments
using C-NMR in solution. These characteristic peaks can be seen to diminish as the
hydrogenation reaction proceeded. Then the significant peaks at 20.4, 33.3 and 38.1 ppm arc
found. Based on literature and by making comparison with the NMR spectra in liquid state,
these peaks are assigned to the carbon signal of methyl, methine and methylene types,
respectively.!"! Figure 5 shows also the characteristic trans-1,4-polyisoprene located at 16, 27
and 40 ppm, assigning to methyl and two methylene carbons."® This is the confirmation of
cis-trans isomerization occurred simultaneously with hydrogenation. The extra resonances of
trans-structural units allowed us to evaluate the amount of trans-isomer as increasing the

reaction time.

Determination of Percent Hydrogenation
With the Raman scattering technique, it is possible to monitor the progress of saturated units
in NR during hydrogenation. The percent hydrogenation of each sample can be estimated
from the ratio of band areas arising from the stretching mode of C=C bond and the bending
mode of CHy, since each addition of hydrogen molecule on C=C bond gives rise 1o one new
CH, unit!"!! The repeating unit of polyisoprene already presents two CH, groups. The CH;
bending band appears to be moderately active near 1432 cm™ as shown in Figure 2. The band
intensity in Raman spectra can be roughly considered as proportional to the concentration of
each species in the following:

A (C=C) ki[C=C]

A (CHy) ky[CH;]
where A(C=C} is the integrated intensity area of the band located between 1645 and 1685

cm”! assigned to the C=C stretching vibrational band, A(CH,) is the integrated intensity area
of the CH; bending band between 1415 and 1440 ¢m’', k, and k; are proportional constants
associated with the considered C=C and CH, vibrational modes. If the starting rubber is
composed of 100 repeating units, 100 C=C and 200 CHj; units are then present, hence

kiflkz = 2A5(C=CYAHCH;)
Then, the ratio ky/k; can be determined from the Raman spectrum of NR in Figure 2.

X is assigned for the concentration or number of the unit disappeared or formed, when X
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C=C units disappear during hydrogenation, it can be noted that X of CH; units are created.
For a partially hydrogenated product, X or the hydrogenation rate can then be calculated from
the following equation :
X = 100 [(K-2a)/(K+a)]

where K = ky/ka and a = Ap(C=C)/A(CHy) of the partially hydrogenated compound.

From 'H-NMR spectroscopy, the integrated areas of the signal at 5.12 and 0.84 ppm,
corresponding to the proton adjacent to clefinic unit and methyl proton of saturated unit,
respectively, were used for the determination of percentage of hydrogenation. The progress of
hydrogenation by solid state *C-NMR was obtained by using the integrated areas of the
signals of saturated methyl carbon at 20.4 ppm comparing to the methyl carbon of both cis-
and trans-unsaturated units at 23.6 and 16 ppm, respectively. The results of percentage of
hydrogenation at various reaction times of NR determined by different techniques are
illustrated in Figure 6. It was found that the hydrogenation increased with the increase of
reaction time. The maximal percentage of hydrogenation approximately 80-85 % was found
by using all three techniques when a two-fold excess of TSH was used. Several publications
reported that complete hydrogenation was obtained when 4-5 moles of TSH per mole of
polyisoprene units were utilized for hydrogenation of homopolymer or copolymer containing
polyisoprene units.!'"'?] It was described that not only the syn form of the generated diimide
can react with the C=C bonds of polyisoprene units, but it can also undergo

disproportionation, giving nitrogen molecule and hydrazine.

Cis-trans Isomerization

It was reported that utilization of TSH as a diimide reieasing agent for hydrogenation of cis-
polybutadiene resulted in cis-trans isomerization.!"!  Unfortunately, the cis-tfrans
isomerization of the unsaturated units of NR during hydrogenation can not be detected by
Raman spectroscopy as the vibrational frequency of the cis and trans structures of
trisubstituted olefinic unit in Raman scattering are very close. While the 'H-NMR spectra of
the hydrogenated rubber exhibit the signal of methyl proton of the cis- and trans-1,4
polyisoprenic units at 1.67 and 1.60 ppm, respectively. The percentage of the remaining
double bonds in cis- and frans- configurations of the hydrogenated samples at various

reaction times can then be calculated and the results are shown in Figure 7 (a).
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Figure 6. Results of percentage of hydrogenation at various reaction times of NR determined
by 'H-NMR in solution, Raman scattering and BC.NMR in solid state.

The "*C-NMR spectrum in solution of the partial hydrogenated product reveals the evidence
of the cis-frans isomerization. The carbon signals of cis-structure were located at 135.2 and
125.5 ppm while the signals at 134.9 and 124.7 ppm, corresponding to olefinic carbons of
1,4-trans polyisoprenic units were also detected for hydrogenated NR.

For solid state "’C-NMR spectra, the signal of methyl carbon of cis- and trans- polyisoprenic
structure can be clearly seen at 23.6 and 16 ppm, respectively. The results of the percentage
of cis- and trans- isomers at various reaction times are illustrated in Figure 7(b). It seems
likely that in this system the cis-frans isomerization is a reversible process. The thermal
decomposition of TSH generates a diimide acted as a hydrogen-denor molecule as well as p-
toluenesulfonic acid by-product. The formation of unstable complex between the double
bonds and the p-toluenesulfinic acid by-product may be responsible for the cis-trans
isomerization reaction.!' No signal of the addition of the by-product onto the hydrogenated

rubber was detected.




vaMicrostructure

142

. 100
100 m )
B %eis O %%cis
804 80 -
O %trans O %trans

40

204

T

2 4 3
Reactlon time (h) Reaction time (h)

00
0

Figure 7. Progress of cis-frans isomerization rate during hydrogenation of NR determined
by 'H-NMR in solution (a) and >C-NMR in solid state (b).

Conclusion )

Natural rubber (NR) was partially hydrogenated using two-fold moles of p-
toluenesulfonylhydrazide (TSH) compared to the unsaturated unit. The microstructure of the
hydrogenated products can be observed by using spectroscopic techniques i.e. Raman, FT-IR,
'H- and “C-NMR. The quantitative measurements on fraction of hydrogenated part at
different reaction times determined by Raman, 'H- and *C-NMR gave similar results which
indicated that percent hydrogenation increased with increasing of reaction time and about 80-
85 % hydrogenation were obtained at 8h. '"H-NMR and "¥C-NMR gave the evidence of the
cis-trans isomerization during hydrogenation. These techniques were also used to monitor the

progress of the isomerization.
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The non-catalytic hydrogenation of natural rubber (NR) and two epoxidized NRs {ENRs) i.e. ENR-
22 and ENR-40 containing 22 and 40 mol% of epoxide, respectively, was carried out using p-
toluenesulfonylhydrazide (TSH} as a hydrogenating agent. A two-fold molar excess of TSH compared with
unsaturated units of the rubber was used. The evidence of hydrogenation is a decrease in the intensity
of the characteristic signal of the carbon-carbon double bond stretching vibration of the rubber in both
the Raman and FT-IR spectra. The percentage hydrogenation was successfully determined by Raman
spectroscopy since the vibrational mode of the carbon-carbon unsaturation is strongly Raman active. The
progress of the hydrogenation could be monitored by means of the techniques mentioned above as a
function of reaction time. The maximum degree of hydrogenation of NR is ~89% whereas in the case of
ENR-22 and ENR-40 it reaches 94 and 96%, respectively. Solid-state > C NMR spectroscopy was also used
to confirm the microstructure characteristics of the hydrogenated rubbers. *C NMR analysis showed that
cis—trans isomerization of carbon-carbon unsaturations occur during hydrogenation. Copyright © 2004
John Wiley & Sons, Ltd.

KEYWOCRDS: diimide hydrogenation; epoxidized natural rubber; non-catalytic hydrogenation; unsaturated rubber

INTRODUCTION Natural rubber (NR) has been widely used in automotive
applications. However, owing to its high cis-1,4-polyisoprene
structure, its primary drawback is its low thermal and
oxidation stability. Epoxidized natural rubber (ENR), which
is one of the polar-modified forms of NR (see Fig. 1), shows
similar disadvantages caused by the presence of residual
double bonds in the macromolecular chains. Therefore,
attempts to reduce the number of carbon-carbon double
bonds in NR and ENR by means of hydrogenation reactions
have been explored.*-¢ Singha et al.* studied the catalytic
hydrogenation of NR using hydrogen gas and RhCl(PPh,)
as a catalyst. They used IR and 'H and PC NMR spectroscopy

Hydrogenation is an important method for improving and
modifying the properties of unsaturated elastomers. Two
methods of hydrogenation can be applied for these polymers,
i.e. catalytic and non-catalytic.'~* Catalytic hydrogenation
requires a high pressure of hydrogen and the presence of
a suitable metal catalyst such as Ni or Rh. In non-catalytic
hydrogenation, an organic molecule which can generate a
diimide intermediate is employed. The diimide molecule can
provide a hydrogen molecule to the carbon—carbon double
bonds without the use of a catalyst. Therefore, non-catalytic
hydrogenation using diimide is a more convenient method

since it can be easily performed under atmospheric pressure
with simpler apparatus and procedure than used for catalytic
hydrogenation.

*Correspondence to: Pranee Phinyocheep, Department of
Chemistry, Faculty of Science, Mahidol University, Rama VI Road,
Phayathai, Bangkok 10400, Thailand. E-mail: scppo@mahidol.ac.th

and the iodine value to characterize the hydrogenated
NR, while the kinetics of hydrogenation were studied by
measuring the decrease in hydrogen pressure applied at
various reaction times. Gan ¢t al.® used 'H NMR spectroscopy
to measure the extent of hydrogenation in NR using
catalytic hydrogenation. Bhattacharjee et al® studied the
hydrogenation of NR and ENR by 1 T A
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HyC H H;C H  HC H

Natural rubber (NR) Epoxidized natural rubber (ENR}

Figure 1. Structures of natural rubber and epoxidized
natural rubber.

and palladium acetate as a catalyst, and found that the
rate constant of hydrogenation decreases when the epoxide
content in the rubber is increased.

Generally, IR and 'H and *C NMR spectroscopy have
been employed to determine the microstructure of elas-
tomers and the modified forms such as epoxidized and
hydrogenated elastomers.”~'® More often, the IR technique
has been used for qualitative analysis whereas the deterini-
nation of the degree of modification has mostly been studied
by NMR techniques. The characterization of elastomers by
Raman spectroscopy has long been used as W{C=C} is sensi-
tive to its envirenment in a similar but much clearer way than
in IR spectroscopy. This technique has been successfully used
for the study the microstructure of elastomers and hydro-
genated polybutadienes.’ -'* However, only a few studies
have been carried out to characterize the unsaturated units
in natural rubber after modification by Raman scattering.

In this work, hydrogenation of NR and two ENRs with
22 and 40 mol% epoxide contents was studied using p-
toluenesulfonylhydrazide (TSH) as a hydrogenating agent.
During hydrogenation, the hydrogenated rubbers were
characterized by the decrease in their C=C unsaturations
and the increase in the number of methylene groups in the
macromolecular chain of the original polymer. The changes
in the structure of NR and ENRs can be quantitatively
detected by using Raman spectroscopy since v(C=C) shows
strong intensity. FT-IR and solid-state *C NMR methods
were also used to confirm the microstructure characteristics
of the hydrogenated rubbers.

EXPERIMENTAL

Hydrogenation
Natural rubber (NR) was purchased from Thai Rubber
Latex. Epoxidized natural rubbers (ENRs) were prepared
by epoxidation of NR in latex form using hydrogen peroxide
and formic acid as described in the literature.” Two types
of ENR were prepared, i.e. ENR-22 (containing 22 mol%
epoxide) and ENR-40 (containing 40 mol% epoxide).
Hydrogenation of unsaturated rubbers {NR or ENRs)
was carried out as follows. About 20g of rubber were
dissclved in 100 ml of xylene (J. T. Baker). A twofold molar
excess of p-toluenesulfonylhydrazide (TSH, Fluka} compared
with rubber unsaturated units ([TSH}/[C=C] = 2) was then
added to the rubber solution. The mixture was stirred
under a nitrogen atmosphere in a thermostated bath at

Copyright © 2004 John Wiley & Sons, Lid.
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135°C. Samples were taken at various reaction times and
precipitated in methanol. The hydrogenated rubbers were
purified by dissolution in hexane ‘and reprecipitated in
methanol. Finally, the product was dried under vacuum
at room temperature. \

Raman gpectroscopy

Raman spectra of alt samples were recorded with a Jobin-
Yvon T64000 multichannel spectrometer adjusted in a simple
spectrograph configuration with a 600 lines mm™' grating
and in the triple subtractive configuration for high-resolution
experiments. Samples were illuminated with a Coherent
argon—krypton ion laser selecting the red 647.1 nm line
in order to minimize the contribution of luminescence
to the spectra. To improve the signal-to-noise ratio, each
spectrum was accumulated 20 times during 30s. The
wavenumber range selected was 500-3200 ¢em . Calibration
of the spectrometer was precisely checked on the 520.2 cm™!
silicon band and the resolution of the spectra was estimated
to be better than 1 cm™!. All experiments were performed
at room temperature under a microscope using a x50 long
work distance objective.

_ FT-IR spectroscopy

FT-IR spectra were measured by using a Perkin-Elmer
System 2000 spectrophotometer by casting a thin film of
the sample on a NaCl cell. All spectra were recorded in the
range 500-4000 cm ™' with 4 em~! spectral resolution.

NMR spectroscopy in the liquid state

'H NMR data recorded on a'Bruker DPX-300 NME
spectrometer were obtained from the samples dissolvec
in CDCl; using tetramethylsﬂane (TMS) as an interna
reference.

NMR spectroscopy in the solid state

High-resolution solid-state C NMR experiments wert
conducted on a Bruker Avance 300 spectrometer operating
at 75.47 MHz with a 4 mm cross-polarization magic angle
spinning (CP/MAS) probe. The jnstrument was equippec
with a high-power amplifier for proton decoupling. Singl
pulse experiments combining MAS and 'H decoupling wer:
carried out using a pulse width of 90° (4 us) with a repetitior
time of 4s. A spectral width 'of 20kHz and 16K dat
points were used for data collection. The MAS techniqu
was applied at 10 kHz. The decoupling radiofrequency wa,
60 kHz. |

I
RESULTS AND DISCUSSIPN

The thermal decomposition (135°C} of TSH as showi
in Fig.2 provides the diimide (N:Hz) molecule, uses
to hydrogenate the carbon-carbon double bond of th
unsaturated polymer, and p-toluenc=1!%ni2 22d [T 2o
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Figure 2. Hydrogenation of cis-1,4-polyisoprene units by using the diimide intermediate generated frorn thermolysis of TSH.
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Figure 3. FT-IR spectra of NR and hydrogenated NR after
reaction times of 4 h (HNR4) and 8 h (HNR8).

by-product.’ This hydrogenation procedure, so-called non-
catalytic hydrogenation, was performed without the aid of a
catalyst.

Generally, 1 mol of TSH produces 1 mol of diimide under
suitable conditions, which may give a fully hydrogenated
product. It was found in several cases that an excess of
about a 4-5-fold excess of diimide compared with the
unsaturated units was needed for complete hydrogenation
of polyisoprene in homo- and copolymers."'*!* n our case,
a twofold excess of TSH was used to hydrogenate the
unsaturated units of NR and ENRs. The FT-IR spectra of
NR and ENRs show mainly two characteristic peaks at 1665
and 836 cm™!, attributing to the v(C=C) and the C-H out-
of-plane deformation of the trisubstituted carbon-carbon
double bonds of polyisoprene units, respectively. Figure 3
exhibits the decrease in intensity of the 1665 cm™! line of
hydrogenated NRs at various reaction times of diimide

Copyright © 2004 John Wiley & Sons, Ltd.

hydrogenation. The disappearance of the C=C signal does
not totally occur after 8h of reaction, because not only
does the syn form of the generated diimide react with the
C=CDbonds of polyisoprene units [Eqn (2} in Fig. 2], but also
the diimide can undergo disproportionation, leading to the
formation of a nitrogen molecule and hydrazine [Egn (3) in
Fig. 2].5 Similar results were also obtained in the case of
hydrogenation of ENRs.

Raman spectroscopic analysis
It is well known that NR possesses a highly regular
structure, entirely composed of linear sequences of cis-1,4-
polyisoprene units. On the basis of the NR structure, the
cis-1,4-polyisoprene unit possesses a low symmetry point
group, probably identical with C, symmetry of the single
unit. This point group was then considered to analyze the
number of vibration modes of NR. It is assumed that the
CHj group of the cis-1,4-polyisoprene units is spherical
and lies in the same plane with the main-chain atoms
and hydrogen. According to classical group theory analysis,
the determination of the number of vibration modes was
performed and the distribution of the normal modes among
the irreducible representations for point group C; is given
by e = 26A" + 13A". Because of the low symmetry of the
unit without any symmetry centre, all the vibrations are both
Raman and IR active. A typical recorded Raman spectrum
of NR is illustrated in Fig. 4. It can be noted that the number
of vibration modes experimentally observed in the Raman
spectrum (31 modes) is lower than that predicted by group
theory {39 modes).

The observed wavenumbers of the NR can be assigned
on the basis of several literature reports on isostructural
compounds exhibiting the same kinds of entities or molecular
bonds, and are illustrated in Table 1.}1-'316.17 The CH, and
CHj stretching vibrations in both symmetric and asymmetric
modes typically appear in the 2800-3000 cm™! range. The
strong emission band observed at 166
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Figure 4. Typical Raman spectrum of NR.

w(C=C}) is in good agreement with the literature as v(C=C)
is particularly clear and sensitive to its environment. The
bands at 1452 and 1432 cm™! are attributed to the C-H
deformation of methyl and methylene groups, respectively.
The medium bands at 1327 and 1286 cm™" can be attributed
to the =C-FH deformation in-plane and CH bending mode,
respectively.

A comparison between the Raman spectra of the
starting NR and hydrogenated NR samples taken at various
hydrogenation times is given in Fig. 5. As the hydrogenation
reaction progresses, the decrease in intensity of the w(C=C)
mode is obviously evidenced together with an increase in
the vibrational intensity of the band at 1432 cm™!, which is
attributed to the CH, deformation vibration. On the other
hand, there is no alteration of the intensity of the 1452 cm™!
band, which belongs to the asymmetric vibration of CH;
in the Raman spectrum during hydrogenation. An extra
peak at 2925cm~' corresponding to the C-H stretching
vibration of a saturated unit after hydrogenation was also
detected. In addition, Raman spectra of hydrogenated rubber
products exhibit new characteristic bands at 1299 and
939 em~!, assigned to the —(CH),— in-plane twisting
and symmetrical stretching of ~~C~—C—C— modes in the
rubber chains.'®

in the case of ENR, the repeating units containing
epoxide and isoprene units are randomly arranged in the
molecular chains as reported in the titerature.'® Therefore,
the number of vibrational modes cannot be determined
by group theory. Hydrogenation was performed on two
ENRs containing 22 mol% (ENR-22) and 40 mol% (ENR-
40) of epoxidized units. Similar results were obtained in
both cases. Figure 6 shows the Raman spectra of ENR-
22 and hydrogenated samples at various reaction times
Similarly to the hydrogenation of NR, the band at 1664 cm™
corresponding to the C=C bond of ENR sng1uﬁcantly
decreases during the hydrogenation process. The band at

Copyright © 2004 John Wiley & Sens, Lid.
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1452 cm~! due to an asymmetric vibration of the CH;
group does not change, whereas the intensity of the CH,
deformation at 1432 cm™! increases with the reaction time.
On the other hand, the differences are related to the band
characteristics of the epoxide functions of ENR which were
identified in the Raman spectra by a weak band at 1248 cm ™
associated with another weak line at 833 cm~' assigned to
the C-O-C ring vibration of epoxidé groups. As a result of
hydrogenation, the bands associated with the C~O-C ring
vibration of epoxide groups disappeared. Additionally, two
distinct extra bands at 1152 and 1592 cm™" are observed and
can be assigned to the symmetric .~C-50,-C~ vibration
mode and the C=C bond stretching mode of the aromatic
ring of the TSOH by-product, respectively, as found by
Edwards et al'® Epoxide ring opening of the ENR was
confirmed by the disappearance of the signals in the IR
spectrum at 870 and 1250 cm™! characteristic of the C-O-C
vibrations of epoxide groups. The band at 3460 cm™! assigned
to the O—H stretching of the hydroxy group was also detected
as shown in Fig. 7.

The 'H NMR spectrum of the hydrogenated ENR also
gives information to confirm the signal of the aromatic
ring of TSOH found at 7.7 ppm. These signals still appear
after several purifications by dissolution in hexane and
precipitation in methanol. This evndence supports for the
chemical fixation of TSOH on the ENR backbone which
could occur from the reaction of TSOH with the oxirane ring
of epoxidized units during the hydrogenation.

The thermal behavior of the hydrogenated NR and ENR
samples was investigated using thermograwmetnc analysis
(TGA). It was found that the decomposition temperatures ol
the hydrogenated products of NR and ENR obtained from
TGA are higher than those of the'starting rubbers by abou
60-70°C. This indicates that the hydrogenation of NR and
ENR can improve their thermal stability.

Determination of percentagé hydrogenation
In the present study, Raman scattering was demonstrated tc
be a good technique for monitoring the progress of saturatec
units in NR and ENR during hyélrogenation. The degree o
hydrogenation of each sample can be estimated from th
ratio of the integrated intensities of the band arising from
the stretching mode of the C=C bond at 1664 ¢cm™! and th
bending mode of CH; at 1432 cm™, since each addition o
a hydrogen molecule to the C=C bond gives rise to one
new CH; unit as shown in Eqn' (2) in Fig. 2. The repeatin,
polyisoprene unit in the rubber already includes two CH
groups. The CH, bending mode near 1432 cm™' appears
be moderately active, as shown in Fig. 5.

As a first approach, the band intensity in Rama
spectra can be roughly considered as proportional to th
concentration of each species as follows:

l
A(C=C) =K [C=C]
|
A(CHg) = kg CT 77
i r
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Table 1. Wavenumbers (cm~') and assignment of bands observed in the Raman spectrum

of natural rubber

Literature!!-13.16.17 Experimental® Assignment
3032 3033 vw =C-~H stretching

2962 2965 m CHj asymmetric stretching
2931 2940 m CH; asymmetric stretching
2912 2911 s CHj; symmetric stretching
2885 2881 m —d

2854 2850 m CH; symmetric stretching
2727 2725 vw —d

1666 1664 vs C=C stretching

1452 1452 m CHj asymmetric stretching
1440 1432 m CH> deformation

1375 1371 m —d

1363 1357 m CH: deformaticn

1325 1327 m =C-H in-plane deformation
1311 1314 m CH; twisting

1287 1286 m CH bending

1243 1243 w CHj; twisting

1208 — =C-H in-plane bending
1143 1147 vw C-H out-of-plane of ¢is-C(CH3)=CH wagging
1131 1130 w CH: wagging

1040 1039 m CHj rocking

1000 1000 m C-CHz stretching

—b 983 m C-CHj stretching

—b 840 w =CH out-of-plane bending
820 815 m CH wagging

—b 788 CH; rocking

—b 759 m CH3 rocking

724 729 —d

—> 596 w C-C in plane bending

572 569 —d

492 491 =CC; rocking and scissoring
428 —¢ CC; rocking

367 372w CGC; rocking

—b 223 vw CHj torsion

ag, Strong; m, medium; w, weak; v, very.
b Not mentioned in the literature.
¢ Not detected in this experiment,
4 No assignment in the literature.

where A{C=C) is the integrated intensity of the band located
between 1645 and 1685 cm™! assigned to the C=C stretching
vibrational mode, A{CH2) is the integrated intensity area of
the CH; bending band between 1415 and 1440 cm™' and &,
and k; are proportionality constants associated with the C=C
and CH, vibrational modes, respectively, For NR, it was
observed that the CH, bending mode was overlapped by the
CH; bending one at 1452 cm™'. The standard Peakfit software
(Jandel Scientific) was then used to resolve areas of §,(CH,)
band required for the calculation as shown, for instance,
in Fig. 8. A Lorentzian shape was assumed to simulate the

Copyright ® 2004 John Wiley & Sons, Ltd.

Raman bands and the integrated intensities were determined
by subtraction of a nearly constant background.

In the case of NR, if 100 repeating units of the starting
rubber are considered, 100 C=C and 200 CH; units are
present, then

ky fk = 2A(C=C)/Ap(CHa)

where the subscript 0 represents the starting natural rubber.
Then, K = k fk; can be determined from the Raman spectrum
of NR (see Fig. 4).

If X represents the concentration or the number of the
units disappeared or formed, when X C:
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Figure 5. Comparison between the Raman spectra of NR and
hydrogenated NA samples taken at 4 h (HNR4) and 8 h {HNR8).

1664 w{C=C})

y
= ENR-22
(7]
@ —
5
E

2025 uC-H) T Jwy430 5(CHy)
HENRS
3000 2500 2000 1500 1000 500

Wavenumber/cm*

Figure 6. Comparison between the Raman spectra of
epoxidized NR containing 22% epoxide (ENR-22} and
hydrogenated ENR samples taken at 4 h (HENR4) and
8 h (HENRB).

during the hydrogenation process, it results that X CH; units
are created. Therefore, for a partially hydrogenated product,
X, which is the percentage hydrogenation, can be related to
the integrated intensities according to

A(C=C) = (100 — X)kh|C=C]
A(CH3) = (200 + X)k2[CH;]

If we denote @ = A{C=C)/A(CH,) of the partially hydro-
genated compound, we can easily deduce that

X = 100[(K — 2a)/{K + a)]
The percentage hydrogenation obtained at various reac-

tion times of NR and ENR hydrogenation is shown in Table 2
and Fig. 9. It was found that the percentage hydrogenation

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 7. FT-IR spectra of epoxidized natural rubber (ENR-22)

and hydrogenated ENR-22 after 4 h {HENR4) and 8 h (HENRS)
reaction times.
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Figure 8. Typical curve fitting of Raman spectrum of natural
rubber (Lorentzian shape). 1

1
Tabte 2. Calculation of percentage hydrogenation in
hydrogenated rubbers coming from NR, ENR-22 and ENR-40
at varicus reaction times, by using Raman scattering

Hydrogenation/%
Reaction ime/h NR ENR-22 ENR-40
0 0 ‘ 0 0
2 B1 849
4 731 86.5 945
6 83.8 | 95.9 94.2
8 88.5 939 95.8

[}
increases with increasing reaction time. The maximum per-
centage hydrogenation of NR was found to be 89% whereas
in the case of ENR-22 and ENR40 it reached 94% and 96%

respectively. It can be noted that the hydrogenation of ENR

N PR |1 N

is very fast at the early stage of the
|
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Figure 9. Percentage hydrogenation determined by Rarman
spectroscopy versus reaction times for NR (@), epoxidized NR
containing 22 mol% epaxide (ENR-22) (A) and 40 moi%
epoxide (ENR-40) (m).

that the rate of hydrogenation also increases when the epox-
idation level of the rubber is increased and is faster than the
hydrogenation of NR. This may be due to the addition of
the diimide to the C=C of ENR being less disturbed by the
cis—trans isomerization, which will be discussed in the next
section, than in the case of NR. On the other hand, whatever
the rubber considered, the yield of hydrogenation reaches
very high values, but the complete hydrogenation of the
polyisoprene units could not be obtained in this study. How-
ever, complete hydrogenation may be achieved if a larger
amount of TSH is employed.

HNR8 J |
‘L HNR4 S uJ_

NR )

3
120 an 60 30 4]
Chemical shift/ppm

Figure 10. Solid-state '*C NMR spectra of NR and
hydrogenated NR after reaction times of 4 h (HNR4) and 8 h
{HNRS).

Copyright © 2004 John Wiley & Sons, Ltd.
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Cis—trans isomerization

It was reported previously that hydrogenation of polybu-
tadiene by using the diimide procedure, resulting in
cis—trans jsomerization, can be clearly identified by FT-
Raman spectroscopy.'* However, the unsaturated units of
synthethic cis-1,4-polyisoprene and trans-1,4-polyisoprene
are very difficult to differentiate by Raman spectroscopy
because the cis and trans structures of trisubstituted alkenes
give very close wavenumbers in Raman spectra.”” In our
case, this cis—trans modification may be suggested by a
very weak additional peak close to the 1664 cm™! C=C
Raman wavenumber. However, no definitive analysis can be
established by Raman spectroscopy for this cis-trans isomer-
ization process. In order to check the occurrence of cis—trans
isomerization in the case of diimide hydrogenation of NR
and ENRs, *C NMR in the solid state was used. Figure 10
shows the ¥C NMR spectra of NR and hydrogenated NR
obtained after 4 and 8 h of hydrogenation. The dominant
peaks of the five carbon atoms of cis-1,4-polyisoprene units
in NR are noted at § 23.6, 26.7, 32.5, 134.8 and 125 ppm. With
the progress of NR hydrogenation, these characteristic peaks
decrease, and in the same time the extra peaks at § 19.5, 32.8
and 37.1 ppm are observed in the spectra of the hydrogenated
NR samples. These signals are assigned to the carbon of the
methy! (19.5), methylene (32.8) and methine (37.1 ppm) of
saturated units. The observed chemical shifts are in good
agreement with those reported in the literature.* Figure 10
also indicates the presence of trans-1,4-polyisoprene units
located at & 16, 27 and 40 ppm, assigned to methyl and two
methylene carbons, re:r.pectively.1':| This appears to provide
confirmation of cis—trans isomerization occurring simultane-
ously with hydrogenation. [t seems likely that in this system
the cis—trans isomerization is a reversible process. The ther-
mal decomposition of TSH generates a diimide acting as
a hydrogen-donor molecule and TSOH as a by-product.
The formation of an unstable complex between the car-
bon—carbon double bonds and the TSOH generated could
be responsible for the cis—trans isomerization.' No signal of
the addition of the by-product to the hydrogenated NR was
detected.

In the case of hydrogenation of ENRs, an increase in
reaction time leads to a decrease in the signal characteristic
of the carbon-carbon double bond in the *C NMR spectrum
of cis-1,4-polyisoprene, similarly to the hydrogenation of NR.
The carbon signal of trans-1,4-polyisoprene units was slightly
observed. This may be because the TSOH could not piay a
perfect role in cis—trans isomerization as it reacted with the
epoxide group of the ENR as detected and mentioned earlier.

CONCLUSIONS

The hydrogenation of NR and its epoxidized derivative
ENR was performed by using diimide generated in situ
from the thermal decompaosition of TSt T
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the hydrogenation was followed by FT-IR and Raman spec-
troscopy. The Raman technique was successfully used to
determine the percentage hydrogenation versus reaction
times because the characteristic carbon—carbon double bond
vibration is strongly Raman active. The microstructure of the
hydrogenated product was also followed by C NMR spec-
troscopy. Raman scattering appears to be a highly efficient
tool for the determination of the percentage hydrogenation
in NR and ENRs. However, the cis—trans isomerization of
carbon-carbon unsaturation of the hydrogenated NR could
be identified only by solid-state '*C NMR spectroscopy.
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ABSTRACT: The hydrogenation of natural rubber (NR)
and various epoxidized natural rubbers (ENR) was investi-
gated by using diimide generated in situ from the thermal
decomposition of p-toluenesulfonylhydrazide (TSH) in o-
xylene solution at 135°C. "H-NMR analysis indicated that
approximately 85-95% of hydrogenation was performed
with a twofold excess of TSH. FT-IR and Raman spectros-
copy were employed to confirm the microstructure charac-
teristics of the hydrogenated rubbers. The cis-trans isomer-
ization was also observed by 'H- and >C-NMR. The signal
in 'H-NMR of the epoxide group of the ENR disappears
after hydrogenation while the signal of the opened epoxide

ring product was detected. This may be due to the epoxide
ring opening reaction caused by the p-toluenesulfinic acid
by-product. The high temperature of the reaction condition
leads to chain degradation in both NR and ENR. Thermal
behaviors of the hydrogenated rubbers characterized by dif-
ferential scanning calorimetry showed that the glass transi-
tion temperatures of the hydrogenated rubbers were in-
creased about 10-20°C compared with the starting rubbers.
© 2004 Wiley Periodicals, Inc. J Appt Polym Sci 95: 16-27, 2005

Key words: elastomers; hydrogenation; isomerization; mod-
ification; NMR

INTRODUCTION

Chemical modification of existing polymers has been
an active field of research as it leads to polymers with
altered and improved properties or production of new
materials. Unsaturated polymers, especially diene
rubbers, are useful targets for chemical modification,
because the double bonds in the polymer chains are
prone to chemical reactions such as epoxidation, ha-
logenation, and maleinization." However, the poly-
mers containing olefinic units have a tendency to be
low-heat-tesistant materials. Hydrogenation is a use-
ful method for the reduction of unsaturation in diene
rubbers?? It improves the thermal and oxidative sta-
bility of their parent polymers. For instance, hydroge-
nated nitrile butadiene rubber (HNBR) has been
known to be a new oil-resistant elastomer with supe-
rior abrasion resistance at elevated temperatures.
These properties provide more applications for HNBR
in the automotive, military, and aerospace industries.
Hydrogenated butadiene rubber (HBR) has good ag-
ing, heat and abrasion resistance, and improved dy-
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namic properties, therefore HBR is part of the rubber
formulation for tire treads.’

The hydrogenation of unsaturated polymers can be
performed with elemental hydrogen in the presence of
a transition metal catalyst or by a noncatalytic method,
using an inorganic reagent such as diimide (N,H,).""*
Special equipment is normally required to perform
catalytic hydrogenation because the reaction is carried
out at a high temperature under high pressure. Addi-
tionally, various factors influence the catalytic hydro-
genation, such as types of catalyst that affect the se-
lectivity of hydrogenation and solvents that influence
not only the solubility of reactants and resulting prod-
ucts but also the activity of catalysts.

Hydrogenation of polyisoprene is a rather compli-
cated case of unsaturated polymers. The isopropeny!
groups constituting the rubber chains are trisubsti-
tuted ethylene derivatives; they should be hydroge-
nated with a lower rate than mono- and disubstituted
ethylenes. The process is even more complicated by
virtue of the high molecular mass of polyisoprene
obtained from natural rubber, due to its poor segmen-
tal mobility. Unfortunately, this condition has an ad-
verse effect on product because increasing chain stiff-
ness causes even greater restriction of chain mobility
Therefore, the use of catalytic hydrog Ty
isoprene requires high temperature: /",
considerable amounts of catalyst, anc [/
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times.? The severe conditions of catalytic hydrogena-
tion, i.., high pressure and high temperature, may
cause degradation and difficulty in removing residual
catalysts. Therefore, a moderate condition using other
mild reducing agents has been explored and is pre-
ferred. Diimide used to hydrogenate the unsaturated
rubbers can be conveniently prepared at atmospheric
pressure with relatively simple apparatus and proce-
dures. [t is considered a noncatalytic hydrogenation
process and has become increasingly popular. Diim-
ide can be generated from various chemicals via-the
oxidation of hydrazine, the decarboxylation of potas-
sium azodicarboxylate, and the thermal treatment of
arenesulfonylhydrazides.5'7 Among these reducing
agents, the thermal decomposition of p-toluenesulfo-
nylhydrazide has been widely used to hydrogenate
the unsaturated unit in diene rubbers. Mango and
Lenz employed noncatalytic hydrogenation to convert
BR, IR, and SBR copolymers to high-heat-resistance
polymers.® Hardwood et al.> reported the hydrogena-
tion of unsaturated polymers, i.e., polybutadiene and
polyisoprene by using diimide as a reducing agent.
They found that the complete reduction could be ob-
tained when five moles of TSH per mole of double
bonds of butadiene or isoprere units was employed.
Similar results were obtained in the case of isoprene-
styrene diblock copolymers.®

Natural rubber (NR) and epoxidized natural rubber
(ENR) are unsaturated rubbers with excellent elastic
properties. The ENR also has good oil resistance upon
epoxidation. However, both NR and ENR have pri-
mary drawbacks of poor thermal and oxidative resis-
tances due to the unsaturated unit on the backbone.
Singha et al.” reported that catalytic hydrogenation of
NR using RhCI(PPh,) catalyst increased the thermal
stability of the resulting product without affecting its
glass transition temperature. The hydrogenation of
NR using a homogeneous catalyst prepared from
nickel 2-ethylhexanoate and triisobutylaluminum can
lead to 100% hydrogenation under optimum reaction
conditions.!® For ENR, the presence of the epoxy
group should influence the reaction condition of hy-
drogenation and properties of the resulting rubbers. A
few studies have been conducted on catalytic hydro-
genation of ENR. Bhattacharjee et al.'! hydrogenated
the NR and ENR by using a homogeneous palladiu-
macetate catalyst and found that the rate constant of
hydrogenation decreases with an increase in the ep-
oxide content of the rubber. This article describes the
hydrogenation of NR and different epoxide levels of
ENR by using the diimide reducing agent generated
from the decomposition of p-toluenesulfonylhydra-
zide (TSH). The progress of the reaction determined
by 'H-NMR, IR, and Raman techniques is reported
including the cis-trans isomerization evidence.
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EXPERIMENTAL
Materials '

Natural rubber latex was procured from Thai Rubber
Latex Corporation (Thailand) Public Company Lim-
ited. The NR for hydrogenatlon was obtained from
precipitation of the NR latex in methanol and it was
then dried under vacuum at room temperature Dif-
ferent types of ENR were prepared in latex form by
using in situ performic acid generated from hydrogen
peroxide and formic acid, according to the procedure
outlined in the literature.'> ENR22, ENR33, and
ENR40 represent ENR containing 22, 33, and 40%
epoxide levels, respectively, determined by 'H-NMR.
p-Toluenesulfonylhydrazide, which |is a practical
grade product from Fluka, and o-xylene, which is a
product from JT Baker, were used as purchased.

Hydrogenation procedure

Hydrogenation of unsaturated rubbers (NR or ENR)
was carried out in a 250-ml three-necked round-bot-
tomed flask, equipped with a magnetic stirring, a re-
flux condenser, and a nitrogen inlet tube. A solution of
1% (w/v) rubber in o-xylene was uséd with a molar
ratio of TSH to unsaturated unit ([TSH]/[C=C]) equal
to 2. The reaction took place at 135°C under nitrogen
atmosphere. The solution was sampled at various re-
action times and precipitated in methanol. The hydro-
genated product was purified by dissolution in hexane
and reprecipitation in methanol. Finally, the product
was dried under vacuum at room temperature.

Characterization of products '

FT-IR spectroscopy |

The chemical structure of the rubber samples was
investigated by FT-IR (Perkin-Eimer System 2000 Fou-
rer transform infrared spectrometer) spectroscopy.
The samples were dissolved in distilled chloroform
and then cast onto a NaCl cell. All samp]es were taken
at 16 scans in the range of 4,000-600 em™ with4cm ™’
resolution of spectra to obtain a good signal-to-noise
ratio. |

i
Raman spectroscopy X

The Raman spectra of all samples were recorded on a
T64000 Jobin-Yvon multichannel spectrometer ad-
justed to be a simple spectrograph conﬁgurahon with
a 600 line/nm grating. Samples were illuminated with
a Coherent Argon-Krypton Ion Laser using the 647.1
nm line to avoid luminescence bands. To i improve the
ratio of signal/noise, each spectrun
20 times during 30 s. The frequency /g
500-3,200 cm™'. Calibration of the fri;‘ .’
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Figure 1 Hydrogenation of polyisoprene unit by p-toluenesulfonylhydrazide (TSH): (1) decomposition of TSH by thermal

treatment, (2) reaction of diimide and polyisoprene unit, and (3} disproportionation of diimide.

precisely checked on the 520.2 cm™! silicon band and
the resolution of spectra can be estimated to be smaller

than 2 cm™",

Nuclear magnetic resonance spectroscopy

'H-NMR and "“C-NMR (Bruker DPX-300 NMR spec-
trometer) were used to identify the chemical structure
of the rubbers before and after hydrogenation. NMR
spectra were obtained from the samples dissolved in
CDCl, using tetramethylsilane (TMS) as an internal
reference.

Determination of molecular weight by viscometry

The intrinsic viscosity, [n], of samples was measured
using an Ubbelohde viscometer at 30°C. The viscosity
average molecular weight [M,] was evaluated by the
Mark-Houwink equation as shown below

[n] = KM/’

The Mark-Houwink constants, K = 33.1 X 10" and «

= 071, were used to estimate the M, in toluene at
30°C."°

Differential scanning calorimeter (DSC)

The thermal behavior of the rubber sample was made
on a DSC (Perkin Elmer DSC 7) under the scanning
temperature from —100 to 150°C at a heating rate of
10°C/min with the sample mass of 10 mg encapsu-
lated in aluminium pans. The glass transition temper-
atures (T,) of hydrogenated products were measured
from a DSC thermogram.

Thermogravimetric analysis (TGA)

The thermal stability of all samples was investigated
by using TGA (Perkin-Elmer thermogravimetric ana-
lyzer 2000) in an atmosphere of nitrogen. The sample
weight was 7-10 mg. The heating rate was 10°C/min
and the temperature range was 30-500°C.

RESULTS AND DISCUSSION

Noncatalytic hydrogenation of NR and three types of
epoxidized natural rubbers (ENR22, ENR33, and
ENR40) was carried out by using 2 moles of TSH
compared to the unsaturated unit. In principle, 1 mole
of TSH generates 1 mole of diimide molecule under
suitable condition [eq. (1) in Fig. 1]. The reduction
could be conducted to highly specific hydrogen addi-
tion in a syn configuration [eq. (2) in Fig. 1]. Therefore,
a 1:1 molar ratio should give complete hydrogena-
tion. Several authors reported that 4 to 5 moles of
hydrazide per mole of isoprene units are required for
complete hydrogenation of homopolymers or copoly-
mers containing a polyisoprene segment.®® In our
case, the molar ratio TSH/{C=C] of 2 : 1 was used to
hydrogenate the unsaturated unit of NR and ENR.
Partial hydrogenation is expected to occur in both
cases. As described in the literature, the diimide could
undergo disproportionation giving nitrogen and hy-
drazine as shown in eq. (3) of Figure 1. [n addition, the
rate of disproportionation {k,) was reported to be
faster than that of the reaction between diimide and
double bonds of diene polymers (k;)."*

Hydrogenation of NR Pl Th
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Figure 2 'M-NMR spectra of natural rubber (NR} and hydrogenated NR obtained at 4 (HNR4) and 8 h (HNRS).

double bond decreases as the hydrogenation pro-
ceeds. Figure 2 shows the 'H-NMR spectra of NR and
the products of hydrogenation after 4 and 8 h of the
reaction, symbolized as HNR4 and HNRS, respec-
tively. It can be seen that the signal of the proton
adjacent to the unsaturated unit of the hydrogenated
NR at 5.12 ppm decreases with the increase of reaction
time, as well as the decrease of signal at 1.67 ppm
characteristic of the methyl proton of cis-1,4 polyiso-
prenic (PI) structure of NR. The appearance of the
signals at 0.84 and 1.1-1.3 ppm, which represent
methyl and methylene protons of the saturated unit,
confirms the hydrogenation reaction.'® The integrated
areas of the signal at 5.12 and 0.84 ppm, corresponding
to the olefinic unit and methyl proton of saturated
unit, respectively, were used for the determination of
the percentage of hydrogenation. The results of hydro-
genation up to 8 h of reaction times are displayed in
Table L. It can be seen that as the reaction time in-
creased, the degree of hydrogenation increased. The
'H-NMR spectrum of the hydrogenated rubber also
exhibits another extra signal at 1.60 ppm, which can be
assigned to the methyl proton of trans-1,4-polyiso-
prenic unit. The percentage of the remaining double
bonds in cis and frans structures of the hydrogenated
samples at various reaction times is shown in Table L.
The results demonstrate that, after 2 h of hydrogena-
tion, cis—trans isomerization occurs and the concentra-
tion of the trans units increases at longer reaction times
(4 h). However, at longer reaction times (6 h), the trans
structure converts into the ¢is structure as the concen-
trations of the cis and trans units become equal. After
a further increase in reaction time to 8 h, percent

hydrogenation increases and the trans unit obtained is
slightly higher than the cis unit. It is proposed that in
this system the cis~trans isomerization is reversible.
The evidence of cis—trans isomerization is similar to
polybutadiene and isoprene-styrene diblock copoly-
mer, reported in the literature ®'® The formation of an
unstable complex between the double bond and the
p-toluenesulfinic acid by-product may cause the cis-
trans isomerization reaction.® No fixation of the by-
product on the rubber molecule was detected by "H-
NMR. :

3C-NMR spectra of the HNR and NR are compared
in Figure 3. The extra peaks at 19.5,32.8, and 37.1 ppm
are observed in the HNR sample. These signals corre-
spond to the carbon of the methyl, methylene, and
methine of the saturated unit. The observed chemical
shifts are in good agreement with:those reported in

TABLE 1
Results of % Hydrogenation and cis and trans
Microstructures of Hydrogenated Rubbers at Various
Reaction Times !

Reaction time Hydrogenation® Cis structure® Trans structure?

(h) (%) (%) (%)
0 0 100 | 0
2 44.4 33.8 21.8
4 67.4 15 | 176
6 78.6 10.7 10.7
8 84.4 6.8 7.8

10 875

6 T

® Determined by 'H-NMR. 1,7

® Remaining double bonds in cis ar f @7 o)
ie., Y% cis + % trans = 100 — % hydrd e ppane ),
it 1" LE VAN § LU

J =
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Figure 3 '"C-NMR spectra of (a) natural rubber and (b} hydrogenated NR obtained at 8 h.

the literature.”'® The *C-NMR spectrum of the par-
tially hydrogenated product reveals evidence of the
cis-trans isomerization of the isoprene unit in polymer
chains, The carbon signals of the ¢is structure are
positioned at 135.2 and 125.5 ppm while the signal at

1349 and 124.7 ppm, corresponding to olefmlc car-
bons of the trans-polyisoprenic struct :
tected for HNR. AN
IR spectra of NR and HNR are depi r‘ V4l
The IR spectrum of NR exhibits two |
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Figure 4 IR spectra of natural rubber and hydrogenated rubbers (HNR4 after 4 h and HNRS after 8 h of reaction time).

acteristic peaks at 1,665 and 836 cm™', attributing to

the C=C stretching mode and the C-H out of plane
deformation of the trisubstituted olefinic of polyiso-
prene, respectively. As the hydrogenation reaction
proceeds, the intensity of the peaks at 1,665 and 836
cm ™! are gradually decreased. Moreover, the appear-
ance of peak at 735 cm™’, assigned to the —(CH,)-
groups of the hydrogenated products, is clearly ob-
served.

Raman scattering technique can be used to follow
the evolution of the hydrogenation reaction at various
reaction times. The C=C stretching vibration is
strongly active in Raman spectroscopy. The strong
signal of C=C of NR is observed at 1,663 cm™' as
shown in Figure 5. Upon hydrogenation, the decrease
of this signal is clearly detected with the appearance of
the signal at 1,430 cm™', attributed to the -CH,-de-
formation vibration. No alteration of the peak at 1,452
cm”' belonging to an asymmetric vibration of the
—CH; group in the Raman spectrum is illustrated after
hydrogenation. Unfortunately, the cis—frans isomeriza-
tion of the unsaturated unit of NR during hydrogena-
tion cannot be detected, as the vibration frequency of
the cis and trans structures of trisubstituted olefin in
Raman spectrum is very close.'”

Hydrogenation of ENR

Figure 6 shows the typical "H-NMR spectra before and
after hydrogenation of ENR, containing 22 mol % of
epoxidation level. Major peaks of ENR are observed in
the aliphatic region at 1.6-2.03 ppm and the olefinic
region at 5.12 ppm, while the oxirane group is ob-

served at 2.70 ppm. With the progréss of hvdrogena-
tion, the area of the olefinic peak of hydrogenated
ENR (HENR) decreases considerably compared with
the starting rubber. Concurrently, a peak at 0.84 ppm
assigned to the signal of the methyl proton of the
saturated unit increases with the addition of reaction
time. The results of hydrogenation of the three types
of ENR at various reaction times are shown in Table I1.

—
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Figure 5 Raman spectra of natural t i
nated rubbers obtained at 4 and 8 .y a7/
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Figure 6 'H-NMR spectra of ENR22 and hydrogenated ENR22 samples obtained at 4 and 8 h reaction times [HENR22(4} and

HENR22(8)].

It can be observed that the hydrogenation of ENR is
very fast at the early stage of the reaction. It seems
likely that the rate of hydrogenation increases with
increasing epoxide levels and much faster than the
hydrogenation of NR. These results are in contrast to
the work reported by Bhattacharjee ef al.'' using a
homogeneous palladiumacetate catalyst for hydroge-
nation of ENR. In their case, they explained that the
presence of the epoxide group might coordinate with
the metal center, which competed with the coordina-
tion of the metal-hydride complex with the carbon-
carbon double bond of the rubber, hence decreasing
the rate of hydrogenation when the amount of the
epoxide group increased. But in our case, the diimide
generated from the decomposition of TSH directly
react with the double bond of the polyisoprenic unit,
which is preferably at the cis structure. In the case of
NR, there was cis—trans isomerization, which might be
due to the formation of an unstable complex between

TABLE I1
Results of % Hydrogenation of Various Types of
Epoxidized Natural Rubbers® at Various Reaction Times

- [+]
Reaction time Hydrogenation (%}

(h) ENR22" ENR33° ENR40*
0 0] 0 0
2 713 78.0 89.0
4 92.9 §9.2 95.9
6 96.2 96.0 98.3
8 97.7 97.4 99.3

" Contain 22, 33, and 40 mole % expoxide groups, respec-
tively.

the double bond and p-toluenesulfinic acid by-prod-
uct. But in the case of ENR, the formation of the
epoxide ring-opened product and the addition of p-
toluenesulfinic acid on the rubber chain were found,
which will be discussed later in this section, Therefore,
it can be proposed that the by-product might not
interfere much at the double bond during hydrogena-
tion reaction but rather it goes to the epoxide group on
the molecular chain. Therefore, by increasing the ep-
oxide content, the possibility that the p-toluenesulfinic
acid encounters the epoxide unit increases, resulting
in a decrease in the interference at the double bond of
the rubber chain, therefore the hydrogenation reaction
of ENR is much faster than that of NR. It was found
that the signal of the proton at 5.12 ppm almost dis-
appears at the 6-h reaction time in all cases of ENR. It
may be postulated that the degree of hydrogenation is
about 100% at this duration.

It is also noted in Figure 6 that the signal of the
proton at 2.7 ppm disappears in all HENRs. The ob-
servation of extra signals in 'H-NMR at 1.83, 3.40, and
3.87 ppm can be assigned to signals of a methylene
proton of a large membered ring, a proton at the
a-position of the hydroxyl group, and a methine pro-
ton. The epoxide ring-opened product may occurr by
the influence of p-toluenesulfinic acid by-product, fol-
lowed by the furanization process as schematized in
Figure 7. The epoxide ring is protonated, followed by
the formation of the ring-opened product containing
carbocationic intermediate. The epoxidr =irnz at th-
adjacent unit then reacts with the cari o 7
forming a furan unit. Propagation of fu: /&2«
proceeds with the other epoxide grouf “//

ivd [ [Py
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Figure 7 Schematic representation of the furanization of epoxidized 1,4-polyisoprene.

tion reaction can then occurr by the fixation of the
p-toluenesulfinate anionic group, resulting in the fix-
ation of p-toluenesulfinic acid by-product onto the
rubber chain. The formation of secondary epoxide
ring-opened product so-called furanization also oc-
curred on the preparation of epoxidized natural rub-
ber when high concentrations of peroxyacid and ele-
vated temperatures were employed.'®!” The 'H-NMR
spectrum of the hydrogenated ENR reveals the signal
at 7.70 ppm, corresponding to the signal of aromatic
ring of p-toluenesulfinic group.* This signal is not
observed in the case of HNR.

The PC-NMR spectrum of partially epoxidized nat-
ural rubber is shown in Figure 8(a). The characteristics
of ENR are observed at 60.8 and 64.5 ppm, attributed
to the methine carbon and the quaternary carbon res-
onances of the oxirane ring, respectively. The peaks at
126 and 135 ppm are the olefinic double-bond carbons
in the unmedified polyisoprene units. Similar to FINR,
the "*C-NMR spectrum of HENR in Figure 8(b) exhib-
its signals at 37.5, 32.8, and 19.7 ppm. These results are
assigned to the methine carbon of the saturated unit
and carbons of methyl and methylene, respectively.
The "*C-NMR spectrum of HENR also supports evi-
dence of furan ring formation at 82 ppm.”

Infrared spectra of ENR and HENR were recorded
in the wavenumber range of 500-3,500 cm™', as

X 8] H
nt

shown in Figure 9. The -CH, deformation vibration is
exhibited in the region of 1,452 cm™'. A sharp peak
appears at 1,377 cm™" due to the deformation vibra-
tion of the -CH, group. Two distinct peaks for the
C-O-C of epoxy group are observed at 870 and 1,250
¢m ™' of ENR while the out of plane deformation of cis
double bond is positioned at 836 Icm". The IR spec-
trum of HENR reveals the decrease of signals at 1,665
and 836 cm™', contributing to the C=C bond and the
characteristic of cis-polyisoprene in the backbone. The
characteristic of the oxirane ringiin IR spectra also
disappears after hydrogenation, as a result of ring
opening during hydrogenation as proposed earlier.
The strong absorption band at 3,450 cm™!is the O-H
stretching of the hydroxy group. The IR spectrum of
HENR also contains the signal contributing to SO,
asymmetric and symmetric stret'ching at 1,334 and
1,145 em™!, respectively. These signals are not elimi-
nated after several precipitations in nonsolvent. This
evidence supports the fixation of p-toluenesulfinic
acid on the ENR backbone. The peaks at 811 and 1,035
cm ™! correspond to the p-tolyl aromatic ring.*'

The characterization of microstructures of ENR and
HENR was also carried out by Raman spectroscopv as
shown in Figure 10. This shows typ' T a4
of ENR and HENR. Similar to hydro /gveer==I5

.
L=

can be obviously seen that the p i-:'fff’ A
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Figure 8 'C-NMR spectra of {a) ENR22 and (b) hydrogenated ENR22.

corresponding to the C=C bond of ENR decreases the CHjy-group did not alter after
significantly after hydrogenation, while the peak at  From Raman scattering, the bands at o
1,452 cm™' belonging to an asymmetric vibration of  cm ™! are depicted as asymmetric and |
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Figure 9 IR spectra of ENR22 and hydrogenated ENR22 samples obtained at 4 and 8'h.

50,-C-vibration, respectively. The appearance of the
band at 1,592 cm™', assigned to the C=C stretching
mode of aromatic ring, may confirm that p-toluene-
sulfinic acid attacks the rubber backbone of ENR.

Side reactions

Beside the cis—trans isomerization of C=C in the case of
NR, the treatment of NR with TSH at 135°C causes the

—_—

1500

Wuvenumbcr em*! 1350

Figure 10 Raman spectra of ENR22 and hydrogenated
ENR22 samples obtained at 4 and 8 h.

chain cleavage as the percent hydrogenation increases.
The decrease of viscosity average molecular weight of
the HNR is observed as shown in Table IIl. Similar
results of chain degradation are obtained in the case of
hydrogenation of ENR by TSH. The cis-trans isomer-
ization cannot be observed for HENR. The p-toluene-
sulfinic acid by-product of the decomposition of TSH
induced the epoxide ring-opening reaction of ENR,
leading to formation of furan and the fixation of the
by-product on the rubber chain as described by IR,
'H-NMR, and Raman spectroscopy.

Thermal behavior I

TGA of NR, ENR, and the hydrogenated derivatives
was measured under nitrogen atmosphere. TGA ther-
mograms of NR and HNR are illustrated in Figure 11.
The HNR begins to lose its wcleight starting from

|
TABLE 1IT |
Results of Glass Transition Temperature and
Decomposifion Temperature of NR, ENR, and
Hydrogenated Rubbers

Hydrogenation T, T,

Sample M. (%) - &) O
NR 912,000 — -66.1 377
HNRS 288,000 86.7 —427 449
ENR22 _— —! - 40 381
HENR22{8)* — 97.7| -31.1 450
ENR33 - — —376 390
HENR33(8)" — 97.4 144 440
ENR4O — —. sl s
HENR40(8) — 99.3

® Hydrogenation was carried out ldm | e |
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Figure 11 TGA thermograms of natural rubber (NR) and hydrogenated natural rubber (HNR).

around 100°C at about 20%, the complete decomposi-
tion temperature of HNR is around 450°C, which is
higher than that of the NR (about 350°C). One reason
may be the M, of the HNR (M, = 288,000) is much
lower than that of the NR (M, = 912,000). For another
reason, the HNR is the partial hydrogenation product
of NR, therefore the residual unsaturated units that
are located in a random manner in the molecular chain
might be degraded in the first place, while the rigid
part obtained after hydrogenation can resist the high
temperature applied for a longer time. The decompo-
sition temperatures (T,) of the hydrogenated products
of ENR are higher than those of the starting rubbers by
about 60-70°C (Table 1II).

The heat required for molecular deformation of
polymers, i.e., glass transition temperature (Tg), was
recorded on DSC. T, of the HNR and HENR are
shown in Table IIl. It was found that the T, of the
rubber is increased by 20-30°C after hydrogenation.
The increase in T results from the higher amount of
saturated units, that is, the segmental mobility de-
creases. In addition, the frans microstructure obtained
by cis-trans isomerization of residual double bonds
may also result in the enhancement of T, in the case of
the hydrogenated NR. For HENR, T, increases with
higher epoxide contents in the starting sample. The
result shows that T, of HENR based on 40 mol % of
epoxide content is higher than that of HENR (22 and
30 mol % of epoxide level). This might be because the
rigid part in the rubber chains of HENR40 after hy-
drogenation contains a higher amount of the furan
ring structure, which leads to less segmental mobility
of the molecular chain.

CONCLUSION

The hydrogenation of natural rubber and various ep-
oxidized natural rubbers were investigated by using
diimide generated in situ from the thermal decompo-
sition of p-toluenesulfonylhydrazide in o-xylene solu-
tion at 135°C. The percentage hydrogenation was de-
termined by 'H-NMR technique. The microstructure
of the hydrogenated product was observed by IR, 'H-,
and PC-NMR as well as Raman techniques. The cis-
trans isomerization was also observed from 'H-NMR
and C-NMR spectra in the case of hydrogenated NR,
while furanization and addition of p-toluenesulfinic
acid on the HENR were obviously detected. Thermal
behaviors of the hydrogenated rubbers characterized
by differential scanning calorimetry showed that the
glass transition temperatures of the hydrogenated
rubbers were increased about 10-20°C compared with
the starting rubbers.

The scholarship from the Ministry of the University Affairs,
Thailand, to J. Samran is greatly appreciated.
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CHAPTER 1
INTRODUCTION

Natural rubber (NR) is not only an important industrial material, particularly in
the tyre industry, but is also used in the manufacture of various products including
household, engineering, medical, and commercial goods. Hevea brasiliensis, a tropical
tree, is a major source of the world's rubber {1]. Thailand has approximately 5 million
acres of rubber plantations located mostly in the southern and eastern parts of the
country and is the world's largest rubber producer followed by Indonesia and Malaysia
with these three countries producing around 90% of the world's natural rubber.

The NR is chemically known as cis-1,4 polyisoprene and consists of ten
thousands of linked isoprene molecules. It has a uniform microstructure that provides
the material with very unique and important characteristics, namely the ability to
crystallize under strain, a phenomenon known as “strain-induced crystallization” [2].
The rubber products made from NR possess very useful technical characteristics e.g.
tensile strength, resilience (very low hysteresis), excellent flexibility and resistance to
impact and tear, low heat-built-up, plus good “green” strength and building tack [2, 3].
However, owing to its high cis-1,4 polyisoprene structure containing unsaturated units,
its primary drawbacks include low thermal and oxidative stability and ozone
resistance. These inherent drawbacks apparently cause limitations in versatility of NR
usage, particularly for technical and engineering applications. Modification of NR
through chemical manipulation of the rubber chain would induce certain special
properties.

Chemical modification of various commercially availabie polymers has been an
active field of research as it leads to polymer with altering and improving the
properties or production of new materials [4-7]. Unsaturated polymers, especially

diene rubbers, are useful targets for chemical modification, because the double bonds

in the polymer chains are prone to varieties of chemical reactions such as epoxic 1 ]
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halogenation, and maleinization [5-10]. The chemical modification of NR is one of
alternative methods to increase its value and to develop versatile applications of NR.

Hydrogenation is one of the most important methods for enhancement of
physical and mechanical properties of the macromolecules. It is also a method offering
a polymer that cannot be prepared by a simple conventional polymerization reaction.
An example is the preparation of poly (ethylene-alt-propylene), which can be obtained
by fully hydrogenation of synthetic polyisoprene and NR [11, 12]. The hydrogenation
of unsaturated rubbers has been carried out. The hydrogenated rubbers have :good
resistance to oxidative and thermal degradation, improved weathering, and better
processibility comparing with the unmodified rubbers [13]. For instance, hydrogenated
nitrile butadiene rubber (HNBR) has been known to be an excellent heat and oil
resistance combined with superior mechanical properties [14]. These prop:erties
provide more applications for HNBR in automotive industry, military and aerospace.
Hydrogenated butadiene rubber (HBR) has good aging, heat and abrasion resistance
and improved dynamic property, theréfore, the HBR takes part in rubber formulation
for tire treads. Hydrogenated styrene-butadiene (HSBR) and hydrogenated st)I(rene-
isoprene (HSIR) block copolymers were developed and used as thermoplastic
elastomers [15-18]. These materials can be also used as compatibilizers and impact
modifiers for various polymer blends [15-17]. The HSIR was also applied as a
viscosity index improver in lubricants [18]. !

The hydrogenation of unsaturated rubbers can be carried out by both catalytic
and non-catalytic methods [6, 11-13]. In catalytic hydrogenation, hydrogen molecules
react with the double bonds of unsaturated units with the aid of a noble metal catalyst.
The important aspects to be considered are the type and nature of catalyst, its activity,
selectivity, occurrence of side reactions, catalyst poisoning and problems assoi:iated
with recycling of catalysts. In order to avoid these problems, the non-catalytic
hydrogenation has been developed. This process concerns the reduction of carbon-
carbon double bond of polyisoprene using diimide molecule as a hydrogen-releasing
agent. This methodology is of interest because it can be easily performed at
atmospheric pressure with simple apparatus and procedure. Without the additio:n of a

catalyst, the non-catalytic hydrogenation process become increasingly popul = o=

| =
1/

can be applied in organic solvent or aqueous medium. The hydrogenation reac Lo N
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be carried out at room temperature or elevated temperatures (110 to 160°C) depending
on the compound generating diimide molecule. p-Toluenesulfonylhydrazide (TSH) is
one of the mostly used hydrogen-generating molecule. It undergoes decomposition at
130-140°C to form reactive diimide (N;H,), which subsequently releases hydrogen
molecule to the carbon-carbon double bonds. The reaction is generally carried out in
aromatic solvent. Partial hydrogenation of NR would provide an equivalent product of
ethylene-propylene diene (EPDM) rubber, which can lead to the rubber having higher
thermal and oxidative resistance and better chemical resistance than the original NR.

The oxidation of hydrazine by hydrogen peroxide is another efficient in-situ
generation of diimide. The reaction is feasible in aqueous medium; therefore a new
direction to hydrogenate NR in latex system can be developed. This strategy is
beneficial as the reaction can be performed with the NR latex without the need to
coagulate the NR and the dissolution of the NR. Potential applications of such lattices
may include gloves, thin walled tubing, paints, adhesives, rust proof coatings, etc. The
advantage of the hydrogenated rubbers is that it preserves the characteristic of the
elastic behaviour of unsaturated part and the stiffness part of saturated fraction.
Moreover, they provide thermal and oxygen stability and in extreme service
environments by improving creep resistance, tear and impact strengths.

Epoxidized natural rubber (ENR), which is one of the polar-modified forms of
NR, shows similar disadvantages as NR, caused by the presence of residual double
bonds in the macromolecular chains. Therefore, attempts to reduce the amount of the
carbon-carbon double bonds in NR and ENR by means of hydrogenation reaction have
been explored [12, 19-21].

The chemical structure of rubber and its modified form has been principally
observed by the vibration and resonance spectroscopy techniques. Generally, infrared
spectroscopy (IR) and nuclear magnetic resonance, both 'H- and '*C-NMR
spectroscopies are the important techniques to characterize the microstructure of the
rubber and chemically modified products [11-13, 19-22]. IR technique has been used
for qualitative analysis whereas the quantitative analysis has mostly been studied by

NMR spectroscopy. The characterization of elastomers by Raman spectroscopy has

long been used, as the stretching vibration mode of carbon-carbon double ber ' s O

T ¥
d &

sensitive to its environment in a similar but much clearer way than by the IR [274&

I .
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This technique was successfully used for investigating the change in: the

microstructure parti'cularly the carbon-carbon double bond of hydrogenated
polybutadiene [25]. !

In this present thesis, hydrogenation of NR and epoxidized NR (ENR) :were
investigated by using non-catalytic process using TSH and oxidation of hydrazirjle by
hydrogen peroxide. Vibrational (i.e. Raman and infrared) and nuclear magpetic
resonance spectroscopic techniques (i.e. 'H-and "“C-NMR) were employed to
investigate the chemical structure of the hydrogenated rubbers. Raman scattering, 'H-
and *C-NMR were used to quantify the degree of hydrogenation. In additioﬁ, the
molecular characteristic of the rubber chain was investigated to elucidaté the

correlation between the molecular behavior and macroscopic property of the materials
|

after modification.
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CHAPTER 2
OBJECTIVES

The principal goal of this research is to investigate the hydrogenation of natural
rubber (NR) and four types of epoxidized NR (ENR) by using non-catalytic
hydrogenation. The reaction system was performed into two procedures. The first one
was the study carried out in organic solvent for NR and ENR using p-
tolulenesulfonylhydrazide (TSH). The second one is the study in latex system for NR
using hydrazine and hydrogen peroxide. The study of the molecular characteristic and
the property of the hydrogenated products were also included.

The scope of this present thesis is divided into 3 parts.

Part I: Hydrogenation by using p-tolulenesulfonylhydrazide (TSH)

This part concerns the study of hydrogenation of NR and ENRs in an organic
solvent. The reaction was carried out in xylene solution using the amount of TSH to
C=C ratio equal to 2 at 135°C.

The study of various characterization techniques to analyze the hydrogenation
level and chemical structure of the hydrogenated rubber was carried out. IR and 'H-
NMR in liquid state were used in the first place to characterize the characteristic of the
starting rubbers and their hydrogenatéd products. Then, Raman scattering and solid
state '’C-NMR techniques were introduced for evaluation of the hydrogenation level
of hydrogenated products compared with '"H-NMR in liquid state

The study of the side reaction and by-product occurred from hydrogenation

using TSH was also included.

Part II: Hydrogenation by using hydrazine and hydrogen peroxide
In this part, the study of hydrogenation of NR in latex phase was performed

using diimide generated in situ from the reaction of hydrazine and hydrogen peroxide.

The investigation of various parameters affecting the hydrogenation level of 1 ¢ TH
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aqueous system, such as reaction time and temperature, amount of reagents, dry rubber
|

content and type of NR were planned to be carried out. |

|
Part III: Study the molecular characteristic and physical properties of

hydrogenated NR . .

To examine the correlation between of hydrogenation level on the thermal and
rheological properties of the hydrogenated products, various techniques will be
performed. |

- The investigation of the molecular characteristic of the macromolecular c‘hains
after modification will be carried out using Raman and 13 C-NMR in solid state.

- The effect of hydrogenation content on the thermal properties of the
hydrogenated products will be investigated using DSC and TGA.

- The rheological characteristic of the hydrogenated rubber will be examined by
Rubber Process Analyzer and modified torsional dynamic rheometer with Fourierl
transform analysis. \

- To study the heterogeneity of the hydrogenated rubbers in micro-scale level,

Raman mapping technique will be applied.
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CHAPTER 3
LITERATURE REVIEW

3.1 General Description of Natural Rubber

Natural rubber (NR) is a high molecular weight hydrocarbon obtained from
plants. It consists of 320 to 35,000 isoprene units in its molecular structure. Among
the rubber producing plant species, the Brazilian rubber tree named Hevea brasiliensis
is the only commercial source at present, due to its high rubber content and
exceptional quality. Hevea rubber is typically high cis-1,4 polyisoprene with a very
wide range of molecular weight distribution. The NR is what one usually calls an
elastomer, that is, it recovers its shape after being stretched or deformed. Normally,
the NR is treated with sulfur to give its chains having been crosslinked, which makes it
better elastic behavior. Therefore, it can be applied in various rubber products such as

tyre and glove.

3.1.1 Natural Rubber Latex

The Hevea latex contains the rubber particles accumulated in specialized cell
vessels known as laticifers [26]. The latex collected by regular tapping consists of the
cytoplasm expelled from the latex vessels. The opening of latex vessels by tapping
cuts causes the latex flow out due to the high furgor pressure inside. The latex flow
will continue for a certain period of time and subsequently stop because of coagulation
of the rubber particles at incision of the bark.

Fresh NR latex is a white fluid of density between 0.975 and 0.980 g/cm’ with
pH ranging from 6.5 to 7.0. The NR latex can be fractionated into three major layers
by ultracentrifugation (see Figure 3.1). The top rubber layer comprises almost entirely

of rubber, the middle fraction is the metabolic active aqueous phase called C-s
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and the sedimented bottom fraction (BF). The BF is mainly composed of membrane-
bound organelles called lutoids. However, it has been reported tn some literatureé that
yellowish orange layer containing Frey-Wyssling particles is found at the interface
between the top rubber layer and the C-serum as seen in Figure 3.1. The Frey-
Wyssling complexes are also found at the upper border of the |

sedimented bottom fraction in some cases. Typical components of fresh NR latex,

apart from water, are summarized in Table 3.1 {27, 28].

<— Rubber fraction

/ C-serum
/y

j <— Bottom fraction
i: -

sy .

Figure 3.1 Three major zones of fresh NR latex obtained by ;using

ultracentrifugation [27]. |

Table 3.1 Typical composition of fresh natural rubber latex .

Component Content (%ow/v) !
Rubber hydrocarbon 25-4% :
Proteinous substances 1-2 '
Carbohydrate 1-2 %
Lipids 0.9-1.7 :
Organic solutes 0.4-0.5 |
Inorganic substances 0.4-0.6 '
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- Rubber phase

The top rubber phase contains mainly the rubber hydrocarbon having the
chemical structure as cis-1,4 polyisoprene unit and it also includes some non-rubber
constituents mainly proteins and lipids adsorbed as a layer on the rubber particles as
well as some enzymes. The rubber hydrocarbon content is varying from 25 to 45% as
dry content of latex, with a spherical shape having its size ranging from 5 nm to 3 um.
Molecular weight analysis performed by gel permeation chromatography shows a
bimodal distribution of rubber, with average values of 100-200 kDa and 1000-2500
kDa [27].

The rubber particles appear homogeneous having a uniform structure, enclosed
by a thin film membrane as examined by electron microscopy [29]. It has been
mentioned that the film layer surrounded the rubber particles is more opaque than the
polyisoprene contained inside. The ﬁaturc of film is believed to be non-rubber
components such as phospholipids and proteins, together with neutral lipids. These
components are distributed as colloidal charges covering the rubber particle and play a

role on the stability of the latex.

-C-serum

The C-serum fraction of the centrifuged latex is the aqueous phase of laticiferous
cytoplasm. The composition of C-serum phase comprises a wide variety of chemical
species of many high molecular weight compounds, low molecular weight organic
solutes and mineral elements. The high molecular weight compounds are proteins and
specific nuclei acids. One C-serum protein presenting at the highest level is o-
globulin, which has high binding affinity for adsorption onto rubber particles. Several
enzymes are found in the C-serum named rubber transferase. This enzyme has an
importance for the formation of rubber molecules. Low molecular weight organic
compounds comprise sugars, amino acids, nucleotides, and nitrogenous bases among

many others.

-Bottom fraction

The bottom fraction obtained from ultracentrifugation contains mainly I BT H 2

and Frey-Wyssling particles. The lutoid content of latex constitutes 20% by volu /4%

| I. . I £ 1
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fresh latex, whereas the rubber phase forms an average of 30-40%. Lutoid is sphlerical
shape, and the diameter is larger than that of rubber particles. Their compositions can
be considered as having two distinct components, namely the lutoid membrane and the
internal contents, referred to as B-serum. Electron microscopy showed the micellar
nature of the Iutoid memb'rane structure [30]. Analysis of the membrane chemical
composition indicated the phospholipids content of 37.5% by weight of proteins. The
lutoids membrane has been shown to be very rich in phosphatidic acids. Thus, they
play an important role in the colloidal stability of latex due to the negative charge of
phosphatidic acids onto membrane layer. |
Frey-Wyssling particles are the major components of the vivid yellow layer due
to the presence of carotenoid. There is mostly spherical non-rubber particle, with

diameter ranging from about 3 to 6 um and slightly higher density than the rubber

hydrocarbon.

- Non-rubber substances

The Hevea latex contains about 4-5% non-rubber constituents which are
presented and distributed in all the three latex fractions. Proteineous substances and
lipids are mostly found in this category. The main component of nitrogeneous
substances is protein, which represents about 1-2 % in the rubber latex. The protein in
fresh natural rubber latex can be presented in three parts of latex as follows: 27 % is
adsorbed on the surface of rubber particles, 25 % in bottom fraction, and 48 % in C-
serum fraction. It has been reported that there could be more than 200 different
proteins present in the latex. |

Lipids are located in the rubber fraction with a small amount in the Ibottom
fraction and Frey-Wyssling complexes. Liﬁids can be classified into two types Inamely
neutral (acetone extractable) and polar lipids (glycolipids and phospholipidjs). The
neutral lipids composed of more than 14 substances including sterols, sterol esters, and
free fatty acids, which are able to dissolve into rubber particles while the polar lipids
are found strongly adsorbed onto the surfaces of rubber particles. !

| :
Several inorganic components are also found in the rubber latexl. Main

components include potassium and magnesium. The magnesium was found 1

S
g

important role on the mechanical stability of the latex.
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3.1.2 Manufacturing of NR Latex

On tapping the Hevea brasiliensis tree, the latex exuded contains rubbers varied
between 25 to 40 %w/v. The variations depend on several factors such as the clones of
rubber tree, tapping methods, soil condition and season. The latex from the small
holder is preserved with ammonia (0.05-0.2%) and normally sold in its original rubber
concentration. In the market, the NR latex is mostly found as high content of rubber so
called high ammonia (concentrated) natural rubber (HANR) latex. Recently due to the
problem of protein allergy, the NR latex is served as deproteinized form named as

deproteinized natural rubber (DPNR) latex.

(a) High Ammonia Natural Rubber (HANR) Latex

The original form of NR latex contains quite high water content which makes
high cost for transportation therefore centrifugation technique has been applied in the
latex manufacture to reduce the amount of water practically to make the latex having
about 60 % or more of dry rubber [31]. Ammonia solution (about 0.05-0.2%) is added
to preserve the latex for long storage. The use of ultracentrifugation machine in latex
manufacture can provide the separation of the rubber parts from the non-rubber
components and water called skim latex. Skim latex is considered as a by-product of
the latex concentrated production. It contains about 5-10% rubber and some non-

rubbers in the serum phase.

(b) Deproteinized Natural Rubber (DPNR) Latex

As mentioned earlier that the Hevea latex contains some non-rubber constituents
in which proteins are believed to be the cause of allergic problem to some particular
persons. However, the specific type of ailergic protein among more than a hundred
proteins present in the latex is not known at present. Partial elimination of proteins
from the Hevea latex has been developed for such purpose. The contribution of the
proteins in the latex may be associated at the rubber particle as well as the soluble
proteins in serum fraction. To eliminate the proteins from the NR latex, some

researchers have applied double centrifugations, while others have used proteolytic

enzyme to incubate the NR latex before applying double centrifugation techniqu- | ,#"\C

33]). In both cases, surfactant has been employed for dispersion of the rubber frif@
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into emulsion form after each centrifugation step. The latex obtained is called
deproteinized NR (DPNR). It has been proposed that the proteolytic enzyme II)reaks
down the peptide linkages selectively, while the surfactant such as sodium dodecyl
sulfate (SDS) washes out the resulting oligopeptides in the course of centrifugation.
Tangpakdee et. al. had reported that 0.016% w/w of the nitrogen content found in
DPNR is less than that of fresh field NR latex (0.231% w/w) [33]. In addition, the gel
content in the rubber from fresh field latex was reduced from 5% to 3% after
deproteinization. It is believed that the deproteinization process decomposed the

branch points of the rubber.
3.2 Chemical Modification of Natural Rubber .

Natural Rubber (NR) known as cis-1,4 polyisoprene has excellent pﬁysical
properties as already mentioned in previous Chapter. However, NR along with other
synthetic diene rubbers like polybutadiene (PB), and styrene butadiene rubber (SBR)
have disadvantages such as poor heat and oil resistance, high air permeability and low
aging resistance. Chemical modifications of NR have been applied not only to
overcome these drawbacks but also to diversify the use of NR. Some examples of the

chemical modification of NR are as the followings. '

3.2.1 Bond Rearrangement Reaction '

In this category, there is normally no major addition of any foreign atoms into
the molecular chain but it involves the rearrangement of the molecular structure
resulting in modifying the property of the original NR. '

(a) Cis-trans Isomerization
|

The distinct characteristic of NR is its highly cis-1,4 polyisoprenic structure. The
transformation of the cis-structure into the trans-form will certainly affect. on the
properties of NR. The cis-trans isomerization of the 1,4-polyisoprenic structure of the

NR can be achieved by treating it with selenium, thiol acids, disulfides, sulfur A;M,H:i

butadiene sulfone, and related materials [4, 6]. In commercial practice, ,r_'f_'{,c{:f:a? L) "
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sulfone, which produces sulfur dioxide (SO,) in situ from its thermal decomposition, is
used. The cis-trans transformation is assumed to involve the reversible addition of SO,
to the carbon-carbon double bonds, forming an unstable complex as seen in Figure 3.2.
The SO;-catalyzed isomerization at 140°C has been found to result in an equilibrium
cis/trans ratio of polyisoprene of 43/57 [6]. The reaction with SO, does not involve
free radicals and probably; proceeds by an “on-off” reaction at the double bonds as

shown in Figure 3.2.

140°C $0,
cis-1,4 polyisoprene unstable complex trans-1,4 polyisoprene

Figure 3.2 Cis-trans isomerization of NR by sulfur dioxide.

It was reported that increasing the ¢rans content in the isomerized NR affected
on various properties. The processing. characteristic differs from that of NR because
far less breakdown occurs on cold mastication. The distinct advantage of isomerized
rubber is the decrease of the rate of low temperature crystallization to less than that of
NR [34]. Thus, the isomerized rubber retains its elasticity for a long time at low
temperature; it has been promoted as a non-crystallizing rubber. The rate of
crystallization by strain is also decreased by isomerization. Thus, the tensile strength

of vulcanized rubber is progressively decreased with increasing isomerization.

(b) Cyclization Reaction

Cyclization is a process involving the conversion of a long linear macromolecule
into a much shortened polymer chain comprising mono-, bi-, tri-, tetra-, and other
polycyclic groups distributed randomly along the polymer backbone [35-37]. It can be
carried out on NR, in solution, or even in latex form with the presence of strong acids
such as sulfuric acid (H,SO4) and p-toluenesulfonic acid or Lewis acids such as
titanium chloride (TiCly), ferric chloride (FeCls) etc. Cyclization reaction of NR leads

to the formation of a hard, non-rubber material with much less unsaturation th;
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original rubber. It has been considered to involve a carbonium ion mechanism as
shown in Figure 3.3. As a result of this chemical modification, cyclized rubber has a
higher density, refractive index, and softening point (90-130°C), but lower intrinsic

viscosity and unsaturation, than the original NR.

Z . L
. |

(1) l -

g ~ |

>~ +j |

-H .
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i

T

(11D '

Figure 3.3 Cyclization of NR via the carbonium ion mechanism forming

monocyclic (I), bicyelic (II) and tricyclic (III) structures [37].
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3.2.2 Attachment of Pendant Groups

The chemical structure of the NR known as cis-1,4 PI is considered to be a
trisubstituted olefinic structure. Therefore, attachment of pendent groups on the NR
can be done by tremendous chemicals via the addition reaction at the oiefin unit or
substitution reaction by an appropriate chemical reagent. Some of the most interesting

reactions are cited below.

(a) Hydrohalogenation Reaction

Hydrohalogenation of NR has been a subject of considerable interest in terms of
chemistry and applications. The hydrochlorination involves the addition of hydrogen
chloride at the carbon-carbon double bond according to Markovnikov’s rule (see
Figure 3.4) with a small amount of concomitant cyclized unit of rubber. The reaction
ts rather complex and may include addition, substitution, cyclization, crosslinking, and
degradation. The hydrochlorinated rubber is a crystallizable polymer with a
syndiotactic structure. It has found application in printing inks, adhesives and

chemical resistant paints [6].

HiC HyC
/ H\ Hal /C‘L_CH\?'
~~—CH, CHz—~~~ ~~—CH, CHz—~~~
o
oy
~~—CHy=C—CH,~CHz—~~~
&

Figure 3.4 Hydrochlorination reaction of NR.

(b) Ene Addition Reaction

There are a number of reagents that can react with olefinic molecule or

unsaturated unit of diene rubbers through ene mechanism (see Figure 3.5). It i ST

known as the dipolar addition.
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H X%Y N .
: 7" H,C
HZC? /H AN 2\\c /Y |
. —C
SN /N |
~~~~—CH, CH; ™~~~ CH, CHy —~

(X=Ycanbe-N=0,-N=N-,>C=0,>C=C<,>C=8)
Figure 3.5 Mechanism of ene redction.

One of dipolar additions is the reaction of maleic anhydride with the double
bond of the rubber chains as seen in Figure 3.6. This process gives the resulting
product not only does it provide increased polarity, but also the resulting anhydride

group can act as a convenient site for subsequent functionalization.

O,

HaC Q
—cH N
el N\ FAN H,C 0
et 4 CHs . - /\C=((3; :
gW /
O 0]
T3
a OX,
\ / .
Pt
M_CHI CHZ'—‘-M |

Figure 3.6 Maleation reaction of NR by ene reaction. ,

(c)} Epoxidation Reaction |

Epoxidation is another typical modification reaction of unsaturated polymers

j
such as NR or polyisoprene, as presented in Figure 3.7. The variety of peroxidles and
peracids has been used to effect this transformation both in organic and

systems.
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H3C\

C=CH

{ \

T

RCOOH
0 H,C
N N 3 \e—=cH i
C—CH \ RCOH
~~—CH, \CHz_CHz CHy =~~~

Figure 3.7 Epoxidation reaction of NR by peracid.

The epoxidized product obtained has higher polarity than the NR starting
material. The epoxide functionality on the NR backbone can be deliberately converted
to other functionalities by further reaction with materials containing N-, O- or S- in
functional groups. Epoxidation of unsaturated rubbers results in significant changes in
the physical and mechanical properties [8, 38, 39]. Epoxidation increases the T,
linearly by about 1°C for every one mole percentage of epoxide content. Increasing
epoxtidation level increases the damping and improves the abrasion resistance, wet

traction, and hydrocarbon solvent resistance.

(d) Hydrogenation Reaction

Hydrogenation of polydienes based polymer is one of the important methods for
improving and changing the properties of unsaturated rubbers toward greater stability
against thermal, oxidative, and radiation-induced degradation. In addition, the
complete hydrogenation of NR results in new material as an alternating copolymer of
cthylene and propylene [12, 19]. The hydrogenation of unsaturated polymers can be
prepared by catalytic hydrogenation with elemental hydrogen in the presence of a
transition metal catalyst [12, 13, 19] or by non-catalytic method using chemical
reagent such as p-toluenesulfonylhydrazide (TSH) generated diimide (N;H;) molecule

[11, 13, 25]. The detail of this modification will be presented in later section.
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1

3.2.3 Graft Copolymer

b

With an exceptional elastic property of NR, many attempts have been dqne to
graft copolymerization of various vinylic monomers onto the NR. The most probable
reaction is via free radical initiated polymerization. In the presence of radical initiator,
free radical can be formed at the allylic position of the molecular backbone.' The
rubber macroradicals formed are the initiation site for polymerization of the monbmer,

leading to the graft copolymer. The mechanism of graft polymerization is shown in

Figure 3.8.
CH,4
CH,4 l
| o~~—CHy=C=CH(CH—~
R + ~~—CH;-C=CHCHz—~~~ —> + RH
CH,4 rubber chain
~~—CHy~C=CH-(H—~~ [T[
+ Monomer (M) - lTl lT'
"’ 0
M

Figure 3.8 Graft copolymerization of NR.
- .l .
Grafting of methyl methacrylate (MMA) onto NR has been commercialized
under the name Heveaplus MG [40]. This material is considered to possess the elastic

property of the rubber and the rigidity of the MMA. '

i

f

3.2.4 Degradation Reaction |

Another type of modification of NR is to change the high molecular weiight of
NR into a lower form, which is considered as liquid derivative of the NR or so called
liquid natural rubber. It can be produced by oxidative degradation of NR by different
process from the solid rubber by mastication or radiation, or from the latex phase by
chemical reaction such as the action of phenylhydrazine/oxygen system or pota‘llssium

persulfate in the presence of propanal [7, 41]. The liquid natural rubber is an
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industrial application in two areas: first as a reactive plasticizer, in tire production and

high hardness compouhds, and second as a lubricant in the blending system of NR.
3.3 Hydrogenation Method

As mentioned in Section 3.2.2(d), hydrogenation reaction is employed to reduce
the unsaturation level of diene polymers by adding hydrogen molecule onto the double
bond of the unsaturated units. It is found to be a useful method for improvement of
resistance to oxidative and thermal degradation of rubbers. The hydrogenation of
unsaturated rubbers can be carried out by two methods i.e., catalytic and non-catalytic

processes [11-13].

3.3.1 Catalytic Hydrogenation

Catalytic hydrogenation or a hydrogen transfer process is the reaction of an
unsaturated substrate with transition metal-activated hydrogen as given in Equation
3.1 below:

Catalyst | I

This method can be divided into two types, homogeneous and heterogeneous
reactions, depending on the feature of systems. Homogeneous hydrogenation employs
a soluble transition metal compliex, whereas heterogeneous system relies on an
insoluble transition metal catalyst to contribute hydrogen addition to the carbon carbon
double bond.

The catalysts for homogeneous system generally are the organotransition metals
like cobalt (Co) and nickel (Ni) together with reducing agents like R;Al and n-BuLi,
which are soluble with the solvent used [13, 19, 42]. An insoluble transition-metal
catalyst like palladium on calcium carbonate is used in the heterogeneous system.

Unlike homogeneous hydrogenation, this technique yields high conversion wi'’

chain scission occurring. Generally, special equipment is required to perform cat y
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hydrogenation because the reaction is carried out at a high temperature lunder:high
pressure. Additionally, various factors influence on the catalytic hydrogenation, such
as types of catalyst, which affect the selectivity of hydrogenation and solvents which
influence not only the solubility of reactants and resulting products but also the
activity of catalysts. |

There are several reports of hydrogenation of polybutadiene (PB), acrylonitrile-
butadiene copolymer (NBR), and styrene-butadiene copolymer (SBR) using transition
metal compound catalysts [42-45]. A Ziegler-Natta type catalyst prepared with nickel
acetylacetonate and n-BuLi has been used to hydrogenate SBR copolymer in
cyclohexane [45].

Hydrogenation of polyisoprene especially NR is a rather complicated CE:ISC of
unsaturated polymers. The isoproperyl groups constituting the rubber chains are
trisubstituted ethylene derivatives, they should be hydrogenated with a lower rate than
mono- and di-substituted ethylenes. The process is even more complicated by virtue of
the high molecular mass of polyisoprene obtained from natural rubber, due to its poor
segmental mobility. This situation becomes worse as hydrogenation prodeeded
because the increase of chain stiffness restricts even more the chain mobility.
Therefore, the utilization of catalytic hydrogenation of polyisoprene requires high
temperature and pressure, considerable amount of catalyst, and rather long reaction
time [12, 13, 19, 46]. The severe conditions of catalytic hydrogenation i.el high
pressure and high temperature may cause degradation and the difficulty of residual
catalysts removal. _

Natural rubber (NR) and epoxidized natural rubber (ENR) have been known as
unsaturated rubbers with excellent elastic properties. The ENR has an additional good
oil resistance upon epoxidation. However, both NR and ENR have primary drav;/backs
of poor thermal and oxidative resistances due to the unsaturated unit on the backbone.
Hydrogenated NR and ENRs are expected to be more stable against thermal,
oxidative, and radiation induced degradation. Singha et. al. mentioned catalytic
hydrogenation of NR using RhCI(PPh;) catalyst with high pressure hydrogen g:as and
temperature [12]. They showed that the rate of hydrogenation increased with an
increase in hydrogen pressure and concentration of the catalyst. The improv

the thermal stability was found in the hydrogenated NR as compared with the r
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NR. The hydrogenation of commercial NR using homogeneous catalyst prepared from
nickel 2-ethylhexanoate and tri-isobutylaluminum can lead to 100% hydrogenation
under appropriate condition [19]. Charmondusit et. al. studied the hydrogenation of
cis-1,4 polyisoprene in the presence of various types of catalysts for example
RuCl(CO)(styryl)(PCys)z, OsHCI(COXO:)(PCys)2, and [ir(COD)py(PCy,)]PFs [46).
OsHCI(CO)(O2)(PCys), was observed to be a very efficient catalyst for hydrogenation
of cis-1,4 polyisoprene and the rate of hydrogenation was faster than either the
RuCl(CO)(styryl)(PCys); or [I(COD)py(PCys)]PFs [46].

For ENR, the presence of epoxy group should influence on the reaction
condition of hydrogenation and properties of the resulting rubbers, A few works have
been done on catalytic hydrogenation of ENR. Bhattacharjee et. al. hydrogenated the
NR and ENR by using homogeneous palladium catalyst, which is highly selective in
reducing unsaturated part in the presc}lcc of epoxy groups [20]. They found that the

rate constant of hydrogenation decreased with an increase of epoxide content of ENR.

3.3.2 Non-Catalytic Hydrogenation

For non-catalytic hydrogenation, inorganic diimide (N;H;) molecule has been
found to be an effective intermediate for releasing a hydrogen molecule to low
molecular weight olefins. It has been considered as a relatively simple procedure,
which can be carried out in both organic and aqueous phase at atmospheric pressure
under moderate temperature (50-140°C).

The diimide hydrogenation is an attractive method becoming popular for
application to reduce the unsaturate(i unit of polymers. Diimide molecule can be
generated  from  various chemicals, via the thermal treatment of
arenesulfonylhydrazides, the carboxylation of potassium azodicarboxylate, the
decomposition of hydroxylamine-o-sulfonic acid or chloramine, the photochemical
irradiation of 1-thia-3,4-diazolidine-2,5-dione, and the oxidation of hydrazine [11, 13,
25, 47-49].
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3.3.2.1 Diimide Reduction in Organic System

(a) Reaction Mechanism

Among several types of reducing agents, the diimide generated from the thérmal
decomposition of p-toluenesulfonylhydrazide (TSH) has been popularly used for the

hydrogenation of the unsaturated units in diene rubbers. The decomposition reaction of

TSH is presented in Figure 3.9.

H3C4©_—SOZNHNH2 _h'e_f_l; H}C_@_SOZH + NH=NH,

p-Toluenesulfinic acid Diimide -

(TSOH)

p-Toluenesulfonylhydrazide
(TSH)

Figure 3.9 Decomposition of p-toluenesulfonylhydrazide (TSH) by thermal

treatment [11].

Diimide reduction is unique in which the reaction is homogeneous and is highly
specific with the syn-addition of a hydrogen molecule to the carbon-carbon double
bond. The diimide may actually exist as cis- or trans- isomers; but only the cis-isomer

serves as a reducing agent. An example of alkene reduction using diimide molecule is

shown in Figure 3.10.

>——< N,H,
+ _— H—'(I:'_C'"'H + N

alkene diimide

Transition state

Figure 3.10 Syn-addition of hydrogen molecule of diimide onto the jearbon-

carbon double bond of unsaturated unit.
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Mango and Lenz had studied the non-catalytic hydrogenation of synthetic
polybutadiene (PB), ‘polyisoprene (PI), and styrene butadiene copolymer (SBR) by
using TSH and found that the thermal stability of the resulting product was improved
[11] depending on the hydrogenation level. Harwood et. al. had reported the
hydrogenation of PB and PI by using diimide as a reducing agent [48]. They found that
complete hydrogenation could be attained when five moles of TSH per mole of
unsaturated units of polybutadiene or polyisoprene were used. Similar results were
obtained in the case of SIR [50, 51, 52]. Edwards et. al. [53] had investigated the
diimide hydrogenation of PB by using NMR measurements to identify the
incorporation of an aromatic impurity in the polymer, resulted from the side reaction
during hydrogenation reaction. Poshyachinda and Kanitthanon [25] demonstrated
some evidence of cis-trans isomerization of the diimide hydrogenation of cis-
polybutadiene by FT-Raman spectroscopic method. They also reported that the rate of
addition of hydrogen to the olefinic sites in the cis configuration is likely to be faster
than that of the trans unit because of having only one side steric effect. It must be
easier for the cis configuration to form an intermediate with the diimide, thus resulting
in a more rapid addition of hydrogen molecule. Nang et. al. [52] had also studied the
hydrogenation of cis-1,4 PI by using TSH. It was mentioned that the rate of
hydrogenation increases with an incredse in concentration of PI and TSH. In addition,
they found that the reaction was accompanied by depolymerization and cyclization.

The rate of hydrogenation also depends on the microstructure of polymer, as
reported by Mango and Lenz [11] in the hydrogenation of PI with different
microstructures. It was found that vinyl segments were hydrogenated at a greater
extent than either cis- or trans-1,4 units of PI. Hahn [50] also employed the diimide
reduction of unsaturated part in poly(styrene-butadiene-styrene) (SBS) and
poly(styrene-isoprene-styrene) (SIS). It was found that the C=C of polybutadiene and
polyisoprene blocks were reduced whereas styrene parts were not affected.
Additionally, Hahn had found that at the molar ratio of TSH to double bond of PB and
PI equal to 2, the former was completely hydrogenated while only partial
hydrogenation was obtained in the later case [50], because of the steric effect. It has

generally been found that an excess amount of TSH compared with the amount

unsaturation is to be introduced to fulfill complete hydrogenation of diene 1 t:‘@;
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because only syn form of diimide conducts to highly specific hydrogen addition to
double bond and some portions can also undergo disproportionation, giving unreactive

nitrogen molecule and hydrazine.

(b) Side Reactions

Several publications reported various side reactions occurred together with
diimide hydrogenation such as incorporation of by-product, cis-trans isomerization,

degradation and cyclization reactions [25, 50-52].

-Cis-trans isomerization

The hydrogenation of diene polymer with TSH reveals some cis-trans
isomerization [25, 51]. For examples, the hydrogenation of cis-polybutadiene with
TSH indicates the transformation of the cis unit in the backbone into the trans unit,
detected by Raman spectroscopy. Phinyocheep et. al. [51] also mentioned that the cis-
frans isomerization of cis-polyisoprene units in styrene-isoprene diblock copolymer
was occurred. This side reaction was proposed to promote by the presence of sulfur
containing molecule of the TSH or p-toluenesulfinic acid by-product.

-Addition of p-toluenesulfinic acid
|

The thermal decomposition of the TSH leads to diimide and p-toluenesulfinic
acid (TSOH) by-product. The attachment of the by-product on the olefinic sites can be
detected by various methods [11, 48, 50, 52, 53]. Hahn had investigat?d the
hydrogenated products using FT-IR spectroscopy [50]). The presence of §ulfone
functionality was indicated by the IR bands at 1311 and 1148 cm’! due to SOz
asymmetric and symmetric stretching, respectively, and the located bands at 812 and
1020 cm’™’ due to the p-tolyl aromatic ring. From Raman scattering, the bands at 1331
and 1152 cm’' were depicted to asymmetric and symmetric —C-S0,-C- vibratio;l and a
band near 1600 cm™ was claimed for benzene ring of TSH by-product [53]. Ac:cording
to 'H-NMR spectra, resonances due to the p-tolyl substituent are obviously exhibited
at 2.4 ppm for the para methyl and 7.7 ppm for the aryl ring protons [11, 48].




Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Polymer Science and Technology) / 25

-Degradation

The changes in molecular weight (MW) and molecular weight distribution
(MWD) during hydrogenation might destgnate the degradation of polymers, which can
be normally detected by gel permeation chromatography (GPC). Hahn [50] found that
the chromatograms of hydrogenated SBS did not change in MWD compared with that
of the starting polymer whereas there were changes in hydrogenated products of SIS.
These were unclear whether these changes were due to thermal or catalytic

degradation by acid by-product.

-Cyclization

Cyclization can be another side reaction of hydrogenation as the TSOH may act
as a proton-donor to the C=C unit. Nang et. al. investigated the resulting product
obtained after hydrogenation of polyisoprene using FT-IR [52]. It was found that the
slight shifts of the CH; deformation vibration at 1450 ¢cm™' of the hydrogenated
polymer were recorded and this was assumed to be the result of the cyclization

reaction.
3.3.2.2 Diimide Reduction in Agueous System

Wideman discovered that various types of rubber in latex form can be converted
directly into its saturated analogue when treated with hydrazine hydrate, an oxidant,
and a metal ion initiator without any requirement of pressure vessel, suitable solvent,
or hydrogen gas {49]. It was later revealed by Parker et. al. that the same system could
be successfully used for preparing the hydrogenated SBR latex. They also claimed that
material obtained was a thermoplastic elastomer in nature [54). This method was then
used by Sarker De et. al. [55-57] for a series of studies on the hydrogenation of SBR
and carboxylated SBR latex. There has not been any reports on the study of reduction
of C=C bonds of natural rubber latex (NRL). It is therefore interesting to cite here

some important conditions already studied conceming this method as the following.

(a) Reaction Mechanism of Diimide Formation

The generation of diimide molecule from hydrazine (N;Hy) in the preset AT

hydrogen peroxide (H;O;) is considered as a redox system. The mechanis r‘
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formation of diimide molecule by oxidation of hydrazine in aqueous system was

demonstrated as the fbllowing [55]:

NH, + H,0 ——= NH + OH (3.2)

NoH + H,0, —= NH;" + 2H,0 (3.3)

oxidizing agent f

NH;" + N,H, ————= NyHy" + NpH, (3.4)
diimide

The solution of hydrazine in water is basic in nature and is postulated to form a
protonated intermediate (N,Hs"). This reactive intermediate is then oxidizefi and
undergone for diimide (diazene), NH=NH formation. The stereospecificity of the
reduction with this diimide has been attributed to the formation of a cyclic transition
state as previously shown in Figure 3.10. '

Almost an equal amount of cis and trans isomers of diimide can be generated
during the oxidation of hydrazine as shown in Equation 3.5 but it seems likeiy that
only the cis form of diimide can function as a reducing agent. Hence, the trans isomer

is believed to be loss by the diimide decomposition reactions as shown in Equation 3.6

and 3.7.
/H — I
NHNH, + HO, —= NNy AN +omo 69
A N |

NH=NH —= N, + H, (3.6)

I
2NH=NH — N, + NH,NH, (3.7)

The diimide reduction mechanism for NBR latex was also proposed by Parker
et. al. [58]. This process directly converts NBR latex into hydrogenated NB'R latex
with the presence of carboxylated surfactant and copper sulfate as a catalyst. They
proposed that the diimide-hydrogenating agent was generated at the surfaces of the

rubber particles from a hydrazine/hydrogen peroxide redox system. I
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(b) Parameters Affecting on Hydrogenation in Latex Phase

-Latex particle size

He et. al. had studied hydrogenation of two particle sizes, i.e., 60 nm for small
particle and 230 nm for large particle of SBR latex using hydrazine and hydrogen
peroxide (N2H4/H,0») system. They reported that the higher particle size of the rubber
(total surface area was decreased) led to the decrease of percentage of hydrogenation
[59]. This was probable that the reaction between N;H, and H;O; in the presence of
copper sulfate (CuSO,s) as a catalyst generating the diimide molecule for
hydrogenation had occurred at the particle surface of latex. For either the small
particle or large particle system, there is the same optimum surface area density of
Cu?* that is 2 ions of Cu®’ presenting on 1000 nm” of rubber particle, the total number
of Cu® in the large particle latex system is much less than that for the small particle
latex system because of the much smaller total surface area for the latexes with the
same solid content (20%). It could be one of the reasons that led to the decrease of
overall degree of hydrogenation for the large particle system. Another possible factor
that could influence the degree of hydrogenation is the distance for the diffusion of the
dimide molecule from the surface to react with double bonds residing in the inner side
of the particles. For the large particle system, the distance is longer comparing with the
small particle system due to the larger particle size. The longer the diffusion distance
was, the greater the lifetime was needed for the diimide before reaching the double
bond and the greater the probability for the disproportionation reaction of diimide
itself. The relative extents of these two competitive reactions could be decided by the
local concentration of double bonds and diimide molecules, which were dependent on

the rates of diffusion of both polymer chains and diimide molecules.

-Gel fractions

The diimide reduction of SBR in latex form having high (95%) and low (23%)
gel fractions with nearly average particle size had carried out by He et. al. [59). The
results showed that high degree of hydrogenation was achieved in both systems, i.e.,

91 and 93% for high and low gel fractions. Although the mobility of polymer cha’ - ',
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high gel fraction does not exert much influence on the diffusion of the small diimide
molecules generated at the particle surfaces. In other words, the diimide molecule is

small enough to diffuse from the surface to the centre of latex particle. '

1

(c) Side Reactions

Parker et. al. [58] studied the conversion of NBR latex to hydrogenated ;NBR
latex by using NoHa/H,O; redox system. They reported that the diimide reduction
could induce cross-linking reaction indicated by the occurrence of gel fraction'aﬁer
hydrogenation. The possibility of cross-linking during hydrogenation reaction was also
mentioned by Sarker De et. al. [55-57]. They found that the gel fraction of
hydrogenated product increased during hydrogenation of both SBR and carboxylated
SBR.

3.4 Principle of Methods for Characterization
Spectroscopic techniques used in this research are vibrational and nuclear
magnetic resonance spectroscopies.

3.4.1 Vibrational Spectroscopy !
|

A number of factors determine the selection of various spectroscopic methods for
characterization of polymers. The first criterion is the nature of the splectral
information relative to the problem at hand. All of the spectroscopic techniques have
strengths and weaknesses in certain aspects of their applications so that no single
technique is going to solve all of the problems. There are three principal methods by
which the vibrations may be studied: infrared, Raman spectroscopies and inelastic
neutron scattering. The first two methods are available in many laboratories, sin:ce the
equipment required is relatively simple and cheap as compared with neutron
scattering. The main purpose of this section will be to explain theoretical and

experimental analysis and the information obtained from vibrational spectroscop'y.
I
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3.4.1.1 Classical Electromagnetism Theory of Vibration Spectroscopy

A vibrating molecule may interact in two distinctly different ways with
electromagnetic (EM) radiation of apﬁropriate frequency [22, 60-62]. If the radiation
includes the same spectral component as one of the normal modes of vibration, it may
be possible for the molecule to absorb the radiation. The energy absorbed will later
lose by the molecule either by re-radiation or by transfer to other molecules of the
material in the form of heat energy. The frequency at which any peak in the absorption
spectrum appears 1s equal to the frequency of one of the normal molecular vibration
modes of the sample. The possible vibrations of a molecule are sensitive to IR
absorption if the vibration results in a change in the dipole moment, u, of the
molecule. When an electromagnetic wave in the IR wavelengths irradiates a molecule
the electric field acts on the charge distribution in the molecule, i.e. the more polar the
molecule the larger the effect. The oscillation of the EM field, if of the quantized
frequency for absorption by a particular bond, will set the bond in motion, vibrating at
the specific frequency needed for that vibrational excitation.

The second way in which electromagnetic radiation may interact with a .
molecule is by being scattered, with or without a change of frequency as can be seen
in Figure 3.11. The scattering without change of frequency may be thought of as
scattering from the equilibrium states of the molecules and is called “Rayleigh
scattering”. The scattering with change of frequency is called “Raman scattering” and
the change in frequency corresponds to the frequency of one of the normal modes of

vibration of the molecules.

Scattering can be either elastic or inelastic. The electric field, E , of the incident

light induces a dipole moment, z, in the molecule, given by

h=ak (3.8)
The proportionality constant a is the polarizability of molecule, which expresses the
distortion of the electron cloud of the molecule. A fluctuation of the electric field will
produce a fluctuating dipole moment of the same frequency. Electromagnetic

radiation generates such an electric field, which can be expressed as in Equation 3.9
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E=E_ cos2av,t (3.9)
where £, is the equilibrium field strength and v, is the angular frequency of the

radiation.

Consider the particular case of a diatomic molecule, which vibrates with a
frequency “v". If it performs simple harmonic vibrations, then a coordinate ¢ along the
axis of vibration at time, #, is written by:

q = q,cos2avt (3.16)
Since the polarizability is modulated by the vibration, its value for small vibrational

amplitude can be written by:

a=a0+(§£J q (3.11)
aq },

Substitution of Equation 3.10 in Equation 3.11 yields:
Oa
a=a,+|—/| q,cos2nvt (3.12)
9 ),

If incident radiation of frequency v, interacts with the molecule then the 'dipole
moment ¢an be expressed by the following: .
ji =af = ak cos2mv,t (3.13)

Substitution of Equation 3.12 in Equation 3.13 gives:

g=a,E, cos2m,t +[%z_] E,q, cos2avicos2nav,t (3.14)
q ./, |

which can be rearranged as: .

f=a,E, cos2m,t +(%Z—J Ef’iq—"[cos 2r(v, +v)t +cos2z(v, —v)t] (3.;15)
The first term in Equation 3.15 describes the Rayleigh scattering and the seconh terms
describe the Stokes and the anti-Stokes Raman scattering. Equation 3.15 indicates that
light will be scattered with different frequencies: v, is Rayleigh scattering and Vot vis
Raman scattering. In addition, the Raman scattering occurs when (3c/dq)o is unequal
to O that is, the polarizability of the molecule must change during a vibration if that
vibration is to be Raman active. This vibration involves the selection rule fi __J-j;l‘;.:'-} HE

spectroscopy. AR\
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Figure 3.11 The energy levels of elastic (Rayleigh) and inelastic (Raman)

scattering lines.

Raman spectroscopy is a very versatile technique where in the specimen is
illuminated with a high-intensity monochromatic source (e.g. a laser) and the scattered
light 1s investigated. As described previously a component of scattered light is
inelastically scattered, i.e. it appears at a wavelength different from that of the source.
The Raman scatter is very weak but can be detected readily using high sensitive
optical detedtors.

Molecules consist of atoms which have a certain mass and which are connected
by elastic bonds. As a result, they can perform periodic motion, they have vibrational
degrees of freedom. All motions of the atoms in a molecule relative to each other are a
superposition of so called normal vibrations, in which all atoms are vibrating with the
same phase and normal frequency. Polyatomic molecules with N atoms possess 3N-6
vibration degrees of freedom. The six degrees of freedom subtracted from the total of
3N displacement degrees of freedom of N atoms are the degrees of freedom of the
undistorted molecule, i.e. the translations (3) and rotations (3) of the whole molecule.

Consider a polymer molecule is composed of several repeating units. In polymer
analysis, we can greatly and roughly simplify the characteristic spectrum for a chain
by considering the repeating chemical groups, which occur in the chain as

independently contributing to the IR and Raman spectra. The number of vib

modes, molecular vibration and intensity of signal were described as follows.

JOQNS =)
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(a) Number of Vibration Modes by Group Theory Analysis

The classically described group theory allows to simply determining the number
and symmetry of the vibrational modes. Based on the matrix built on the atomic
displacements, it is possible to reduce it to irreducible representations of the symmetry

point group of the molecule. The usual relation used is then:

Ay == SRR g (R)2(R) (3.16)
R

where the group order “n” is the number of symmetry operators of this point group,
and the summation is extended over all classes of symmetry operator “R”. k(R) is the
number of elements in each class, zi(R) is the character of the species (irredu'cible
representation) i for the symmetry operator R found in the character table of the point
group. x(R) is the character of the reducible representation of the symmetry operator
determined with the matrix built on atomic displacement. Point group corresponds to
the symmetry elements which let invariant the elementary molecule. ,
When molecules possess symmetry, this symmetry restricts the types of
vibrational modes that can be observed in the IR and Raman spectra. Note that for
non-centered molecules as in the casc-of natural rubber the active modes are the same

in IR and Raman spectroscopies.

{b) Molecular Vibrations '

Vibrational spectra contain information about every aspect of the molécular
structure. This information can be evaluated by comparing observed infrared and
Raman spectra with those calculated from systematically modified model mole:cules
until the best adjustment is achieved. However, very simple calculations may he::lp to
assign the observed bands to structure as a result of a chemical reaction. Such models
usually ignore anharmonicity, they treat molecules just as simple systems of dia?omic

molecule having the masses of the atoms m; and m,.
]

It is easy to show that when the molecule is disturbed from equilibrium it will

vibrate with simple harmonic motion of frequency, v according to Equation 3.17.

L= L k(ml + m2)
2z myms

i | | S wiil
Ul Tl i-'i-' ]
a |
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1 k
=— 3.17
YT (3.17)
where m’ is the reduce mass of the molecule defined by L b, and  the

m mom,
quantity k is called a force constant between the two atoms and corresponded to the
restoring force acting on either atom.

The displacement of atoms arises from the change of bond lengths and bond

angles, resulting molecule vibration,

(¢) Intensity of Vibrational Bands

In this section, the intensity of vibrational bands in normal IR and Raman
spectra are presented [22, 61]. When IR radiation is absorbed by molecule, the
intensity of the absorption depends on’the movement of the electronic charges during
the molecular vibration. Therefore, the IR intensities should provide information about
the electronic charges distribution in molecules. The IR intensity 4,, is related to the
molecular parameters as follows:

2
A Zl:gjerA :IV_,I ou ! (3.18)
3he, | |80,

where N, is Avogadro’s number, # is Planck’s constant, ¢, is the velocity of light, and

v, is the frequency of the band center. This relationship can be expressed inversely as

1/2
= 0.03200("‘/ )
vS

Hence, each intensity can be related to the dipole moment derivative with respect to

ou

5

the O normal coordinate.
For Raman scattering, the total intensity of a Stoke Raman band of shift
frequency, v, scattered over a solid angle of 4rx by randomly oriented molecule

perturbed by electromagnetic radiation from an initial vibration state to a final state is

given by:

I oa L, ~v)'5|e,) (3.19)
if

where [, is the incident intensity and a;; represents the components of TE“
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polarizability tensor associated with the transition from an initial vibration state to a
final state. '

3.4.1.2 Experimental Analysis of Infrared and Raman Spectroscopy .

Infrared and Raman spectrometers are the most important tools for observing

vibrational spectra. Depending on the nature of the vibration, which is determined by

the symmetry of the molecules, vibrations may be active or forbidden in the infrared

or Raman spectrum. The following characteristics may be employed for the

elucidation of the molecular structure.

(a) FTIR Spectroscopy |

Infrared spectroscopy provides more useful information for identifying polymers
and modified polymer. IR yields both qualitative and quantitative information
concerning a polymer sample’s chemical nature, i.e., structural repeating units, end
group and branch units, additives and impurities. IR spectroscopy is sensitive to
change in the dipole moments of vibrating groups in molecules and, accordingly,
yields useful information for the identification of the polymers after modification. In
practice, it is very difficult to observe the absorption intensity changes of an impiortant
characteristic of polyisoprene after modification. Then this method can be used only
on qualitative mode. Generally, there are two kinds of fundamental vibrations for
molecules; stretching, in which the distance between two atoms increases or decreases,
but the atoms remain in the same bond axis, and bending (or deformation), in ‘Iwhich
the position of the atom changes relative to original bond axis. '

The utilization of FT-IR spectroscopy investigated the microstructu{'es of
hydrogenated products of PB, SBR and NBR had been reported in several llteratures
[42-45, 63]. The catalytic hydrogenation of PB had been carried out by Doi et. al [63].
They found that after 15 min of hydrogenation the band at 912 cm’ is due to the vinyl
group of 1,2 addition disappeared. The broad absorption band at 734 cm’’ due to the
C=C bond of cis-1,4 addition disappeared after 30 min of hydrogenation, and new
absorption bands appeared at 728 and 720 cm’', being attributable to the -CHa- rlocking

| = i

vibrations in crystalline and amorphous fractions of poly(ethylene) s-i i ey

respectively. In addition, the absorption band at 967 em’' due to the C=C a
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trans-1,4 addition completely disappeared at 24 h of hydrogenation. Thus, the double
bonds of 1,2 and cfs-l,4 additions were hydrogenated faster than the trans-14
addition. Harwood and co-workers reported the complete hydrogenation of PB
detected by FT-IR when the molar ratio of [TSH)/[C=C] equal to 6 was used [48]. For
hydrogenating NR, FT-IR spectroscopy had employed to investigate the decrease of
the absorption peaks at 840 cm™ corresponding to the C-H out of plane deformation of

trisubstituted PI, after hydrogenation as reported by Bhattacharjee et. al. [20].

(b) Raman Spectroscopy

The choice of Raman spectroscopy for analysis of polymer structure and
composttion is based on the high sensitivity of the Raman effects for certain non-polar
chemical groups. In polymers, these groups are primarily the nearly homonuclear
single and multiple C-C bonds, of which the vibrational intensity a difficult to observe
in the IR spectra. Several researches reported the study of chemical structure of rubber
by Raman spectroscopy as the vibration frequency of the C=C bond is sensitive to its
environment [22-25]. Raman spectroscopy can differentiate between internal and
external bonds as well as cis and trans isomers in compounds with ethylenic linkages.
The type of unsaturation in butadiene apd isoprene rubbers can be determined from the
intense Raman scattering of the C=C stretching modes. For instance, the trans and cis-
1,4 polybutadiene structures scatter at 1664 cm™ and 1650 cm™, respectively. The 1,2
vinyl structure of polybutadiene scatters at 1639 cm™, and this scattering is well
resolved from that of the 1,2-polybutadiene structures. Jackson et. al. [23] had
reviewed the application of Raman spectroscopy to investigate the chemical structure
of elastomers. They studied the characteristics of the chemical structure of the raw
polybutadiene (PB) and natural rubber (NR) at different commercial grades. The C=C
vibrational mode of cis, trans and vinyl in PB can be seen at 1650, 1664 and 1639
cm™, respectively. For NR, its structure consists of repeating isoprene units in the cis
configuration. Commercial grades of NR have varying amounts of impurities, such as
protein, fatty acids and dirt which cause high fluorescence backgrounds or absorption

of excitation source with conventional Raman spectroscopy. This makes the spectra of

NR difficult to obtain. Unlike the PB, the shift between cis and trans isomers of 1\ =7
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Raman spectroscopy had been employed to study NR and deproteinized NR as a
function of time cold soaking reported by Jones [64]. FT-Raman spectroscop):r has
considerable potential for the study of the crystallization processes which are occurred
in NR. It was found that the intensity of the C-H stretching peak increased.with
increasing cold soaking time indicating that it may be related to further crystal
formation.

The integrated intensity of Raman absorption band is directly related to the
concentration of the absorbing species and this spectroscopic method has been used
for the assay of residual unsaturated unit of polybutadiene rubber after hydrogenation
[25] as well as the quantitative analysis of the microstructure of NR.

Edwards et. al. [65] had investjgated the hydrogenation of PB using Raman
spectroscopic technique. Quantitative measurements of the hydrogenation by Raman
spectroscopy found only 50% reduction in unsaturation since fluorescence problems
from the impurity incorporation and reflection problems arising from the surface
changes in the sample becoming white marked the Raman spectra.

Raman spectroscopy had been used as the preferred method to quantit"y the
amount of the C=C bond of unsaturated units after modification in the work reported
here since the C=C stretching vibration of cis units is strongly active as compared to
infrared absorption technique. Additionally, the high resolution of adapted
configuration possible in Raman spectroscopy making this technique favored over
other spectroscopic techniques. |

The principal limitation of Raman spectroscopy in the visible region is the
existence of fluorescence, and Raman spectra cannot be obtained from many samples
because of the curtain of fluoresence that hides them. All impure specimenls, and

|
natural rubber is such species, fluoresce. As a result, the very weak Raman scatter is

swamped by fluoresence. Raman spectroscopy for studying the natural rubber l;aving
problems with fluorescence gave high background of spectra. However with an
adapted incident wavelength and a classical subtraction of the background the slpectra
could be estimated for each spectrum with a standard fitting procedure. :

Recently, Raman spectroscopy has also become important, as instrumentation

has become smaller, less expensive, and more sensitive. While developm: 3T H,

taking place in many areas of vibrational spectroscopy, this study will focus o:y & /s
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of imaging or mapping techniques, which are becoming important as we aim to

understand the hetcrdgeneous nature of polymer materials and polymer surface.
-Raman Mapping

Two different techniques can be used, either the samples are globally
illuminated, either the mapping rebuilt from an analysis possible point. The
spectrometers are usually dispersive and utilize a CCD camera. Consequently, images
are collected based on individual bands selected by filters, rather than the whole
spectra. Mapping is the collection of many spectra consecutively by the use of a
micro-spectrometer with point illumination and a computer-controlled stage. The
micro-Raman mapping was employed to assess the composition of ternary polymer
blends consisting of polypropylene/polyethylene/ethene-propene copolymer [66].
Raman imaging was proved to be suitable for the characterization of heterogeneities in
composition and morphology on a size scale equal to or larger than 1 pm. Liu et. al.
studied the degradation of polyolefin grafted polystyrene {67]. These grafted sites of
the samples can be seen from scanning electron microscopy or detected by Raman
micro-spectroscopy. They found that the grafling spots detected by Raman mapping

are heterogeneous as observed in SEM images.

(¢) Spectral Differences between IR and Raman Spectroscopy

As a result, the information obtained from IR measurements can also be found in
the Raman spectra. Some vibration mode appears only in the IR spectrum, and other
modes appear only in the Raman spectrum. The differences in the vibrational spectra
of IR and Raman spectroscopy can be used to a great advantage in the determination
of the structure of molecules. If the molecule does not possess a symmetry center the
spectra are identical by IR and Raman scattering. Generally, the more symmetric the
molecule is, the greater the differences will be between the IR and Raman spectra.
Strong Raman scattering arises from non-polar molecules and strong IR absorption
presents when the molecule contains polar groups. In chainlike polymer molecule, the
vibrations of the substitutents on the carbon chain are most easily studied by using FT-
IR spectroscopy, and the vibrations of the carbon chain can be studied by using Raman

scattering.
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3.4.2 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) has become one of the most frequently'used
techniques in the investigation of organic compounds. The primary importance of
NMR is the power and versatility of the technique for structural identification of diene
rubbers, which are involved in chemical modification reactions as reactants, or

products.

3.4.2.1 Theoretical Analysis of Resonance

This section introduces general background about NMR spectroscopy both in
liquid and solid states. NMR measurements can be applied to molecules that contain
atomic nuclei possessing a spin, as described by the nuclear spin number (I) [22, 68-
70]. The nuclear spin corresponds to a small magnetic dipole, when a sample is placed
in a homogenecus magnetic field, the dipoles will align with the lines of induction or
the force of the applied magnetic field. The torque from the applied field will cause the
magnetic moments to process. The precession frequency is known as the Larmor
Frequency. It is proportional to the applied magnetic field, Hy. The Larmor
frequency, @y, is given by

wg = yHy (3.20)

A nucleus with a spin number of %2 will orient itself in one of two permitted
directions in the presence of an externally applied magnetic field (as in the NMR
spectrometer), corresponding to two spin states at discrete, quantized energy levels as
shown in Figure 3.12. =

The difference between the two energy levels of the nuclei with a spin of % in

the presence of magnetic field is given by |

AE=H, @3.21)

where y is the magnetogyric ratio. The NMR spectrum is the result of transitions from

i
the lower to the upper energy spin state induced by the absorption of energy from

electromagnetic radiation applied at the proper frequency. When the absorption

occurs, the system is said to be in resonance.
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Figure 3.12 Quantized energy of nuclei in a magnetic field.

-Nuclear spin relaxation

After the resonance radiofrequency pulse has been applied, a higher energy
excited state exists. This higher energy level corresponds to the nuclei that are elevated
to the antiparallel position. To return to the equilibrium or ground state, this excess
energy is passed to the sunoundings by stimulated emission, and some of the
antiparaliel nuclei return to the parallel or low energy level. This decay of the
ma‘gnetization proceeds to equilibrium in an exponential function known as the

relaxation times. The rate of this process is determined by two external factors or
relaxations: the spin-lattice relaxation time,T,g , and the spin-spin relaxation time, 73

[22, 68, 69].

The rate of transfer of energy between nuclei and the environment or lattice is
always called the spin-lattice relaxation time, T;. This phenomenon depends on the
effectiveness of energy transfer from the excited nuclei to the lattice. The T, is specific
for each molecule and its environment and gives information about the molecular
dynamics of the magnetic moments and the molecule around them. When the nuclear
magnetization rotates at the Larmor frequency, local fluctuating magnetic fields,
which are generated by molecular motion lead to a decay of the longitudinal spin
magnetization.

The transverse magnetization decay involves the return to equilibrium by the

loss of coherence of the transverse magnetization of the nuclei. The energy is

transferred adiabatically between the nuclei as they are jostled between high ar T

energy positions. This internal adiabatic exchange occurs between two different s*«ﬁ}f
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The transverse magnetic relaxation time, T, is called the spin-spin relaxation 'time.
The T provides information about the distribution of resonant frequencies and zjabout
the local field experienced by the magnetic moments of the nuclei. Local field is
related to the structure and to the chemical nature of the environment around the
nuclei. Because the local magnetic field in liquid fluctuates very rapidly and can
average to zero, the internal local field is weak and yields narrow resonance linles. In
solid state, the position of atoms is nearly fixed, and the internal field is signiﬁcar'lt and
contributes to the rapid loss of coherence. Therefore, the T; in solid is very short, and

the resonance lines are very broad.
3.4.2.2 Experimental Analysis

(a) 'H and >*C-NMR in Liquid State

A 'H-NMR spectrum of a molecule consists of series of peaks corresponding to
the resonance frequencies of chemically different protons in molecule. These peaks
may show fine structure (splitting) due to mutual interaction with non-equivalent
nuclei. The peak areas are proportional to the number of protons that resonate at the
particular frequencies; the number of protons is dependent on the number of
chemically equivalent protons in the molecule and on the concentration 'of the
molecule. Peak areas are usually integrated electronically and recorded with the
spectra. |

The dependence of peak position on chemical environment and of peak area on
the number or protons is the basis of kinetic measurements using NMR. If some of the
nuclei responsible for a resonance change environments during the course of a
reaction, a peak corresponding to the reactant will diminish in size and a ne;w peak
corresponding to the products will increase. ‘

The major limitation of the NMR technique is the requirement of high’ sample
concentrations, as previously mentioned. Furthermore, the high expense ({f NMR
spectrometers limits their availability‘for lengthy kinetic measurements. The use of
NMR measurements for study of concentration changes is practical for reactions with

half-times of about one minute or longer. Typically, a reaction will be foll(_iwed by

recording and integrating the entire spectra at various time intervals wl
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reactions are involved. NMR may also be used for kinetic measurements of some fast
reactions at equilibriufn, by studying line broadening effects.

The larger “C chemical shift range enables very subtle structural and
conformational changes to be discerned. In addition, the BC spectrum may be
simplified by proton decoupling which makes all the carbon resonances appear as
singlet. This is in contrast to proton NMR where spectra of large molecules are
complex because of homonuclear spin-spin splitting and congested because of the
small proton chemical shift range.

Generally, nuclear magnetic resonance spectroscopy in solution both 'H- and C
-NMR have been employed for studying the microstructure of elastomers and the
modified forms such as epoxidized and hydrogenated elastomers [13, 22, 38].

Mohammadi and Rempel {42] carried out the homogeneous catalytic
hydrogenation of polybutadiene. The microstructure of hydrogenated PB was analyzed
by FTIR, 'H-NMR and C-NMR techniques. They found that all the characteristic
bands for unsaturation disappeared, suggesting a quantitative hydrogenation. Singha
et. al. has studied the catalytic hydrogenation of NR using hydrogen gas and
RhCI(PPh3) catalyst [12]. They used FTIR, 'H- and “C-NMR to analyze the
characteristic of hydrogenated NR. For FTIR, a very intense peak appears at 735 cm™,
which is attributed to the -(CH;);- group formed through hydrogenation. They also
studied the distribution of saturated units and found that the hydrogenated NR is a
strictly alternating copolymer of ethylene and propylene when complete
hydrogenation was achieved. Gan et. al. used '"H-NMR spectroscopy to measure the
hydrogenation of NR using catalytic hydrogenation [19]. The reaction led to the
decrease of intensity signals of the isoprene unit of NR at 1.7, 2.2 and 5.2 ppm and the
increase in the peaks at 0.89 and 1.1-1.3 ppm which belong to methyl and methylene
protons of the propylene-ethylene block of hydrogenated product, respectively.
Bhattacharjee et. al. [20] prepared the hydrogenation of NR and ENR by using
hydrogen gas and palladium catalyst and found that the characteristic signals
corresponding to the unsaturated units decreases with hydrogenation time and also

new signals positioned at 1.4 and 0.9 ppm due to the methylene and methyl protons of

saturated units as detect by 'H-NMR. It was further evident from the 'H-NMR srntm ~

that no side reaction had taken place during the catalytic reduction.
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(b) High;Resolution Solid-State NMR Spectroscopy

With the development of cross polarize (CP) and magic angle spinning (MAS),
high resolution technique used in solution state NMR have become available in:solid
state sample. In general, solid state NMR has been applied for two general classes of
polymer samples: (1) samples that are insoluble such as crosslinked or intractable
system, and (2) samples for which solid state NMR spectroscopy provides information
about the solid state nature such as chain conformation, crystallographic form, and the
morphological character of the solid samples. Chain conformation is the most
commonly studied by solid-state BC-NMR with cross polarization along with the
magic angle spinning (CP/MAS) technique.

This technique becomes a powerful tool for characterising and studyiﬁg the
chemical structure and dynamic property of polymers. Moreover, both solid-state BC-
NMR magic angle spinning and cross-polarization (MAS/CP) experiments have been
widely used for the investigation of vulcanized NR [71-76]. The possibility of
performing the experiment in solid form allows this spectroscopic technique been
interested for analyzes of modified polymer such as hydrogenated polymer, which is
normally obtained in solution form. No report has been published on using soli;d state

NMR for characterization of chemical structure of hydrogenated natural rubber. '

-High-Power Proton Dipolar Decoupling '

The major contributions to the line widths in 'YC-NMR spectra of organicI solids
are the interactions arising from heteronuclear dipolar broadening by protons. The
dipolar coupling is often strong, and the line widths are of the order of 30-50 l:cHz. A
practical method for the removal of proton dipolar broadening is to employ a high-
power proton decoupling field, i.e. ‘dipolar decoupling. The way to remove the
heteronuclear dipolar broadening is to irradiate protons with a strong radiofrelquency
field in the neighbourhood of their Larmor frequencies. This is analogous' to the
decoupling commonly used in solutions to remove the heteronuclear scalar coluplings

as well as the J couplings in the solid state, except that much larger power is required.

-Magic Angle Spinning “MAS”
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-Magic Angle Spinning “MAS”

The NMR spectra of solids are fundamentally different from those in solution,
primarily because the polymer matrix inhibits the molecular motion that averages the
chemical shift anisotropy and dipolar interactions, which result in shape lines.
Chemical shift anisotropy is a particularly severe problem when observing carbon
nuclei because it has a large chemical shift range. Most polymer samples are not
oriented relative to the field and the chemical shifts take a continuum of values and
form the line shapes shown in Figure 3.13(a) and (b).

The chemical shift anisotropy arises from a nonspherical distribution of
electrons that give rise to an orientation-dependent chemical shift in isotropic samples.
In molecules of any degree of complexity there will be several such patterns that may
strongly overlap, producing a broad, unresolved spectrum. Under these circumstances
it usually becomes necessary to sacrifice the anisotropy information in order to

observe a high-resolution spectrum.

(b)

T =022 T1n o] o 5] o 2

Figure 3.13 Chemical shift anisotropy patterns for (a) axially symmetric and (b)

nonaxially symmetric atoms [68].

Under rapid sample rotation the orientations and chemical shifts become time
dependent in the rotor period. Taking the time average under rapid rotation gives
Equation 3.22:

0 =0, +5(3cos? f-1)(o,, sin’ Bcos’ g+ 0, sin’ sin® g+ o, cos’ - 0o,,)

(3.2
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where [ is the angle between the rotation axis and the magnetic field direction equai

to 54.7° (so called mégic angle) as illustrated in Figure 3.14, oy is one of the three

tensor components, ;s is the isotropic value of the three tensor components.
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Figure 3.14 Macroscopic sample rotation at an angle to the applied magnetic
field B,. i

Thus, under magic angle rotation at several kilohertz, the chemical shift pattern

collapses to the isotropic average, giving the high-resolution spectrum.

-Cross-Polarization “CP”

A further problem encountered in the NMR study of rare spins such as BC
nuclei is the attainable sensitivity [22, 68, 69]. The resonance signal is proportional to
the magnetization of the I spin system placed in an external field H,, which for ;a spin

Y4 system, can be written as: |

M;=N;7fZZHn/4kTL (3.23)

where N; is the number of I spin in the sample, y; is the gyromagnetic ratio of the I
spins, and 7} is the absolute temperéture of the lattice. Protons, which have high
gyromagnetic ratio and 100 % natural abundance have of course a magnetizatio{n, My,
much higher than that of the BC nuclei, Mc. A way of increasing Mc cons;:ists n
transferring a small fraction of the proton magnetization to the carbon spin system.
This can be achieved by spin-locking the protons with a radiofrequency field, H;x,
parallel to the proton rotating frame magnetization. The proton spins then pass
suddenly from a high field (/) in the laboratory frame to a low field (HIH): in the
rotating frame. The My magnetization is maintained on passing from H, to H /777 s~

written as follow:
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Ma=Nuvuh Hod 3T, =Nugyuh Hin!4T, (3.24)

where T is the proton spin-temperature in the spin-lock experiment: Ty = T, H,;/Hy.

The important result is that 7y is much lower than T; because H;y is much weaker than

Hj. Then the proton magnetization follows a 1",;" decrease during the spin-lock

sequence. During the proton spin-lock time, a second radiofrequency field is applied at
the carbon resonance frequency under the Hartmann-Hahn condition: yyH,y = ycHic.

Figure 3.15 shows the pulse‘ sequence diagram the carbon-proton cross
polarization experiment. The pulse sequence begins with a 90°X pulse to the protons
to tip them along the y-axis. The phase of the proton B, field is then shifted by 90° and
the protons are spin-locking pulse, and are forced to precess about the y-axis of their
rotating frame with a frequency wy = yuBu. Meanwhile, the carbons are put into
contact with the protons by turning the carbon field B¢ on during the spin-lock time.
This causes the carbon magnetization to grow in the direction of the spin-lock field.
The carbons are now precessing about their y-axis with a frequency e = y.B¢. The
differences between the energy levels of the protons and the carbons are now equal in
the doubly rotating frame. A fraction of the proton magnetization can thus be
transferred to the carbon spin system by the flip-flop mechanism responsible for spin
diffusion: the spin-temperature of the protons increases whereas the spin-temperature

of the 1*C spins decreases. At equilibrium, the carbon magnetization can be written as:

Mu=Ncy, ly Xyoh Ho 4k T,) (3.25)

Thus the carbon magnetization can be multiplied at most by a factor of y, [y =
4. Moreover, before repeating the pulse sequence, one has only to wait for near-
equilibrium recovery of the proton magnetization. This is characterized by a spin-

lattice relaxation time Tlf;' , which is generally much shorter than Tlf, :
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Figure 3.15 Pulse sequence diagram for cross-polarization.

As CP is based on heteronuclear dipolar interactions, it is sensiti?e to
internuclear distances and the mobility of molecules or functional groups involved.
This means that CP can also be used to establish the connectivity between coupled
nuclei and to monitor molecular dynamics in solid.

In the case of insoluble sample, NMR in solid state is particularly useful. This
technique is strongly developed to characterize the rubber and modified form in order
to obtain the narrow line peak of resonance signal.

The use of solid-state '*C-NMR to observe the change of structure of NR and
cis-PB after vulcanization had been reviewed by Patterson and coworkers [71]. At
least four structurally different methyl groups had been detected in the cross-linking of
NR by dicumyl peroxide and the cis-trans isomerization occurred in NR by the
rearrangement of the allylic free radical. In the case of PB, only methine and
methylene carbons were present in the cross-linked network of PB. The line width of
the elastomers increased with the increase of crosslink density. *

Mori and Koenig [72, 73] had reported the solid state NMR studies of
vulcanized natural rubber with and without carbon black. The solid-state *C-NMR
spectra present the new characteristic peak associated with monosulfide and
polysulfide as cross-linking of the rubber chains. They found the evidence:of the

occurrence of cis-trans isomerization from the carbon resonances of methylene ,
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the increase in carbon black content as well as with the extent of cure. Klei and
Koenig [74] also employed this technique to study the competitive vulcanization of
blends of natural rubber and high cis-polybutadiene. The results suggested that
competitive vulcanization altered the distnbution of vulcanizate products such as cis
polysulfide linkage at 57.4 ppm was favored over trans polysulfide at 64.3 ppm. Small
additions of BR also hindered the cis-trans isomerization of NR. Gronski et al [75]
used the solid-state ’C-NMR with MAS to distinguish between monosulfidic
crosslinks and polysulfidic structures and to quantify the chemical crosslink of
vulcanized NR. The analysis of the chemical structure of NR and vulcanized NR by
solid-state *C-NMR with HD/MAS technique had been studied by Buzare et. al. [76].
They indicated that cis-trans isomerization and different sulfide structures were
detected and identified through the chemical shift values of the extra NMR lines,

which were observed in various vulcanizates.

- Kinetic of Cross-Polarization

The variable contact time measurement is necessary in order to optimize the CP
experiment, to obtain more information about the complete structural molecule on the
samples [77, 78]. During the thermal contact, the '>C magnetization increases rapidly
in an exponential growth characterized by the cross-polarization time T¢y, which is
governed by the strength of the 'H-"C dipolar coupling. Simultaneously, the proton

magnetization decreases according to a proton spin-lattice relaxation time in the
rotating frame, ﬂg , decay. The dependence of the '*C magnetization as a function of
the contact time, ¢, is written as:

M) = My (1~ Tey 1T ) Nexp(t /T )~ exp(=t/Ter )] (3.26)
where M, is the absolute intensity of magnetization,

1 IS an any given cross-polarization contact time,
Tcn is a CP time constant, and its reciprocal, //Tcy, is known as the CP

rate constant,

Tlﬁ is the carbon rotating frame spin-lattice relaxation time constant.
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Tlg is the carbon rotating frame spin-lattice relaxation time constant.

Thus two opposing relaxation mechanisms operate during the contact time. For short

contact times, the 7Ty process dominates, and the carbon magnetization increases
exponentially. At longer contact times, the process is dominated by the T|g process,

and the magnetization decreases exponentially because of the proton spin-lattice
relaxation in the rotating frame.

Kameda and Asakura [78] had performed the solid-state BC-NMR experiments
under uniaxial deformation of NR to investigate the changes in the structural and
dynamical behavior of the amorphous region induced by elongation. The change in the
CP "*C peak intensity as a function of contact time was also observed and was used to
monitor the change of the dynamical behavior with time and temperature. The '*C-
magnetization decays behavior observed in variable H spin-locking times followed by
'‘H —=C cross polarization experiment. They found that the decay curves ofl Be.

magnetization grew steep with decreasing temperature. This result showed that the

Tlfg relaxation is sensitive to mobile part, and monotonically decreases whex:l the
flexibility of the chains is decreased. In addition, the strain-induced crystallization
occurred at around 200% strain, the "°C line shapes showed no significant change in
the orientation of the amorphous chains. In contrast, the molecular dynamics of the
amorphous chains was greatly affected even under low extension about at 30% strain.
In this study, high-resolution solid-state 'H and '*C-NMR are used to investigate
the chemical structure of unsaturated rubber and the modified products. High-
resolution solid-state '>*C-NMR can provide spectra of polymeric system by combining
the techniques of magic angle spinning “MAS” and cross polarization “CP”.!This
technique can be used to study the dipolar interaction between C and 'H that is
operative in the rigid part of rubber upon hydrogenation. The CP experiment cém be
applied to study the molecular behavior of the rubber chains after modification in the

case of the hydrogenated NR and hydrogenated ENR. .
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study of the shapes and widths of the peaks and of how they depend on the way in
which the polymer was prepared could in principle give a great deal of information
about the microstructure of the polymer. The width of the peaks can be regarded as a
nuisance because it generally leads to the overlapping of peaks due to different modes
of vibration and makes the interpretation of the spectra more difficult, especially in the
case of polymers where the number of: lines is important. A simple method of dealing
with the problem of overlapping peaks when determining absorbance is to use the
pseudo-baseline method. Another method of processing spectra is simply to scale one
spectrum and subtract it from another. This subtraction method may be used, for
instance, in finding the spectrum of one component of a two component mixture by
subtracting the known spectrum of the other component from the spectrum of the
mixture. In addition, this method does not help in separating the overlapping peaks
due to a single component and other methods have therefore been devised for
separating peaks. The curve-fitting is usually used to resolve the infrared and Raman
spectra. According to the samples and the apparatus, the shape of the line is generally
assumed Gaussian, Lorentzian, or a combination of Gaussian and Lorentzian function

(named pseudo-voigt) [62]. The Lorentzian function is given by:

Ly)=——"2 (3.27)

where g, is the amplitude of the peak, Z is the wavenumber at the line centre, w is the

width of the full width at half maximum (FWHM) intensity, r(v) represents the

infrared absorbance or the intensity of Raman scattering at wavenumber v.If a
complex region of overlapping peaks is assumed to be composed of a known number
of Lorentzian peaks with unknown centres, half-widths and heights of the region can
be computer fitted to find the values of these quantities. Such fits can also be made for
other assumed line shapes, for example, the Gaussian function (in Equation 3.27) or
combinations of Gaussian and Lorentzian functions (called Pseudo-voigt functions).

The Gaussian function is given by:
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The Gaussian function is given by:

- —\2
L) =a, exp _o.s(" " Yo J (3.28)

w

The solid sate NMR spectra are fitted by combinations of Gaussian and
Lorentzian functions to obtain many parameters such as peak position, line intensity
through peak area, and line-width. These parameters can be applied to investigate

the %hydrogenation and molecular dynamic of the modified samples.
3.5 Thermal Analysis

Thermal analysis methods are used to determine glass transition, thermal
expansion, thermal decomposition, and other thermal events in polymer materials.
Polymers typically display broad melting endotherms and glass transitions as major
analytic features associated with their properties. Characterization of polymers
requires a detailed analysis of these characteristic thermal transitions using both
differential scanning calorimetry (DSC) and thermal gravimetrical analysis (TGA)
which provides useful information involving the thermal behavior and stability of
polymers before and after modification. |

3.5.1 Differential Scanning Calorimetry (DSC) .

A number of important physical changes in a polymer may be measu{ed by
DSC. These include the glass transition temperature (Tg), the crystallization

temperature (T,) etc. I

Calorimetry involves the measurement of relative changes in temperature and
heat or energy either under isothermal and adiabatic conditions. An adiabatic
measurement is carried out on a closed system where determination of the heat, Q,

associated with a change in temperature, 47, yields the heat capacity of the material,
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Considering only the assumption of no difference in the heating rates for the
sample and the reference and that the DSC curve turns to the original baseline after the
transition, hence, the enthalpy can be described in the following:

T,
AH = [CpdT (3.29)
T,

1

where the 7;and 7 refer to the initial and final temperatures of the transition. DSC is

a thermal analysis technique which is used to measure the temperatures and heat flows
associated with transitions in materials as a function of time and temperature. Such
measurements provide qualitative and quantitative information about physical and
chemical changes that involve endothermic and exothermic processes, or changes in
heat capacity. The typical DSC thermografn is schematically illustrated in Figure 3.16.

From a thermodynamic point of view, the glass transition, Ty, is one of the most
important parameters for characterizing a polymer system. A polymer may be
amorphous, crystalline, or a combination of both. Many polymers actually have both
crystalline and amorphous regions, 1.e., a semicrystalline polymer. The DSC measures
the transition onset and ending temperatures as well as, the temperature at maximum
transition so called glass transition temperature “Ty". The Ty is a transition related to
the motion in the amorphous regions of the polymers. Below the T, an amorphous
polymer can be said to have the characteristics of a glass, while it becomes more
rubbery above T, On the molecular level, the T, is the temperature of the onset of
motion of short chain segments. The DSC is an important technique to measure the
glass transition temperature which depends on the heating rate of the experiment and
the thermal history of the samples. Also, any molecular parameter affecting chain

mobility affects the T, [79].
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Figure 3.16 Typical DSC thermogram.

Generally, the DSC is useful to monitor polymer before and after modiﬁcatjon to
assess their similarities or differences on the thermal properties. The main feature of a
glassy polymer is the transition from largely brittle glassy behavior at low temperature
to a rubbery or viscoelastic state at high temperatures. This transition has many 'of the
characteristics of a genuine second-order transition. DSC is a convenient method for
determining the temperature change from glass to melt. '

The thermal behaviors of the hydrogenated products studied by DSC had been
reported in several literatures [11-13, 63, 80]. Mango and Lenz [11} reportéd the
thermal behavior of hydrogenated butadiene rubber (HBR), hydroglienated
polyisoprene (HPI) and hydrogenated. styrene-butadiene rubber (HSBR) using DSC.
Thermal analysis of the HBR indicated a polyethylene-like melting temperature at
118°C and two HSBR samples also exhibited endotherm at 70°C and ' 92°C,
respectively, which can be assigned to melting transition of short-block polyet;hylene

segments. Doi et. al. analyzed the glass transition temperature of the hydrogenated

butadiene rubber with different microstructure [63]. It was found that T, PETH RN

different microstructure of HBR increase in the order: Ty (syndiotactic) > T; (at '_,Q 3
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T, (isotactic). The DSC analysis of SBR showed that the thermal stability of SBR
increased upon hydrogenation level as mentioned by Saker De et. al. [80]. In addition,
T, of the HSBR samples (80-85% hydrogenation) is higher than that of the parent
SBRs at all styrene level also found by Saker De and coworkers [56]. The glass
transitions slightly increase on hydrogenation of NR, that is, the T, increases 3°C at
100%hydrogenation as reported by Singha et. al. [12]. In addition, the heat capacity
(Cp) giving an information the characteristic of the rigidity of the rubber chains was
analyzed. This indicated that there is gradually increase in C, with the increase in the
hydrogenation level. DSC had been employed to investigate the thermal properties of
SBR and HSBR obtained from diimide reduction in latex phase [80]. They suggested
that the increase of Ty value might arise from the increase amount of crystalline
segments in the HSBR samples. The thermal properties of different HPB samples had
been studied by Rao et. al. [43]. In the range of 50-150°C, all the HBR go through an
endothermic process corresponding to’ a melting temperature. Interestingly, the HBR
samples showed melting peaks in between the above temperature indicating a structure

equivalent to that of ethylene-butene copolymer.

3.5.2 Thermal Gravimetric Analysis (TGA)

‘Thermal gravimetric analysis (TGA) uses heat to drive reactions and physical
changes in materials. TGA provides a quantitative measurement of any mass change
in the polymer or material associated with a transition or thermal degradation under a
controlled atmosphere. TGA can directly record the change in mass due to
decomposition, or oxidation of a polymer with time and temperature while the
matenial is subjected to a controlled temperature program. Because mass is a
fundamental attribute of a material, any mass change is more likely to be associated
with a chemical change, which may, in turn, reflect a compositional.

The sample is placed in a furnace while being suspended from one arm of a
precise balance. The change in sample weight is recorded while the sample is either
maintained isothermally at a temperature of interest or subjected to a programmed

heating. The TGA curve may be plotted in either the weight loss of the sample or in

differential form, (the change of sample weight with time) as a function of tempe a,';‘x,f»’f;.,--, — 0\
o A
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!
and compositional analysis. The percent weight loss (%) can be determined as

follows:

%W =100(M; - M )/ M, (3.30)

|
where M; and M; refer to the initial and final weight, respectively.

The TGA analyzer records the temperature or time of the weight loss region and
the temperature at maximum transition as represented in Figure 3.17. It provides an
indication of a sample’s thermal decomposition temperature, T4 and is used to estimate
the relative amounts of volatiles, polymer, non-polymeric additives, and inorganic
residues. It has become one of the most important tools for the characterization of the
degradation of polymers. The importance of degradation studies of hydrogenated
rubbers arises from the industrial service performance of manufactured items and
commercial exploitation of the materials. Several publications are therefore interested

to study the thermal stability of the hydrogenated rubbers by TGA.

P

Weight (%)

(Do/%) MBI “ALIDQ

Temperature (°C)

Figure 3.17 Typical TGA thermogram. I

Thermal degradation of hydrogenated SBR having different unsaturation levels

has been studied over a wide range of temperature under nitrogen and air conditianc_

using TGA [80]. Thermal stability of HSBR in nitrogen atmosphere is higher t _.r_'_‘_r_‘,f;-';.f;-'-: : x "
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of SBR. But the stability against oxidative degradation is markedly higher for SBR
samples mostly because of the formation of cross-linking.

The improvement of thermal behavior of hydrogenated NR (HNR) was studied
by Singha et. al. [12]. By using TGA technique, they found that the initial
decomposition temperature of HNR increased with increasing reduction of diene units
in the samples compared to the NR. Roy et. al. [21] also studied the thermal properties
of hydrogenated ENR. They found that the thermal stability and aging resistance were

improved as compare to the ENR.
3.6 Rheology Behavior

Rheology is the science of the deformation and flow of materials when forces
are applied to them. It is fundamentally drawn from mechanics, which mainly
concerns with how materials differ from the ideal of classical mechanics. Rheology is
~ concerned with the response of materials to mechanical forces, i.e. the relationship
between stress, strain and time. There are three types of response to an applied stress:
viscous flow, elastic deformation and rupture [81]. In viscous flow, a material
continues to deform as long as the stress is applied and the energy of flow is dissipated
as heat. Elastic deformation (reversible deformation) is the deformation spontaneously
reverses to its original shape when the stress is removed and the applied work is
largely recoverable. Rupture plays a crucial role in determining the maximum rate at
which a deformation process can be carried out. However, rubber has both viscous and
elastic responses to deformation. A viscous response 1s proportional to the rate of
deformation while an elastic response is proportional to the amount of deformation.
Therefore, measuring the elastic and viscous properties help characterize rubber

behaviour in processing and final product performance [81].

3.6.1 Theoretical Analysis of Rheological Behavior

Oscillational dynamic rheometer is a convenient instrument to assess the

viscoelastic properties of molten polymers. Complex viscosity is determined fro

amplitudes of the stress and strain and the phase angle between them (&). In oscil rw -
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measurement, the melt is subjected to a sinusoidal varying shear strain () and shear

stress (o ) as follows [82, 83]:

Y =¥, coswt (3.3
o =0,sin(wt +6) (3.32)
The maximum values of the sinusoidal shear strain and shear stress arey,ando,,

respectively. The shear stress and shear strain are commonly dealt with by using

complex notation:
¥' = y,(cosat +isinwr) = y, expliwt) = y' +iy" (3.33)
o = oylcos(wt + 8) +isin(wr + 8)] = o expli(at + 5)) (3.34)

The complex shear modulus is defined as:

G =2 =% cos5+iZ0sind =G +iG" (3.35)
Y Yo Yo

where G'(@)is the storage modulus associating with the stored energy and G"(w)is

the loss modulus associating with the dissipation of energy as heat.
The rheological properties of rubbers are of importance to industry involved in
the processing and fabrication of materials in order to produce the useful products.

3.6.2 Measurement of Rheological Properties '

A variety of instruments have been used to measure the viscosity and other
rheological properties of polymers [81-84]. Most of these instruments are capable of
measuring the rheological properties as a function of temperature, and shear rate! The
rheological characterization of rubber and filled rubber compounds by meaﬁs of
rheometrical methods is not an easy task. An instrument apparently used to study

rheological properties of rubber compounds before processing is a oscillating disc
|
|

rheometer (ODR) or rubber process analyzer (RPA).

(a) Oscillating Disc Rheometers

The ODR technique gives the complete cure curves in a very short poiio iy

D1HE

I PN ae—
Gy

time. Recently, the Rubber Process Analyzer (RPA) is developed and desi /7

| I -
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classify and determine the processability of different grades of NR. The RPA strains
the sample in shear by oscillating the lower die sinusoidally. Oscillation frequency can
be set from 0.1 to 2000 cpm {cycles per minute). Viscoelastic properties of rubber vary
with changes in applied strain, frequency and temperature. Samples are often tested
over several frequencies, strains or temperatures in one test called a sweep. The
magnitude of the lower die movement can be set by the angular oscillation of the
lower die or by the required strain on a sample. The lower die can oscillate from +
0.05° of arc to = 90° of arc. This angulér oscillation corresponds to strains of £ 0.7% to

+ 1256 %. The test cavity is schematically described in Figure 3.18.

Upper Die Upper Seal

Plate Seal

7 AN S CV2 it 2P
22D é\\\\‘g\a@(\\\ // { 7
/ N

Plate Seal

. X Lower Seal
Oscillating Lower Die

Figure 3.18 RPA dynamic torsional rheometer and testing principle [84].

It is designed to measure both elastic and viscous properties of elastomers and
compounds. The upper die is attached to a torque transducer to eliminate noise from
the lower die drive system and to measure the torque transmitted through the sample.
This torque is called the complex torque or S* and it is reduced by RPA computer into
an elastic (S) component (in-phase with strain) and a viscous (8") component (90° out-
of-phase with strain) by applying a Fourier transform analysis to the S* signal. The
Fourter transform analysis can improve in accuracy resulting from the use of a
microprocessor to collect multiple torque values at incremental strains. RPA complex
torque (S*), elastic torque (S) and viscous torque (S") response from a sinusoidal

strain as demonstrated in Figure 3.19. Tan§ is calculated from (S"/ S).




]
Jareerat Samran Literature Review / 58

Figure 3.19 Complex torque (S*), elastic torque (S) and viscous torque (S")'

responses from a sinusoidal strain [85].

3.6.3 Basic Principle of Fourier Transform Rheology

Fourier transform rheometry is a new test technique that allows both linear and
non linear viscoelastic domains of polymer materials behaviour to be accurately
investigated. No commercial equipment is readily available, but any instrument can be
easily modified in order to capture the full strain and torque signais generated \yhen
submitting samples to.harmonic deformations at fixed frequency and temperature.
Fourier transform calculation techniques are applied to captured signals in order to
resolve them in their main component and other harmonics, if any. Contrary to
standard dynamic testing methods whose validity in extracting the elastic and viscous
components from the (measured) complex torque is limited to the linear viscoelastic
range, Fourier transform rheometry provides valid results, whatever is the response of
the tested material, even in the far non linear range [84, 86]. '

The basic principle of Fourier transform rheology is described as follows.
Assuming no slip at die walls (in fact prevented by die grooves and the pressurization

of the cavity), the applied shear strain in the rheometer cavity is ¥(t) = yo sin(er),

which implies obviously that the shear rate is given by ;.f(t) = yow cos( wt}, where

¥, is the maximum strain amplitude, @ is the frequency and ¢ is the ti
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viscoelastic material, theoretical considerations show that the shear stress response can

be expected to be giveh by a series of odd harmonics, i.e.:

0

o(t)= 2 o;sin(jat+6;) (3.36)
=1
édd

The viscosity function of the material can be approximated by a polynomial

series with respect to the shear rate:
- - 2 3
n(y)=ng +a|y|+b’y| +C|y| + o 3.37)
If the applied strain is a harmonic oscillation, the absolute value of the shear rate
is |}| = |y0a)cos(cot)|. Through Fourier expansion of |ygewcos(wr)and substitution into

Equation 3.37, an expression is obtained that can be rearranged and sorted in such a
manner that the stress appears to be proportional to a polynomial series where only

odd multiples of the frequency appears, i.e.:
o(t) a Acos(wt)+ Bcos(3ar)+ Ccos(5mt) + ... (3.38)

Consequently, a Fast Fourier Transform (FFT) of the measured stress signal can
be expected to lead to distinct signals in the Fourier transform spectrum (FTS) at w,
3w, Sw,.... Clearly, if the tested material exhibits a pure linear viscoelastic response,

Equation 3.38 reduces to the first term of the series, as considered in most standard

dynamic test methods.

3.6.4 Factors Affecting the Rheological Properties

There are numerous factors which affect the rheological properties of rubber.

Such factors are discussed below:

(a) Effect of Temperature

The effect of temperature on the flow properties of polymer may be expressed

by the Arrhenius equation:

1 =Ke™'* (3.39)
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where K is a constant, £, is the activation energy, R is the ideal perfect gas constant
and T is the absolute temperature. From this equation and a knowledge of these

variables, the viscosity, 7, of the polymer melts at any temperature can be calculated.
The plots of log 77 against /T show only a restricted linear relationship and fairly

good straight lines can only be drawn over the range of 50-60°C. Equation 3.39, thus,

indicates that an increase in the temperature results in a decrease in viscosity [81].

(b) Effect of Pressure

The greater the free volume, the easier the flow can be taken place. The free
volume increases with temperature (due to thermal expansion) and is much influenced
by the pressure. An increase in the hydrostatic pressure decreases free volume and

increases the viscosity of liquid. One approach is the modified Andrade equation:

E CY,
=K a 4 0 3.40)
n exp( ] (

Yy

where V, is the close packed volume, Vyis the free volume defined as V-V, where ¥ is

the observed volume and C is a constant generally being 0.5-1.0.

(c) Effect of Molecular Characteristic

Molecular theories explaining the viscoelastic behaviour of high molecular
weight polymers in the plateau and terminal relaxation zones those most relevant to
processing behaviour are extensively reviewed by Sanders et. al. [87]. The molecular
characteristic affecting the relaxation processes and the viscoelastic properties of an
amorphous polymer are molecular weight, degree of branching along the chain,'the
length of the branches and molecular weight distribution (MWD). !
Pearson et. al. had studied the stress relaxation bchaviour of three narrow

distributions of polyisoprene [88)]. The results showed that the rate of relaxation was

increased markedly towards the terminal relaxation time. This characteristic was
found to be strongly dependent uponHw. The polymers having the greater molecular

weight distribution exhibit the higher viscosity than the one having the narrower

molecular weight distribution.
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(d) Effect of Fillers, Plasticizers and Lubricants

Addition of filler tends to increase the viscosity of the rubbers. Several
relationships have been proposed to describe this effect and a useful relationship is

known as the Maron-Pierce relationship:

n.In, =[1-(c/c)f (3.41)
where 7, is the viscosity at a volume concentration ¢, 7, is the viscosity of the resin
and ¢, is the volume concentration for close packing. The advantage of this

relationship is that it allows a physical appreciation of the reduction in fluidity (inverse
viscosity) as the volume of unconstrained liquid is reduced.

Plasticizers act by spacing out the molecules. The most obvious effect is to
reduce viscosity, but they also tend to reduce the elastic modulus of the melt, so
increasing the elastic response at a given stress. The effectiveness of a plasticizer
depends on concentration, compatibility and its viscosity. For example, poly(vinyl
chloride), whose T, is 354 K, usually contains 30 to 40 wt% of plasticizers, such as
dioctyl or dinonyl phthalate, to increase its toughness and flexibility at ambient

temperatures [89].
3.6.5 Rheological Properties of Hydrogenated Rubbers

On hydrogenation there are changes in the rheological properties of diene
elastomers. Bhattacharjee et. al. [90] studied the rheological behaviour of nitrile rubber
(NBR) and hydrogenated NBR (HNBR) of different hydrogenation levels by using
capillary rheometer. The results showed that HNBR has higher shear viscosity than
NBR. It is interesting to note that HNBR (with 50% hydrogenation) has higher shear
viscosity than HNBR with 80% hydrogenation. But in all cases shear viscosity
decreases with an increase with shear rate. The die swell of NBR and HNBRs were
also determined and found that the die swell decreases when degree of hydrogenation
was increased. Raju et. al. [91] had investigated the melt rheology of linear and star-
branched hydrogenated butadiene rubber (HBR). The storage modulus (G’) and loss

modulus (G") of HBR melts were measured by using rheometric mech

spectrometer. The loss modulus (G”) and storage modulus (G’ ) for a typical “-.»'
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compared with that of PB found that at lower frequencies (1()'3 sec’'), G"of HBR
exists whereas G" of PB starts at relatively higher frequencies (107 sec’). Loss
modulus (G") of HBR, at high frequency, falls more rapidly with increasing
frequency. This phenomenon involves the relaxation of short chain segments, wherein
the effect of local chain structure is very important. A comparison of loss and storage
modulus of star hydrogenated PB (SHBR) and linear HBR showed that at low
frequencies loss modulus (G") for both polymers coincide, whereas at higher
frequencies, G” of HBR reaches maximum and then drops steadily. The storage
moduli at low frequencies of HBR are somewhat higher than SHBR but at higher
frequency, G'of HBR has much greater than that of HBR. Gotra and Graessley [92]
studied the rheological property of polyisoprene (PI) and hydrogenated PI (HPI) by
using rheometrics mechanical spectrometer. They reported that there is no change in
the reduced master curves for PI and HPI. Whereas the plateau modulus (G')

decreases and stead-state recoverable compliance increases on hydrogenation of PIL.
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CHAPTER 4
MATERIALS AND METHODS

This chapter listed the materials and instruments used in this research. The
experimental procedures for the diimide hydrogenation of natural rubber and its
epoxidized forms are also demonstrated as well as various techniques used to analyze

the chemical and physical characteristics of the resulting products.

4.1 Materials

The materials used in this present thesis are given as follows:

1. High ammonia natural rubber (NR) latex was procured from Thai Rubber
Latex Corporation (Thailand) Public Company Limited. Its specification was
presented in Appendix A.

2. Deproteinized natural rubber (DPNR) latex was prepared by enzymatic
treatment using proteolytic enzyme named proteinase B KP 3939 [33].

3. Four types of epoxidized natural rubbers (ENR) were used i.e. ENR-10, ENR-
22, ENR-30 and ENR-40 which contained 10, 22, 30 and 40 % epoxide content,
respectively. The preparation method was the use of in situ performic acid in latex
phase at 50°C [93].

4. 4-Methyl-4-octene (MQ) used as a model molecule of polyisoprene was
kindly supported by Laboratoire de Chimie Organique Macromoléculaire (LCOM),
Chimie (UMR CNRS UCO2M n° 6011), Université du Maine, Le Mans, France.

5. Synthetic polyisoprene latex was supported by Laboratoire de Chimie
Organique Macromoléculaire (LCOM). Its dry rubber content is 60% and average
molecular weight is about 29,000.

6. p-Toluenesulfonylhydrazide (TSH) is a practical grade product from Fluka
Co. Ltd. The decomposition temperature is 140°C and its density is 0.903 g/cm’,
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7. Xylene is a product from Carlo Co. Ltd. The boiling point temperature is
135°C. | |

8. Hydrazine monohydrate (H;N4.H,0) was purchased from Carlo Co. Ltd. The
assay is 98% and its density is 1.03 g,/c:m3 . i

9. Hydrogen peroxide was obtained from Fluka Co. Ltd. The assay is 30% and
its density is 1.00 glenr’, |

10. Silicone antifoaming agent was supplied from Carlo Co. Ltd. and its density
is 1.01-1.05 g/cm’.

4.2 Instruments

All instruments used in this research are listed in Table 4.1.

Table 4.1 Instruments used in the experiment for characterization

Instruments Model Manufacturer
Fourier transform infrared spectroscopy System 2000 Perkin Elmer
(FT-IR)
Raman spectroscopy T64000 Jobin-Yvon
'H-NMR DPX-300 Bruker
BC-NMR for liquid analysis DPX-300 Bruker
13C-NMR for solid analysis Avance 300 Bruker :
High performance liquid chromatography |
(HPLC) 510 Water |
RPA RPA 2000 Alpha
Technologies
Viscometer PVS5 Lauda |
Gel Permeation Chromatography 150-CV Water |
Differential Scanning Calorimeter DSC7 Perkin Elmer
Thermogravimetric Analyzer TA-SDT 2960 Therm
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4.3 Experiment Flow Chart

In this research, the study of hydrogenation reaction was carried out with NR
and ENRs using diimide non-catalytic hydrogenation process. The reagents provided
diimide molecule were p-toluenesulfonylhydrazide (TSH) and hydrazine in
conjunction with hydrogen peroxide (N,H4+/H,0,). The use of TSH was carried out in
organic phase with NR, DPNR and ENRs, while the second type of reagent was
processed in latex form with NR apd DPNR latex. The overall of the study is

summarized in a flow chart presented (see Figure 4.1).

NR latex
- acid coagulation - performic acid
Dry NR, DPNR ENR latex Various types of NR latex
- precipitation
in MeOH - N;H4/H,0,
Dry ENR - with/without
CuS04.5H,0
, . b4
-TSHin HNRL
xylene solvent
[ |
HNR HENR
Characterization
I
Chemical structure Thermal analysis Rheology
— FTIR DSC B
[ Raman TGA RPA
— 'H-NMR
__C-NMR both in
liquid and solid

Figure 4.1 Flow chart of hydrogenation of NR and ENRSs in this research.
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4.4 Hydrogenation of Unsaturated Units by p-Toluenesulfonyl
Hydrazide '

4.4.1 Hydrogenation of Model Molecule

p-Toluenesulfonylhydrazide (TSH) was added to a three-necked round-bottomed
flask fitted with a magnetic stirrer, a condenser and nitrogen inlet tube. Then 0.3052 g
of 4-methyl-4-octene (MO) and 0.1651 g of mesitylene as an internal standard in 10
mi of xylene were introduced to the system. A mixture was heated at 135°C under
nitrogen gas. The modified sample was sampling at various reaction times and was
further monitored by HPLC. The crude mixture obtained at 24 h of reaction time was
filtered to eliminate solid by-product. F inally, the xylene solvent was evaporated from
the mixture by rotary evaporator before investigation by 'H-NMR and ""C-NMR

spectroscopies.

4.4.2 Hydrogenation of NR and ENRs

Hydrogenation of unsaturated rubber (NR and ENRs) was carried out in a 250
mi three-necked round-bottomed flask, equipped with a reflux condenser, and a
nitrogen inlet tube. The solution of 2% (w/v) rubber in xylene introduced mto the
reaction flask, then with a molar ratio of TSH to unsaturated unit ([TSH}/[C=C]) equal
to 2 was added. The hydrogenation reaction was taken place at 135°C under nitrogen
atmosphere. The sample solution was drawn from the reaction at a selected timé. At
the end of the reaction, the mixture was concentrated by evaporation of the solvent
under reduced pressure at 60°C before precipitation in distilled methanol. | The
hydrogenated product was purified by dissolving in distilled hexane and re-
precipitated in methanol. Finally, the resulting product was dried in vacuum at x:'oom
temperature. \

The reaction conditions of hydrogenation of MO, NR and ENRs are listed in
Table 4.2. '
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Table 4.2 Reaction conditions used for the preparation of hydrogenated rubbers in

organic media

Molar ratio of
Sample code | Unsaturated types
[C=C] | [TSH]
HMO 4-Methyl-4-octene 1 2
HNR NR 1 2
HDPNR DPNR 1 2
HENR-10 ENR-10 1 2
HENR-22 ENR-22 1 2
HENR-30 ENR-30 1 2
HENR-40 ENR-40 1 2

4.5 Hydrogenation of Unsaturated Units by Hydrazine and Hydrogen

Peroxide

4.5.1 Hydrogenation of Synthetic Polyisoprene (PI) latex

5.00 g of synthetic polyisoprene latex (10% DRC) was diluted with 25 g of
water. After stirring for 0.5 h, aqueous solution of copper sulfate pentahydrate
(CuS04.5H,0) was added to the reaction and stirred for 0.5 h. Then, hydrazine
monohydrate was dropped by dropping funnel during 30 min. A specific volume of
98% aqueous hydrazine was added to the stirred solution by dropping funnel at 45°C.
At a particular temperature, 35% hydrogen peroxide was then introduced dropwise
over the specific period of time (6h) with dropping funnel. The recipes used in the
hydrogenation study are shown in Table 4.3.
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Table 4.3 Recipe used for the hydrogenation of PI latex

Components Content .
Sythetic PI (10% DRC) g '
Mole of DB 0.044 mol
CuS045H;0 8.02 x 10™* mmol
Hydrazine hydrate (98%) 0.044 mol
Hydrogen peroxide (35%) 0.044 mol

4.5.2 Hydrogenation of Natural Rubber (NR) Latex

30 g of rubber latex (20%DRC) was added to a three-necked round bottom flask
equipped with a condenser and a droﬁping funnel. After stirring for 0.5 h, a specific
volume of hydrazine monohydrate (98%) was dropped for at least 0.5 h and then 35%
hydrogen peroxide was slowly introduced by dropping funnel over a specific period of
time. Antifoam agent was added periodically when the gas bubble was taken place
during addition of hydrogen peroxide. Hydrogenated latex was sampling at certain
period of reaction time. The resulting hydrogenated latex sample was coagulated in
distilled methanol. The obtained white rubber solid was washed several times with
water before drying in vacuum oven at room temperature.

Various conditions of hydrogenation in aqueous media were studied as given in

Table 4.4-4.7.
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Table 4.4 Various conditions used for the hydrogenation of NR in latex (20% DRC) at
60°C, using CuSO..5H,0 as a catalyst

Sample Molar ratio of Surfactant Amount of
code [C=C] | [N:H,] | [H;0] CuS04.5H,0 (mmol)
NRLI1 1 ] 1 ] -

NRL?2 1 1 1 SDS -

NRL3 i 1 1 - 4.00 x 107
NRL4 1 1 1 SDS 4.00 x 107
NRL5 1 1 i SDS 2.40x 107

Table 4.5 Various reaction temperatures and dry rubber contents used for the

hydrogenation of NR latex

Sample Molar ratio of Temperature
%DRC
code [C=C] | [N;H,] | [H:04] (°C)
NRL6 20 i 1 1 30
NRL7 20 1 1 1 45
NRLS 20 1 1 1 60
NRL9 20 1 ] 1 70
NRL10 20 1 | 1 80
NRL11 10 1 ] 1 60
NRLI12 20 1 1 1 60
NRL13 30 1 . 1 1 60
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Table 4.6 Various amount of reagents used for the hydrogenation of NR latex
(20%DRC) at 60°C

Sample code Molar ratio of
[C=C] [N2Hy4] [H:0;)
NRL14 1 0.5 |
NRLI15 1 1 1
NRL16 1 1.5 1
NRL17 1 2.0 1
NRLI18 1 1 0.5
NRL19 1 1 1
NRL20 1 1 1.5
NRL21 1 | 2.0
NRL22 1 0.5 0.5
NRL23 | 1 1
NRL24 1 1.5 1.5
NRL25 1 2.0 2.0

Table 4.7 Various types of NR latex used in the hydrogenation reaction at 60°C

Molar ratio of !
Sample code Types of latex

[C=C] | [N:H4] | [H20,]
NRLS8 High ammonia NR latex 1 1 (.
DPNR(TER) | Deproteinized NR latex i 1 1 |
(stabilized by terric) !
DPNR(SDS) Deproteinized NR latex 1 1 1
(stabilized by SDS) '

SFNR Skim fresh NR latex | 1 1
CFNR Cream fresh NR latex | 1 1

UNR Upper layer NR latex I 1 1

LNR Lower layer NR latex 1 1 1 OTH
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4.6 Chemical Structure Characterization

The chemical structure of model molecule, NR, ENR and the hydrogenated
products was investigated using IR, Raman, 'H-NMR and "*C-NMR spectroscopies.

4.6.1 FT-IR Spectroscopy

FT-IR spectra of all samples were recorded on FTIR spectrometer (Perkin Elmer
PE 2000). Each sample was dissolved in chloroform and casted onto a NaCl cell.
After evaporation of the chloroform, the rubber film was formed and it was then
scanned for 16 times in the spectra range of 600-4000 cm™ with 4 cm™' resolution in

order to obtain a good signal to noise ratio.

4.6.2 Raman Spectroscopy

Raman spectra of all samples were recorded on a T64000 Jobin-Yvon
multichannel spectrometer adjusted ina simple spectrograph configuration with a 600
lines/mm grating. The picture of Raman spectrometer is shown in Figure 4.2. In this
spectrometer the systematic single spectrograph is attached to an Olympus microscope
which is equipped with a computer controlled stepping microscope stage. The system
utilizes so called, back scattering configuration in which the scattered light is collected
using the same objective as is used to focus the laser onto the sample. Sample was
illuminated with a Coherent Argon-Krypton Ion Laser using the 647.1 nm red line in
order to minimize luminescence and fluoresence bands compared to shorter possible
wavelengths. To improve the signal/noise ratio, each spectrum was accumulated 20
times during 30 seconds. Calibration of the spectrometer was precisely checked on the
520.2 cm™ silicon band and the resolution of each spectrum can be estimated to be
smaller than 2 cm™. Background is estimated for each spectrum with a standard fitting
procedure from Labspec software. The wavenumber range selected was 500-3200 cm’
"in the case of the collected Raman spectra to determine the percentage of

hydrogenation.
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For precisely assignment of peak positions of NR, the Raman spectrum was
collected using a record configuration of triple spectrograph with a 1800 lines/lmm
grating in the Raman shift range of 1650-1680 em’! and 200-3500 cm’™.

Figure 4.2 Picture of Raman spectrometer.

Raman Mapping

Raman Mapping process was also performed using this spectrometer by
attaching the single spectrograph to an Olympus microscope which was equipped with
a computer controlled stepping microscope stage. The instrument was used m the
normal mode with a x 50 long distance objective work for Raman, and in confocal
mode for depth profiling. The microscope was focused on a particular area of the
surface sample as shown in Figure 4.3. By detecting the Raman spectra at s:everal
positions at regular intervals on the rubber surface, the distribution of components in
the x-y direction was assessed. This mapping arrangement was utilized to investigate

the heterogeneity in the rubber samples, at a microscopic scale. !
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Figure 4.3 Schematic diagram of arrangements made to perform Raman

mapping.

4.6.3 NMR Spectroscopy in Solution

'H-NMR and ""C-NMR spectra of the samples in solution state were recorded on
Bruker DPX-300 MHz. Tetramethylsiloxane (TMS) was used as an internal reference.
For 'H-NMR analysis, about 10 mg of sample was dissolved in deuterated chloroform
(CDCl;) while for *C-NMR about 30 mg of sample was employed. Each sample was

left overnight then filtered into NMR tube before analysis. The measurements were

performed with 90° pulses and an acquisition time of 1 s.

4.6.4 NMR Spectroscopy in Solid State

Sample was packed in a zirconium oxide rotor with diameter of 3 mm and length
of 2 cm. "*C high resolution solid state NMR experiments were conducted at room

temperature on a Bruker Avance 300 spectrometer operating at 75.47 MHz wit' 477 *
- I.‘x\:f_:-.;;;:"g:

mm cross-polarization (CP) magic angle spinning (MAS) probe. The instr /a7
 _lic S)w
(S (LE MA j w|
L E-4' s/
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shown in Figure 4.4 is equipped with a high-power amplifier for proton decoupling.
Single pulse experiménts combining MAS and 'H decoupling were carried out using a
pulse width of 90° (4 us) with a repetition time of 4 s. A spectral width of 25 kHz'and
16 K data points was used for data collection. The MAS technique was applied at 10
kHz. The decoupling radio frequency was 60 kHz. The CP/MAS technique applied at
5 kHz for spin speed of rotor was employed to observe the molecular structure of the
rubber chain before and after hydrogenation. In order to investigate the molecular
behavior of the rubber chains of the hydrogenated samples, the CP/MAS with variable
contact time (0.02-20 ms) was applied for characterizing these samples. The spéctra
were calibrated with respect to the methylene carbon signal of polyisoprene unit which

was fixed at 32.5 ppm.

Figure 4.4 Picture of Solid state NMR spectrometer.

4.7 Evaluation of the Microstructure |

4.7.1 Determination of Percentage of Cis and Trans Microstructures

(a) By High Performance Liquid Chromatography

High Performance Liquid Chromatography (HPLC) was employed to determine

the amount of cis and trans units of 4-methyl-4-octene (MO} and hydrogenated MO
\OTHEA

sample. The HPLC (Water 510) was equipped with a specific column .



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Polymer Science and Technology) / 75

Kromasil C18) and refractive index detector (RD 410). The mobile phase is the
solvent mixture of CH;CN/H;O = 87/13. The flow rate of 1 ml/min was used.

The HPLC chromatograph (see in Appendix B2} was used to determine the
percentage of cis and trans isomers of MO before and after hydrogenation. The HPLC
reveals the peak area of the signals of cis and trans microstructures compared to the
signal of mesitylene used as an internal standard. The % cis and trans isomers were

evaluated according to Equation 4.1 and 4.2,

A7 ga ! A

Yocis = (47.84 1 43.90) x100 4.1
(A7.84 / 43.90)+(48.25 / 43.90)

Ytrans = (48.25 7 43.90) x 100 (4.2)

(A7.84/ A3.90)%(Ag.25 / A3.90)

where 4734, As2s and Az are the integrated areas of peaks belonging to the cis

and trans isomers and mesitylene, respectively.

(b) By "H-NMR Spectroscopy in Solution

The percentage of cis and trans configurations of polyisoprenic structure was
calculated from the integrated areas of 'H-NMR before and after hydrogenation as

shown in Equation 4.3 and 4.4.

Ycis = Al .67
ocis = ———— " ——x 100 (4.3)
A1 67 + A1.60
A
Ytrans = 1.60 x100 4.4
(4.4)
A1.67 +41.60

Here, 4167 and A4, 6 are the integrated areas of the proton signals of methyl

groups corresponding to cis and trans configurations, respectively.

(c) By "C-NMR Spectroscopy in Solid State

The microstructures of the hydrogenated products were also analyzed by *C-
NMR in solid state. The integrated area of peak position were determined using a
curve fitting program in a DM 2002 software [94] utilizing a linear baseline function

with pseudo voigt line shape as demonstrated in Figure 4.5. The percentage of ¢ e_'g:q:.'f-if'

F,
Y
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trans units, determined from the integrated areas of peak compared with total area of

carbon signals of methyl groups in all units formed after hydrogenation. |

A3+ A6 '
%trans:%—x 100 (4.6) '
23 16 '

Where 4z3and A4gare the integrated areas of carbon signals of methyl gr:oup,

belonging to cis and frans isomers, respectively.

J‘I ———
1 I I I 1

60 50 40 30 20 10
Chemical shift (ppm)

i
Figure 4.5 Typical curve fitting of solid state BC.NMR spectrum of

hydrogenated NR (pseudo voigt line shape). .
|
|

4.7.2 Determination of Epoxidation Level
|

'H-NMR spectroscopy in solution was employed to determine the percent

epoxide group of the epoxidized NR (ENR) as written in Equation 4.7. !

A
% Epoxidation = — 2270 100
Ay 70 + 4512
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where A; 79 and As ;2 represent the integrated areas of proton signal attached to

oxirane ring and signal of proton adjacent to double bond, respectively.

4.7.3 Determination of Percentage of Hydrogenation

The percentage of hydrogenation of 4-methyl-4-octene, NR and ENR was
determined by HPLC, 'H, "C-NMR (both liquid and solid state}) and Raman

spectroscopies.

(a) By HPLC Chromatography

By comparing the chromatograms at time = 0 and at time = 24 h, it is possible to

determine the percentage of residual model as follows:

[(A784 + Ag 25) / A3.99);=24 100
[(A784 + Ag25)/ A390]i=0

% MO,=24= {4.8)
where 474, Ag2s and A3 g0 are the integrated areas of peaks at retention time 7.84, 8.25

and 3.90 min representing to the cis and trans isomers and mesitylene, respectively.

[( Aﬁ.HO ) / AJ.QD ]l:T

% Hydrogenated model =
[( Aﬁ.EO ) / A3.90 ]£=24

x (100~ %MO),_,, (4.9)

where 453y and A3 99 are the integrated areas of peaks at retention time 6.80 and 3.90

min corresponding to the mesitylene and hydrogenated MO (HMO), respectively.

(b) By 'H-NMR Spectroscopy in Liquid State

The characteristic peak assignments of 'H-NMR spectra of the hydrogenated
natural rubber were used to analyze the percentage of hydrogenation as shown in

Equation 4.10.

Ap.ga/3 100

%Hydrogenarion:(AO /3)+ A
84723)+ A5 12

S 1. T
A0.84 +345.12

(4.10)

where Apggand Asjare the integrated areas of signals of methyl protons of the

hydrogenated sample and proton signal adjacent to carbon-carbon double bond

respectively.
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In the case of synthetic polyisoprene, the percent hydrogenation can be
calculated from the cbmparisoﬁ of the integrated peak areas at 0.84 ppm belong to
signals of methyl] protons of the hydrogenated sample and at 5.1 and 4.75 correspond
to proton signals adjacent to C=C bond of cis or trans-1,4 PI and 3,4-PI, respectively.

Apga /3
(Apga/3)+Asy+A37s

%Y Hydrogenation = x100 (4.11)

(¢) By PC-NMR Spectroscopy in Solid State

The integrated area of peak position corresponding to cis, trans and saturated
units were determined using a curve fitting program in the DM2002 software |

The percentage of saturated units formed was determined according to the ratio
of integrated areas of methyl group of saturated unit and the total integrated areas of

methyl group of all units in rubber chains.

A20
Axp + A1 + 423

% Hydrogenation = x100 (4.12)

Where A45q, 423and Ajgare the integrated areas of carbon signals of methyl groups

representing to saturation unit, cis and trans units of polyisoprene, respectively.

(d) By Raman Spectroscopy |

Raman spectra of hydrogenated rubber in the region 500-3200 cm’ were
employed to estimate the achieved percent hydrogenation of the samples. The percent
hydrogenation of each samples can be estimated from the ratio of band area arising
from the stretching mode of the C=C bond at 1664 cm’ and the bending mode of CH,,
since each reduction of the C=C gives rise to one new CH; unit as shown*in the
following reaction. ' |

CH, CH, |
4—CHy-C=CH-CH,—} + H, — ~{~CH,-CH-CH,-CH, |~
!

The repeating unit of polyisoprene already presents 2CH; groups, which the CH;
|

bending mode appears to be moderately active at 1432 cm’ as illustrated in Figure 4.5.

In Raman spectroscopy, the band intensity can be considered as /AO L TESN
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proportional to the concentration of each species as shown in Equation 4.13 and 4.14.

A(C=C) a[C = C} (4.13)
A(CH,) = b[CH,] (4.14)

where A(C=C) is the integrated intensity of the band located between 1660 and 1667
cm™ assigned to the vibration of C=C bonds, 4(CH>) is the integrated intensity area of
the CH, bending band between 1452 and 1435 cm™, @ and b are proportional constants
of the C=C and CH; bending vibrational modes.

In the case of natural rubber, if the starting sample is composed of 100
repeating units, so 100 C=C and 200 CH, units are present, hence

a _ 24,(C=0) @.15)
b 4,(CH,) '

where A4,(C=C) and A,(CH,) are the integrated peak areas of the C=C bond

stretching and CH, bending modes, respectively. For spectra of NR and the
hydrogenated samples, it was observed that the CH; bending band was overlapped by
the CHj bending one at 1452 ¢cm™. The standard “peakfit” software (Jandel) was then
used to resolve area of the CH; bending band required for the calculation as shown, for
instance, in Figure 4.6. A Lorentzian shape was assumed to simulate the Raman bands,
and the integrated intensities were determined by subtraction of a near constant
background.

[f “X” units of the C=C units disappear during hydrogenation, “X” units of CH,
units are created. For a partially hydrogenated product, X or the percentage of
hydrogenation can be determined from the following.

AC=C)y = (100-X)a (4.16)
A(CH,) = (200+ X)b (4.17)
Equation 4.16 divided by Equation 4.17:

AC=C) _ (100-X)a
A(CH ) (200 + X)b

(4.18)

If a is defined as the ratio of integrated area of bands corresponding to the

C = Cstretching and the CH, deformation vibration modes of hydrogenated rubber,

then P\ ‘ H
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_ AC=0) (4.19)
A(CH ) '

_ (100-X)a

Therefore a
(200 + X)b
Thus, simplified version of the percent hydrogenation quantification can be

transformed into Equation 4.20 as follows:
200ab + a Xb = 100a - Xa

aXb+ Xa = 100a - 200ab
X(ab + a) = 100{a -2ab)
a a
X + =) = 100(—- 2q
( b) ( S )
X = 100[(K-2a)(K + )] (4.20)
where K is equal to 2 and both a and b are proportional constants as determined from

the integrated area of the C=C and CH, bending vibrational modes of starting NR .

1664 —» i
v(C=C) ‘

145P 8(CHs) 1432 3(CHy)
r 4

A

) '-.‘."“ R T i e Ll
’ %‘TM ; - T

1400 1500 ‘ 1600 |

Raman shift (cm'l)

(Lorentzian shape).
‘{ If

|E MANS) ]
t.‘.‘ IR Lfl-,"ll
% ~—




Fac. of Grad. Studies, Mahidol Univ. . Ph.D. (Polymer Science and Technology) / 81

Estimation of errors

The error on the area ratio of (C=C) to (C-H) of CH, was determined from
the curve fitting (Lorentzian function) simulating the band areas of the C=C bond and
the C-H bending of methylene bands repeatedly and the difference in the investigation
of this area constituted the standard deviation obtained in the measurement of the band

area (expressed as %) was about 1.5.

4.8 Average Molar Mass and Particle Size Measurement

4.8.1 Dilute Solution Viscosity Measurement

The viscosity average molecular weight {M,) of the hydrogenated NR samples
could not be determined because the values of constants, K, and a, in Mark-Houwink
equation are not available for the hydrogenated NR. Only the intrinsic viscosity of the
solution of the hydrogenated products was determined as comparing to that of the
starting rubber at 30°C.

Intrinsic viscosity of the NR and hydrogenated NR samples was determined by
measuring flow times of toluene and 4 different concentrations of the hydrogenated
NR solutions in toluene using an Ubbelodhe viscometer immersed in a water bath at
30 + 0.1°C. Sample filtration through'a coarse, sintered-glass filter provided a means
of detecting insoluble gel. The relative viscosity, 7, and specific viscosity, 75, can be

measured and determined by Equation below.

t
n,= [ZJ (4.21)

Ny = [’ —l J (4.22)

tO

Where ¢, is efflux time of a pure sovent and ¢ is efflux time of polymer solution at a

given concentration.

nsp

In a dilute solution, is linear in concentration, C, and the intrinsic viscosity,

[n7] may be obtained by extrapolating a plot of n(‘:” versus C to C =0 which ha:

described by a purely empirical Equation 4.23 by Huggins.
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nsp
C

where k' is the Huggins constant.

=[]+ k7] C (423)

Another commonly also used empirical equation is called Kraemer Equation in
4.24 |

22 —f}+ k' lF € .24

where & ' is the Kraemer constant.

4.8.2 Particle Size Analysis

The particle size analysis was done using a Horiba LA-910 Mastersizer. , One
drop of latex was dispersed in distilled water and stirred with speed of 2,000 rpm. The
obtained results of particle size were analyzed from the distribution curve; particle

size, volume weighted means, uniform and specific surface area.
4.9 Thermal Analysis

Thermal behaviors of starting material and hydrogenated products, were
investigated with Raman Spectroscopy, a Perkin Elmer DSC 7 and thermogravimetric

analyzer. The results were analyzed

4.9.1 Raman Spectroscopy |

!
To observe the change of molecular behavior at varied temperature, Raman

spectra of the samples were recorded using a T64000 Jobin-Yvon under temperature

range -160 -150°C and primary vacuum atmosphere. Typically, the spectra were
J

accumulated at 20 times for Raman shift in the range 500 to 3200 cm’' as manipulated

in the Section 4.6.2, but a slightly higher laser power of 100 mw was employed.

1=
A i=
\'.- -‘;:“'—\\h.
K _,(;_:__‘ e
Iy In-r--n )
B
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4.9.2 Differential Scanning Calorimetry (DSC)

The effect of the percentage hydrogenation on the glass transition temperature
behaviour was studied using Perkin Elmer DSC7. Approximately 10 mg of sample

was cut into a small piece before putting in the aluminium pan. The temperature range

was set from -100 to 150°C. The sample was rapidly heated from -100 to 150°C with

the heating rate of 50°C/min and then was cooled with the scanning rate of 20°C/min,

the sample was then reheated with the scanning rate of 20°C/min. To determine the
real glass transition of NR and its hydrogenated rubber, the heating scanning rates
used were varied at 5, 10, 15 and 20°C/min, respectively.

The results are the following parameters:

-The enthalpy of transition, AH, provides the thermal history of the sample under
the assumption of no difference in the heating rates for the sample and the reference
and that the DSC curve then returns to the original baseline after the transition, then
the enthyalpy can be described in the foliowing way:

Iy

AH = [C,dT (4.25)
T

where the AT is calculated from 7; and 7y which refer to the initial and final
temperatures of the transition.
- Glass transition (Tg) is the temperature of the onset of motion of short chain

segments.

4.9.3 Thermogravimetric Analysis (TGA)

Thermal stability of all resulting products was investigated by using TGA
(Thermal analysis TA-SDT 2960) both in air and nitrogen atmosphere. The sample
weight used was 10-15 mg. The thermogram of each sample was recorded by using
heating rate of 20°C/min and the temperature range of 30-600°C. The onset and peak
degradation temperatures were analyzed from the obtained thermogram using TA

Universal Analysis software.
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4.10 Rheological Measurement

The rheological behavior of the hydrogenated sample was investigated using
RPA instrument. The 2 cm-thick circular cross-section slices of about 3.4 +0.2 g
sample were cut from bale and test samples using a 18 mm diameter die. Test sarﬁples
were packed by hand and put on RPA lower die. A series of strain sweep tests at 1 Hz
were performed at 100°C on hydrogenated samples. For each test condition, 10,240
points were acquired and the last 8192™ was used to extract the Fourier translform
spectra of the harmonic motion of the lower die. Strain signals were recorded and

analyzed through Fourier transform. The test condition was shown in Table 4.8.

Table 4.8 RPA test conditions and protocols

RPA Temperature ("C): 20030 s;
test conditions Frequency = 1 Hz; angle = 0.2 deg '
Preheat 1: 3 min
Preheat 2: 2 min
Run 1: Run 2
Strain (deg) Strain (deg) |
0.5 ‘ 0.6 '
1.0 1.5
2.5 3.5
5.0 6.7 _ '
8.5 10.0 '
12.0 14.5 '
17.0 20.0 |
225 25.0
27.5 30.0
31.5 33.0 |
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CHAPTER 5
RESULTS AND DISCUSSION

The study of hydrogenation of natural rubber (NR) and its modified form of
epoxidized natural rubber (ENR), carried out in the present work is the use of diimide
(N2H) as hydrogen donor, considered as a non-catalytic hydrogenation process. p-
tolulenesulfonylhydrazide (TSH) and hydrazine were two types of molecule employed
in the hydrogenation reaction. The TSH is decomposed at high temperature while the
hydrazine needs an oxidizing agent such as hydrogen peroxide for the generation of
diimide. Two systems of non-catalytic process were applied i.e. in organic solvent and
in aqueous systems.

The contents of this study are classified into three parts. First, the hydrogenation
was carried out using TSH in organic media. For this, 4-methyl-4-octene (MO),
natural rubber (NR) and 4 types of partially epoxidized natural rubber (ENR) were
investigated. Secondly, the reduction of unsaturated units of natural rubber in latex
phase was carried out. The natural rubber latex (NRL), fresh natural rubber latex
(FNRL) and deproteinized natural rubber latex (DPNRL) were treated with hydrazine
(N>Ha) in the presence of an oxidizing agent i.e. hydrogen peroxide (H,0,). The study
of the molecular characteristic of the hydrogenated rubbers were then performed either
to predict or to explain the behavior of the macromolecular chain, and physical
properties of the materials. The investigation of the correlation of the molecular
characteristic with physical properties of the samples, and the heterogeneities of the

hydrogenated products were also included.



Jareerat Samran Result and Discussion / 86

1~13c—<?—sozr~umﬂ2 A NH=NH H3c—©~502H (5.1),

l':I
p-Toluenesulfonylhydrazide Diimide p-Toluenesuifinic acid '

(TSH) (TSOH)

NH=NH —® N, + H, (5.2)
Figure 5.1 The decomposition of p-toluenesulfonylhydrazide (TSH) by th’ei‘mal

treatment at 135°C and disproportionation of diimide intermediate [11].

Part I: Hydrogenation by p-Tolulenesulfonylhydrazide (TSH)

In general, one mole of TSH produces one mole of diimide under proper
condition as shown in Equation 5.1 (see Figure 5.1), which might be sufficient for
hydrogenation of one mole of unsaturated unit resulting in saturated counter part.
However, it was reported by several authors that 4-5 moles of hydrazide molecule per
mole of unsaturated units are required for complete hydrogenation of homopolymér or
copolymer containing polyisoprene or polybutadiene segments [11, 25, 48, 50,:51].
This is due to the fact that the diimide can undergo disproportionation reaction giving
nitrogen and hydrazine as shown in Equation 5.2. In our work, partial hydrogenation
of natural rubber was expected as the intention was to improve the heat and oxidétion
resistance of the rubber therefore the unsaturated unit in the rubber needed to be left.
The mole ratio of TSH to C=C of the rubber equal to two has been chosen in this; part
with various types of unsaturated molecules including 4-methyl-4-octene as a model
compound, NR and ENRs. Structural characterization and the evaluation of the

|
microstructures of the hydrogenated products were investigated and discussed.

5.1 Hydrogenation of 4-Methyl-4-octene !

4-Methyl-4-octene (MO) is a small alkene molecule having similar strvcio e

the repeating unit of 1,4-polyisoprene, therefore it was used to study the hydro:/ Eﬂ,f

|
l=[1E MANS) ]
|SALE MANS ) w)
A
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reaction using TSH before passing to the high molecular weight polyisoprene or
natural rubber. A

The hydrogenation of MO was carried out using 2:1 mole ratio of TSH to double
bond of MO at 135°C in xylene solvent. The progress of the hydrogenation of MO
was monitored by sampling the reaction mixture at various reaction times for
analyzing by HPLC technique. The microstructures of MO before and after

hydrogenation were investigated by 'H- and ?C-NMR spectroscopies.

5.1.1 Structural Analysis

Figure 5.2 (a) and (b) shows 'H- and ?C-NMR spectra of the MO used before
hydrogenation and the peak position assignments are given in Table 5.1. 'H-NMR
spectrum of the MO in Figure 5.2 (a) indicates two peaks at 1.67 and 1.57 ppm which
can be attributed to the characteristic of methyl protons of cis and trans isomers of the
MO, respectively. The proton signal of olefinic unit was found at 5.12 ppm. The peaks
located between 1.28-1.46 ppm are assigned to the methylene protons of the MO.
While the peak positioned at 0.84 ppm could be attributed to the methyl protons at the
end molecule of MO. By the results from the intensity of the methyl proton adjacent to
the C=C of cis and trans units, the quantity of cis and trans isomers can be calculated
and it was found that the MO used has 60 and 40% of cis and trans isomers,

respectively.

In PC-NMR spectrum, the carbon signals of methyl groups of cis and trans
isomers are observed at 14.1, 14.2, 14.3 and 14.4 ppm, as illustrated in Figure 5.2 (b).
The olefinic carbon signals of the cis.isomer are found at 124.9 and 135.4 ppm and
other signals at 125.7 and 135.6 ppm can be attributed to the carbon signals of olefinic

trans isomer.

'H- and "C-NMR spectra of hydrogenated MO (HMO) are displayed in Figure
5.3. By comparing with the starting model compound, the observed new proton

signals in the chemical shift range of 0.74-0.78 ppm was considered to be the methyl

proton of HMO and the multiplet signals at around 1.12-1.19 ppm are assigned =
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the double bond at 5.12 ppm disappears when the hydrogenation progress up to 24 h of
reaction time. In addition, an extra resonance signal in the region of 3.18-3.32 ppm
attributed to proton signal of the hydroxyl group is found in this hydrogenation

process.
For 13C-NMR, the new extra signals are observed at 19.8, 31.4 and 38.4 ppm

corresponding to the methyl carbon, the methylene and methine groups of the

modified MO, respectively.
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Table 5.1 The assignfnent of proton and carbon signals of 4-methyl-4-octene (MO)

8 g
9 h 9 W o
a1 M4 54 e RN %Hz—mz
H_,,c\ =——CH .. cHy B 2
CH,—CH, CH,—CH, 2 P
¢
Cis-isomer Trans-isomer
'"H-NMR Analysis BC-NMR Analysis
Assignment Proton chemical Assignment | Carbon chemical
(95} shift (ppm) [95] shift (ppm)
a 0.82 C-1 14.1
g 0.85 C-1’ 14.2
a’ 0.89 C-8 14.3
g’ 0.92 C-8 14.4
b,c,b and ¢’ 1.28-1.46 C-9° 16.1
h’ 1.57 C-7 214
h 1.67 C-7 21.6
b"and f 1.91 C-2 234
bandf 1.95 C-2’ 23.6
c'ande’ 1.98 C-3 23.7
cande 2.03 C-3 303
dand d’ 5.12 C-6 304
C-6 34.2
C-5 124.9
C-5° 125.7
C-4 135.4
C-4 135.6
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Figure 5.3 'H-NMR (a) and "C-NMR (b) spectra of the hydrogenated MO -

obtained at 24h of reaction time. J ,*ff"'-f; ')
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5.1.2 Evolution of Microstructures and Hydrogenation

The progress of the hydrogenation reaction of MO was examined by HPLC
technique. The mesitylene was used as an internal standard to quantify the amount of
each isomer at various reaction times. The HPLC chromatogram in Figure 5.4 shows
the relative proportion of the cis and trans isomers as well as the HMO at 4h of
reaction time, respectively. The percent microstructures are calculated using the
integrated peak areas as described in section 4.7.1. In this study, a two-folded excess
of TSH as compared to olefinic unit was used to hydrogenate the double bond of MO.
The results in Table 5.2 and Figure 5.5 show the residual cis and trans isomers and the

percent hydrogenation at various reaction times.

140.00 -
120.00 A é
100.004
: g
My 8000 ’g g °
60001 § . g
a. o = i
40.00 @ W w
< 8 g +
20.001 : g ¢ .
' 4.00 5.00 6.00 7.00 8.00 9.00 10.00

Retention time (min)

Figure 5.4 HPLC chromatogram of hydrogenated MO obtained at 4h of réaction

time. :
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Table 5.2 Influence of the reaction time on the hydrogenation of MO

Reaction time Cis Trans Hydrogenation
(h) (%) (%) (%)
0 61.7 38.3 0
0.5 56.0 44.0 0
1 51.6 48 4 0
2 43.4 47.0 9.6
3 42 44.3 13.7
4 38.8 41.6 19.6
6 35.0 38.9 26.1
8 29.4 36.9 33.7
24 4.6 73 88.5
100 r
[ e
80 -: L - -7
é : - ’ -7 '
£ 60 L
£
o m Cis (%)
E o 0 Trans (%)
§ Oy : ® Hydrogenation (%)
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Figure 5.5 The percent microstructures of MO as function of reaction time; cis

(w), trans (0) and hydrogenation ().

‘x{‘ !
The 'y
\

o

f
<11 E MANS
gvj‘qr.,,k WiAND ) U
\ E,

I
|

|
|



Jareerat Samran Results and Discussion / 94

Figure 5.5 reveals that the percent hydrogenation of MO increases with
increasing the reactioﬁ time. The maximum percent hydrogenation of MO is found to
be about 90 % at 24 h of reaction time. The complete hydrogenation does not achieve
in this study as similar to the case of hydrogenation of synthetic PB or PI using TSH
[11, 25, 50]. The depletion of cis isomer is obviously observed at the early stage of
reaction (<2h) while trans isomer was increased. This may be supposed that the cis-
trans isomerization of MO was occurred at the first stage of reaction. After reaction
time 2h, it can be seen that the % hydrogenation was increased whereas the decrease
of amount of cis isomer is faster than that of trans isomer which is similar to the
results obtained for diimide hydrogenation of PB, SBR and SIR [25, 50]. This ca;n be
assumed that the rate of addition of hydrogen molecule to the olefinic sites in the cis
configuration is faster than that of the trans unit, The possible explanation is that the
steric hindrance plays a significant role in the reaction since the cis unit has two bulky
CH, groups on one side, on the other, only hydrogen atom and the methyl are
presented as demonstrated in Figure 5.6. Meanwhile, the trans unit possesses oncl CH;
on both sides. Hence, it is easier for the cis configuration to form an intermediate
species with the diimide molecule, resulting in a more rapid addition transfer of
hydrogen molecule to the C=C. Therefore, it could be concluded that reactivity of cis
isomer for hydrogenation reaction is higher than that of trans isomer. However, after
6 h of reaction, the ratio of the cis and trans units are almost equal even though the

hydrogenation level was increasing.
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5.1.3 Side Reaction

When the TSH was heated at 140°C; p-toluenesulfinic acid (TSOH) as a by-
product was also generated. The TSOH might release a proton as it is considered as an
acidic compound. 'H-NMR spectrum of the modified form of MO at 24h shows a
small extra proton signal at 3.18-3.32 ppm which can be assigned to the methine
proton adjacent to the hydroxyl group. It may be proposed that the TSOH may react
with the double bond of MO during hydrogenation progress and then followed by the
hydrolysis reaction as schematized in Figure 5.7. Eventually, the attachment of the

hydroxyl group on the MO was found on the molecule as detected by 'H-NMR.

\_>=L/ H3C—©—502H
4-Methyl-4-octene (MO) * p-Toluenesulfinic acid
@)

;
e
\_>£<i/- + H3c~@—soz'

p-Toluenesulfinate anion

Figure 5.7 Schematic representation of the addition of p-toluenesulfinic acid,

followed by hydrolysis.
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5.2 Hydrogenation of NR

This section concerns the hydrogenation of NR and DPNR in xylene soivent
using TSH. The mechanism of addition of hydrogen molecule from diimide onto the
carbon-carbon double bond of polydienes has been well established [11, 50-52]. The
reaction starts with the generation of diimide (N;H;) molecule performed in situ from
the thermal decomposition of TSH as described in section 5.1. The diimide then
releases a hydrogen molecule directly to the carbon-carbon double bonds of

polyisoprene units as represented in Equation 5.3 in Figure 5.8.

(5.3)

Figure 5.8 The addition of hydrogen molecule from diimide onto double bond of

cis-1,4 polyisoprene units.

5.2.1 Microstructure Analysis of NR and Hydrogenated NR

In general, the IR technique has been used for qualitative analysis, whereas the
determination of the degree of modification has mostly been studied using NMR
technique in liquid state. The characterization of elastomers by Raman spectros;copy
has long been used as the C=C vibration frequency is sensitive to its environment in a
similar way of IR mode but much clearer. This technique was successfully used for the
microstructure study of elastomers and hydrogenated polybutadienes [22-25], only a
few studies have been done to characterize the unsaturated units in NR'after
modification. i

When the number of vibration modes of IR and Raman is known, the structural

characteristic of NR obtained from vibration spectroscopic techniques is analy =« . Iﬁl + :

identified in terms of peak position, and intensity. Consequently, the results 1:*’
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from calculation of the number of vibration modes and experimental can be compared.
The chemical structure of hydrogenated NR can then be also detected and identified

by using nuclear magnetic resonance spectroscopy.

(a) Vibrational Analysis

Infrared and Raman spectroscopic techniques have substantially contributed to
reveal the chemical structure of NR after modification [13, 22, 23]. But no report
works have been done toward the analysis of fundamental vibration modes of the NR.
In the present work, a vibrational spectroscopic study of natural rubber has been
undertaken with the identification of the principal vibration features of polyisoprene
unit on the macro-molecular chain. It will then be possible to observe the characteristic
of hydrogenated product after diimide reduction.

Group theory has been employed for predicting the number of vibrational modes
of molecule. It is well known that NR possesses a highly regular structure, entirely
composed of linear sequences of cis-1,4 polyisoprene units. On the basis of the NR
structure, the cis-1,4 polyisoprene unit possesses a low symmetry point group,
probably identical with C, symmetry of the single unit. This point group was then
considered to analyze the number of vibration modes of the NR. It is assumed that the
CHj; group of the cis-1,4 polyisoprene units is spherical and lies in the same plane with
the main chain atoms and hydrogen. According to a classical group theory analysis, a
number of vibration modes “A;” of symmetry species “i” can be determined by

Equation 3.16 as described in section 3.4.1.1.

As previously mentioned, polyisoprene unit can be regarded as planar with a
symmetry according to the point group C;. The character table of the species * A" and

“A 7 corresponding to the two different symmetries associated with point group C; is

presented in Table 5.3.
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Table 5.3 Character table of point group Cs

C, E Oh
A 1 1 X, ¥, R, x4, y?
A 1 -1 z, Ry, Ry yZ, XZ

Therefore, the number of vibration mode of each species is calculated as

follows:
A= %[(1x1x39) +(Ix1x13)] = 26 (5.4) |
" = ] — =
A" = V) [(1x1x39) + (Lx(~1)x13)] = 13 (5.5)
So we get T, =264 +134" (5.6)

As a result of predicting the number of vibration modes, it was found that there

are 26 modes and 13 modes for species A'and A", respectively.
The determination of the number of vibration modes has been performed and the

distribution of the normal modes among the irreducible representations for point
group, C,, is given by T'y; = 264 +134 . Because of the low symmetry of the unit

without any symmetry centre, all the vibrations are active in both Raman and inﬁ;"ared
spectroscopies. A typical recorded Infrared and Raman spectra of NR are illustrated in
Figure 5.9. The observed wavenumbers of cis-1,4 polyisoprene in infrared and Raman
scattering along with their relative intensities and proposed assignments are
summarized in Table 5.4. The suggested attribution was done on the basis of literlature
in iso-structural compounds exhibiting the same kinds of entities or molecular bonds.
It can be noted that the number of vibration modes experimentally observed in Raman
spectrum (31 modes) is lower than that one predicted by group theory (39 modes).
The observed number of Raman line for this investigation is consistent with the
literatures [24, 64, 95], while the roughly assignment of infrared spectrum obtair;ed is
22 modes. It is noticed that the broad distribution absorption of each mode causes
peaks overlapping. Hence, the vibrational absorption mode number observed from IR

spectrum is less than that of prediction and this technique appears not as pov - /%

Raman spectroscopy to determine the percentage of hydrogenation.
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The recorded IR spectrum of Nﬁ is depicted in Figure 5.9 (a). Considering, the
assignments of CHj3 group wavenumber which make a significant contribution to FT-
IR spectrum of NR. The peak seen at 2961 cm’ can be assigned to the CH;
asymmetric stretching mode. The =CH stretching mode is normally located between
3000 and 3100 cm™. The =CH stretching vibration in trisubstituted olefinic compound
is usually weak. Thus, the weak peak appeared at 3036 cm™ is assigned to the =CH
stretching mode. The CH; and CH, rocking vibration modes are found at 1038 and
760 cm™' respectively. Moreover, the characteristic peaks in the region of 1500-1400
em™ are associated to the deformation mode of CH; and CH, group. The peaks
appearing at 1452 and 1437 cm™ are assigned to the C-H deformation of the methyl
and methylene groups of cis-1,4 poiyisoprenic unit. The significant peaks of IR
spectrum at 1664 and 836 cm™ are the C=C double bond stretching and the C-H out of
plane deformation modes of the polyisoprene unit. The assignments of the -CH,-
wagging and the CH, twisting occur over a frequency range about 1200-1100 cm’™'.

Figure 5.9 (b) represents the observed Raman shift ot the NR. The =C-H
stretching vibration in tri-substituted olefinic compounds is usually of weak intensity
and is generally observed in the range 3000-3100 cm™. Thus, the weak Raman band
which appears at 3033 cm™' is assigned to the =C-H stretching mode. The -CH,- and -
CHj stretching vibrations in both symmetric and asymmetric modes typically appear
in the 2800-3000 cm™' range. Note that the position of the C=C stretching vibration is
particularly clear and sensitive to its environment. The strong emission band then
observed at 1664 cm™' assigned to the C=C stretching mode is in good agreement with
the literatures as v(C=C) is particularly clear and sensitive to its environment. The
deformation vibrations of methylene and methyl groups give rise to the medium bands
in the region 1400-500 cm™.  The bands at 1452 and 1432 cm™' are attributed to the
C-H deformation of the methyl and methylene groups, respectively. The band at 1357
cm” is considered to be the -CH;- deformation mode. The medium bands at 1327 and
1286 cm™ can be attributed to the =C-H deformation in plane and CH, bending mode,
respectively. The bands observed at 1243, 1147 and 1130 cm™!' are assigned to the -
CH;- twisting, C-H out of plane of cis-C(CH;)=CH and -CH,- wagging modes,

respectively.  The bands appearing in the 900-1100 cm™' range are associated ° P\

C-C skeleton stretching modes. The medium bands found at 1000 and 983 cm :-' j

)1 M A
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ascribed to the C-CH,- and the C-CH; stretching vibration modes, respectively.
Moreover, the C-H whgging of CH,, =C-C-C and -C-C-C -rocking modes are ObSCII'VCd
at low Raman shift in the range of 350-800 cm’'[96]. Other Raman bands at 491 and
372 ¢cm’ are found and assigned to the =C-C-C and -C-C-C- rocking, respectively.
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Figure 5.9 Infrared (a) and Raman (b) spectra of NR.
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Table 5.4 Wavenumber (cm™') and assignment of bands observed in Intrared and

Raman spectra of NR

Wavenumber (cm")

Description of assignments

Literatures Experimental Experimental
[24, 64, 96, 97] (IR) (Raman)

a 3286 (vw) C NH stretching
3032 3036 (vw) 3033 (vw) =C-H stretching
2962 2962(vs) 2965 (m) CH; asymmetnic stretching
2931 2928 (vs) 2940 (m) CH; asymmetric stretching
2912 b 2911 {s) CH; symmetric stretching
2885 b 2881 (m) d
2854 2855 (vs) 2850 (m) CH; symmetric stretching
2727 2727(vw) 2725 (vw) d

a 1740 c d
1666 1665 (w) 1664 (vs) C=C stretching
1452 1449 (s) 1452 (m) CH, asymmetric stretching
1440 b 1432 (m) CH; deformation
1375 1376 (s) 1371 (m) d
1363 1361 (vw) 1357 (m) CH,; deformation
1325 b 1327 (m) =C-H deformation in plane
1311 1309 (w) 1314 {m) CH,; twisting |
1287 1288(vw) 1286 (m) CH bending '
1243 1242(w) 1243 (w) CH, twisting
1208 b c =C-H in plane bending
1143 b 1147 (vw) C-H out of plane ofcis;

C(CH;)=CH wagging‘

1131 1128 (w) 1130 (w) CH, wagging

a 1091 c d '
1040 1038 (w) 1039 (m) CH; rocking
1000 989 (w) 1000 (m) C-CH; stretching

a b 983 (m) C-CH, stretching

a 929 c d :

a 889 < d |

a 836 (m) 840 (w) O 1

=CH out of plane be' /[ x V. :
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Table 5.4 (continued)

820 b 815 (m) CH wagging
a b 788 CH; rocking
a 760(w) 759 (m) CHj; rocking
a 742 c d
724 b 729 d
a b 596 (w) C-C in plane bending
572 575 (w) 569 (w) d
510 b c d
492 b 491 (s) -CC;, rocking
a b 223 (vw) CH; torsion

vw = very weak, w = weak, m = medium, s = strong, vs = very strong, a = no reported in
literatures, b =not found in IR spectra, ¢ = not found in Raman spectra and d = no proposed

assignment.

If the diimide hydrogenation process occurs, the hydrogen molecule added to the
unsaturated part in the rubber chain will be transformed into the saturated unit.
Vibrational spectroscopy i.e. FT-IR and Raman spectroscopy were used to observe
and to elucidate the change of chemical structure of the hydrogenated natural rubbers
(HNR). Infrared and Raman spectra of HNR are illustrated in Figure 5.10. The
assignments of the peaks are summarized in Table 5.5. Generally, if complete
hydrogenation is attained, all signals attributed to double bond of isoprene unit should
disappear. However, both infrared and Raman spectra of hydrogenated products still
remain the characteristic peaks of polyisoprene unit at reaction time of 8 h. It is not
surprising that the total disappearance of the characteristics of unsaturated units is not
observed as it has been reported that the complete reduction of unsaturation of PB and
PI can be obtained with a five-folded excess of TSH [11, 50, 52]. In our case, only
two-mole excess of TSH comparing to the C=C unit was employed.

For IR analysis of the HNR, the decrease of two important characteristic peaks
at 1665 and 836 cm’, attributing to the C=C stretching and the C-H out of plane
deformation of the trisubstituted olefin of polyisoprene, respectively, were observed as
shown in Figure 5.10 (a). The features observed at 1459, and 1375 ¢cm™! are assigro w7
the C-H deformation of both CH, and CHj, and the C-H deformation of only ; 'v '
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respectively. Moreover, the appearance of peak positioned at 735 cm™ is assigned in
the literature as sighal of sequences of three connective methylene units of the
saturated fraction on the macromolecular chain [97]. These observations are similar to
the hydrogenated synthetic PI ﬁnd SIS copolymer [11, 51]. This evidence can therefore
be used to confirm that the hydrogenation of NR is in a manner similar to several
reports of the form of saturated part. Otherwise, unexpected absorption peaks at 810,
1079, and 1141 cm’' were noted and assigned to the signals of SOz belonging to
TSOH as demonstrated by Mango and Lenz {11].

As previously mentioned, it is noted that the C=C stretching vibration mode at
1664 c¢m’' is strongly active in Raman spectroscopy. Therefore, the decreasc:: of
absorption band at 1664 cm’! can be clearly detected with increasing of the vibrational
intensity of the band at 1432 cm’|, attributed to the -CH;- deformation vibration With
hydrogenation reaction proceeds as can be seen in Figure 5.10 (b). On the other hand,
no alteration of the Raman band at 1452 cm™ which belongs to an asymmetric
vibration of -CH; group was noted after hydrogenation. An extra band at 2925 _cm'l
corresponding to the C-H stretching vibration of —CH,- group of the saturated units
was also detected. In addition, Raman spectrum of the HNR exhibit the new
characteristic absorption bands at 1299 and 939 cm’', assigned to the -(CH;),- in plane
twisting and symmetrical stretching of -C-C-C- modes in the rubber chains t97].
Edward et al. found the signal at 1593, 1148 and 795 cm’', assigned to the signal of the
C=C stretching mode of aromatic ring, N-N and C-S stretching modes of TSOH [53].
In our case, after several precipitations in non solvent, no such peaks were detected.

Poshyachinda and Kanitthanon had found the evidence of the cis-trans
isomerization of polybutadiene during hydrogenation using diimide by Raman
technique [25]. Unfortunately, the unsaturated units of synthetic cis-1,4 polyisop!)rene
and trans-1,4 polyisoprene are very difficult to differentiate by vibratfional
spectroscopy because the cis and trans structures of trisubstituted olefin contribute to
very close frequencies [22, 62]. Simiiarly, in our case, no significant peak of 'trans
structure of NR was detected. Then in order to confirm the occurrence of cis-trans
isomerization in the HNR samples, 'H-NMR and 3C-NMR in solution and ”C-IT\JMR

in solid state were used.
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Figure 5.10 Infrared (a) and Raman (b) spectra of hydrogenated rubber obtained

at 8h of reaction time.
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'

Table 5.5 Wavenumber (cm’') and assignment of bands observed in Infrared and

Raman spectra of hydrogenated NR

Wavenumber (cm™) '
Literatrures | Experimental | Experimental Description of assignments
(11,19, 96,97] (IR) (Raman) ,
3032 b C =C-H stretching in (C(CH,)=CH)
a b 2992 CH; asymmetric stretching
2962 2963 2955 CH, asymmetric stretching
2931 2923 2924 CH asymmetric stretching
2912 b C CH; symmetric stretching
a b 2896 d |
2885 b 2867 CH, symmetric stretching
2854 2856 2844 CH, symmetric stretching
2727 2724 2723 d
a 1731 c d
1666 1665 1664 C=C stretching
1452 1454 1457 CH; asymmetric vibration
1440 b 1432 CH, asymmetric deformation
1375 1377 c CH; wagging '
1363 b c CH, wagging
a b 1344 d :
1325 b c =CH deformation in plane
1311 b c CH; torsion |
a b 1299 -(CH;),- twisting in plane
1287 1285 c CH bending deformation
1243 b ¢ CH; torsion _
1143 1145 1142 CH,-CH, stretch, C-H out c;f plane
of cis-C(CH;)=CH
1131 b c (C-C) cis stretchingI
1040 b 1047 CH, C(CH;)=CH rocking I
1000 b c C-C stretch(C-CH, ,© 77—
a b 966 d D
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a b 939 -C-C-C- symmetrical stretching
a b 870 -C-C-C- symmetrical stretching
a b 845 d
820 b c CH wagging
a 809 806 d
a b 770 d
a 735 745 sequence of -(CH3);-
a 584 ¢ d
492 b C =CC; rocking, =CC; sissoring
428 b c C-C; rocking

a =no reported in literatures b =not found in IR spectra ¢ = not found in Raman spectra

d = no proposed assignment.

As a reference, the Raman spectrum of TSH was also examined by Raman

spectroscopy as presented in Figure 5.11, and the assignment proposed is given in

Table 5.6. It was found that the peak positions at 3082, 3063, 3050, 3039, 3025, and

2921 cm™ correspond to the C-H stretching mode of aromatic ring and the bands at

2978, 2949, 2896, and 2868 cm’' belong to the C-H stretching mode of aliphatic CHs.

Prominent bands attributable to the aromatic ring stretching vibrations are also

observed at 1593, 1582, and 1492 cm™. The C-H deformations are observed at 1302,

and 1089 cm’', whilst the symmetric C-CH; deformation appears at 1383 cm™'. The

bands at 642 and 557 cm™ can be assigned to SO, deformation and SO, rocking

modes, respectively.
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Figure 5.11 Raman spectrum of p-toluenesulfonylhydrazide (TSH).

Table 5.6 The assignment of Raman spectrum of TSH

Wavenumber (cm’) Approximate description of -
Literature Experimental vibrational modes
[53,97] |
3067 3063 CH of aromatic symmetric stretching
3046 3050 CH of aromatic asymmetric stretchiing
a 3035 CH of aromatic asymmetric stretchfng
a 2978 CH of aliphatic symmetric stretchirllg
a 2949 CH aliphatic stretching |
2924 2921v CH symmetric stretching !
a 2896 CH aliphatic stretching |
a 2868 CH aliphatic asymmetric stretching
2750 2747 CH aliphatic '
1598 1594 NH; deformation; aromatic ring stretching
a 1582 NH deformation; aromatic ring strﬂ":":“: }
a 1492 aromatic ring deformation | 7
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Table 5.6 (continued)

a 1383 CH, deformation, C-CH;
1307 1315 SO, asymmetric stretching

a 1302 C-H deformation
1292 1287 C-H deformation
1212 1209 C-C of aromatic ring stretching
1188 1184" C-80;-N stretching; C-C of aromatic ring

stretching

1152 1148 N-N stretching
1130 1125 C-SC3-N stretching
1092 1089 C-H deformation in-plane
945 942 CH, rocking

a 812 Ring deformation

para-disubstituted aromatic ring

797 795 (-8 stretching
680 678 CH rocking
641 642 SO, deformation
635 633 S-N stretching
557 557 SO, rocking

a = no reported in literatures

(b) Nuclear Magnetic Resonance Analysis

The characteristics of the NR and the HNR were also investigated by 'H-NMR
and “C-NMR spectroscopy both in liquid and solid state.

By '"H-NMR and *C-NMR spectroscopy in liquid state

Figure 5.12 shows the '"H-NMR and "*C-NMR spectra of NR. The proton and
carbon position of NR structure as cis-1,4 polyisoprene unit, were assigned in detail as
tabulated in Table 5.7. 'H-NMR analysis of NR in Figure 5.12 (a) indicates three
main characteristic signals of proton adjacent to the C=C, methylene and methyl

protons of the unsaturated unit at 5.12, 2.05 and 1.67 ppm, respectively.
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In the case of *C-NMR analysis (see Figure 5.12 (b)) in solution, the carbon
signals of C=C of the cis structure are positioned at 135.2 and 125.5 ppm. Three signal
characteristics of the methyl and two methylene carbons of the unsaturated unit’ are
found at 23.4, 26.4 and 32.2 ppm, respectively [12, 97].

The microstructure of HNR was investigated by 'H- and “C-NMR and the
spectra after 8h of hydrogenation were shown in Figure 5.13. The detail of the
assignments of the HNR is given in Table 5.8. For 'H-NMR analysis, it can be seen
that the signal of proton adjacent to the unsaturated unit of the hydrogenated NR at
5.12 ppm decreases upon diimide reduction as the hydrogenation proceeded, as we‘ll as
the decrease of signal at 1.67 ppm characteristic of the methyl proton of cis-1,4
structure. The appearance of the signais at 0.84 and 1.1-1.3 ppm, which represent the
methyl and methylene proton of the saturated unit, confirms the hydrogenation
reaction process [11, 12, 19]. The *H-NMR spectrum of the HNR also exhibits another
extra signal at 1.60 ppm, which can be assigned to the methyl proton of trans-1,4
polyisoprene unit. ‘

'3C-NMR spectra of the NR and HNR were shown in Figure 5.12 (b) and Figure
5.13 (b), respectively. The extra peaks at 19.5, 32.8 and 37.1 ppm are found in the
HNR samples. These signals correspond to the carbon of the methyl, methylene, and
methine of the saturated unit. The observed chemical shifts are in good agreement
with those reported in the literatures [12, 99]. The BC-NMR spectrum of the partially
hydrogenated product reveals the evidence of cis-trans isomerization of the
polyisoprene units in the macro-molecular chains. The carbon signals of cis-structure
are positioned at 135.2 and 125.5 ppm, while the signals at 134.9 and 124.7 ppm,

corresponding to olefinic carbons of the zrans-PI structure are also detected. !
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Figure 5.12 '"H-NMR (a) and “C-NMR (b) spectra of NR in liquid state.
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Table 5.7 The assignment of 'H-and I3C-NMR resonances of NR spectra in liquid

state
) 'H -NMR analysis BC-NMR analysis |
(s:tl:‘(:lnc]tlfl::e Literatures Experimental Literatures Experimental
[12, 21, 98] [12, 98] _
. a=1.69 (1,4-c) a=1.67 C-1=323 (1,4-¢) C-1=32.2
HyC, te b=2.03(14-c) | b=205 C-2=1348(1,4c) | C-2=1352
}C=C\H c=5.12 c=5.12 C-3=1253(1,4c) | C-3=1255
e E"‘k‘ C-4=265(14-c) | C-4=26.4
C-5=23.4 (1,4-c) C-5=23.4

¢ = cis-configuration

Table 5.8 The assignment of 'H- and >C-NMR resonances of the hydrogenated NR in

liquid state
"H-NMR analysis ’C-NMR analysis
Chemical - -
Literature e imental Literature . o ental
truct xperimenta xperimenta
structures [12, 19, 99] [12, 99]
a=1.68 (1,4-c) a=1.67 C-1=323 C-1=32.4
He b =2.03 (1 4-1,¢) b=2.05 C-2=1348 C-2=1352
3 .
2c=—cn c=5.12 c=5.12 | C-3=1253 C-3=125.5
‘{—C{I \CH—]— !
Cly  CH 1 d=0.77,0.98 d=0.80-0.89 | C-4=26.5 C-4 =264
e=1.25 (m) e=1.18 C-5=234 C-5=23.4
z lg f=1.60 (1,4-1) f=1.60 C-6=37.1 C-6=37.4
3
\e 3 - -
, (}lj_mjz C-7=33.3 C-7=32.8
—’—CHZ \cnﬂ— C-8=379 C-8 237.5
6¢ ge n |
C-9=24.9 C-9+245
C-10=19.7 C-10=19.7
C-11=39.7 C-11 =40.0
s '(‘:‘3.’3—]— C-12=134.4 C-12=1349
HC / n i
c C-13=124.8 C-13 =124.7
12C==CH,
+Cﬁ 13 C-14=26.8 C-14=255
11 b2 )
C-15=16 C-15=15.8
¢ = cis-configuration, ¢ = trans-configuration, and m = multiplet
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Figure 5.13 'H-NMR (a) and C-NMR (b) spectra of the hydrogenated M™ i~ —

liquid state at 8h of reaction time.
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In order to confirm the carbon assignments of HNR, the *C-NMR spectrur%l of
2,6,10,15,l9,23-hexafnethyltetracosane (CsoHgz) was simulated by NMR software
package (WINNMR) as shown in Figure 5.14 and the assignment is given in Table
5.9. It was found that the four signals at about 37.5 ppm can be contributed to the
carbon signals of the methylene group (C-5, C-7, C-9 and C-11 ppm) in zig-zag
conformation, while the chemical shift at 27.5 ppm was represented to the carbon of
ethylene unit in the close packing of molecular chain. In comparison with the Be.
NMR spectrum of HNR, the characteristic peaks at around 37.5 ppm are usually
detected as the methylene and methine groups presented in the saturated part of the
HNR sample which is in agreement with the NMR spectrum of simulated C30H62'. On
the basis of ACD simulation, the peak at 24.9 ppm (C-8 and C-17) and 27.5 ppml (C-
12 and C-13) are assigned to the methylene carbons and another peak assigned at 19.8
is the signal of methyl (C-26 and C-29) groups.

T T T T T .
150 125 100 75 50 25 0

Chemical shift (ppm)

Figure 5.14 'H-NMR spectrum of 2,6,10,15,19,23-hexamethyltetracosane
(Caotle2).
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Table 5.9 The assignment of carbon positions of 2,6,10,15,19,23-hexamethyltetra-

cosane obtained from NMR software

. & 3, &, A o
| H, H, | | H, | i,
HC 4 \::z/ \:2 CH\HZ/ \gﬁ: :2/ 1Cz— ﬁ\(l:i ‘s \:’2/ l?\:ci f;*\:‘;/ \ézz gg‘"“c;i,
2.6,10,15,19,23-hexamethyltetracosane (CioHq)
(IZ:?-13 8 : ?HJ H, (IZ:E"
e L Y e
Assignment Chemical shift (ppm)
hex:;:;ig;llf;if;iisane HNR
C-1,C-24, C-25,C-30 227 -
C-2,C-23 28.1 -
C-3,C-22 39.5 -
C-4,C-21 24.6 -
C-5,C-20 37.5 374
C-6, C-19 . 329 32.8
C-26, C-29 19.8 19.7
C-7,C-18 37.5 37.5
C-8,C-17 24.9 24.5
C-9,C-16 37.5 37.5
C-10, C-15 329 32.7
C-27,C-28 19.8 19.6
C-11,C-14 37.5 37.2
C-12,C-13 27.5 -
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By 1:’C-NMR Spectroscopy in Solid State !

High resolutlon BC-NMR in solid state is more widely used than 'H- NMR
because the '*C-NMR spectra may be simplified by proton decoupling, which makes
all carbon resonances appear as a singlet. The HNR sample is composed of ethyiene
and propylene units in the macromolecular chains. It is rather difficult to dissolve it in
organic solvent. Then in this study solid state NMR can be used to investigate the
microstructure characteristic and to study the molecular mobility of the splid
hydrogenated NR samples. In this section, the sample was characterized by solid state
NMR spectroscopy, using the HD/MAS technique as described in section 4.6. The
BC-NMR study in solid state of the NR and HNR was carried out at ri)om
temperature, which is the temperature far above their glass transition temperatures
(T,). Under this condition, the dipolar interactions and chemical shift anisotropy that
leads to line broadening are partially averaged by chain motion, and sharp linesl are
observed with high power decoupling and magic angle spinning. The motional
averaging is such that high resolution signals of NR and HNR can be observed with
spinning. Then, peak assignments can be established using the data published from
traditional >C-NMR in liquid method.

BC.NMR solid state spectra of NR and HNR are compared in Figure 5.15. The
observed dominant peaks of NR spectrum at 23.6, 26.7, 32.5, 134.8 and 125.3 ppm
were related to the five carbon atoms of the cis-1,4 polyisoprene units as givén in
Table 5.10, similar to the assignments using I3C.NMR in solution (see Table f5.7).
These characteristic peaks were found decreasing when the amount of unsaturated
fraction of polyisoprene units were reduced as the hydrogenation reaction proceeded
Then, the significant resonance peaks at 33.1, 37.8, and 20.1 ppm appeared in Flgure
5.15 (b) and listed in Table 5.11. Based on literatures [12, 19, 99] and by ma}kmg
comparisons with the NMR spectrum in liquid state, these peaks are assigned to the
carbon signals of the methine, methylene and methyl groups, respectively. Moreover,
the peak width of BC-NMR spectrum is broader than that of NR (see Figure 5.1:5). It
can be suggested that there is more stiffness fraction in the molecular structure after
meodification. The signals located at 40.3, 27.1 and 16.1 ppm are found as presented in
Figure 5.15 (b) and assigned to the methine, methylene and methyl groups of /- .= 'j»:;f{ r

polyisoprene structure, respectively. This is the confirmation of
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isomerization that occurred simultaneously with diimide hydrogenation by TSH.
When the solid state NMR with HD/MAS technique was applied, small peaks at 34.6,
43.7 ppm, which can be assigned to the methine carbon (-CH- cyclic) and quaternary
carbon of cyclic units, respectively were detected. The weak peak at 129.7 ppm
observed at the high-field resonance is due to the cyclized trisubstituted end group.
These characteristics of cyclized units are in agreement with the investigation of the
cyclized structure of NR by Patterson etal. [36]. They reported the utilization of solid
state NMR technique to detect the chemical structure of NR after treatment with

toluenesulfonic acid, forming cyclized product.
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Figure 5.15 BC-NMR solid state spectra of NR (a) and the hydrogen“‘;’ NR
after 8 h of the hydrogenation (b).
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Table 5.10 The results of chemical shift and peak widths obtained from resolving "*C-

NMR spectrum of NR in solid state
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Position Peak width Assignment
Chemical structure

(ppm) (ppm) [72-76,98]

134.8 0.11 C-2

125.3 0.15 C-3

5
H,C H 325 0.22 C-1
5
>—‘< . 26.7 0.19 C-4
n 23.6 0.14 C-5

Table 5.11 The results of chemical shift and peak widths obtained from resolving ’C-

NMR spectrum of HNR in solid state

Chemical structure Posilfion Peak width Assignment
(ppm) (ppm) [12,21,99]
16.1 0.26 C-10
20.1 0.28 C-15
238 0.24 C-5
24.8 0.39 C-14
25.7 0.46 C-4
27.1 0.26 C-9
32.7 0.47 C-1
33.1 0.51 C-12
378 0.54 C-11,C-13
H,C H H q 40.3 0.42 C-6
1>L_//l3 124.5 0.51 C2
*P \-‘34» 125.8 0.4 C-7
134.2 0.23 C-8
134.8 0.23 C-3
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5.2.2 Evaluation of Percent Hydrogenation of NR

The percent hydrogenation of NR and DPNR can be determined by Raman, 'H-
NMR in liquid and *C-NMR in solid state spectroscopy, which is associated to the
decrease of unsaturated units and the increase of saturated part in the macromolecular

chain.

(a) By Raman Spectroscopy

As formerly described for the microstructure analysis of the HNR by FT-IR and
Raman techniques, it can be seen that the vibrational absorption modes obtained from
IR spectrum is not as powerful as Raman mode. The intensity of the C=C absorption
peaks at 1665 and 836 cm’ are not strong for quantitative analysis of the percent
hydrogenation in FT-IR spectra of the HNR samples.

A comparison between the Raman spectra of the starting NR and hydrogenated
NR samples taken at various hydrogenation times is given in Figure 5.16. As
hydrogenation reaction proceeds, the decrease of the intensity of the C=C stretching
modes is obviously evidenced, together with the increase of the vibrational intensity of
the band at 1432 cm'], attributed to the -CH,- deformation vibration. The bands ratio at
1664 and 1432 cm’' was used for calculation of the percent hydrogenation at v‘.?rious

reaction times (see section 4.7.3). The results shown in Table 5.12 reveal that at higher

reaction time, higher percent hydrogenation was achieved.
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Figure 5.16 Comparison between the Raman spectra of NR and hydrogenated

NR samples taken at reaction time 4 and 8h.

(b) By '"H-NMR Spectroscopy in Liquid

A comparison between the 'H-NMR spectra of the NR and hydrogenated NR
samples taken at 4 and 8h is shown in Figure 5.17. The intensity of the proton signal
adjacent to the C=C bonds at 5.12 ppm decreases with the increase of reaction time, as
well as the decrease of signal at 1.67 ppm characteristic of the methyl proton of cis-1,4
PI units of the NR. The intensity of the methyl and methylene proton signals at (.84
and 1.10-1.30 ppm indicated a strong increment due to the transformation of double
bonds into saturation moieties. From 'H-NMR spectroscopy, the integrated areas of

the signals at 5.12 and 0.84 ppm, corresponding to the proton adjacent to the olefiut
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unit and the methyl proton of the saturated unit, respectively, were used for the
determination of perc'entage of hydrogenation and the results at various reaction times

were given in Table 5.12.

1 HNRE) .

1 HNR(4) A

| NR ) J_}L,

| T 1 L) I | L]

8.0 7.0 6.0 50. 4.0 3.0 2.0 1.0 0.0

Chemical shift (ppm)

Figure 5.17 'H-NMR spectra of NR and hydrogenated NR samples taken at 4

and 8h analyzed in liquid state.

(¢) By PC-NMR Spectroscopy in Solid State

I
Although, there have been reports of the utilization of spectroscopic methiods to
monitor the hydrogenation reaction of NR, a search of the literature revealed that there
are no previous reports describing the determination of the percent hydrogenation by

solid state ?C-NMR technique.

The "*C solid state HD/MAS NMR spectra of NR and hydrogenated NR are
shown in Figure 5.18. The progress of hydrogenation by solid state BC-NMR was

t

obtained by using the integrated areas of the signals of saturated methy! carbon at 204
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ppm comparing with the methyl carbon of both cis and frans unsaturated units at 23.8

and 16.1 ppm, respectively, as summarized in Table 5.12.

N HNR(8)

ik
.HNR(6) -}M

L
L HNR(4) . M‘LU_
_A

HNR(2)

[

1 ' | I
150 125 100 75 50 25 0

Chemical shift (ppm)

| . 1l

Figure 5.18 "C-NMR spectra of NR and hydrogenated NR samples taken at 2,
4, 6 and 8h analyzed in solid state.

The results of percentage of hydrogenation at various reaction times of NR
determined by three techniques illustrated in Table 5.12 and Figure 5.19 revealed good
agreement of quantitative results among these techniques. The percentage of
hydrogenation increases with increasing of the reaction time. The maximum
percentage of hydrogenation of NR is approximately 80-85 % when a two-folded mole

excess of TSH was used.
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Table 5.12 The percent hydrogenation of NR at various reaction times as determined
by Raman, 'H-NMR and ""C-NMR

Reaction time

Hydrogenation (%)

(h) Raman® 'H-NMR" BC-NMR*
0 0 0 0
0.5 43 8.2 n
1 277 30.8 29.8
2 39.1 43.1 41
3 57.5 55.2 n
4 57.5 62.1 58.4
6 79.4 75.5 72
8 84.9 80 80
? in solid sample and ° in solution, n = not determine
100 — T | S T
[ LA
80 - AT ' 0 i
[ 2B
) P
é L ,.-iJ/
g 0 “n :
=
: o '.'/
@ L v
g 40 ]
Tt L
=
-
= i
20-_ ’f’ A Raman
A 0 'H-NMR ]
L/ A 0 “C-NMR -
0 . . * 1 . . 1 4 —t 4 1 +— . T * .
0 2 4 6 8
Reaction time (h)

Figure 5.19 The percent hydrogenation at various reaction times of NR

determined by 'H-NMR in solution (0), Raman scattering (A) and BC-NMR

state (O).
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The hydrogenation by TSH was applied with DPNR and the hydrogenation
results were determined by '"H-NMR and compared with HNR shown in Table 5.13. 1t
was found that the percentage of hydrogenation of DPNR significantly increases with
the hydrogenation time, and the maximum hydrogenation is reached at approximately
97%. It was shown that the rate of hydrogenation of DPNR is faster than that of NR.
Similar results were also reported by Gan et. al. that the NR was hydrogenated at a
lower rate than the DPNR using catalytic hydrogenation [19]. It can be proposed that
the DPNR has less impurity or non-rubber constituents than NR as it was subjected to
several centrifugations or lower molecular weight of DPNR than NR that facilitated
the hydrogenation reaction [33, 100].

Table 5.13 The percent hydrogenation of NR and DPNR at various reaction times as
determined by 'H-NMR

Reaction time Hydrogenation (%)
®) - NR DPNR
0 0 0
2 43.1 76.0
4 62.1 91.1
6 75.5 95.7
8 80.0 97.3
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5.2.3 Side Reactions

The side reaction of diimide hydrogenation by employing TSH can be occurred
since the p-toluenesulfonic acid (TSOH) by-product obtained from the decomposition
of TSH acts as an accelerator for other reactions such as cis-trans isomerization,
degradation and cyclization.

(a) Cis-Trans Isomerization i

Cis-trans isomerization of unsaturated rubbers occurs in several ways such as
photo-induced, radiation-induced, thermal and catalytic isomerizations 4, 6]. It ;was
reported that the use of TSH as a diimide releasing agent for hydrogenation of ;cis-
polybutadiene resulted in the cis-trans isomerization [25, 51]. Unfortunately, the cis-
trans isomerization of polyisoprene units of NR during hydrogenation cannot be
detected by infrared and Raman spectroscopy as the vibrational frequency of the Cis
and trans structures of trisubstituted olefinic unit in vibration modes are very close.
While the "H-NMR spectra of the hydrogenated rubber exhibit the signal of methyl
proton of the cis- and trans-1,4 polyisoprenic units at 1.67 and 1.60 ppm, respectively.
The percentage of the remaining double bonds in cis and trans configurations of the
hydrogenated samples at various reaction times was then calculated and the results are
shown in Table 5.14 and Figure 5.20 (a). The 3C-NMR spectrum in solution of the
partially hydrogenated product reveals the evidence of the cis-trans isomerization. The
carbon signals of cis-1,4-polyisoprene structure of NR were located at 135.2 and 125.5
ppm while the signals at 134.9 and 124.7 ppm, corresponding to olefinic carbons of
1,4-trans polyisoprene units, were alse detected after hydrogenation. For solid state
13C-NMR spectra, the signal of the methyl carbons of cis- and frans- structures can be
clearly seen at 23.6 and 16.1 ppm, respectively. The results of the percentage of cis
and trans isomers at various reaction times are illustrated in Figure 5.20 (b). ItI was
found that the amount of frans isomer of polyisoprene units increased up to 4 h of
hydrogenation time. After that the amount of cis and trans isomers are comparable.
This may be proposed that the cis-frans isomerization is a reversible process. The
evidence of cis-trans isomerization is similar to that of PB and isoprene-ctlfrene
diblock copolymer [25, 51]. It was reported that catalytic cis-trans isomerization ol

synthetic 1,4-polyisoprene could be carried out with thiol acids, sulfur dioxide] and
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other related materials that function as catalysts. It can be taken place through the
rotation of the weakened double bond via the formation of an unstable complex as
demonstrated in Figure 5.21. In our case, TSH was used at reaction temperature rather
high (135°C).The isomerization of the highly cis-structure of NR into the trans-isomer

could be inevitably occurred via similar manner.

Table 5.14 The percent of hydrogenation, cis and #rans isomers of HNR as determined

by '"H-NMR in liquid state and '3C-NMR in solid state

Ph.D. (Polymer Science and Technology) / 127

'"H-NMR BC-NMR
Reaction in liquid state in solid state

time Hydrogenation | Cis | Trans | Hydrogenation | Cis | Trans

(h) (%) (%) | (%) (%) () | ()
0 0 100 0 0 100 0

0.5 8.2 88.8 3.03 n n n
| 30.8 54.4 14.8 29.8 534 | 16.8
2 43.1 38.6 18.3 41 384 | 20.6
3 55.2 23.2 21.6 n n n
4 62.1 19.6 18.3 58.4 223 | 193
6 75.5 11.2 133 72.0 12.2 | 15.8
8 80.0 10 10 80.0 9.3 10.7

n = not determine
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Figure 5.20 Progress of cis-trans isomerization rate during hydrogenation of NR

determined by 'H-NMR in solution (a) and BC-NMR in solid state (b) as symbolized
of the Y%cis (m) and %trans (O).
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140°C 30, _
cis-1,4 polyisoprene trans-1,4 polyisoprene
unstable complex

Figure 5.21 Cis-trans isomernization of cis-1,4 polyisoprene [51].

(b) Degradation Reaction

In order to investigate the presence of side reactions, such as degradation and
crosslinking during the chemical modification processes, the modified products were
examined by dilute solution viscometry technique. This technique has been employed
to follow the change of the physical pfoperties of polymer by monitoring the shifts of
average viscosity molecular weight that are created by such side reactions. The
method has the drawback of an ambiguous relationship of viscosity (77) to molecular
weight, especially for copolymers with composition or structure diversity.
Nevertheless, the space occupied by a macromolecule in solution is related to its
molecular weight, type of solvent and evident in the solution viscosity. Therefore, the
intrinsic viscosity of the NR and modified forms provides a simple and effective
means of examining the side reaction. The intrinsic viscosities of NR and the
hydrogenated NR are presented in Table 5.15. It was found that the intrinsic viscosity
of hydrogenated rubbers was lower than that of NR. The decrease of intrinsic
viscosity suggests the occurrence: of degradation during the non-catalytic
hydrogenation by TSH at 135°C. Beside the cis-trans isomerization of the double bond
in the case of NR, the hydrogenation of NR with TSH at 135°C mainly causes the
chain cleavage of NR. This result is in accordance with several works [11, 50, 101]
showing the degradation reaction of polybutadiene and styrene-isoprene copolymer

could occur during hydrogenation using TSH.
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Table 5.15 Intrinsic viscosity data at different hydrogenation levels

Results and Discussion / 130

Hydrogenation | Intrinsic viscosity
(%) ]
0 3.62
43.1 2.06
62.1 2.13
75.5 1.78
80.0 1.06

(¢) Cyclization Reaction

As formerly mentioned in the characterization of hydrogenated samples by solid

state NMR, the small signal peaks corresponding to the cyclized units were observed.

It might be proposed that the TSOH produced from TSH caused the cyclization of cis-

1,4 PI. TSOH by product is an acid, protonation of polyisoprene units could be

possibly occurred to form carbonium ion at tertiary carbon which underwent

cyclization [36, 37] as shown in Figure 3.3 in section 3.2.1.
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5.3 Hydrogenation of ENR

Epoxidized natural rubber (ENR)} is one of the chemically modified forms of
NR. It has better oil resistance and property of gas impermeance than the NR upon
epoxidation. The primary drawback of ENR like NR is its poor aging property. The
hydrogenation of the ENR is expected to give a product with improved thermal
behavior, due to the reduction of double bond content in molecular chain. In this
present work, the non-catalytic hydrogenation of ENR was also carried out with
diimide molecule generated from thermal decomposition of TSH. Similar to
hydrogenated NR, in this case of hydrogenation of ENR two-folded mole excess of
TSH comparing to the C=C unit was utilized. Hydrogenation was performed on four
ENRs containing 10 (ENR-10), 22 (ENR-22), 30 {(ENR-30) and 40 mol% (ENR-40) of

epoxidized units, respectively.

5.3.1 Structural Analysis of ENR and Hydrogenated ENR

The chemical structure of epoxidized natural rubber (ENR) and hydrogenated
ENR (HENR) was analyzed by infrared, Raman, and NMR spectroscopies. By using
NMR analysis of ENR, Bradbury et al. [101] reported that the repeating units
containing epoxide and isoprene units are randomly arranged in the molecular chains.
Therefore, the number of vibration modes can not be determined by group theory, only

the chemical structure of the ENR could be analyzed.

(a) Vibration Analysis

Typical vibrational spectra of ENR and hydrogenated products are depicted in
Figures 5.22 and 5.23, respectively. The assignment of peak positions and relative
intensities are tabulated in Table 5.16.

FT-IR spectra of ENR and HENR were recorded in the wavenumber range of
500-3500 cm™', as shown in Figure 5.22. For ENR, the aliphatic C-H stretching
vibration is located between 3010 and 2850 cm“, and the -CH,- deformation vibration
is observed at 1452 cm™'. A sharp peak appears at 1377 cm™ due to the deformati
vibration mode of the -CH; group. Two distinct peaks for the C-O-C of epoxy gronp
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are found at 870 cm’ (epoxide asymmetric stretching) and 1250 cm’' (epoxide
symmetric stretchingj [21, 38, 93, 97] of ENR, while the out of plane deformation of
cis-1,4-polyisoprene is positioned at 836 em’'. Figure 5.22 (b) illustrates the IR
spectrum of the hydrogenated ENR. Similar changes as in the case of hydrogenation of
NR can be observed for the HENR. The IR spectrum of HENR reveals the decrease of
signals at 1665 and 836 cm”, contributing to the C=C bond and the characteristic of
cis-polyisoprene in the backbone. The éharacteristics of the oxirane ring also disappear
after hydrogenation, as a result of ring opening during hydrogenation. The strong
absorption band at 3450 cm™ is observed and assigned to the O-H stretching of the
hydroxy group. The FT-IR spectrum of HENR also contains the characteristic signals
contributing to SO, asymmetric and symmetric stretching at 1334 and 1145 em’™,
respectively [11, 53]. These signals were not disappeared after several precipitations in
non solvent. This evidence supported that the fixation of TSOH might fix on the ENR
backbone. Additionally, two absorption peaks at 811 and 1035 cm’' are observed
which correspond to the p-tolyl aromatic ring as reported in the literatures [11, 52, 53].

The characterization of microstructures of ENR and HENR was also carried out
by Raman spectroscopy and the spectra of ENR-22 containing 22 mol% epoxy group
(ENR-22) and the HENR obtained after 8h of hydrogenation time were illustrated in
Figure 5.23. The peak assignments were demonstrated in Table 5.17. As can be seen
in Figure 5.23 (b), similar to hydrogenation of NR, the peak at 1664 em’!
corresponding to C=C bond of ENR decreases significantly with the progress of the
hydrogenation. The intensity band of the -CH;- deformation at 1432 cm’ increases
with an increase of the reaction time. Moreover, the intensities of Raman bands
between 3010 and 2850 c¢m'contributing to the aliphatic C-H and -CH»- stret'ching
modes increase as compared with the starting material. 1

The Raman band assigned to the C-O-C ring vibration of epoxide groups at 1248
em’! associated with a weak band at 836 cm’ of ENR were disappeared during
hydrogenation process. The bands at 1330 and 1152 cm’' depicted as asymmetfic and
symmetric —C-SO,-C- vibration modes, respectively, were detected after
hydrogenation. The appearance of Raman band at 1592 cm’, attributing to tho; C=C
stretching mode of aromatic ring, may confirm that the TSOH attaches the rubber
backbone of ENR. '
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Figure 5.22 Infrared spectra of ENR-22 containing 22 mol% epoxy group
(ENR-22) (a) and the hydrogenated ENR-22 after 8h (HENR-22(8)) reaction time (b)
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Figure 5.23 Raman spectra of ENR-22 containing 22 mol% epoxy group (ENR-
22) (a) and the hydrogenated ENR-22 after 8h (HENR-22(8)) reaction time (b).!
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Table 5.16 The assignment of vibration modes of Infrared and Raman spectra of ENR

and the hydrogenated ENR
Wavenumber (cm™)
Literatures Experimental Experimental Description of
20, 38, (IR) (Raman) assignments
93,97] ENR HENR ENR HENR
a b 3450 d ¢ O-H stretching
a 3036(w) 3036(w) 3032(w) 3062(w) -CH, asymmetric stretching
CH; symmetric and
a b < 2980(m) e -CHastretching
2962 2963(vs) 2962(vs) 2961(vs) 2958(vs) |. CHj asymmetric stretching
2931 2927(vs) | 2927(vs) | 2938(vs) e f
2912 b c 2911(vs) | 2919(vs) CH; symmetric stretching
2885 b c ' 2877(s) 28838(s) CH,; symmetric stretching
2854 2857(s) 2858(s) 2842(s) 2843(s) CH; symmetric stretching
2727 2728(vw) | 2726(vw) | 2724(vw) | 2721(vw) CH aliphatic
a b 1716(vw) d e C=0 symmetric stretching
1666 1665(w) 1665(vw) | 1664(vs) 1664(w) C=C stretching
NH; deformation; C=C
a b 1597(vw) d 1590(m) stretching of aromatic ring
-CH deformation of aromatic
a b 1492 d e ring
-CH; deformation for IR
1452 1451(s) 1462(s) 1452(m) 1454{m) | -CH, deformation for Raman
CH; deformation for IR,
1440 b c 143 1(m) 1432(m) | -CH; deformation for Raman
1375 1378(m) 1377(m) 1371(w) 1371(w) -CH; wagging
1363 b c 1354(w) € -CH,- wagging
1325 1323 1334 d € =CH deformation in plane
1311 b < 1316(w) e -CH3;- twisting
a b 1304 d e -S0,-N stretching
1287 b c 1288 e -CH bending
a b 1261 d e C-C stretching of ar ic—T
1243 1249 c 1248 e Ring symmetric str ci-:ir;;_.__"
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Table 5.16 (continued)

1208 b c 1207 e f
a b 1145 d e N-N streiching
1040 b c 1032 1050 CH, rocking C(CH,)=CH
1000 b c 996(m) e C-H out of plane of cis-
a b c 872(w) e CH bending of oxirane units
\ b . 836(m) . =CH out of plane
deformation of polyisoprene
820 b 812 811 e CH ring wagging
a b c 785 € Ring symmetric deformation
a b 736(w) d e Sequence of —(CH;);-

vw = very weak, w=weak, m=medium, s = strong, vs = very strong
a = no reported in literatures, b = no peaks of ENR in IR spectra, ¢ = no peaks of
HENR in IR spectra, d = no peaks of ENR in Raman spectra, € = no peaks of HENR
in Raman spectra, and f = no proposed assignment

(b) Nuclear Magnetic Resonance Analysis

By 'H and *C-NMR Spectroscopy in Liquid State

'H- and '*C-NMR spectra of ENR are illustrated in Figure 5.24, along with the
assignment of resonance signals summarized in Table 5.17. |

'H-NMR spectrum of the ENR in Figure 5.24 (a) showed signals at 5.12 ppm
(olefinic methine proton), 2.70 ppm (oxirane methine proton), 1.67 ppm (olefinic
methyl proton), 1.30 ppm (oxirane methyl proton) and 2.05 ppm (methylene proton of
isoprene unit) similar to those of NR. In all ENR samples obtained, no observation of
signals at 3.40, 3.90 and 8.00 ppm, which might belong to secondary reactions of
formation of diol and furan, as previously mentioned in the literature [8, 93].The
epoxidation level is generally calculated by comparing the signal of proton adjacent to
C=C at 5.12 ppm and the signa! of proton adjacent to oxirane ring at 2.70 p[;m (as
described in section 4.7.2). |

The '*C-NMR spectrum of the ENR-22 (Figure 5.24 (b)) gives the characteristic
of the methine carbon and quaternary carbon of oxirane ring at 64.5 and 60.15 ppm,
respectively. The peaks at 126 and 135 ppm are the olefinic double bond ca-'l"-" in

the unmodified polyisoprene units.
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Figure 5.24 '"H-NMR (a) and ?C-NMR (b) of ENR-22 containing 22 mol%
€poxy group.
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Table 5.17 The assignment of 'H- and "C-NMR resonances of the partially

epoxidized NR
10 €
Hy H Hy HH; H
1312 5 7 1y=li6
d
I8 9 14
H, HH, HH; H H, H Hs HH; H
18)=—=(17 .
19 20 o
TH-NMR analysis BC-NMR analysis
Literatures Literatures
Experimental Experimental
[8, 93, 102} [8, 38,93, 101}
= 1.68 (1,4-c) a=1.67 C-1=323(14-c) C-1=32.2
b =2.05(1.4-c) b=2.05 C-2=134.8(1,4-c) C-2=1352
c=5.12 c=5.12 C-3=1253(14-c) C-3=1249
d=1.35 d=1.30 C-4=26.5(1,4-c) C-4 =264
e=2.68 e=2.70 C-5=234(14-c) C-5=234
C-6 =60.8 C-6 =60.5
C-7=64.5 C-7=64.5
C-8=333 C-8=33.4
C-9=286 C-9=288
C-10=222 C-10=223"
C-11=2438 C-11 =247
C-12=1257 C-12=125.6
C-13=1344 C-13=1343
C-14 =271 C-14=27.0
C-15=135.6 C-15=135.6
C-16=124.4 C-16=1244
C-17=125.2 C-17=125.1
C-18=134.4 C-18=134.:6
C-19=223 C-19 =22.}
C-20=29.7 C-20=29.6
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The 'H-NMR and '*C-NMR spectra of HENR are displayed in Figure 5.25, and
the peak assignments are given in Table 5.18. Figure 5.25 (a), shows the new signals
at 0.84 ppm, which can be assigned to the methyl proton of the saturated unit and the
signal at 1.1-1.3 ppm attributed to the methine and methylene protons of the saturated
units. These signals tend to increase with reaction time. With the progress of
hydrogenation, the integrated area of olefinic peak of HENR at 5.12 ppm decreases
considerably compared with the starting rubber. Concurrently, proton signal peaks
which can be assigned to methyl and methylene protons of saturated portion were
found as similar in the case of HNR samples.

On the other hand, the signal at 2.70 ppm due to the methine proton of the epoxy
unit disappears in all HENRs. The "H-NMR spectrum of the HENR revealed the
presence of sulfur containing substitute in the HENR samples. The peak of p-tolyl in
the polymer chains can be clearly seen at 2.35 and 7.70 ppm, corresponding to the
proton signals of p-methyl and the aromatic ring of p-toluenesulfinic group [11, 48].
These characteristic peaks could not be eliminated by reprecipitating the HENR
samples with non solvent. These signals are not observed in the case of NR. Hence, it
is due to the fixation of p-tolyl onto the backbone chains of the HENR. In addition, it
is also noted in Figure 5.25 (a) that the observation of extra signals in 'H-NMR at
1.83, 3.40, and 3.87 ppm can be assigned to signals of a methylene proton of a large
membered ring, a proton at the a-position of the hydroxyl group, and a methine

proton, respectively [102].

Similar to HNR, the >C-NMR spectrum of HENR in Figure 5.25 (b) exhibited
the signals at 37.8, 32.8, and 19.7 ppm. These results are assigned to the methine

carbon of methyl and methylene respectively.
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Figure 5.25 'H-NMR (a) and C-NMR (b) spectra of the hydrogenated
after 8h (HENR-22(R)) reaction time as analyzed in liquid state. '
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Table 5.18 The assignment of 'H-NMR and '*C-NMR resonance of the hydrogenated
ENR in liquid state

ﬂTSH

'"H -NMR analysis BC-NMR analysis
Literatures Experimental Literatures Experimental
(19, 21,99, 102] (19,99, 102]
a=0.77,0.98 a=0.84 C-1'=37.1 C-1'=37.5
b=1.25 (m) b,c,d=1.25 C-2'=333 C-2'=32.8
m=1.18 C-3'=379 C-3'=375
ij=183 C-4'=24.9 C-4'=24.5
h=2.35 C-5=19.7 C-5'=19.7
1=3.40 - C-6'=29.7
e =3.78 C-7"=975 C-7"=97.6
k=391 - C-8=106.3
g =7.15 C-12=84.5 C-9,C-12=82.3
f=7.65 C-10=26.9 C-10=26.9
C-11=30.7 C-11=30.9
C-13=72.4 -
C-14=139.8 C-14 =141.0
C-15=129.7 C-15=129.3
C-16=131.7 C-16=130.2
C-17=149.2 -
C-18=21.8 C-18=214
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By C-NMR Spectroscopy in Solid State

The confirmation of the change of microstructure characteristics of ENR after
diimide hydrogenation was investigated by solid state C-NMR with HD/MAS
technique. This technique is a powerful method to characterize ENR and HENR
samples as illustrated in Figure 5.26. The curve fitting by DM2002 was used to
simulate the peak positions of ENR-22 spectrum as shown in Table 5.19. The Be-
NMR spectrum also exhibits the peaks at 60 and 64 ppm, corresponding to the
methine and quaternary carbons in the epoxide unit, respectively. The peaks at 126
and 135 ppm are the olefinic double bond carbons in the unmodified polyisoprene
units. The results obtained from solid state NMR are consistént with liquid state NMR
spectroscopy for the peak assignments.

In Figure 5.26 (b), the HD/MAS spectrum of the HENR-22 indicated the
characteristic peaks at 38, 33, 25 and 20 ppm corresponding to the saturated units of
the hydrogenated ENR. Moreover, the small peaks appearing in the region 75 and 84
ppm are assigned to the carbon resonance of methyl and two methylene carbons of
furan ring, ether linkage carbons and carbons attached to hydroxy group. The solid
state "C-NMR spectrum of the HENR-40 containing 40 mol% epoxy group also
evidences the appearance of furan units after hydrogenation. These characteristic
peaks are strong intense depending on the epoxidation level. In Figure 5.27, the
comparison between the solid state NMR spectra of HENR-22 and HENR-40 obtained
from 8 h of hydrogenation time was obviously found that the more intense peaks in the
region 75 and 84 ppm assigned to carbon signals of furan ring and the carbon of
aromatic ring appeared at 120-150 ppm can be detected in the case of high Iepoxide

content.
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Figure 5.26 HD/MAS "*C-NMR spectra of ENR-22 containing 22 mol% «
content (a) and HENR-22(8) taken at 8h.

¥



Jareerat Samran

Results and Discussion / 144

Table 5.19 The assignment of chemical shift of ENR and HENR spectra of HD/MAS

technique in solid state

partially epoxidized NR

ﬂTSH

15 lé

C-NMR analysis of ENR-22

BC-NMR analysis of HENR-22

Chemical shift Assignment | Chemical shift Assignment
(ppm) (ppm)

32.8 ' C-1 20 C-5'

134.7 C-2 25 C-4'

125.7 C-3 33 C-2'
27 C-4 38 C-1'C-3'
24 C-5 75 C-13

60.3 C-6 84 cl2
64 C-7 130 C-15,C-16 '
23 C-8 150 C-14,C-17
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Figure 5.27 Stack plots of HD/MAS/CP C-NMR spectra of HENR-22(8) and
HENR-40(8) containing 22 and 40 mol% epoxy content.

5.3.2 Evaluation of Percent Hydrogenation of ENR

The change in the chemical structure of ENRs after hydrogenation reaction can
be quantified using Raman and 'H-NMR spectroscopies.

The Raman spectra of the hydrogenated ENR-22 containing 22mol% epoxy
group at various reaction times are illustrated in Figure 5.28. A progress of the
hydrogenation in ENR can be determined from the decrease in the area of C=C band at
1664 cm™ as compared to that of an original material. As can be seen in Figure 5.28, a
significant decrease of double bond content is observed with increasing the reaction
time. The percent hydrogenation can be determined by comparing between the Raman

band of the C=C double bond and the methylene band as described in section 4.7.3.
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Figure 5.28 Comparison betweeﬁ the Raman spectra of ENR-22 containing 22%

epoxide content and the hydrogenated ENR samples taken at various reaction times.

The obtained 'H-NMR spectra of hydrogenation of ENR-22 at various reaction
times are also shown in Figure 5.29. It should be emphasized that as longer reaction
time employed, the peak intensity of the olefinic proton at 5.12 is significantly
decreased as compared with that of starting material. This result is in agreement with

all of our experiments observed in a higher amount of epoxide content of ENRs.
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Figure 5.29 'H-NMR spectra of epoxidized NR containing 22% epoxide content
(ENR-22) and hydrogenated ENR samples taken at 4h (HENR-22(4)) and 8h (HENR-
22(8)). ‘

The results of hydrogenation of the four types of ENR at various reaction times
are shown in Table 5.20 and Figure 5.30. It was found that the percentage of
hydrogenation increases with the increasing of reaction time. The maximum percent
hydrogenation of ENR-10, ENR-22, ENR-30 and ENR-40 as determined by Raman
technique is found to be about 93-96%, while by 'H-NMR technique, the
%hydrogenation is around 96-100. As can be seen in Figure 5.30, it can be observed
that the hydrogenation of ENR is very fast at the early stage of the reaction. It scems
likely that the rate of hydrogenation increases with increasing epoxide levels and much
faster than that of NR. These results are in contrast to the work reported by
Bhattachatjee et. al. [20] using a homogeneous palladium acetate catalyst for
hydrogenation of ENR. In their case, they explained that the presence of the epoxide
group might coordinate with the metal center, which competes with the coordination

of the metalhydride complex with the carbon-carbon double bond of the rubbets,
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hence decreasing the rate of hydrogenation when the amount of the epoxide group
increased. But in our case, the diimide generated from the decomposition of TSH can
reacts directly with the double bond of the polyisoprenic unit, which is preferably at
the cis structure. In the case of NR, there was cis-trans isomerization, which might be
due to the formation of an unstable complex between the double bond and p-
toluenesulfinic acid by-product. But in the case of ENR, the formation of the epoxide
ring-opened product and the addition of p-toluenesuifinic acid on the rubber chain
were found, which is discussed former in this section. Therefore, by increasing the
epoxide content, the possibility that the p-toluenesulfinic acid encounters the epoxide
unit increases, resulting in a decrease in the interference at the double bond (_)f the
rubber chains, therefore the hydrogenation reaction of ENR is much faster than that of
NR. It was found that the signal of the proton at 5.12 ppm almost disappears at 6h
reaction time in all cases of ENR. [t may be postulated that the degree of

hydrogenation is about 100% at this duration.

Table 5.20 The percent hydrogenation of ENRs at various reaction times as

determined by Raman and '"H-NMR techniques

Reaction Hydrogenation (%)

time ENR-10 ENR-22 ENR-30 ENR-40
(h) Raman | 'H-NMR | Raman | "H-NMR | Raman | '"H-NMR | Raman | 'H-NMR
0 0 0 0 0 0 0 0 0
0.5 35.0 41.0 n n 34.6 393 n n

| n n n n 41.0 65.0 n n

2 70.0 75.2 43.0 71.3 67.0 78.5 849 89.0
4 84.6 93.0 86.5 92.9 82.0 96.0 945 | 959
6 92.0 95.0 05.9 96.2 96.0 98.5 94.2 .I 98.3
8 93.0 96.0 93.9 97.7 95.0 99.7 95.8 '| 993

n = ntot determine
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Figure 5.30 %Hydrogenation of epoxidized natural rubber containing 10, 22, 30

and 40 % epoxy content at various reaction times as determined by Raman (a) and 'H-
NMR (b).
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5.3.3 Side Reactions

The diimide hydrogenation of ENR in solution system was performed using
TSH at 135°C. This condition may cause the presence of side reaction during reaction

as follows.

(a) Cis-trans Isomerization

As mentioned before in section 5.2.3, the cis-trans isomerization OCC'LIllTed
during hydrogenation of NR by TSH at 135°C. In the case of HENR, the evidence of a
small signal of trans configuration was found at 1.60 ppm as detected by 'H-NMR in
liquid state. This result indicated that the transformation of cis to trans units was also
occurred but a very small extent. This may be due to the TSOH acid by-product could
not play a perfect role for cis-trans isomerization as it reacts with the epoxide group of

the ENR as detected and mentioned earlier.

(b) Degradation Reaction

Similar to the result of chain degradation in the case of hydrogenation of NR by
TSH are obtained. It was found that the hydrogenated ENR products obtained from
diimide hydrogenation were brown solid. According to the results in our experiments
that increasing the reaction times, the increase of carbonyl and hydroxyl signals was
observed. In addition, at prolonged reaction time, the degradation seemed to be slow
down while the intensity of the carbonyl signal of the modified rubber did not
increase. It could be therefore postulated that the TSOH had oxidized the double bond
of the ENR then partially cleaved, resulting in chain degradation forming aldehyde

and carboxylic functional ends which was evidenced by the appearance of hydroxyl

and carbonyl signals in IR spectrum. #

(¢) Addition of TSOH and Furanization Reaction .

The incorporation of TSOH by product on the HENR was observed by both the
vibrational and resonance spectroscopies. In a Raman spectrum of the HENR, the
bands at 1331 and 1152 cm™ were detected and assigned to asymmetric and éymmetric
~C-S0,-C vibrations, respectively. In a '"H-NMR spectrum, a resonance of 'H-NMR:

due to the p-toluene substituent is clearly present at 2.4 ppm for the paramethy} ante
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7.70 ppm from the aryl ring protons [11, 48, 53]. In addition, the signals of the HENR
observed both in the NMR spectroscopy as mentioned in section 5.3.2 showed the
evidence of a large membered ring and the methine group adjacent to hydroxyl group.
It may be noted that the side reaction occurs during hydrogenation process of ENR.
The literature mentioned [7] that the major problems encountered in chemical
modification of ENR are the cyclization of polyisoprene, furanization of epoxy unit
and degradation caused the ring opening of epoxy groups. In this case, the epoxide
ring-opened product may occur by the influence of p-toluenesulfinic acid by-product,
followed by the furanization process as schematized in Figure 5.31. The epoxide ring
is protonated, followed by the formation of the ring-opened product containing
carbocationic intermediate. The epoxide ring at the adjacent unit then reacts with the
carbocationic site, forming a furan unit. Propagation of furanization then proceeds
with the other epoxide groups. A termination reaction can then occur by the fixation of
the p-toluenesulfinate anionic group, resulting in the fixation of p-toluenesulfinic acid
by-product onto the rubber chain. The formation of secondary epoxide ring-opened
product so called furanization also occurred on the preparation of epoxidized natural
rubber when high concentrations ot_' peroxyacid and elevated temperature were

employed [103].
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Figure 5.31 Schematic of furanization reaction of partial epoxidized

polyisoprene after hydrogenation by TSH [103].
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Part I1: Hydrogenation by Hydrazine and Hydrogen Peroxide

It has been shown in part I that TSH is an effective reagent for hydrogenation of
NR and ENRs, resulting in desired amount of hydrogenated units on the molecular
chain. However, this method needs to be carried out in organic solvent and the TSH is
rather expensive. Hydrogenation of natural rubber in the original latex form is of
interest as the resulting product may be applied directly in this form. Diimide molecule
that can be generated in aqueous media has to be considered. It has been reported that
oxidation of hydrazine results in formation of diimide that has been successfully used
to hydrogenate polydiene such as nitrile rubber latex and styrene-butadiene latex [54-
59]. Generally, various oxidizing agents could be employed for the oxidation reaction
of hydrazine such as HNO;, KMnOg, and H,O;. In the case of hydrogenation of rubber
latex, HO; was an important oxidant which can oxidize the hydrazine into diimide
molecule in aqueous medium.

In this part, hydrogenation of NR latex with diimide molecule generated in situ
from the oxidation of hydrazine (N;Hs) by hydrogen peroxide (H;Q;)} has been
investigated. First, the hydrogenation of synthetic polyisoprene (PI) latex was studied,
and then diimide reduction of NR latex was followed, including the investigation of
parameters affecting the degree of hydrogenation. The characterizations of the
resulting products were carried out by spectroscopic methods i.e. 'H-and *C-NMR

spectroscopy.
5.4 Hydrogenation of Synthetic Polyisoprene Latex

In this present section, the diimide reduction process of synthetic polyisoprene
(PI} in latex stage has been attempted to prepare the hydrogenated PI by using
N>H4/H,0; redox system in aqueous medium. It has been reported in the literature that
hydrogenation of styrene-butadiene rubber latex was occurred by using NoH4/H,0; in
the presence of CuSO4.5H;0. Therefore, the hydrogenation of PI latex was attempted
by using 1:1:1 mole ratio of [C=C}:[N,H,):[H,0;] in the presence of CuSO,4.5H,0 at
45°C. FT-IR and 'H-NMR analysis were used to analyze the resulting product at

various reaction times.
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5.4.1 Evidence of Diimide Hydrogenation of Polyisoprene
(a) FT-IR Analysis

Figure 5.32 shows the FT-IR spectra of synthetic PI and hydrogenated PI latex
carried out at 24h. The spectrum of synthetic PI exhibited two main characteristic
absorption peaks at 1665 and 1644 cm’ corresponding to the C=C stretching mode of
1,4- and 3,4- polyisoprene, respectively. The deformation modes of methyl and
methylene groups of P1 were observed at 1448 and 1376 cm’', respectively. The
absorption peaks at 1329 and 1312 cm’! are the characteristics of =C-H deformation of
trans-1.4 and cis-1,4 PI structures. Other vibrational frequencies of the synthetic PI
found at 888 and 837 cm’ belong to the =C-H deformation of 3,4-PI and 1,4-PI,
respectively.

In Figure 5.32 (b), the intensity of W(C=C) modes of synthetic-PI at 1665 and
1644 cm’' slightly decreased after hydrogenation. The intensity absorption peak of
W(C=C) mode at 1644 cm™' belonging to 3,4 PI was also found decreasing. The small
intensity of extra peak located at 723 cm’ might be due to the characteristic of -(CHa)-
group. An unexpected small absorptioh peak was appeared at 3440 cm’', which can be

assigned to the hydroxy! characteristic.
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Figure 5.32 FT-IR spectra of synthetic polyisoprene (PI) (a} and hydrogenated
Pl (b) prepared by using 10% dry rubber content, molar ratio .of
[C=C]=[N:H4]=[H20,] = 1 at 45°C for 24h.
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(b) '"H-NMR analysis
’ i
The characteristic peaks found in 'H-NMR spectrum (Figure 5.33) of synthetic

PI can be assigned that the signals at 5.1 ppm and 4.75 ppm are of the protons at
double bonds of 1,4-PI and 3,4-PI, respectively. The amount of 1,4-PI and 3,4-P1
presented in PI structure can usually be calculated from the integrated peak area ratio

of these two signals by Equations 5.7 and 5.8 below.

%1dPl = |—21 |00 (5.7)
2455+ Aa.75 .
%34Pl = | —475 400 (5.8)
245 + Aa.75 '

Where As jand Ay 7sare the integrated peak areas of proton signals attached to the

C=C of 1,4-PI at § = 5.1 ppm and of 3,4-PI at 8= 4.75 ppm, respectively: The
characteristics of methyl protons of cis-1,4 and trans-1,4 PI are different from that of
3,4-PI by 'H-NMR analysis. The signals of methyl proton adjacent to C=C of cjis-],4
PI énd trans-1,4 Pl are found located at 1.68 and 1.60 ppm, respectively. Whi}e the
signal in '"H-NMR found at 1.64 ppm can be assigned to the methy! proton adjac%:nt to
the C=C of 3,4-PL ;

After hydrogenation, the proton signals at 5.10 and 4.75 ppm of starting Pl were
decreased as shown in Figure 5.33. It was also found a new characteristic proton signal
at 0.84 ppm, assigned to the methyl proton of saturated units of hydrogenatled PI
(HPI). Moreover, a small proton signal at 3.42-3.81 ppm corresponding to the
characteristic proton of carbon attached to hydroxyl group was found' after
hydrogenation. It can be noted that the C=C of 3,4-PI was not totally hydrogene?lted in
the condition used.

1
|
|
'
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Figure 5.33 'H-NMR spectra of synthetic polyisoprene (PI) (a) and
hydrogenated Pl (b) prepared by using 10% dry rubber content, molar ratio of
[C=C]:[N2Hs):[H20;] = 1:1:1 at 45°C for 24h.
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5.4.2 Percentage of Hydrogenation and Microstructures
; _ .

The percent hydrogenation and microstructures (1,4-PI and 3,4-PI) of partilally
hydrogenated' products were analyzed using 'H-NMR spectroscopy. The results: are
shown in Table 5.21 and Figure 5.34. The % hydrogenation can be calculated from
'H-NMR by comparing the integrated signal areas of methyl proton of saturated part
of HPI at 0.84 ppm with the integrated area of proton adjacent to the C=C of
polyisoprene units at 5.12 and 4.75 ppm before and after hydrogenation _ﬁsing
Equation 4.11 described in section 4.7. It is shown in Table 5.21 that the percentalge of
hydrogenation was gradually increased when the reaction time was increased. It: was
found that after 10h of reaction, the percent hydrogenation reached 23% and no further
increase of hydrogenation degree was obtained even though longer reaction time was
carried out upto 24h. The maximum percentage of hydrogenation approximatelyll?:%
was obtained when 1 molar ratio of [N;Ha)/[isoprene units] was used in the preéence
of Imole of [H,0;]. It can be noted in Figure 5.34 that the C=C of 3,4 PI was
hydrogenated faster than 1,4-Pl at early stage of reaction time (2h), then become
slightly increasing. It was reported that the diimide generated from NHy and ‘HZOZ
exhibited two isomers of diimide i.e. syn and anti forms [55]. Only the syn form can
react with the C=C bonds of PL It can be assumed that quantitative hydrogenation
could not be achieved because of the loss of the active diimide. The 1,4-P1 has: maore
steric effect than the 3,4-PI so slower rate of hydrogenation of 1,4-PI than 3,4-PI was
obtained. The diimide hydrogenation at side chain double bond of PI is easier than at
the position of 1,4-PI [50, 51]. In addition, the diimide may un:dergo
disproportionation reaction, giving nitrogen molecule and hydrazine so it is not
possible to achieve 100% hydrogenation by using equal amount of hydrazine to
concentration of unsaturated unit. Howéver, it was reported in several publications that
maximum hydrogenation of approximately 85-90% was obtained when varying from
1.0-2.0 molar ratio of [N;H,):[butadiene units] [54-56]. Therefore several parallmeters
might affect on the hydrogenation of PI, which have to be investigated such:as the

rubber particle size, amount of reagents, reaction time and temperature. :
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Table 5.21 The amount of hydrogenation content, residual 1,4-PI and 3,4-PI

determined by 'H-NMR

Microstructures
Reaction time
() Hydrogenation 1,4-P1 3,4-P1
(%) (%) (%)
0 0 82.1 17.9
11.8 78.3 9.9
10 226 68.9 8.5
14 22.6 69.2 8.2
24 229 69.1 8.0
LA )
& )
E 60 1 -,
2
S
E 40 B % Hydrogenation 1
§ ) ® % 1,4-PI of total double bonds|
= O 9% 3,4-PI of total double bonds-
= I ]
204 "]
g
0-ul. . — —— s
0 5 10 15 20 25
Reaction time (h)

Figure 5.34 Percent hydrogenation of synthetic PI and microstructures versus

reaction times prepared by using 10% dry rubber content with the molar ratio of

[C=CJ:[N2H4):[H20;] = 1:1:1 at 45°C.
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5.4.3 Proposed Reaction Mechanism

The mechanism of diimide hydrogenation of the double bonds of synthetic
rubber latex has been established [54-58]. The diimide hydrogenation reactiqn is
realized by two steps: (1) the reaction between hydrazine and hydrogen peroxide to
produce diimide and (2) the reaction between diimide and carbon-carbon double bonds
to form the hydrogenated product, as shown in Figures 5.35 and 5.36 for 1,4-PII and
3,4-PI, respectively.

N2H4 + H202 —"" N2H2 + 2H20 (59)

(5.10y

Figure 5.35 Proposed mechanism of diimide reduction of NR in latex phase

using Nsz/HzOz.

+ NH=NH
CH,

H,C

Jom—cul
Hﬁ%}cm .
H
‘[-CHZ—(EHA]* - W :
o _CH__

3C CH3 |

Figure 5.36 Diimide reduction of 3,4-PI units of synthetic P1.

However, 100% hydrogenation could not be achieved according to the reactivity
of diimide itself. The diimide formed can react with hydrogen peroxide in the system,
giving nitrogen and water. Another reaction is the interaction between two diimide

molecules to form one hydrazine molecule and one nitrogen molecule.
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Nsz + H202 — Nz + 2H20 (51 1 )
2N2H2_—"’ N2H4 + N2 (512)
5.4.4 Side Reaction

It was reported in the case of SBR that two possible side reactions can be
occurred in diimide reduction i.e., crosslinking and cyclization reactions [54-57]. In
our case, it was found that the results of spectroscopic method exhibited the signal of
hydroxyl group, which might be caused by the chain scission of polyisoprene units
forming aldehyde or carboxylic group. It may be postulated that the presence of H,0;
and CuSO4.5H,0 caused the degradation reaction. Similar resuits were obtained when
NR was depolymerized in the redox system, which present H,O; and transition metal
oxide as studied by Nor Mohd and Ebdon [104].

5.5 Hydrogenation of NR in Latex Form

Although, diimide reduction process of synthetic rubber latex had been
progressively reported in the literatures [54-59], no attempt has been done to reduce
the carbon-carbon double bonds of NR in latex. In this study, the diimide reduction of
NR latex was investigated by using the oxidation reaction of hydrazine (N2Ha) with
hydrogen peroxide (H;O;) with and without copper sulfate pentahydrate
(CuS0,4.5H;0). Various parameters affecting the degree of hydrogenation were also

investigated such as reaction time and temperature, amount of reagents etc.

5.5.1 Evidence of Hydrogenation of NR

First, hydrogenation of NR latex was carried out by using 1:1:1 mole ratio of
[C=C]:[N;H.4}:[H20,] was applied in the presence of CuSQ,.5H,O at 60°C. The
hydrogenated NR (HNR) had been characterized by FT-IR, '"H-NMR and "*C-NMR.
Typical FT-IR spectra of the NR and the hydrogenated product at 24h are shown in
Figure 5.37. It was found that the characteristic peaks of the hydrogenated “INF
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spectrum obtained in latex are similar to that of the hydrogenated NR in organic
media. As the hydrogenation progress, the intensity of the characteristic peak at 1665
and 836 cm™ assigning to the C=C stretching of PI units and C-H out of plane

deformation of tri-substitutent of P, respectively gradually decrease.

(a)

%T
=
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/
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Figure 5.37 FT-IR spectra of NR (a) and hydrogenated NR (b) prepare:d by
using 20% dry rubber content, molar ratio of [C=C]:[N;H4]:[H20,] = 1:1:1:1 at 60 °C
for 24h.

i
' 1

The microstructure of the HNR was further analyzed based on 'H- and l3C-NMR
data as shown in Figure 5.38. For NR, the characteristic of olefinic unit, methylene
and methyl groups of cis-1,4 polyisoprene units were detected at the chemical shifts
discussed in the previous section. After hydrogenation, the appearance of new silgnals
was observed at 0.84 and 1.20-1.35 ppm, which can be assigned to the signa_tls of
methyl and methylene protons of saturated part, respectively. This observation is in
accordance with the work reported in section 5.2. It is believed that pally

hydrogenated product was obtained i.c. the HNR obtained is composed of C=C /!
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polyisoprene and saturated units. The level of hydrogenation was calculated by using
integrated area of the proton signals obtained from 'H-NMR spectrum as indicated in
Equation 4.10 (section 4.7.3). It was found in this case that 21% hydrogenation was
obtained when 1:1:1 mole ratio of [C=C]:[N,H4]:[H;0,] was used.

According to ¥C.NMR analysis, the presence of the ethylene-propylene
segment on the rubber chain was evidenced by carbon resonance signals at 19.5 ppm
(methyl carbon), 24.5 and 37.4 ppm (methylene carbon) and 32.8 ppm (methine
carbon). Signals in Figure 5.38 (b) confirmed the existence of the residual
polyisoprene units positioned at 23.4, 26.5, 32.3 ppm corresponding to the methyl and
methylene carbon and at 125.5 and 135.2 ppm belong to olefinic carbon of double
bond, therefore, partially hydrogenated NR was obtained.
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Figure 5.38 'H-NMR (a) and 13C.NMR (b) spectra of HNR prepared by using
20% dry rubber content, molar ratio of [C=C]:[NaH4]:[H20;] = 1:1:1 at 60°C for 241
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5.5.2 Parameters Affecting on Hydrogenation Reaction

It has been reported that various parameters affec;ted on the hydrogenation of
SBR and NBR in latex stage using diimide reduction derived from N;H4+/H,0,; [54-
59], i.e., the amount of reactants, type and amount of metal catalyst. In all cases, the
increasing of the amount of reactants was affected in increasing the degree of
hydrogenation. [t was found that CuSOy is an affective catalyst for hydrogenation in
their systems and the maximum hydrogenation level was achieved approximately 80%
when 0.0064 mmol CuS04.5H,0 was used. Additionally, the effect of pH range on
hydrogenation reaction of SBR latex was studied by Sarker De et. al. [56]. They found
that the best condition of pH to give the optimum hydrogenation is approximately 9.36
when the molar ratio of reagents per double bond was fixed at 1. NR latex used in this
study was high ammonia natural rubber latex. The pH of NR latex is about 9.8 which
was a suitable condition for hydrogenation process.

In this section, hydrogenation of NR latex was investigated by using diimide
generated for the oxidation of hydrazine by hydrogen peroxide. The NR latex has an
average particle size of 720 nm, which is bigger than the synthetic rubber latex such as
SBR latex. The hydrogenation reaction may not be occurred in the same manner as in
the case of synthetic rubber latex. Therefore, various parameters that might affect on
the diimide reduction of NR latex will be investigated such as the presence of
CuS04.5H,0, reaction time and temperature, amount of reactants and swelling agent.

The progress of hydrogenation at selected reaction times was monitored by 'H-NMR.
(a) Influence of CuS045H,0

First, hydrogenation of NR latex was carried out by using :1 mole ratio of C=C
of NR to hydrazine concentration and [N>H,):[H,0,] equal to | mole ratio was applied
in the presence of CuSO4.5H,0 at 60°C. He et al. had studied the effect of catalyst
such as CuSO4.5H;0 on the hydrogenation process of SBR in latex stage [59). They
demonstrated that the hydrogenation ilivolves a copper ion (II) catalyzed procedure in
which diimide hydrogenation agent is generated in situ at the surfaces of latex
particles. The surface density of the copper ion at the rubber particle surfaces was

found to be a crucially important parameter in controlling the hydrogenation level s
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the copper helps in accelerating the formation of diimide from the N;Hs/H,O, redox
system in the case of éynthetic SBR hydrogenation. '

In present work, four diimide reduction conditions were investigated as given in
Table 4.3 in section 4.5 to study the effect of the addition of CuSO4.5H;O on the
diimide reduction process of NR latex. The investigation of the addition of the sodium
dodecyl sulfate in the reaction media was also carried out. The white latex product was
obtained after diimide reduction process and precipitated in distilled methanol. and
washed with water several times. After drying in vacuum oven, the obtained product
was sticky brown liquid in the case of the addition of CuSQ4.5H,O (symbolized as
NRL3 and NRL3), while the colorless solid sample was obtained in the reaction
condition without CuSQO4.5H,0 (symbblized as NRL1 and NRL2).

The spectroscopic investigation of the chemical structure was also analyzed by
FT-IR and NMR techniques. Figure 5.39 illustrated the FT-IR spectra of NR and
partial hydrogenated rubbers obtained from the hydrogenation of NR. It can be seen
that the band intensity of 1665 cm™, attributing to the C=C gradually decreases after
hydrogenation. In the case of the addition of CuSO4.5H,0, another absorption peék of
carbonyl group is detected at around 1720 cm” and the signal found at 3440 cm’
belonging to the hydroxy! group. It seems that after hydrogenation, there is hydroxyl
and carboxylic functional groups occurred on the rubber chain. This is possiblé that
the resulting hydrogenated rubber is a colored viscous liquid. It can be concluded in
this stage that color liquid rubber was accurred from degradation of NR because of the

presence of CuzO as a by product and H;0s.
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Figure 5.39 FT-IR spectra of NR (a) and hydrogenated NR obtained from: (b)
without sodium dodecyl sulfate (SDS, (c) with 4.00 x 10™ mmol of CuSO, 5H,0 and
(d) with SDS and 4.00 x 10~ mmol of CuSO; SH;0 using molar ratio of [C=C]:
[N2H4]:[H20,] =1:1:1 at 60°C.

'H-NMR spectra of hydrogenated rubber obtained from diimide reduction
process with the use of CuS04.5H,0 and CuSO,4 5SH,O/SDS are shown in Figure 5.40.
The characteristic of the partial hydrogenated rubber obtained in this condition is
similar to that obtained from diimide hydrogenation with TSH. No extra signal was
detected at 1.60 ppm. This indicated that there is no cis-trans isomerization of cis-1,4

polyisoprenic structure in this diimide hydrogenation process.
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Figure 5.40 "H-NMR spectrum of hydrogenated rubber obtained from the
presence of CuS04.5H,0 (a) and CuSO4.5H,0 and SDS as a surfactant (b) using
molar ratio of {C=C]:[NzH,):[H20,] =1:1:1 at 60°C.
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The results of using CuSO4.5H,0O affecting on the percent hydrogenation as
determined by lH-NI-\/IR are presented in Table 5.22. A comparison of the rate of
hydrogenation between using CuSQ4.5H,O and without CuSQ4.5H;O systems is
plotted in Figure 5.41. It can be seen that the hydrogenation rates of the reaction using
CuSQ4.5H,0 are slower than those of without CuSQ4.5H;0. The maximum
hydrogenation degree is about 19.5% with the addition of the CuSQO4.5H2O while
without the CuS0O,4.5H;0, the percent hydrogenation reached around 27.4% (NRL2). It
was demonstrated that the addition of CuSQO,.5H,O did not improve the degree of
hydrogenation. This result is different from the hydrogenation of SBR latex studied by
He et al. in which CuS0,4.5H;0 was used as a catalyst [59]. They found that about
90% hydrogenation of SBR was obtained which was higher than that found in our
system. It may be due to the large difference in the average particle size of these two
systems i.e. NR particle size is about 700 nm while the rubber particle size of SBR
latex was found to be 50 nm. Another reason might be due to the nature of NR latex
which its particle surface is surrounded by several types of proteins, fatty acids,
phospholipid and other non-rubber constituents as detailed in section 3.1. It is,
therefore, difficult for diimide molecule to diffuse into the rubber particle of NR. A
comparison between the diimide reduction without and with surfactant (symbolized as
NRL 1 and NRL2) was investigated. It .seems likely that the initial hydrogenation rates
are comparable, but at longer reaction time (>6h) the hydrogenation rate of NRL2 is
faster than that of NRL1 (see Figure 5.42). In general, the main role of surfactant is to

keep the rubber particles dispersed in colloidal form.
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Reaction time Hydrogenation (%)
(h) NRL1® NRL2" NRL3¢ NRL4*
0 0 0 0 0
94 7.9 6.2 7.2
6 17.5 21.7 2.5 15.1
12 22.6 25.3 14.1 15.6
24 213 27.4 18.4 19.5
a = without sodium dodecyl sulfate {SDS)
b = with sodium dodecyl sulfate (SDS)
¢ = with 4.00 x 10” mmol of CuSQ4 SH,0
d = with SDS and 4.00 x 10~ mmol of CuSO4 5H;0
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Figure 5.41 Effect of CuSO4 SH,O and surfactant on the hydrogenation rate: (0)
without SDS, (m) with SDS, () with 4.00 x 10~ mmol of CuSO4 5H,0 and (©) with

4.00 x 10 mmol of CuSO, 5H,0 and SDS using molar ratio of [C=C}:{N2H41):[H:0:]
=1:1:1 at 60°C.
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Two different amounts of CuSO4.5H>0 were investigated on the effect of the %
hydrogenation. NRL4 was the experiment using 2.4 x 10° mmol CuSO4 5H,O and
NRLS was that of 4.0 x 10® mmol CuSOs 5H;O. The analysis of the percent
hydrogenation by 'H-NMR is shown in Table 5.23 and the plots between the percent
hydrogenation and reaction time with different amount of CuS0,.5H,0 are displayed
and compared with the reaction using only surfactant in Figure 5.42. It was found that
the percent hydrogenation of NRL4 is higher than that of NRLS. It was reported that
during the reduction process, the copper ion is able to greatly accelerate the formation
of diimide from the NaH4/H>O; redox system [55, 56, 58]. Copper ion, when added to
the reaction can be present in three locations: (a) in water medium; (b) at the rubber
particle surface; (c) inside the rubber particle. The concentration of copper ion at the
particle surface is an important factor to reach a high degree of hydrogenation so the
copper ions should reside only at the surface of the latex particle as mentioned by
Sarkar De et al. [55, 56]. But in thig research work the NR particle size (average
particle size 720 nm) is larger than that of synthetic SBR as studied by He et al. [59],
hence, the copper ion might prefer to reside in water phase which it does not perfectly
accelerate the reaction of hydrazine and hydrogen peroxide to form diimide molecule.
When the concentration of the catalyst is too high, it might be possible that the catalyst
stays in water phase and the Cu(Il) was reduced to cuprous oxide by the mild reducing
agent, hydrazine, and thus the catalytic activity of Cu(Il) decreases, resulting in lower
degree of hydrogenation [55]. Therefore, NRL4 has higher degree of hydrogenation
than NRLS5 as the former has lower amount of copper catalyst. It can be concluded that
the addition of CuSQ4.5H;0 to the diimide reduction process in NR latex shows no

beneficial effects upon improving hydrogenation reaction for this study.
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Table 5.23 Effect of amount of CuSQO,5H,0 on the percent hydrogenation of NR

Reaction time Hydrogenation (%)
(h) NRL2* NRLS® NRL4° f
0 0 0 0
2 7.9 7.6 7.2
6 21.7 15.5 15.1
12 253 15.7 15.6
24 274 242 19.5

a = with sodium dodecyl sulfate (SDS)
e = with SDS and 2.40 x 10 mmol of CuSO,4 5H,0
d = with SDS and 4.00 x 10 mmol of CuSQ, SH,O

Hydrogenation (%)
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Figure 5.42 The percent hydrogenation of NR in latex form with the présence

SDS as a surfactant (m), SDS and 2.40 x 10° mmol of CuS04.5H,0 (o), and SDS and

4.00 x 10° mmol of CuSO4 SH,0 (e) using molar ratio of [C=C]:[H2N4]:[H20, | =11
at 60°C. 2
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(b) Influence of Reaction Time and Temperature

It was found in former section that hydrogenation time affected on
hydrogenation level. At longer reaction time, higher percentage of hydrogenation was
obtained. The diimide molecule generated from the oxidation of hydrazine by
hydrogen peroxide may be affected by the reaction temperature. Therefore, various
reaction temperatures i.e. 30, 45, 60, 70 and 80°C for hydrogenation of NR latex as
well as reaction time were investigated under the condition of equal mole ratio of
carbon-carbon double bond, hydrazine and hydrogen peroxide. In all cases, the
colorless solid form of hydrogenated NR was obtained. The chemical structure of
hydrogenated product was investigated by using FT-IR and NMR techniques.

Figure 5.43 shows the IR spectra of hydrogenated products obtained from
hydrogenation reaction carried out at various reaction temperatures during 24h
reaction time. Similar characteristic peaks of hydrogenated NR were obtained as in the
former case that the rubbers still possess the signals of C=C and =C-H deformation at
1664 and 836 cm’', respectively, which mean that only partiai hydrogenation was
occurred in each experiment.

The analysis by 'H-NMR of the partially hydrogenated product (Figure 5.44)
shows the presence of the characteristic signals of proton attached to C=C of
polyisoprenic unit at 5.12 ppm and methyl proton of saturated unit at 0.84 ppm,
respectively. The methyl proton adjacent to the C=C is positioned at .67 ppm. These
results are in accordance with the previous report in part I. Additionally, there is other
signal indicating the formation of trans-1,4 units resulting from secondary reaction that
is cis-trans isomerization at [.60 ppm (methyl proton adjacent to the C=C of trans-1,4
polyisoprene unit). The amount of cis and trans isomers can be calculated from the
integration area of the signal of methyl proton adjacent to the C=C of trans-1,4 PI unit
and the methyl proton adjacent to the C=C of ¢is-1,4 PI unit and the results are shown
in Table 5.24.
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Figure 5.43 FT-IR spectra of NR (a) and HNR obtained from various reaction
temperatures:30 (b), 60 (c), and 80°C (f) using molar ratio of [C=C)=[N;H.]=[H:0-]}
=1.
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Figure 5.44 'H-NMR spectrum of the hydrogenated NR obtained from ¢
using molar ratio of [C=C]:[N2H4]:[H20,] =1:1:1 at 24h.
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The results of the percent hydrogenation obtained at different temperatures and
times were determined and shown in Table 5.24. They were also presented in Figure
5.45. It can be seen that the percentage of hydrogenation increased at longer reaction
times. The maximum level of hydrogenation was achieved after 12h of reaction time
and, then relatively constant. By comparing with diimide hydrogenation of SBR latex,
longer reaction time for hydrogenation of NR latex was needed [54-56, 58]. It was
found that the maximum hydrogenation reaches 27 % after 12h, whereas the
hydrogenation of SBR latex is 80% after 1h [59]. This result can be described by two
possible factors which involve the average particle size of rubber and the nature of
rubber particle. The major factor concerns with the average rubber particle size of NR
(720 nm) that is larger than that of gynthetic SBR latex (50 nm) as mentioned in
section 3.3.2. By this reason, the distance for diffusion of the diimide molecules from
the surface to react with the double bonds residing at the inner side of the latex particle
is greater than that of synthetic latex. Another reason is the nature of rubber particle
that has a membrane of proteins covered its rubber surface. Hence, diimide molecules
in syn form are not easily to penetrate into the double bonds of the macro-chain of the
rubber.

It 1s noted that the extent of hydrogenation increased gradually with reaction
temperature. Only 30 % hydrogenation was obtained at 80°C in this case study. It
might come from the disproportionation of diimide molecule as described in section
3.3.2.2. In addition, small amount of rubber particle coagulation observed at longer
reaction time and higher temperature is due to less stability of rubber latex.

The effect of temperature on the diimide reduction reaction could be considered
from Figure 5.45. It can be seen that the extent of reduction increased with increasing
the reaction temperature in the studied range of 30-80°C. The maximum
hydrogenation was obtained at the reaction temperature of 80°C. The hydrogenation
rate of cis-1,4 PI unit of NR at 80°C is faster than that of the other temperature as
shown in Figure 5.45. The degree of hydrogenation was progressively increased at the
early state of the reaction (6h), then slight increase of hydrogenation was performed at
longer reaction time. This result is obvious, as with an increase of the reaction
temperature, the more energy is supplied to overcome the activation energy for the

addition of hydrogen molecule onto the unsaturated units of the rubber chains
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Subsequently, the probability of collision between the diimide molecule and the C=C
bond of NR molecules increased at higher temperature, resulting in increasing the
hydrogenation level of the rubber particle in emulsion stage. However, the‘I gel
formation of the resulted product was observed after 24h of reaction time at 70 and
80°C. It might be postulated that an increasing temperature may increase the amount
of hydroxyl radical formed from the decomposition of hydrogen peroxide at hi‘gher
temperature, and then active radical sites increased the possibility of intermolecular
reaction or cross-linking reaction. Therefore, the reaction temperature at 60°C was

chosen, which necessitate the use of mild conditions to balance the reaction condition.

Table 5.24 The percent hydrogenation of NR latex at various reaction times and

temperatures as determined by 'H-NMR

Hydrogenation (%)

Reaction time | NRL6 NRL7 NRLS NRL9 | NRL10
(h) - (30°C) (45°C) (60°C) (70°C) (80°C)
0 0 0 0 0 0
2 2 6.6 9.4 12.2 10.3
6 5.9 10.7 17.5 23.7 23.8
12 8.5 16.2 22.6 25 27.1
18 10.6 16.6 20.2 - 26.4
24 9.6 17.9 21.3 25.5 294 '
30 9.8 7.3 23.6 26.5 299
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Figure 5.45 Effect of reaction time and temperature on hydrogenation of NR in
latex phase varied at 30°C (), 45°C (m), 60°C (A), 70°C (A) and 80°C () by using
20% dry rubber content, molar ratio of [C=C]:[N2H4]:H20,] = 1:1:1.

The effect of temperature on the secondary reactions of the hydrogenation was
also examined. The summarized results on the effect of the reaction temperature on
percentage of cis and trans-polyisoprene units are shown in Table 5.25. Using the
molar ratio of [C=C]=[N;H4]=[H;0,] equal to 1, the trans unit content were found
occurring in a random manner for an example of the hydrogenation reaction at 24h
the amount of trans units were found to be 16.7, 8.0, 52.3, 55.6 and 39.6% as the
reaction temperature was 30, 45, 60, 70 and 80°C, respectively. It can be also seen that
the formation of trans unit in HNR was not linearly dependent on the reaction time. It
seems likely that the cis-frans isomerization was occurred at any time but roughly the
transformation of cis to trans unit increased with the increase of reaction temperature.
This may be due to the fact that when the temperature increased, the higher rate the
formation of diimide intermediate as well as the molecular motion of the rubber chain

were increased, which will increase the collision efficiency of the reagents and the

rubber molecules.
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Table 5.25 The percentage of cis and trans-polyisoprene units determined by 'H-

NMR obtained during hydrogenation reaction at various temperatures

. 30°C 45°C 60 °C 70 °C 8¢ °C
Reaction

time (h) %cis | Yotrans | Yocis | %trans Yocis o%htrans | %cls | Yotrams | %cis | %otrans

0 100 0 100 0 100 0 100 0 100 0

2 898 | 102 |[89.8| 102 | 885 115 67 33 89.8 | 10.2

6 935| 6.5 99 1 98 2 742 254 | 871 129

9 974 | 26 |983 1.7 " 98 2 6391 36.1 |53.6]| 464

12 983 1.7 |983 1.7 79.1 209 |673| 327 |786] 178

24 833 | 167 | 92 8 477 | 523 [444| 556 |604 39.6

30 86.5| 13.5 [885 ] 11.5 | 629 | 37.1 98 2 529 | 47.1

(c) Influence of Rubber Content

The effect of dry rubber content (DRC) of NR latex on the percent
hydrogenation of NR was studied at 60°C in the presence of stoichiometric molar ratio
of hydrazine hydrate per double bond fixed (i.e., one mole of double bond per one
mole of hydrazine). The results of hyd-rogenation level are listed in Table 5.26 and the
plots between the %hydrogenation against the reaction time at different DRC are
illustrated in Figure 5.46. It can be seen that the hydrogenation level increases with an
increase in the DRC from 10 to 20%. When increasing the DRC to 30%, a decrease of
hydrogenation degree was observed. It was also found some gel formation 'in the
reaction medium. This suggested that very high dry rubber content allows the rubber
particles to come closer; this may facilitate the intermolecular reaction b!etween
macroradical probably generated by side reaction of hydrogen peroxide, leading to gel
formation. Therefore, our system the hydrogenation in aqueous medium is favored
with low concentration of rubber i.e. 20% DRC. It can be seen in Figure 5.46 that 20%
DRC gives the best percent hydrogenation of 23.6 at 30h reaction time. The percent

hydrogenation tends to be increased with the reaction time. It is obvious thata high
{
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rate of hydrogenation of 20% DRC was observed at the early stage of reaction (6h of
reaction time). This éuggcsts by the fact that at 20%DRC the more diimide molecule
can diffuse into the rubber particles as a result of an increase of hydrogenation degree.
The hydrogenation level of NR latex at 10%DRC give the lowest value. This is
because less amount of the diimide can penetrate to the NR particle due to loss in the
water medium. The N;H, might be lost from the reaction with water.

The investigation of the secondary structures resulting from hydrogenation of
NR latex with various DRCs was carried out. The signal of proton corresponding to
the methyl of trans-1,4 polyisoprenic structure was found to be appeared at the
position at 1.60 ppm. The cis-trans isomerization also found randomly during

hydrogenation reaction.

Table 5.26 Influence dry rubber contents on the hydrogenation of NR in latex phase
using molar ratio of [C=C]:[N:H4]:[H,0;] = 1:1:1 at 60°C

Hydrogenation (%)
Reaction time NRL11 NRL12 NRL13

® (10%DRC) (20%DRC) (30%DRC)
0 0.0 0.0 0.0

2 3.34 9.4 5.6

6 9.24 17.5 13.1

12 13.6 226 n

18 n, 20.2 17.0

24 153 21.3 17.9

30 16 23.6 n

n = not determine
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Figure 5.46 Influence of dry rubber contents on diimide reduction of NR in
latex phase using molar ratio of [C=C]:[N.H4]:(H:07] = 1:1:1; %I10DRC (m),

%20DRC ( A) and %30DRC (®).

(d) Influence of Hydrazine Hydrate

It was found in former sections that less than 100% hydrogenation was achieved
by using equivalent in molar ratio of the unsaturation, hydrazine and hydrogen
peroxide in various reaction times and temperatures. It can be estimated that not all the
diimides formed can react with the C=C of the NR or it may be possible that there are
some lost of the reactants during the formation of diimide. It has been mentioned in
the literature that the generation of diimide molecule from the reaction of hydrazine
and hydrogen peroxide is a redox system and can be schematized in Equatilon 5.13.
The diimide can be formed through the reaction of hydrazine with water forming
hydrazinium ion (N ,Hs") before reacting with H,O; or the hydrazine can react directly
with the H,0, forming the diimide intermediate. The diimide formed may also react
with each other and transform into N2 and N;H4 again (see Equation 5.14). Therefore,

it is necessary to study the different ratio of NaHs and H,0o.
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N2H4 + H20 —_— N2H5+ + OH
N,H," + H,0, — NH;" + 2H,0

NoHy" + NyH, ———= NH + N, (5.13)
diimide

INH=NH — N, + NH,NH, (5.14)

In this section, the influence of hydrazine hydrate content (molar ratio of
[NaH4)/[H202] = 0.5, 1.0, 1.5 and 2.0) was investigated by fixing the molar ratio of
[C=C]:[H;0;] equal to 1.0 at 60°C. Similar characteristic of the partially hydrogenated
NR was obtained in this condition as compared with other diimide reduction systems.
For 'H-NMR investigation, the doublet peak at 0.84 ppm which can be assigned to the
proton signal of methy! group was observed. The signals of methyl proton in 'H-NMR
were found at 1.67 and 1.60, assigned to the methyl proton of 1,4-cis and 1,4-trans
polyisoprenic structure. This indicated also that the cis isomer can be transformed to
trans isomer during diimide reduction.

Table 5.27 and Figure 5.47 shows results of % hydrogenation found at various
reaction times for diimide hydrogenation using various amount of N,Hy. It can be seen
that the molar ratio of [N:H.]:[H:O:] equal to 1 and 1.5 gave better results of
hydrogenation than the molar ratio of [N;H4]:[H2O:] equal to 0.5. The maximum
hydrogenation of about 23% was achieved after 24h when 1.0 and 1.5 mol of
[N,H,):[H20,] were used. This may be explained by the fact that, by increasing
amount of N,H, the concentration of the diimide molecule formed may be increased,
leading to an increase of the possibility of the addition reaction of diimide onto the
C=C bond of the NR chain, which is similar to the results obtained from
hydrogenation of polybutadiene units in the SBR latex [55, 56]. However, when the
amount of NoH,4 was less than H;0;, less amount of diimide can be formed, resulting
automatically less amount of C=C was hydrogenated. In the case of using an excess
amount of NyHs (2.0 mol) a slight decrease of percent hydrogenation was found.
Therefore, it is not interesting to add an excessive amount of NoHy in the medium. By

varying the amount of N;Ha, cis-trans isomerization was also detected.
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Table 5.27 Influence of amount of hydrazine on the degree of hydrogenation in NR
latex molar ratio of [C=C}:[H0:] = 1 at 60°C

Reaction Hydrogenation (%)
time NRL14 NRL15 NRL16 NRL17
(h) [N;HLJ/[H:04] =0.5 | [N;Ho/[H;00) =1 | [NoH |/[H,0;)=1.5 | [N:H.}/[H;0,]=2.0
0 0 0 0 0
2 7.8 9.4 4.8 7.4
6 14.9 17.5 13 16.2
9 15.4 n 17.8 17.8
12 15.7 21.3 19.6 18.4
24 n 22.6 21.1 20.5
30 16.5 23.6 23.7 20.8
n = not determine
25 T ™ T ™1 T T v I

Hydrogenation (%)

Reaction time (h)

Figure 5.47 Influence of hydrazine concentration on the hydrogenatiém level of

1 £~

NR latex at various amount of N;H,; (m) 0.5mol, (0) 1.0mol, () 1.5mol (O}
2.0mol carried out using 20 %DRC and the molar ratio of [C=C]:[H,0,] = | at 60°C
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(e) Influence of Hydrogen Peroxide

As hydrogen peroxide (H;0;) is an oxidizing agent widely used for oxidation of
hydrazine to generate the diimide molecule, the amount of H,O, may effect on the
amount of diimide molecule which probably influence on the efficiency of
hydrogenation. It has already been found only about 23.5% hydrogenation was
obtained when one to one mole ratio of hydrazine to H,O, was applied. In this section,
various amounts of H,0, i.e. 0.5, 1.0, 1.5 and 2.0 mol compared to the amount of
N2H4 were investigated for the hydrogenation reaction of NR latex in the presence of
the molar ratio of [C=CJ:[N;H4] equal to 1 at 60°C.

The results of % hydrogenation of NR in latex at various amounts of H,0, are
given in Table 5.28. It can be seen that excess amount of H,O, compared to the NaHa
i.e. [H202):[N2Ha] equal to 1.5 and 2.0 gave better % hydrogenation than the ratio of
[H20,]:[NzH,] equal to 0.5 and 1.0 and the use of excess of NoHg 1.e. [NaHs]:[ H2O2] is
higher than 1. The maximum hydrogenation is achieved about 37% when the
[H20,]:[N2H4] equal to 1.5 was used to reduce the double bond at 24 h. The plots of
%hydrogenation against various reaction times at different amounts of HyO; used are
also shown in Figure 5.48. It reveals that the addition of hydrogen molecule on the
rubber chain at a constant content of NoH, increased with an increase in the amount of
H,0, from 0.5 tol.5 mel. However, increasing the molar ratio of [H20;]:[N2Hs] to 2
mol did not accelerate further the hydrogenation, the decrease of hydrogenation level
was observed. The H;0; is therefore a key reagent that controls the diimide formation
because the H,O; is consumed, while NoH, can be regenerated (see Equation 5.14).
Hence, higher amount of H,O; results in the formation of higher amount of diimide
molecule, then higher amount of hydrogenated fraction can be formed. However,
when the amount of H,O; was increased up to 2.0 moles, the % hydrogenation slightly
decreased. This suggested that the excess of H,O» content may lead to an increase in
the dissociation reaction forming active radical sites as shown in Equation 5.15, thus
the possibility of intermolecular reaction or crosslink reaction might be occurred. It

was also found some gel formation when excess amount of H,O, was used.
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‘H0, — HO" + HO (5.15)
It was found that by varying the amount of H,0,, cis-trans isomerization was
occurred. Increasing the amount of H,0; i.e. 0.5, 1.0 and 1.5mol at 24h resulted in the

percentage of trans-polyisoprenic structure of 11.8, 52.3 and 20.7%, respectively.

Table 5.28 Influence of amount of hydrogen peroxide on the degree of hydrogenation
in NR latex using molar ratio of [C=C]:[N;H4] = 1 at 60°C

Reaction Hydrogenation (%)
time NRLI18 NRL19 NRL20 NRL21
(h) (H,0:)/[N,H,] [H:0,)/[N:Hy | [H20:)/[N:H4] [H,0,)/[N:H,]
={0.5 = 1.0 =1.5 =2.0
0 0 0 0 0
2 9.4 7.4 6.8
6 15.9 17.5 26 19.5
9 17.5 20.2 n n
12 18.1 20.2 30.2 23.9
18 n n 331 24.4
24 20.5 22.6 334 289 -
30 213 23.6 37 31.2

n = no determination
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Figure 5.48 Influence of hydrogen peroxide concentration on the hydrogenation
level of NR latex at various amount; (m) 0.5mol, (0) 1.0mol, (e) 1.5mol and (0)

2.0mol carried out using 20 %DRC and the molar ratio of [C=C]:[N;H4] = 1 at 60°C.

(D Influence of Molar Ratio of Hydrazine to Carbon-Carbon Double
Bond

The influence of molar ratio of hydrazine to C=C on the diimide hydrogenation
reaction of NR latex was conducted by varying the molar ratio of hydrazine hydrate to
double bonds from 0.5 to 2 (the molar ratio of hydrazine to hydrogen peroxide equal to
1) at 60°C. The results of hydrogenation level are presented in Table 5.29. It can be
seen that the level of hydrogenation increased with the molar ratio of [NoHy]:[C=C]
increase from 0.5 up to 1.5 at 24 h of reaction time. This can be estimated that
increasing the amount of N;H, resulted in higher amount of diimide molecules hence
more double bonds of the NR may be reduced into saturated units. The 'H-NMR
analysis of the partially hydrogenated rubbers showed the presence of approximately
38% of hydrogenation content when the molar ratio of [N,H4]:[C=C] is 1.5, whercas
in the case of [N2H,]:[C=C] equal to 2, the percent hydrogenation was dropped to 32.5
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as shown in Figure 5.49. This may be due to the fact that increasing the amount of
diimide may also ihcrease the poséibility of the reaction between the diimide
generating nitrogen gas and hydrazine (see Equation 5.14). In addition, the oxidation
of hydrazine with hydrogen peroxide is an exothermic reaction, too high amount of the
reactants may result in excessive heat occurred in the reaction medium. Consequently,
the NR latex loss its stability as some gel formation was found. The optimum
hydrogenation condition of NR latex was obtained when the molar ratio of

[N;H4]:[C=C] equal to 1.5 was employed.

Table 5.29 Effect of the molar ratio of [N2Hs]:[C=C] on the percent hydrogenation at
60°C by keeping the equal molar ratio of [N2Hs] and [H,0:]

Molar ratio of Hydrogenation
[N.H4):[C=C] (o)
0.5 173
1 21.3
1.5 380
2 325




Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Polymer Science and Technology) / 187

45

40 -

35 -

30 -

25 -

Hydrogenation (%)

20 -

15 -

10 - ' - - -
0 0.5 1 1.5 2 2.5
Molar ratio of |H;O; and NoH,J/[C=C]

Figure 549 Influence of molar ratio of [N;H4]:[C=C] on the percent
hydrogenation at 60°C by keeping the equal molar ratio of [NyHa] and [H;0:], using
20 %DRC at 60°C.

(g) Effect of Type of NR Latex

As it is well-known that NR latex has a larger particle size than the synthetic
rubber latex such as NBR and SBR latex and the natural product contains some non-
rubber constituents that may cover on the rubber particle. These characteristics may
effect on the degree of hydrogenation. Therefore, it is important to study the
hydrogenation of various NR latex types using diimide hydrogenation reduction. NRL
was the NR latex obtained directly from tapping, normally stabilized by adsorbed long
chain fatty acid and proteins, it was then centrifuged and stabilized with ammonia so
called as high ammonia concentrated latx. Deproteinized NR or DPNL was obtained
from treatment with the rubber latex with proteolitic enzyme, then stabilized by terric
161, named as DPNLT and sodium dodecyl sulfate (SDS), named DPNLS, skim fresh
NR (SFNR), cream fresh NR (CFNRL), lower zone NR and upper zone NR were 7

types of rubber latex. The hydrogenation was carried out using the molar ratig of
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[C=C]=[N;H4]=[H,0,] equal to 1 at 60°C. The results of hydrogenation are shown in
Table 5.30 and Figure 5.50.

It is expected that the indigeneous proteins and phospholipids layer on the NR
particle surface acted as a protector, resulting in retardation of diimide diffusion into
the rubber particle. However, the DPNR latex was prepared to study this effect on
hydrogenation because the removal of a large proportion of the proteins caused a
broken membrane at the DPNR particle surface. The diimide molecule is therefore
expected, to diffuse from the aqueous phase into the rubber phase within the DPNR
particle through the small voids left oﬁ the membrane despite of the existence of SDS
and terric 16A16. It was of interest to emphasis that the SDS added in DPNR latex did
not affect on the hydrogenation. However, the presence of terric 16A16 found slightly
effecting on the increase of hydrogenation level. It can be seen that the maximum of
hydrogenation degree approximately 29% was found in the case of skim fresh NR
latex. The explanation may involve the rubber particle size of SFNR is the srﬂallest
among the 7 different types of rubber latex.

Figure 5.51 shows a typical particle size distribution of NR latex at various
types. The SFNR latex exhibits a bimodal particle size distribution range of 0.1 pum
and 3.0 pm whereas other latex found a unimodal distribution, with the average
particle size as given in Table 5.31. 1t can be seen that the average particle size of
SFNR latex (0.473) is smallest as comparing with other types of latex, hence, the
highest rubber surface area. This latex gave the maximum percent hydrogenation

which is reached 29%.
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Table 5.30 Results of percent hydrogenation of different types of NR latex obtained at
various reaction times using molar ratio of [C=C]:[N,Hs]:[H,0,] = 1:1:1 at 60°C

Reaction Hydrogenation (%)
time(m) | o | PPNR | DPNR T o\R| CPNR | LNR | UNR
(TER) | (SDS)

0 0 0.0 00 | 00 0.0 0.0 0.0
2 7.9 6.4 77 | 9.1 6.1 5.4 5.2
6 57 17.7 139 | 208 | 176 | 18] 144
12 253 21.0 183 | 268 | 205 | 174 | 194
2% 274 254 | 212 | 201 | 237 | 193 | 203

NR = NR latex stabilized by SDS, DPNR(TER) = deproteinized NR latex stabilized

by terric, DPNR(SDS) = Deproteinized NR latex stabilized by SDS, SFNR = Skim fresh
NR latex, CFNR = Cream fresh NR latex, LNR = Lower layer NR latex obtained from
rubber zone 2, and UNL = Upper layer NR latex obtained from rubber zone 2.

304 .
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104 L "
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Figure 5.50 The percent hydrogenation of different types of NR latex obtained
at various reaction times using 20% DRC with molar ratio of [C=C]:[N;H4]:[H:0:] =
1:1:1 at 60°C.
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Figure 5.51 Particle size distribution of various types of rubber latex: (m) NR,
(A) DPNR(TER), (A) DPNR(SDS), (#) SFNR, (0) CFNR, (¢) LNR and (¢) UNR.

Table 5.31 Average particle size of NR latex at various types

DPNR | DPNR

Result analysis NR SFNR | CFNR | LNR UNR
(TER) (SDS)

D(0.1) 0.281 0.626 0.617 0.111 | 0.132 | 0471 | 0.444

D(0.5) 0.724 1.063 0.984 0.473 | 0.489 | 0.811 0.&:332

D(0.9) 1.336 1.819 1.410 1.053 | 1.045 | 1.267 | 1.350

Specific surface
area (m/g) 11.1 6.11 6.76 229 20.3 8.2 8.25

Uniformity 0.446 | 0.352 0.265 0.633 | 0.585 | 0.302 0.:333
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5.5.3 Side Reactions
(a) Cis-Trans Isomerization

As mentioned in former section, the detection of trans-1,4 polyisoprene isomer
was observed by 'H-NMR technique during hydrogenation of NR latex using
oxidation of hydrazine by hydrogen peroxide. This evidence is similar to the
hydrogenation of NR in organic solution using TSH.

The release of hydrogen molecule from diimide has been proposed to be
occurred by the complex formation of the diimide and the C=C of the rubber. Hence, it
can be proposed that the complex is an unstable intermediate for the isomerization to
be taken place through the rotation of the weakened double bond as proposed by [25].
The mechanism of the cis-trans isomerization in this case is proposed here as
demonstrated in Figure 5.52. It was found in several conditions the cis-trans
isomerisation depending on the amount of reactants, the reaction time and
temperature. This reaction could not be controlled as it was occurred randomly and the
diimide complex formation may be probably taken place both with the cis and trans
form of the polyisoprenic structure. It can be only concluded that cis-frans

isomerization could occur during diimide reduction in latex system.

Lalindindin {
L 1)

r 1 e
NH=NH 4>_/7

NH=N

cis-1,4 polyisoprene intermediate species trans-1,4 polyisoprene

Figure 5.52 Formation mechanism of cis-trans isomerization occurred in

diimide reduction in latex form.

(b) Crosslinking Reaction

In some conditions of hydrogenation of NR latex, the coagulation was detected
Parker and co-workers [53] revealed that the conversion of nitrile butadiene rub!

(NBR) latex to hydrogenated NBR latex is prone to a crosslinking side reaction that
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was occurred concurrently with the desired reduction double bonds. The amount of gel
content at different reaction temperatures was therefore investigated after recovery of
the hydrogenated products in order to confirm the crosslinking reaction. Dried
hydrogenated rubber 0.5 g (W;) was put into 50 ml distilled toluene and kept for 24 h.
The hydrogenated rubber solution was filtrated and dried at 60°C. After weighed

hydrogenated rubber (#>), gel content can be determined from the following formula:
Gel content = (W/W;) x 100

Table 5.32 The percent gel content of the hydrogenated products obtained from

various reaction temperatures

Temperature Gel content
0 (%)
0 25.7
45 38.8
60 45.3
70 52.5
80 59.1 ;

t

This was not surprising as the hydrogenation of NR in latex phase involved the
presence of H,O; which is prone to be dissociated to hydroxyl radicals. At a suitable
condition, these radicals may subtract an allylic proton of the cis-1,4 polyisoprenic
unit on the rubber chains, forming the rubber macroradicals. The rubber macroradical
can interact with each other forming a crosslinked product as shown in Figuré: 5.53,
depending probably on the concentration of the radical species and the concentration
of the reaction medium as well as the reaction time and temperature. It was found in
our studies that, after the hydrogenated rubber obtained was dried and kept m solid
form for a few days, incompleted redissolution was observed. It can be assum:ed that
hydroxyl radical induce the intermolecular reaction between the rubber chains as

shown in Figure 5.53.
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Figure 5.53 Proposed crosslinking reaction during diimide hydrogenation of NR

in the presence of hydrogen peroxide.

5.5.4 Kinetic Study of Diimide Hydrogenation of NR Latex

The kinetic study of the addition of hydrogen molecule onto cis-1,4
polyisoprenic units of NR was considered by using the data collected from 'H-NMR
analysis at different temperatures. Considering the plots of the degree of
hydrogenation with reaction time at various temperatures (section 5.5.2), it was found
that the diimide reduction reaction followed apparently the first-order at the early stage
of reaction time in an olefin substrate. The first-order dependence was also reported by
Sarker De et. al. [55, 56] for hydrogenation of SBR copolymer.

To determine the activation energy of the hydrogenation, the kinetics of
hydrogenation of NR latex at 30, 45, 60, 70 and 80°C performed with the molar ratio
of [C=C]=[N;H4]={H,0;] =1 were investigated. By assuming that the reaction is first-
order, the differential rate law of hydrogenation of NR can be written in Equation
5.16.

- % =k[C =C]

= i[1- X,] (5.16)
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where x, is the fraction of double bond hydrogenated , k is the first-order rate
constant and ¢ is the reaction time. The determination of & was explored on the basis of
integral method. 'H NMR was used to monitor the number of the residual carbon-

carbon double bonds of the rubber chains.

dlii=xa] __, .
[1-x4]
Infl-x,1; =—kt+in[l-x4]0 (5.17)

The first order rate coefficient was determined from the slope of the linear ~In[l-xq];

versus reaction time (2) plot in accordance with Equation 5.17 hence the reaction rate

constant (k) can be determined as shown in Table 5.33.

Table 5.33 The rate constant (k) and In & of hydrogenation reaction at different

temperatures

T (°C) T (K) k (sec™) In &
30 303 2.43 x 107 -8.32
45 318 3.05 x 10% -8.09
60 333 5.54x 10" -7.50 '
70 343 | 6.68x10° | -731 |
80 353 6.82 x 10 -7.29

i
The activation energy (E,) for the addition of hydrogen molecule onto the
carbon-carbon double bond of rubber molecule can be estimated from Arrhenius

equation in Equation 5.18.
k= Ae Ea'RT (5.18)

The plot of Ink versus reciprocal of temperatures (Figure 5.54) gave a straight
-2478

line in which expressed as In k = - 0.175 . The calculated activation energy is

found to be 32.0 kJmoll. This activation energy (E,) obtained corresponds,

magnitude to the activation energy of the addition of hydrogen molecule ¢
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unsaturated units of NR. The obtained Ea value is actually higher than the E, (9.5
kJmo!™) needed to hydrogenate the butadiene units of SBR carried out in a similar
procedure. This can be used to explain the difficulty in approaching the diimide

toward the double bond of NR latex.

=_2477.6x - 0.175
R’ = 0.9426

In k
4
Q0

-8.6 . , . , .
0.0028 0.0029 0.003 0.0031 0.0032 0.0033 0.0034

/T

Figure 5.54 Plots of In k and 1/T from diimide hydrogenation of NR latex.
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Part 1II: Molecular Characteristic, Thermal and Rheological

Properties of Hydrogenated Rubbers

This part concerned the investigation of the molecular characteristic of NR and
the hydrogenated products using Raman and BC-NMR spectroscopies in solid state.
The thermal behaviour of NR, ENRs and the hydrogenated samples obtained were
analyzed by differential scanning calorimeter {DSC) and thermo-gravimetric analyser
(TGA). In addition, the change of chemical structure of the samples at various
temperatures investigated by using Raman spectroscopic technique i.e. Raman shift
evidence is also presented. In rheological study, the flow properties of the samplles at
different hydrogenation levels are studied in the terms of storage (G’) and loss moduli
(G"). Finally, the correlation between molecular characteristic and physical prop(?rties

will be discussed.

5.6 Molecular Dynamic Characteristic Analysis

Raman scattering and solid state *C-NMR techniques were used to study the
molecular dynamic characteristic of the natural rubber modified by hydrogenétion.
These techniques can provide information on the molecular scale as they concern the

mobility of the molecular chain such as vibration, and rotation of the chemical bond.

5.6.1 By Raman Spectroscopy

|
Raman spectroscopy has been successfully used to analyze the percentage of

hydrogenation of NR and ENRs as described in section 5.2 and 5.3 as the signal of
C=C of the rubber is strongly Raman active. However, it has also been effec:tively
used to investigate the molecular deformation of other polymers such as polyethylene
and poly(ethylene terephthalate) [105,106]. The orientation of the sample can be
related to the molecular polarizabilities therefore Raman scattering can be applied for

molecular characteristic of polymers. .
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As the Raman spectra of NR and ENR showed a strong vibration band of C=C at
1664 cm” and the evolution of this signal was obviously observed after
hydrogenation. As a result, this peak can be used for the investi gation of the molecular
scale by observing the shift on the position of the C=C signal after hydrogenation i.e.
at 1664 cm’'. Generally, the vibrational wavenumber in the stretching mode of a
diatomic molecule relates with the force constant or the stiffness of the bond.
Therefore it can be estimated that if the vibrational wavenumber is increased the force
constant of the two carbon atoms is increased.

The model of a chemical bond in vibration speciroscopy is one of point masses
connected by a harmonic spring. The relationship of the vibrational wavenumber of

the stretching mode of a diatomic molecule can be determined using Equation 5.19

a1 [ M e,
= ’k [ ]
R A YR (5.19)

where % f is the force constant, or stiffness of the bond, and M, and Mjz are the

(see also section 3.4).

masses of two atoms.

The correlation between force constant, krand square of wavenumber, (5)2 is

shown in the following:

E=hu:%=hc5 (5.20)
Bz_l_\/ka (5.21)
2 MAMB
-1
=— [k
v 2n i
Cf o« kpm (5.22)

where v is the wavenumber, and x is the reduced mass of the carbon-carbon
double bond, respectively.

By this assumption, the force constant between two carbon atoms of the carbon-
carbon double bond is one dimension along with the molecular rubber chains. The

estimated force constant of C=C bond can be estimated according to Equation 5.22
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The relative variation force constant (Aky) of modified form can be also determined by
using the estimated force constant of C=C bond in modified rubber (Ah compa{ring

with unmodified rubber (4o as follows:

(er) -ty )0

Ak, =~(’k—]—— (5.23) |
Iy

where Ak is relative variation force constant, (k /), is the estimated force constant of
unmodified rubber and (4 /), is the estimated force constant of modified rubber.

In this work, the Raman scattering spectra of the hydrogenated samples were
collected using a triple spectrograph configuration with a 1800 lines/mm grating in the
Raman range of 1640-1750 cm™ as described in section 4.6. The background was to be
subtracted from all spectra obtained for each sample before analysis as the artifact
from the background scattering might be occurred from the air in the beam path, and
from the sample stage. The precise peak position of C=C bond of NR is resolved by

fitting with Lorentzian function.

" (a) Raman Shift of C=C Bond of HNR

The relationship between Raman shift of the characteristic line at 1664 cm’
attributing to the C=C stretching mode of NR and HNR at various hydrogeﬁation
levels (30-85%) was investigated. Figure 5.55 shows the Raman spectra of the NR and
various HNRs in the Raman shift range of 1664-1700 cm’. It can be seen tﬁat the
signal position of C=C has increasingly shifted to higher wavenumber with the
evolution of hydrogenation level. The Raman shift evolution of the C=C bond p(')sition
was found from 1665.66 cm™ of NR to 1668.05 cm™' of 85% hydrogenatiorll. The
results of the Raman position of the C=C bond was used to estimate the force constant
and relative variation force constant using Equation 5.22 and 5.23 and the results are
shown in Table 5.34. '

The plot between the relative variation force constant and hydrogenation ljevel is
shown in Figure 5.56. It was found that the relative variation force constant:of the
hydrogenated sample is linearly increased when the hydrogenation level is increased.
This might be estimated that after hydrogenation the molecular chain of the rubber is

more rigid or less flexible as the force constant is increased, the molecular bonds,
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rubber chain needs more energy for the vibration. The explanation can be due to the
transformation of the cis-1,4 polyisoprenic structure into partially hydrogenated form
which possess the close packing structure of ethylene-alt-propylene moiety in the
molecular structure. In addition, it was also found that the cis-structure was
transformed into frans-structure of the 1,4-polyisoprene and the later structure is more
rigid than the former one [34]. These results are in accordance with the macroscopic
behavior of the hydrogenated product that the less elastic rubber is resulted after
hydrogenation.

It can be concluded that the study of the signal in Raman shift might be reliable
to the level of hydrogenation of the resulting product as well as its physical properties.
This method appears be an alternative to follow the degree and rate of hydrogenation

of the rubber.

HNR(2)

1 T T T T
1650 1660 1670 1680 1690

Raman shift (cm™)

Figure 5.55 Characteristic of Raman shift of C=C bond at 1664 cm™ of NR and
HNR samples.
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Table 5.34 Raman shift, square of wavenumber (52), estimated force constant (= k f)

and relative variation force constant (Aky) of the characteristic peak of C=C stretching

mode of the HNRs at various hydrogenation levels

Estimated i
. Raman Square of force Rel.atl.ve
Sample | Hydrogenation shift Raman variation
code (%) em) -2 constant | force constant
(em™). | shift (v”) | (=kp) (&k)
NR 0 1665.66 2774436 16613391 0.000
HNR(1) 5.7 1665.70 2774548 16647287 0.004
HNR(2) 27.7 1666.40 2776875 16661248 0.088
HNR(3) 39.1 1666.61 2777589 16665533 0.114
HNR(4) 57.5 1667.21 2779584 16677505 0.186
HNR(6) 79.4 1667.63 2780975 16685853 (.236
HNR(8) 84.9 1667.56 2780772 16684634 0.228
0.300
b= !
“ -
S 0250 §
s - "
(=4 : )
S 0.200 1
| I ,
& [
g oas04
h ot
= [
5 - |
S 0.100 §
> [ |
= 005071 y = 6.0029x - 0.0002
a [ R” = 0.9843
0.000 B B B
0 20 40 60 80 100
Hydrogenation (%)

Figure 5.56 The plot of the relative variation force constant versus the

hydrogenation level of the HNR samples.
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(b) Raman Shift of C=C Bond of HENR Molecular Chain

The study of the Raman shift was then applied to the hydrogenated ENR. Figure
5.57 presents the Raman scattering spectra in the region of 1650-1700 cm’’ of the
ENR-10 containing 10 mol% epoxide content and the hydrogenated ENRs at various
reaction times. As can be seen in Figure 5.57, there are slightly shift of the
wavenumber of C=C bond in the hydrogenated ENR similar to in the case of
hydrogenated NR. It seems likely that increasing the hydrogenation level, the higher
force constant is increased. This should give the information that the transformation of
the unsaturated rubber into partially saturated one would result in increasing the
rigidity of the molecular chain or increasing the fraction of the stiffness part in the

samples.

The Raman shift, estimated force constant (= & 1) and relative variation force

constant at different hydrogenation degrees are summarized in Table 5.35. The plot of
the relative variation force constant and the percent hydrogenation of the ENR-10
shown in Figure 5.58 did not show a linear relationship between the two variables
which is different from in the case of hydrogenated NR. It was found that the force
constant is slowly increased when the percent hydrogenation was less than 50% but far
above that point the high increase of the force constant was found significantly. This
may be due to the fact that at low degree of hydrogenation, there is not much
difference in molecular characteristic between the ENR-10 and the hydrogenated
sample as the ENR is considered more rigid than the NR. But when the hydrogenation
was occurred there was also epoxide ring opening and the fixation of the TSOH by-
product on the molecular chain, then the difference in the molecular characteristic is
progressively observed. This is confirmed by the fact then when hydrogenation was
increased upto more than 50%, the chain stiffness was revealed significantly. This
result confirmed that the fixation of the TSOH and the epoxide ring opening or the
formation of oxirane ring in the molecular chain leads to the more rigid structure in the

rubber chains after modification,
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HENR-10(8)

[ iy

HENR:10(4)

HENR-10(2)

1 ] T L} |
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Raman shift (cm'!)

Figure 5.57 Characteristics of Raman shift of the C=C bond at 1664 cm’ of
HENR-10 samples.

Table 5.35 Raman shift, square of wavenumber (52 ), estimated force constant (= & ! )

and relative variation force constant (Aky) of the characteristic peak of C=C stretching

mode of the HENR-10

S ¢ | Estimated Relative
Hvdrozenation | RAMaR quare of force variation
Sample code y (§/ ) shift Raman shift | ot force
° (em™) (;2 ) (=kr) consltant
d (8ky
ENR-10 0.0 1666.33 2776656 16659934 0.000
HENR-10(0.5) 350 1666.69 2777856 16667133 0.043
HENR-10(2) 70.0 1667.65 2781057 16686339 0.158
HENR-10(4) 84.6 1668.41 2783592 16701552 0.250
HENR-10(6) 92.0 1668.72 2784626 16707759 0.287
HENR-10(8) 93.0 1668.90 2785227 16711363 { ) i
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Figure 5.58 The plot of the relative variation force constant versus the

hydrogenation level of the HENR-10,
5.6.2 By Solid State NMR Spectroscopy

In this section, the molecular characteristic of NR, ENR and hydrogenated
rubbers are investigated by solid state ’C NMR spectroscopy with HD/MAS and
HD/MAS/CP techniques in term of peak width of carbon signal of the molecular
chain. The dynamic of cross polarization experiment is also applied to study the

molecular dynamic of the rubber chain after modification.

(a) Molecular Characteristic of NR and HNR

A stack plot of the solid state NMR spectra of NR and HNRs at different
hydrogenation times is shown in Figure 5.59. The "*C-NMR spectra of the HNRs
consist of two well separated aliphatic and olefinic regions as previously assigned in
section 5.2. It can be seen that the NMR line widths of carbon signals of HNRs are
broader than those of the NR before hydrogenation. The *C-NMR line widths can be
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then estimated from curve fitting by DM 2002 software of the spectra of NR and

HNRs. The values of line width of various carbons i.e. methyl (C-5 of cis-1,4
polyisoprene unit and C-10 of saturated unit), methylene (C-1 and C-4 of cis-14
polyisoprene unit and C-6, C-8 and C-9 of the hydrogenated unit), and the methine
carbon (C-7 of the hydrogenated unit), are presented in Table 5.36. The line widths
and hvdrogenation level are plotted in Figure 5.60. It was obviously observed that the
line widths of carbon signals on the molecular chains increase with increasing the
hydrogenation level. Usually, the line widths of solid state NMR spectra 'with
HD/MAS technique in the single radio frequency pulse mode are mainly determined
by the magnitude of carbon-proton dipolar interaction, which depends on the relative
position of the randomly oscillating nuclei. In the hydrogenated samples, the more line
broadening was observed, with the higher hydrogenation level. The explanation is
concerned with anisotropy in the segmental motion of the rubber chains which should
be due to the presence of several conformations (the formation of molecular packing
of saturated units and probably the trans-structure of cis-1,4 polyisoprene unit) and the
stiffness fractions. In addition, it was observed that the line width of methyl carbon has
narfower than that of methylene and methine carbons on the molecular rubber chains.
This is due to rate of methyl group motion enough to average hetero-nuclear

interaction.
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Figure 5.59 A stack plot of solid state HD/MAS ""C-NMR spectra of NR and
the HNR samples obtained at 2, 4, 6 and 8h.
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Table 5.36 The line widths of NMR peaks of hydrogenated rubber at various

hydrogenation levels

5 10 |
N N
2/ c-—_——c\H 7(/:H—--C\H1
—[—(Iiﬂz sz“]“_ ~{—gu, gnz—]-n-
Cis-1,4 polyisoprene Ethylene-propylene unit
Hydrogenation NMR Line width (Hz)
(%) C-1 C-4 C-5 C-7 | C-6,C-8 C9 C-10
41 25.66 | 2642 | 1510 [2642 ] 33.96 20.38 | 16.60
58.4 2642 | 27.93 [ 15.85 |32.46| 36.23 26.42 | 18.11
72 3095 | 31.70 | 17.36 [34.72| 39.25 30.95 | 19.62
80 3547 {34721 18.11 |3849 40.76 2944 | 21.13
50
40
N
= 30
=
=
=
E 20 '
q 1
10 - -#-Ci  —B--C4 '
A C5 -0 - C7
® - C6C8 —e—C9
A Cl0
30 40 50 60 70 80 920
Hydrogenation (%)

Figure 5.60 The plot of line widths of solid state HD/MAS *C-NMR spectra of
the HNRs obtained at various hydrogenation levels: (m) C-1, (¢) C-5, (A) C-6 and
C-8, (o) C-4, (o) C-7, (A) C-9 and () C-10.
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-Dynamic of the Cross-Polarization (CP)

In this study, the CP experiment was carried out and monitored in order to
optimize the condition for further achievement of the molecular structure.

The solid state NMR spectra of HNR at various contact times were investigated
and illustrated in Figure 5.61. It was found that at very small contact time (0.08 ms),
the resonances assigned to signals of methine and methylene groups (33 and 38 ppm)
of hydrogenated fraction are clearly present. This result reflects the largest dipolar 'H-
C interaction. The intensity of the carbon resonance of methyl group at 20ppm

progressively increased at longer contact times.

1 T
40.0 35.0 300 250 20.0 15.0
Chemical shift (ppm)

Figure 5.61 A Stack plot of solid state '*C-NMR spectra of the hydrogenated

NR (85%) at vanious contact times in the chemical shift range of 15- 40 ppm.

The kinetic of cross polarization was estimated to optimize the CP experiment,
to obtain chemical structural information on the sample and to study the molecular

dynamic of the rubber chains. In the variable contact-time experiments, the peaks ¢f
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carbon signal were fitted by using DM2002 software to simulate the carbon position,
line width and imensify of solid state NMR spectra. |
Figure 5.62 shows the plots of the normalized peak intensity as function ofl‘ the
contact time (t) of the 1>C signal of the aliphatic carbons as a function of contact time.
The normalized peak intensity of carbon signal of methyl group (20 ppm) clearly
increases with contact time after that it remains constant as shown in Figure 5.62(a).
This means that methyl group of saturated units on the molecular chains has the
highest mobility corresponding to lower relaxation rates. Other CP experimental
curves show the changes in the °C signal intensities of the aliphatic carbons as a
function of contact time. At the beginning of the curve, the intensities of peak
progressively increase and reach the maximum prior to decreasing with increasing
contact time. The increase in the *C intensities at short contact times is dominated by

the CP rate (1/T¢y), whereas the decrease in the intensities for the longer contact times

by the 'H spin-lattice relaxation rate (1/ Tlfg ).

By basing on Equation 3.26, it can be described the double expenential behavior
of CP intensity M{?) versus contact time ¢. The dependence of the peak shape on
contact time (see Figure 5.61) would mean that the peak under consideration consists
of several components which have different line widths and cross polarization at
different rates. Hence, in this study, the line width and line sharp of each carbon
resonance peaks were kept constant value during the simulation process. '

The mathematic function was used to simulate the kinetic curve (see in Figure
5.62), of which parameters are the most important about the physical meaning. Then,
the physical parameters can be analyzed and given in Table 5.37. It was found that

. |
Tl‘;’ relaxation of methyl group (> 100 ms) has a remarkably high value with resRect to

the TI’; relaxation of methylene (16.3 ms) and methine (31.7 ms) groups because of the
i

highest mobility of methyl group on the molecular chains. The 7;¥ of methine (CH)

carbon is larger than the Tl‘g of methylene (CH,) carbons. This indicated that the

methylen& carbon is less mobile than methine carbon on the saturated fractions: of the

rubber chains.
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In addition, the contact times that provide the maximum peak intensities of
methylene (4 ms) and methine (5 ms) carbon are different. This is due to the difference
in contribution of the molecular motion to the CP efficiency.

Table 5.37 shows that the cross polarization time Ty of methyl carbon (2.91) 1s
also the highest value as comparing with other values i.e. for methylene and methine
carbon are 1.51 and 1.81 ms, respectively. This means that the methylene groups of
the molecular chains take shorter time to cross polarize, while the methyl group need
longer time to be polarized. This is due to the methylene carbons of saturated units
appearing on the molecular chains connected with other carbons along the rubber
chains. The CP time constants Ty are the characteristic of specific functional groups,
since they are governed by dipolar interactions between the source spins H and the
target spins C. The dipolar interaction has a 1/ dependence on the interaction
distance r, so that in general T¢y depends on the number of the nuclet involved in CP
and on their distance position. The CP rate constant //T¢y depends on the number of
protons and the mobility of the modified group in the macro-molecular chain. The
larger a number of protons in the modified part was found, the stronger the C-H
dipolar interaction and the faster the .cross-polarization were observed. This reason
explains why the C-25 and C-38 of the CH; groups cross-polarizes faster than the CH
group. On the other hand, the rate of methy! carbon cross-polarization is the slowest
as compared to CH, and CH; group. The rapid rotation of methyl group reduces

dipolar interactions between its component spins.
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Figure 5.62 Variation of the magﬁetization with contact time in a CP experiment
for HNR (85%) of carbon positions at C-10 (a), C-9 (b), C-7 (c) and C-6, C-8 (d).
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Table 5.37 The spih-lattice relaxation time (T,’:," ) and cross-polarized time (7cy)

obtained from the fitting kinetic CP curve in all carbon resonances of HNR (85%)

Carbon position | Group T!}; (ms) Ty (ms)
C-20 CH; >100 2.91+0.23
C-25 CH; 16.4+1.4 1.5120.1
C-33 CH 31.7+4.6 1.81+0.14
C-38 CH; 16.3+1.0 1.51+0.07

(b) Molecular Characteristic of ENR and HENR

The MAS and HD/MAS ">C-NMR solid state spectra of ENR-22 having 22 mol
% epoxidation levels are illustrated in Figure 5.63. A comparison between the MAS
and HD/MAS spectra of ENR-22 was noticed that the broader line widths and extra
signals appeared in the MAS spectrum as a result of 'H-">C J coupling of the
macromolecular chains. From the MAS spectrum of ENR-22, the extra peaks at 64
and 125 ppm provide information about the 'H-1C J coupling of proton attached on
the oxirane and olefinic units of partially epoxidized NR. The line broadening of
carbon signals were also found in the range of 15-35 ppm due to the 'H-">C coupling
of proton from methylene and methyl groups. Therefore, the 'H-"C dipolar
interactions were removed using high power decoupling (HD) technique and the
HD/MAS spectra of ENR-22 is present.
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Figure 5.63 A stack plot of MAS and HD/MAS 3C-NMR spectra of ENR-22

containing 22 mol% epoxy content.

Figure 5.64 shows the stack plots of HD/MAS spectra of ENR-10, ENR-15,
ENR-22 and ENR-40 containing 10, 15, 22 and 40 % mol epoxide units, respectively.
From the NMR spectra of ENR, the curve fitting (DM2002) was used to simulate the
line width of each carbon signal. The line widths of HD/MAS spectra of ENR are
broader than that of the NR one. It can be seen in Figure 5.64 that the line
broadenings of carbon signals of ENR significantly increase with the extent of
epoxidation. The result of line widths of the carbon signals at 64 and 6:0 ppm
corresponding to the characteristic of oxirane units as a function of epoxidation ENR
are shown in Table 5.38. Line broadenings of two carbon signals of epoxy units in
ENR occur related to distributions of isotropic chemical shifts and to dipolar
interactions which may not be completely averaged and arising from a variety ci»f local
conformations. In addition, the increment of the line width of oxirane units on the

molecular chains was detected, which resulted in the increase of rigid segments of ihe




Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Polymer Science and Technology) / 213

macromolecular chains after epoxidation. In Figure 5.65, the line width value of the
signal at 64 ppm belbng to methine carbon is broader than that of quaternary carbon
signal at 60 ppm. It might be assumed that the higher amount of oxirane units is

connected together along with the rubber chains presenting the broader line width.

I I
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Figure 5.64 Stack plots of HD/MAS'">*C-NMR spectra of NR, ENR-10, ENR-15,
ENR-22 and ENR-40 containing 10, 15, 22, and 40 mol% epoxy content, respectively.
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Table 5.38 The line widths of the NMR lines at 60 and 64 ppm in ENR with various

epoxidation levels

Epoxidation line width line width
Sample code (%) of C-64 (Hz) of C-60 (Hz) 5
ENR-10 10 20.38 13.59 '
ENR-15 15 42.27 20.38
ENR-22 22 55.85 30.19
ENR-40 40 111.71 43.02
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1
Figure 5.65 Line widths of the characteristic of oxirane units with extent of

epoxidation: (0) quaternary carbon at 60 ppm and (@) methine carbon at 64 pp
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A comparison stack plots between the HD/MAS spectra of ENR-10 and the
HENR-10 obtained at 8h is illustrated in Figure 5.66. No characteristic resonances of
oxirane units are observed in the spectrum of the hydrogenated sample as mentioned
in section 5.3. The line broadenings (see Figure 5.66) clearly observed in the recorded
solid state NMR spectra of the hydrogenated samples with respect to the non-
hydrogenated one. The increment of line widths of carbon characteristic on molecular
chains may be attributed to three factors: (i) strong isotropic dispersion, (ii) dipolar

interaction and (iii) several conformations in the rubber chains.

aMw_ HENR-10(8) . . E\WHA
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Figure 5.66 HD/MAS"C-NMR spectra of ENR containing 10 mol% epoxy
content and hydrogenated ENR (HENR-10(8)) obtained at 8h.

HENR-10, HENR-15, HENR-22, HENR-30 and HENR-40 were also
characterized by solid state NMR with HD/MAS and HD/MAS/CP techniques in order
to observe the mobile and rigid segments on the molecular chains after modification.
Figure 5.67 compares the experimental spectra of the hydrogenated ENRs by ‘using
HD/MAS technique which can be detected the signal of mobile component. It is clcir
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from the spectra that the shape carbon resonance peak at 20 ppm related to the methyl
carbon in the saturated fractions of the rubber chains was observed. In addition,;the
carbon signal at 38 ppm correspondiﬁg to methylene units can be detected, which
provides information about the higher mobility of this CH; group than the another CH;
one (25 ppm). Clearly, the carbon peaks of HENR-40 spectrum are broader than that
of the HENR-10, HENR-15, HENR-22 and HENR-30. This is due to a more reduced
mobility of components of HENR-40 arising from furan units and the addition of

TSOH in the molecular chain as described in section 5.3.

HENR-10(8)

HENR-22(8)

e~ HENR-30(8)

HENR-40(8

L] ] 1
160 140 120 100 80 60 40 20 0
Chemical shift (ppm)

Figure 5.67 Stack plots of HD/MAS C-NMR spectra of HENR-10(8), HENR-
15(8), HENR-22(8), HENR-30(8) and HENR-40(8) containing 10, 15, 22, 30 and 40
mol% epoxy content obtained at 8h of reaction time. |

:

The HD/MAS/CP technique has been therefore applied to detect the rigid part in
the hydrogenated ENRs as represented in Figure 5.68. By HD/MAS/CP technique
characterization, it is interesting to note that the intensity of methine carbon peak at 33

ppm is higher that of the use HD/MAS to detect the characteristic signals. It might-bé
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postulated that the methine carbon of saturated unit is more rigid with respect to the
other carbons atom on the molecular chains. Obviously, the peaks at 75 and 84 ppm
assigning to carbon of five members ring can be seen in this technique due to the
nigidity of furan structure. Additionally, the TSOH as a by product can attach to the
molecular chain, which show the carbon signal at 130 and 150 ppm. The appearance
of furan ring of the HENR and the fixation of TSOH on the modified rubber chains
strongly affect the rigidity of the molecular chain.

HENR-10(8)

HENR-22(8)

o _HENRA0(8) ~ "

T ! ! 1 T T T
160 140 120 100 80 60 40 20 0

Chemical shift (ppm)

Figure 5.68 Stack plots of HD/MAS/CP "»C-NMR spectra of HENR-10(8),
HENR-15(8), HENR-22(8), HENR-30(8) and HENR-40(8) containing 10, 15, 22, 30

and 40 mol% epoxy content obtained at 8h of reaction time.

The HD/MAS spectra of HNR(8), HENR-10(8) and HENR-30(8) in the
chemical shift range of 0-45 ppm shown in Figure 5.69 are compared. It was found
that in the case of the hydrogenated ENR samples, line broadening effects are very
important, while the HNR one can be achieved the narrow line signal with HD/MAS
technique. This is related to isotropic'chemical shift distribution and residual dipo!

interactions arising from the presence of components with reduced mobility on the
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modified rubber chains. By comparing the line widths of HENR-10 and HENR-30,
the NMR line widths of HENR-30 are broader than that of HENR-10. This may be due
to the higher amount of rigid portions in the HENR-30, which depends on the content

of epoxidation of ENR as characterized in section 5.3.

f A HNR(8) Y

___HENR-10(8) ,M‘U L

W Pl W

e HENR-30(8) J\J‘k

¥ LG L
160 140 1l20 100 80 6IO 40 20 0
Chemical shift (ppm)

!
Figure 5.69 Stack plots of HD/MAS C-NMR spectra of HNR(8), HENR-10(8)
and HENR-30(8) containing 10 and 30 mol% epoxy content, respectively, obtained at

8h of reaction time.

-Dynamic of the CP experiment of the HENR-10 !
|

The cross polarization can be used to distinguish mobile components from.rigid
components. Figure 5.70 exhibits the stack plots of the HENR-10 spectra at different
contact times. The observed carbon signals (30-40 ppm) at the shortest contact times
are assigned to the carbons that have the largest dipolar 'H-'3C interactions that are the
methylene and methine carbon of saturated units. The strong intensity of methyl
carbon signals at 20 ppm is observed at the higher contact times due to igh

mobility of methyl group on the rubber chains.
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Figure 5.70 Stack plots of solid state '*C-NMR spectra of HENR-10(8) at

various contact times in the chemical shift range of 0-60 ppm.

Typical variations in carbon magnetization of carbon signals in HENR-10(8)
with contact time are shown in Figure 5.71. In the CP experiment, polarization is
transferred from the magnetically rich protons to the magnetically poor carbons via
their static dipolar interactions. By comparison with the dynamic CP curves of carbon
signals in the molecular chain of HENR, it can be observed that the contact time of
carbon magnetization (C-20) of saturated fraction has the highest value when are
compared with other carbon signals, while the contact time of the maximum carbon
magnetization of C-25, C-33 and C-38 is almost comparable. After a suitable period of
the contact time, a maximum C magnetization is reached, after which the '>C signal

begins to decay at a rate proportional to the inverse of the rlg time.

According to the dynamic CP curve also fitted with simple mode! as given in

Equation 3.26, the Tl';;' and Tcy can be estimated for each carbon position on the

macromolecular chains as summarized in Table 5.39. It can be seen that the ; 708
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methyl carbon is the largest value, while the 71’; of methylene (CH3) and methine

(CH) groups is comparable. This is related to the less motion of methylene and
methine groups due to the appearance of rigid components i.e. furan ring and the
fixation of TSOH on the molecular chain. The Ty obtained from curve ﬁtting‘ are
presented in the following order: methyl (0.41) > methylene (0.18) > methine (0.17)
carbons. In the case of HENR-10, it is noted that the Ty of methylene and metimine
groups is almost comparable. This is due to the more rigid components of molecular
chain after modification. Similar to. the case of the hydrogenated NR, the cross

polarized time of methyl carbon is largest for mobile group.

Table 5.39 The spin-lattice relaxation time (Tlg) and cross-polarized time (Tcy)

obtained from the simulation of kinetic CP curve of carbon signal of HENR-10(8)

Carbon position | Group Tlg (ms) Tcyu (ms)
C-20 CH; | 12.7£1.2 0.41+0.03
C-25 CH, 2.62+0.20 0.18+0.02
C-33 CH | 2.78+0.15 0.17+0.01
C-38 CH; 2.25+0.10 0.18+0.01
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Figure 5.71 Vanation of the magnetization with contact time in a CP experiment
for HENR-10(8) sample of carbon positions at C-10 (a), C-9 (b), C-7 (c) and C-6, C-8
(d).
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-Dynamic of the CP experiment of the HENR-30

Figure 5.72 compares the spectra of HENR-30(8) at various contact times. For
the HENR-30(8) spectra, the broad line signals at the smallest contact are found
similar to the HENR-10(8) spectra. Evidently, the molecular motions of these carbons
cannot average the chemical shift anisotropies effectively, and the resulting lines are
broad. Sharper signal emerge when the contact time is in the 0.8-4.0 ms range. The
signal is assigned to the methyl carbon that experience greater motional averaging of
H-C dipolar interactions and chemical shift anisotropic. In addition, the optimum
condition time depends on the length of time that the proton magnetization can help in

the rotating frame and so contribute to the polarization of the carbon spins.

4.0 ms
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1.5ms
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0.1 ms

0.05ms .

0.02 ms

| | ] | 1
60 50 40 30 20 10 0 |
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Figure 5.72 Stack plots of solid state 3C.NMR spectra of HENR-30(8) at '
various contact times in the chemical shift range of 0-60 ppm. .
i
Figure 5.73 illustrates the CP kinetic curve of carbon signals of HENR-30(8)
sample. In the case of HENR-30, the intensities of carbon signals dramatically
increase at shortest contact times as comparing with the CP curve of HNR(8) and

HENR-10(8).
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In CP experiment of the study of molecular dynamic of HENR-30(8), it is also
possible to simulate .the CP kinetic curve using simple model as given in Equation
3.26. The CP kinetic curve can be fitted by double exponential function as shown in
Figure 5.73 and the obtained relaxation and cross polarization time are shown in Table

5.40. It can be obviously seen that both Tlg’ and Tcy values are short. It may be

suggested that the reduced molecular motion of HENR-30(8) leads to fast transfer. By
comparing the Try values in HENR-30(8) and HENR-10(8), it was found that T¢y of
all carbon signals of HENR-30(8) are less than that of HENR-10(8) because of the
more rigid fraction of the molecular chains. The literature reported that the value of
Tcy should be less than 0.13 ms for a rigid methylene group [22]. As comparing with
the values of T¢y in the HENR-30 sample, it can be noted that the less mobile parts
appear on the rubber chains. In addition, the rate of cross-polarized time (//T¢cy) of
methyl carbon in HENR-30(8) is the highest with respect to methyl carbon in HNR(8)
and HENR-10(8). It is ciear that the methyl carbon of HENR-30(8) 15 the least
mobility which can relate to the more furan structure and the chemical fixation of
TSOH on the rubber chain. In addition, the molecular dynamic of the hydrogenated
ENR depends on the epoxidation level, and the amount of ring opening reaction. The
more ring opening and the more formation of furan structure at higher epoxidation
level. This result is in good agreement with the results of the 'H-magnetization decays

behavior observed in the CP experiments as reported by Kameda and Asakura [78].

Table 5.40 The spin-lattice relaxation time (1!‘1’1;r ) and and cross-polarized time (Tcy)

obtained from the simulation of kinetic CP curve of carbon signal of HENR-30(8)

Carbon position | Group Tlg (ms) Tcy (ms)
C-20 CH; 6.45 £1.55 0.16+0.03
C-25 CH, 1.00+£0.28 0.22+0.07
C-33 CH 1.63+0.16 0.066+0.01
C-38 CH, 1.21+0.16 0.07 +0.01
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Figure 5.73 Variation of the magnetization with contact time in a CP experiment

for the HENR-30(8) sample of carbon positions at C-10 (a), C-9 (b), C-7 (¢) and C-6,

C-8 (d).
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5.7 Thermal Behaviors

The thermal behaviors of starting rubbers i.e. NR and ENR-10 and the
hydrogenated rubbers i.e., HNR(6) obtained at 6h and HENR-10(4) obtained at 4h
were studied by Raman spectroscopy, differential scanning calorimetry (DSC) and

thermo-gravimetric analyzer (TGA).

5.7.1 By Raman Spectroscopy

In the present work, Raman spectroscopy was applied to study the change of

chemical structure under vacuum at various temperatures.

(a) Chemical Characteristic of NR and the Hydrogenated NR

Figure 5.74 shows the Raman spectra of NR as a function of temperature (-160-
150°C). The intensity, band shape and frequency of Raman bands were changed as a
result of a change in the temperature of the samples. The low-wavenumber of the
Raman bands close to 950 and 1500 cm™' seems to remain ¢t the same position as the
temperature increased. In this region, the sharp bands were observed at low
temperature {below T,). The small intensities of Raman peaks at 1137 and 1207 cm’
corresponding to =C-H in plane bending and -CH,- wagging modes, respectively can
be seen at low temperature (<-100°C). The higher intensity and sharp peak at 1287
cm™ assigning to C-H bending mode was found at temperature around -60°C. These
temperatures are associated to the glass transition from the glass to the rubber-like
state. For the treatment at higher temp;:rature, the bands became broad and weak, that
is, in the rubber-like state or in the melt the chains are in relatively rapid motion, effect
on the group frequencies contribution of wavenumbers. Cold treatment results in a rise
in the number of bands below 1000 ¢m™'. The new weak peaks are further seen at 544,
610, 638, 734, 809, 835, and 877cm™ under cooling (<-100°C). This may be suggested
that the cold treatment induced the change of the molecular conformation of NR

structure.

Figure 5.75 illustrates the temperature effect on the Raman shift at 1664

attributed to the carbon-carbon double bond stretching mode of NR. It has been knaveh
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that the NR has a less thermal stability due to the presence of carbon-carbon double
bond on the rubber chains which is prone to oxidative degradation under higher
temperature. There is an apparent shift of the Raman band at 1664 cm’' towards lower
frequency as the temperature increases. There are two extremes of interpretation of the
effects of temperature. Firstly, thermal expansion affects the inherent nature of the
polarizability change as a result of changes in the intermolecular forces. The other

reason is the change of absorbing species concentration with temperature. The relative

Results and Discussion / 226

intensities of Raman bands slightly decrease when the temperature is above 100°C.
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Figure 5.74 Stack plots of Raman spectra of NR as a function of temperature.
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Figure 5.75 Raman shift of C=C bond of NR as a function of temperature.

After hydrogenation, the carbon-carbon double bonds of cis-polyisoprene unit
presented in NR is converted to saturated segments. From the Raman spectra
investigated at wvarious temperatures shown in Figure 5.76, the intensity of

characteristic of Raman shift at 2958 cm’'

corresponding to the CH stretching
vibration mode of methylene groups slightly increases, while the Raman band at 1664
cm’' gradually decreases with temperature. The Raman bands in the region 1000 -
1250 cm™ can be detected which can be assigned to CH, wagging, rocking and C-CH,
stretching at temperature below T, of the HNR. Furthermore, the small bands at 530,
535, 550, 562 and 584 cm’ are found and appeared in the range of -160 to -60°C
similar to NR. The relative intensity of Raman bands gradually increases and the broad
Raman bands can be seen at the temperature above 50°C. The explanation is also
similar as described in the case of NR. The feature at 1042 cm™ assigning to CHj
rocking motion also slightly increases in intensity when the temperature increased up
to 150°C. This has been subjected to different thermal treatments to obtain samples
with a wide variety of conformation in the rubber chains. In addition, the Raman

signal of C=C stretching also moves toward lower wavenumber as shown in Figuse
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5.77 as the increasing of temperature. The relative intensity of this characteristic band
slightly decreases with temperature because the degradation by heating can be

occurred with the presence of residual double bonds of polyisoprene units.

MMM

‘ 160°C
| | 1 1 T |
500 1000 1500 2000 2500 3000

Raman shift (cm™)

Figure 5.76 Raman spectra of partially hydrogenated NR (HNR(6)) obtained

from reaction time 6h as a function of temperature.
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Figure 5.77 Raman shift of C=C bond of the HNR(6) as a function of

temperature.

(b) Chemical Characteristic of ENR-10 and the Hydrogenated ENR

Figure 5.78 represents the stack plot of the Raman spectra of ENR-10 as a
function of temperature. There is nqt a significant change in the characteristic of
Raman spectra of ENR. However, it was found that the intensity of Raman bands
increase with temperature. The broad characteristics and the increase of intensity of
Raman bands are clearly observed at the temperature above 50°C. This indicated that
the ENR has a better thermal resistance than the NR one. This is due to the increase
of density of ENR as reported by Burfield et. al. [108] and the reduction of free
volume at temperature below T,. The slight decrease of Raman shift of the carbon-
carbon double bond are also found (see Figure 5.79) similar to the recorded Raman
spectra of NR and HNR(6).
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Figure 5.78 Raman shift of epoxidized NR containing 10 mol% epoxide content

as a function of temperature.
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Figure 5.79 Raman shift of C=C bond of ENR-10 as a function of temperaire
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For the Raman spectra of HENR-10(4) sample in Figure 5.80, the change of
characteristic of Raman spectra is clearly seen at temperature range of -40 and -20°C,
while in the Raman spectra of HNR(6) is found at temperature 50°C (see Figure 5.76).
These temperatures are in the range of glass transition temperature of HENR-10 as
will be described in the next Section. This is due to p-toluenesulfinic acid attached on
the molecular chain of ENR after modification, which effected on the steric hindrance
of chain. Therefore, the free volume between the rubber chains increases, that relates

to the thermal expansion of the rubber chains.
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Figure 5.80 Raman shift of HENR-10(4) at 4h as a function of temperature.
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5.7.2 By Differential Scanning Calorimetry '

Differential scanning calorimetry (DSC) measurements were carried out as
described in section 4.9. All values of thermal properties were obtained from the
second heating thermogram in order to avoid the effect of thermal history. Study otl" the
thermal transition behaviour of NR, ENR and the hydrogenated samples may provide
important information concerning the rotation of bonds in the rubber chains. The
transition from the glass to the rubber-like state is an important feature of NR, ENR
and the hydrogenated NRs behaviour, making as it does a region where dramatic

changes in the physical properties, such as hardness and €lasticity.

5.7.2.1 Effect of Scanning Rate on the Thermal Transition of NR and
HNR Samples '

In general, the precise value of glass transition temperature (T,) of a polymer
depends on the method used. In the case of DSC measurement, the scanning rate of
applied heat also affects on the segméntal and molecular motions of macromolecules,
hence the T, of the studied sample. In present work, the study of varied scanning rate
of DSC measurement on three rubber samples i.e. NR and HNR38, having 38 %
hydrogenation and HNR97, having 97% hydrogenation. The observed onset (Tonser)
and T, of the samples obtained from the second heating scan of NR, HNR38 and
HNRY7 are listed in Table 5.41. It can be seen that the T, of the samples slightly
increases with the scanning rate. The actual glass transition temperature (Tg’) of the
samples can be determined by extrapolating to the y-axis intercept in the graph p}otted
between T, and the scanning rate. The linear relationships between the T,® of NR and
both hydrogenated samples and the scanning rate obtained were obtained as shown in
Figure 5.81. This indicated that in all experiments glass transition temperature
increased with increasing of the heating scanning rate. This is in fact that the observed
glass transition temperature depends very much on the time allotted to the experi:ment.
The value generally considered for T, is the one extrapolated data at scanning rate of
0°C/min. For NR, T, is -68.8°C, while in the HNR38 and HNR97 samples the T, are
-67.0 and -64.3°C, respectively. The T, of the hydrogenated rubber is slightly
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increased with %hydrogenation, which may be implied that the modified sample did

not loss its rubber behavior.

Table 5.41 Effect of scanning rate on the onset temperature and glass transition

temperature of NR, HNR38 and HNR97

NR HNR38 HNR97
Scanning rate
(“C!min) Tonset Tg Tonset Tg Tonset Tg
O ‘O 0 °C) (°0) (°C)
5 -59.6 -68.2 -59.4 | -66.3 -59.8 -63.7
10 -58.8 -67.2 -589 | -654 | -58.9 -62.2
15 -58.1 -66.7 -58.2 -64.6 -58 -61.7
20 -57.4 -66.0 -57.8 -64.0 | -57.6 -61.0
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Figure 5.81 The relationship between glass transition temperature and sc
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5.7.2.2 Effect of Hydrogenation Content on Thermal Transition

(a) NR and the Hydrogenated NR

The values of glass transition temperature obtained from the second scan of
heating (20°C/min) of NR and HNR centaining various hydrogenation levels up to 97
% are listed in Table 5.42. It was found that the glass transition temperature (Tg) of the
partially hydrogenated rubber is gradually increased about 2-5°C after hydrogenation.
The increase of Ty value results from the increased amount of saturated units iﬁ the
molecular chain, that is, the segmental mobility decreases. It is interesting to note that
complete hydrogenation of cis-1,4 polyisoprene should form a 1:1 alternating
copolymer of ethylene and propylene, having glass transition temperature, between
that of polyethylene (-85°C) and polypropylene (-20°C) [11]. For the 1:1 ethylene-
propylene copolymer, the calculated T, should be approximately -52.5°, whereas the
observed T, found -61.0°C for the hydrogenated NR (97%). Mango and Lenz f11]
studied the thermal transition of hydrogenated synthetic polyisoprene (HPI) by using
DSC and found that the T, of HPI is about -61°C as similar to the T, of the our HNR
sample. In addition, the frans microstructure obtained by cis-trans isomerization of
residual double bonds may also result in the enhancement of T, in the hydrogenated
NR. It is interesting to note that the T, of cis-PI is -73°C whereas of trans-Pl is arlound
-53°C [108]. 1t can be assumed that the cis-trans isomerization affects the T, df the
hydrogenated samples. The results of T, values of all hydrogenated NR samples is
lower than that of EPDM as shown in Table 5.42. It can be explained that the EPDM
sample having the ethylene and propylene segment (around 91 %) on the rélbber
chains which can occur partially crystalline of ethylene and propylene fraction, hence,
the more energy is needed to overcome the energy barrier for the segmental motion of

the samples.
I
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Table 5.42 Glass transition temperature values of NR and the HNR obtained at

different percent hydfogenations with scanning rate 20°C/min

Hydrogenation Tonset T,

(%) 0 (°C)

0 -57.9 -66.7

39.1 -57.1 -65.0

57.5 . =575 -64.9

79.4 -57.1 -63.5

84.9 -56.5 -62.3

97 -57.6 -61.0

EPDM (%EP = 9) - -46.7

(b) ENR and the Hydrogenated ENR

The thermal transition of ENR-10, ENR-22, ENR-30 and ENR-40 and their
hydrogenated samples, evaluated from the second heating thermograms are presented
in Table 5.43. Figure 5.82(a) shows the linear relationship of epoxidation degree and
Tg of the epoxide modification of NR. It was found that the introduction of epoxide
function on the rubber main chain results in increasing the Tg, depending on the level
of modification. These results are in accordance as has already been disclosed in
several literatures that the T, of ENR varies linearly with molar epoxy content [37, 38,
107). Burfield et. al. reported the progressive increase in the glass transition
temperature parallels a concomitant increase in polymer density [108]. This is an
indicative that the increase of T, results from a reduction in free volume of the chain
segments. The presence of oxirane units on the rubber chains resulted also on the
stiffness of the rubber, hence the Ty,

Table 5.43 also summarized the T, results of different types of ENR
hydrogenated during 8 h and they all have approximate equal value of hydrogenation
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degree i.e. 97-99 % hydrogenation. An increased T, of about 16°C for the HENR-

10(8) as compared fo that of the ENR-10 was found. The plot of the relationship
between T, of HENR and the epoxidation level of the ENR starting material showln in
Figure 5.82 (b) demonstrates that the T, of HENR progressively increased when the
epoxide content of the starting rubber is increased. For instant, the T, of HENR-40(8)
based on 40 mole% of epoxide content (14.8°C) is higher than those of other types of
HENR (10, 22, and 30 mole% epoxide level). This must be due to the increase in the
chain stiffness after hydrogenation, which is significantly more important than in the
case of hydrogenated NR. The T, of HNR (-62°C) is lower than that of HENR (-3 1°C
for HENR-10, -22.8°C for HENR-22, -3.9°C for HENR-30, 14.8°C for HENR-40).
Two types of factors influencing the chain stiffness of HENR can be taken into
account. The first one may be called the internal mobility, which reflects the ease of
rotational motion of the main chain backbone. Another one is concerned with the
presence of side group other than the epoxide ring i.e. the furan ring and aromatic
group of TSOH attached on the chdin backbone. In addition, in the case of the
presence of a higher amount of epoxide group (40 mol%) the T of HENR-40 is very
high. This is due to a higher amount of the furan ring structure, which leads to less

segmental mobility of the macromolecular chains.
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Table 5.43 Glass transition temperature values of ENR containing various epoxide

contents and HENR obtained at 8 h of reaction time

Hydrogenation Tonset T,
Sample code (%) (°O) 9
ENR-10 - -58.9 -47.4
HENR-10(8) 97.0 -29.7 -31.0
ENR-22 - -58.5 -40.0
HENR-22(8) 97.7 -22.4 -22.8
ENR-30 - -41.0 -37.6
HENR-30(8) 97.4 -10.4 -3.9
ENR40 - -34.1 -31.3
HENR-40(8) 99.3 9.0 14.8
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Figure 5.82 The relationship between the glass transition temperature and the
epoxidation level of ENR (a) and of HENRs (b) containing 10, 22, 30 and 40 %

epoxide content.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Polymer Science and Technology) / 239

5.7.3 By Thermal Gravimetric Analysis (TGA)

The present investigation focuses on the effects of hydrogenation on the

degradation behavior of HNR and HENR samples using TGA technique.

5.7.3.1 Thermal Stability of Hydrogenated NR carried out in organic

media

Thermogravimetric (TG) and derivative thermogravimetric (DTG) thermograms
of NR and HNR under air and nitrogen atmosphere are illustrated in Figures 5.83 and
5.84, respectively. The hydrogenated NRs exhibited the two-step weight lose curves,
while the NR give a conventional weight loss curve. From the thermogram curves,
shown in Figure 5.83, the data of thermal behavior was analyzed as listed in Table
5.44 and 5.45. The results show that the temperature of initial decomposition of the
first step (Til) of HNR samples was 6ccurred around 230-275°C under air and 205-
230°C under nitrogen atmosphere. While the second step of degradation, the T',’s are
in the range of 400-414°C under air and 400-432°C under nitrogen atmosphere.

It can be explained why the multi steps of TGA thermograms in Figure 5.83 of
the HNR by two reasons. One reason may be the M, of the HNR (85%) 288,000 is
much lower than that of the NR (M, = 912,000) due to the degradation caused by
considerably high temperature of the hydrogenation. This reason supports by the
observation of thermal stability of the masticated natural rubber having the weight
average molecular weight about 50,000 which present the two steps of weight loss
curve as shown in Table 5.45. For another reason, the HNR is the partial
hydrogenation product of NR, therefore the residual unsaturated units that are located
in a random manner in the molecular chain might be probably degraded in the first
place, while the rigid part obtained after hydrogenation can resist to high temperature
applied for a longer time.

Examining the two step of the samples, it is observed that the second
decomposition temperature of the hydrogenated NRs are also higher than that of NR
i.c. the maximum degradation temperatures (T",) of the HNR samples are in the ranec

430-445°C in air and 440-460°C in nitrogen atmosphere while the degradatiof
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temperature of NR is about 380°C in both air and nitrogen atmosphere (see Table 5.44
and 5.45). It is cleaﬂy seen that the maximum decomposition temperature shifts to
higher temperature with hydrogenation level. The decomposition temperatures (Tq) of
the hydrogenated products are higher than those of the starting rubbers by 60-80°C
both in the air and nitrogen atmosphere. This indicates that the hydrogenation of NR
could improve their thermal stability of final step.

By comparison between the thermal stability under air and nitrogen atmosphere,
the decomposition temperature of HNR in air is less than that of in nitrogen
atmosphere. It is well known that thermal stabilities in particularly dependent on the
strength of chemical bonds in the polymer chain structure and inter-chain forces
associated with them. The double bonds are very susceptible to oxidation. As a result,
the presence of oxygen may cause the chemical reaction to take place generating
functional groups such as ~C=0, or ~COOH on the main molecular chain [80] leading

to higher thermal stability in air than in nitrogen atmosphere.
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Figure 5.83 TG (a) and DTG (b) thermograms of natural rubber (NR) and their
hydrogenated products (HNR) in air atmosphere.
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Figure 5.84 TG (a) and DTG (b) thermograms of natural rubber (NR) and their
hydrogenated products (HNR) in nitrogen atmosphere.
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Table 5.44 The results of TGA of NR and their hydrogenated rubbers under air

atmosphere
. Step 1 Step 2
Sample Hydr(zg/:a;latlon = Tfl . T Trz ™
code co | co | co | co|co|co
NR 0 n n n 357.3 | 408.0 | 3859
HNR(2) 39.1 2298 |306.6 |273.1 398.6 | 4495 | 4328
HNR(4) 57.5 276.0 |328.5 3022 411.1 | 4495 | 437.1
HNR(6) 794 2338 (3013 | 2717 413.5 | 451.7 | 440.7
HNR(8) 84.9 268.0 (3428 |317.0 | 4139 | 461.3 | 4457

n = no detection
T', and T'; = temperature of initial decomposition for the first and second steps,
T, and T', = temperature of final decomposition for the first and second steps,

T?, and T, = temperature of maximum decomposition for the first and second steps.

Table 5.45 The results of TGA of NR and their hydrogenated rubbers under nitrogen

atmosphere
Step 1 Step 2
Sample Hydrogenation | T T, T T, T, T"
code (%) CC) | €O | €O | CO | CO | O
NR 0 n n n 354.6 | 402.7 | 377.1
HNR(2) 391 227.3 | 3004 | 2684 | 403.5| 4654 | 4389
HNR(4) 57.5 225.5 | 298.7 | 269.6 | 416.9 | 4672 | 446.5
HNR(6) 79.4 2243 | 2939 | 262.2 |1 4304 | 475.5 | 456.7
HNR(8) 84.9 206.8 | 2925 | 246.5 | 431.8| 473.2 | 457.6
Liquid NR
aw 0 208.9 | 260.8 | 249.0 | 398.0 | 4705 | 446.5
(M, = 50,000) :
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5.7.3.2 Thermal Stability of HNR Carried out in Latex Form

The results of the TG and DTG analysis of all the HNRs obtained from diimide
reduction in latex form are illustrated in Figure 5.85 and the characteristic temperatures
of degradation are presented in Table 5.46. From the TG and DTG curves analysis, it 15
seen that the thermal degradation of NR and hydrogenated NR has a one step process.
The results in Table 5.46 show that the temperatures of initial decomposition are in the
range of 358-383°C. The maximum rate of degradation is in the range of 378-412°C,
and the final decomposition temperatures are around 406-454°C. The temperature of
the initial decomposition is found to increase with increase of the hydrogenation level.
This indicates that the thermal stability increases with the increase of hydrogepation
content in the samples. The decomposition temperatures (Tq) of the hydrogenated
products are higher than those of the starting rubbers by about 20-50°C. This indicates
that the hydrogenation of NR in this system could improve their thermal stability.
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Figure 5.85 TG and DTG thermograms of natural rubber (NR) and their
hydrogenated rubbers obtained in latex at various percent hydrogenatic inder

" nitrogen atmosphere.
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Table 5.46 The results of TGA of NR and their hydrogenated rubbers prepared in

latex stage under nitrogen atmosphere

Hydrogenation T, T', T,

Sample code (%) O (°C) (°C)
NR 0 357.7 405.9 377.7
NRL6® 9.6 369.3 426.6 3935
NRL7* 17.9 373.1 439.5 399.8
NRLS&? 213 3742 439.5 402.0
NRL1¢* 29.4‘ 382.6 454.4 411.6

a = hydrogenated rubber taken at 24 h of reaction time
T'| = temperature of initial decomposition,

T, = temperature of final decomposition,

T", = temperature of maximum decomposition.

5.7.3.3 Thermal Stability of ENR and HENR

In the case of ENRs and their hydrogenated products, the thermal stability is also
investigated by TGA technique. TGA thermograms obtained from the heating scan of
ENR-10 containing 10 mol% epoxy content and the hydrogenated ENR at 2, 4, 6 and
8h of reaction time are shown in Figure 5.86 and the results of the decomposition
temperature are given in Table 5.47. The result of TGA curve of ENR-10 shows the
only one step of the thermal degradation that the maximum and final of degradation
temperatures at 393 and 433°C are higher than in the case of NR. It is shown that the
epoxidized NR form can improve the thermal stability of NR. In the case of HENR-
10, the results in Table 5.47 show that the temperature of initial decomposition of the
first step occurred in the range 196-230°C; for the second step of degradation, the T,
are in the range of 423-434°C. The maximum temperature of degradation is in the
range 452-461°C. This shows that the enhancement of final thermal stability can be
obtained after hydrogenation. However, the increase of percent hydrogenations did not

affect on the increase of the thermal stabilities of the HENR.
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Figure 5.86 TG and DTG curves of ENR containing 10 mol% epoxy content and
hydrogenated ENR obtained at 2, 4, 6 and 8h.

Table 5.47 The results of TGA of ENR-10 and their hydrogenated rubbers obtained at

various reaction times under nitrogen atmosphere

Sample Hydrogenation Step 1 Step 2
code (%) T T T, T, T, ™,
Cc) | CO | CO | CO | CO | (O
ENR-10 0 n n n 365.9 | 4332 {3926
HENR-10(2) 35.0 1960 |308.9 |270.6 |423.4 |4723 | 4522
HENR-10(4) 70.0 196.8 | 313.9 12688 |429.6 |473.7 |457.6
HENR-10(6) 84.6 2295 |309.7 | 2715 | 432.0 |476.5 | 4585
HENR-10(8) 93.0 2120 |288.9 | 2526|4336 |4762 | 4612

n = no detection

T', and T'; = temperature of initial decomposition for the first and second steps
T, and T%, = temperature of final decomposition for the first and second step
TP, and TP, = temperature of maximum decomposition for the first and second steps
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Figure 5.87 depicted the TGA and DTG curves of ENR-10, ENR-22, ENR-30
and ENR-40, containing 10, 22, 30, and 40 mol% epoxidation levels, respectively and
their HENRs having around 95-97% hydrogenation, carried out under nitrogen
atmosphere. It can be seen that the thermal stability slightly increases with the
epoxidation level. For ENR-30 and ENR-40, the DTG curves show broad curves. This
might be due to the ENR exhibited two characteristics of different structures that are
isoprene units and oxiran units occurred after epoxidation reaction. The obtained
TGA data of ENR and HENR are summarized in Table 5.48. For the TGA curve of
all HENR samples, the two-step of degradation was found similar to the case of HNR,
The maximum and final degradation temperatures of HENRSs in all samples are higher
than those of ENRs. It is shown that the thermal stability of the hydrogenated ENR
can improve by hydrogenation (97%). In addition, it is interesting to note that in the
HENR-10(8) (93 % hydrogenation) the maximum and final degradation temperatures
of second step are the highest among all HENR samples. This can be explained that
higher saturated fraction on the rubber chain of HENR-10 resulted on the

improvement of thermal stability.
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Figure 5.87 TG and DTG thermograms of ENR (a) containing 10, 22, 30 and 40

mol% epoxy content and their hydrogenated products (b) obtained at 8h.
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Table 5.48 Results of TGA of ENR and their hydrogenated rubbers obtained at 8 h of

reaction time in N, atmosphere

Step 1 Step 2
T, T T T, T, T,
Sample codes | (°C) O | 0 C) O 0

ENR-10 n n n 365.9 4332 392.6

HENR-10(8) | 212.0 288.9 2526 | 4336 476.2 461.2

ENR-22 n n n 349.3 432.8 3814

HENR-22(8) 2013 297.8 2523 4243 465.0 450.5

ENR-30 n n n 366.8 426.6 3894

HENR-30(8) | 203.2 299.1 249.1 4193 463.9 448.2

ENR-40 n n n 3527 449.1 388.4

HENR-40(8) 200.0 271.7 2339 417.2 462.6 446.6

n = no detection

T~] and T'; = temperature of initial decomposition for the first and second steps,

T'; and T', = temperature of final decomposmon for the first and second steps,

T%, and T®, = temperature of maximum decomposition for the first and second steps.
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5.8 Rheological Properties

This section describes rheological investigation of hydrogenated rubbers. All
rheological measurements were carried out using a Rubber Process Analyzer (RPA)
with an oscillatory shear at frequency 1 Hz. The temperature used for testing all the
samples was fixed at 100°C. Using a modified torsional dynamic rheometer, strain
and torque signals are captured and analyzed through Fourier transform. The result on
the series of HNR samples with different molecular characteristics (ratio of

unsaturated units per saturated units, molecular weight and MWD) were reported.

5.8.1 Results on HNR Samples using RPA

The rheology of materials is strongly dependent on its chemical :and
morphological structure. This section had chosen three different types of hydrogenated
NR to study the relationship between the portion of saturated (ethylene-propylene)
unit in the molecular structure and the rheological properties.

Figure 5.88 shows solid state NMR spectra of HNR38, HNR69 and HNR97
From the spectra, the cis and trans forms of 1,4-polyisoprene are detected at 23 and 19
ppm, respectively. It was found that the HNR38 contained cis and trans isomers of 34
and 26 % respectively with 38 %hydrogenation level. While in the case of HNR69 the
% hydrogenation is 69 with the cis and ¢rans isomers of 16 and 15%, respectively. In
Figure 5.88, it is found that the dominant fours peaks at 20, 27, 33 and 38 ppm are
considered to be ethylene propylene copolymer according to ‘the approximately

complete hydrogenation of HNR97. |
|
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Figure 5.88 BC-NMR spectra of hydrogenated rubbers containing 38, 69 and 97

mol% hydrogenation content.

To determine how the moduli of the HNR samples change with the
hydrogenation level, the rheological properties samples were investigated using RPA
with the temperature of 100°C. Test results provided by the standard data treatment of
the RPA of HNR38, HNR69 and HNR97 samples are shown in Figures 5.89, 5.90 and
5.91, respectively. As can be seen in Figure 5.89, there is no superposition of the two
tests of the same material which indicates likely strain history effects. While in the
case of HNR69 and HNR97 samples the test exhibited superposition because the same
results are observed with two tests of the same material.

Significant differences are found between the three samples when considering
the storage, loss and complex modulus. As can be seen, the HNR38 and HNR69
samples exhibit a linear viscoelastic plateau up to = 50 % deformation for the
dynamic storage modulus (G'), while in the case of HNR97 sample the m Us

plateau shows up to = 140 % deformation for G'. It is seen that the dynamic starage
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(G") and loss (G"') moduli at 100°C of all samples decrease with increasing the %
strain. According to tﬁe viscoelastic behaviour of the polymeric systems first described
by Sanders et. al. [87], a logarithmic_ plot of dynamic moduli consists of terminal,
plateau and transition zones. The time scales associated with three zones are defined to
correspond to the long-range relaxation (long range entanglement of uncrosslinked
polymer), the intermediate range relaxation (the region locates between the long and
short entanglement), and the short-range relaxation (motion in the entanglement of the
crosslinked polymer), respectively. It is seen that HNR samples reported in this work
exhibit two zones: plateau (the intermediate range relaxation) and terminal zones (the
short-range relaxation). From the data treatment, the samples exhibit the linear
viscoelastic response by dependent on the hydrogenation level. It means that the
greater hydrogenation leve! is observed, the larger viscoelastic region is presented. In
addition to compare G'and G" of each sample at the same strain, it is found that the
G' value is higher than G" value. This indicated that the elastic characteristic, the
ability to store the energy of external forces, is a dominant factor for HNR samples
under the dynamic torsion measurement. The storage and loss moduli of HNR97
sample are the highest values when compared with HNR38 and HNR69 samples.
These values are remarkably increased with the hydrogenation level. For instance, the
fully hydrogenated NR has a significant increment in the loss and storage moduli of
the sample that is approximately 8 times of both loss and storage moduli of HNR38
sample. This means that the polymer characteristics, that is, ratio of ethylene-
propylene to polyisoprene units, strongly affect on the rheological behaviour of them.
The 97% hydrogenation of NR should give a new material known as ethylene-
propylene diene copolymer. The viscoelastic behaviour of HNR97 sample is! quite

similar with EPDM as reported by Leblanc and Chapelle [109]. !
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Figure 5.91 Strain sweep tests on HNR97 sample; RPA built-in data treatment:
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5.8.2 Results on HNR Samples Using Fourier Transform Rheometry

In order to investigate the non-linear viscoelastic character of the samples,
torsional dynamic rheometer has been modified.

Using the calculation technique described in section 3.6, Fourier transform was
performed on all strain signals recorded during strain sweep tests with the data
acquisition system. FT spectra were obtained from which the magnitude of the main
torque component, i.e., at 1 Hz, the test frequency, and the relative odd-harmonic
components, i.e., the ratio T(na, )/ T(a) where n=3,5,7,..., were extracted. Figure
5.92 shows the main torque components from Fourier transform treatment of strain
sweep tests on the HNR samples. In the HNR38 sample, a linear variation of the main
torque component with the set deformation is found at very low strain (= 14% strain)
with respect to HNR69 and HNR97 samples. Fit straight lines passes through zero and
the slope depends on the materials, i.e., 3.67 for HNR70 (r* = 0.9833) and 28.41 for
HNR97 (r? =0.9961) at around 35 % deformation. In the HNR69 and HNR97 samples,

the linear variation of T(w,) reflects clearly the linear viscoelastic behavior of this

sample up to around 35 % deformation and the slope obtained by linear regression are,
as expected, commensurate with G'data, as provided by built-in data treatment of the
instrument while the difference of slope values in the HNR69 and HNR97 is
extremely significant. It results from the structural characteristics of the samples i.e.,
HNR69 consists of the 69% of saturated portion and 31% of unsaturated portions
whercas HNR97 is almost fully hydrogenated NR.
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Figure 5.92 Main torque components detected from Fourier transform treaf

of strain sweep tests on HNR38, HNR69 and HNR97 samples.
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As described in section 3.7, the Fourier transform analysis was performed on the
torque signals capturéd during the strain sweep tests. Wilhelm et. al. [110] have
demonstrated that the envelope function for the intensity of the different harmonics
decreases as 1/nw;, where n = 3,5,7. In other words, the limit of the relative tofque
harmonic T(nw;)/T(w1) is expected to be equal to 1/n, if both infinite high torques and
a shear rate dependent viscosity are considered. Consequently, T(3@ )/ T(w@1) is‘ the
most intense contribution compared to all other harmonics.

Figure 5.93 shows the relative third harmonic component with the set
deformation as measured on HNR38, HNR69 and HNR97 samples. Lower strain angle
data are scattered, in agreement with a similar study on EPDM samples [87,109]. An
S-sharp variation is observed, from a (scattered) plateau value at low strain up to a
maximum at high strain. Leblanc {86] attempted to describe the variation of the ‘third

harmonic component with the following equation:

[T(kﬂl )] = [___T(Z&ml )-J + {[T(Saq )] _\:___T(Zkol )] }x[l - exp(—b}’)]c (5.24)
T(wy) ¥ T(en) min T(an) max T(an) min

where [I.Qﬂ_)} and [1(3_‘”.1.1] are the limiting third harmonic components at very
min max

T{en) T{w)

low and very high (infinite) strain, respectively. While ¥ is the strain amplitude, b and

c are fit parameters.

Figure 5.93 obviously suggests that a sigmoidal type of equation of this imodel
can be used to fit the experimental observations. The difference between the
experimental and calculated curves is illustrated. These difference curves aré quite
small indicating a good quality of pattern fitting is obtained. Similar graﬁhs are
obtained with the other HNR sampies, and the corresponding fit paramett:ers are
summarized in Table 5.49. From the parameters listed in Tables 5.49, it can be seen
that the minimum third harmonic component appears to depend on the material tested,
but this parameter describes the curve in the data range where the scatter is maximum.
At the same time, the difference in the maximum third harmonic contribution :of three
HNR samples are seen, for instance, the HNR97 sample gives the highest value. While
the values of the maximum third harmonic contribution of HNR38 and HNR69 are

comparable. It might be described that the HNR97 which was ¢ pletol]
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hydrogenation of NR resulting in ethylene-propylene copolymer that shows the

increase of torque with increase of set of deformation. However, the relative third

harmonic component varies with the strain amplitude is determined by the two

parameters b and c. For b parameter, there is a physical meaning indicating the

transition towards a strong nonlinear behavior.

Table 5.49 Effect of strain amplitude on third harmonic component; fit parameters

obtained by sigmoidal model

HNR38 HNR69 HNR97
Materials Run 1 Run 2 Run 1 Run 2 Run 1 Run 2
TEWYT(W)min | 2.1740.12 2.2610.14 2.60+0.15 2.49+0.14 2.88+0.42 4.24+0.64
TOWYT(W)nax | 10.60£2.77 | 9.03£1.43 10.26£0.36 | 11.07£0.23 | 22.04+£065 | 20.82+1.04
b 0.006+0.002 | 0.007+0.002 | 0.008+0.001 | 0.010+0.001 | 0.0134£0.002 | 0.013£0.004
¢ 5.93£3.56 5.80x3.47 2.03+£0.42 2.8440.53 5.39+1.82 5.28+3.13
r 0.990 0.988 0.997 0.998 0.995 0.984
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5.9 Correlation of the Molecular Characteristic with Physical

Properties of NR,. ENR and their Hydrogenated Samples

The physical properties of the hydrogenated rubbers are the most important for
potential applications. This section will present some correlation of the physical
properties of NR, ENR and their hydrogenated rubbers, such as the correlation of
thermal transition with molecular characteristics of rubber chains before and after
modification.

Correlation of the results from spectroscopic techniques will, it was thought,
help identify the microstructure of products and determination the percent
hydrogenation. The forth part is concemed with spectroscopic investigation of the
molecular characteristic of the hydrogenated resulting. Both Raman and *C-NMR
spectroscopies in solid state have been applied to study the molecular characteristics in
order to correlate with the physical properties i.e., glass transition temperature (Ty).

The correlation results for the relative variation force constant at various
hydrogenation levels of HNR samples with the glass transition temperature and
maximum degradation temperature are presented in Table 5.50. There is slight
increment in T, and maximum degradation temperature (Ty) with the relative variation
force constant. The possible reason to play for the gradually enhanced maximum
degradation temperature with hydrogenation level is the increase in the relative
variation force constant of the samples. This may result from the increase in the
intermolecular force of the molecular rubber chains with reduction of unsaturated
units. It has also seen that the slightly change maximum degradation temperature of

HENR-10 with the relative variation force constant as tabulated in Table 5.51.
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Table 5.50 Correlation between relative variation force constant, glass transition (T})

and maximum degradation temperatures (T%,) of the HNR at various hydrogenation

level

Hydrogenation | Relative variation T, T
(%) force constant (°0) (°C)
0 0:00 -66.7 371.1
39.1 0.114 -65.0 438.9
57.5 0.186 -64.9 446.5
79.4 0.236 -63.5 456.7
84.9 0.228 -62.3 457.6

Table 5.51 Correlation between relative variation force constant and maximum

degradation temperatures of the HENR-10 at various hydrogenation level.

Hydrogenation Relative variation T,
(%) force constant "C)
0 0.000 392.6 '
35.0 0.043 452.2
70.0 0.158 457.6
84.6 0.250 458.5 |
93.0 0.309 461.2
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To investigate the correlation between the line widths of solid state NMR line at
position 33 ppm (methine carbon) with thermal properties, the results are shown in
Table 5.52. It is seen that the T, gradually increases with the increasing of line widths.
This is due to the T, of HNR is independent of the line widths in the case of
hydrogenated samples. The width of NMR line in solid state may be contributed to the

local conformations that are trans isomer or saturated portions.

Table 5.52 Correlation between line widths, glass transition temperature and

hydrogenation level

10
H,C
N s
/ \
CH, CHz—]—
6 9 n
Hydrogenation Line width T,
(%) at C-7 (Hz) CC)
39.1 2642 -65.0
57.5 32.46 -65.1
79.4 34.72 -63.0
84.9 38.49 -62.4

As seen in section of characterization of ENR, the solid state NMR spectra of
ENR with various oxirane units are broad line width. This is responsible for the
evidence obtained from the molecular characterization that gives information about
line widths of carbon signals corresponding to oxirane ring as given in Table 5.53.

It is shown that the glass transition temperatures increase with respect to the line
widths of “C-resonance of oxirane units. This indicates that more rigidity of the
molecular chain resulting from the epoxidation level clearly affects the glass transition

temperatures of the ENR samples.
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Table 5.53 Correlation between line widths and glass transition temperature of the

ENR at different epoxidation levels

H, H Hs H
60 64 — . .
Epoxidation Line width Line width T,
(%) at C-60 (Hz) | at C-64 (Hz) (°C)
10 13.59 20.38 -47.4
15 20.38" 42.27 -40.0
22 30.19 55.85 -37.3
40 43.02 111.71 -31.3

Moreover, from NMR spectra of HENR in section 5.3, it should be noted that at
a higher level of epoxidation, the line width has significant influence on the onset and

glass transition temperature in the HENR samples (section 5.7.2).

The possible reasons for explanation of the higher measured values for the onset
and glass transition temperature is more immobility segments after hydrogq'nation
according to the addition of TSOH by product on the rubber chains and furanization of

oxirane units due to p-toluenesulfonic acid acting as a catalyst for this reaction.
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5.10 Raman Microscopic Study of the Homogeneities of the
Hydrogenated Rubbers

The micro-Raman mapping is now conveniently technique applied for point
analysis and depth profiling of chemical and inhomogeneities of materials with a high
spatial resolution. Therefore, this technique was chosen here to demonstrate the value
of Raman imaging for the study of heterogeneities in the NR and HNR samples.

The specimen was placed on the X-Y stage and the laser beam was focused on
the specimen surface through a 50x microscope objective. The specimen was moved
relative to the layer spot position by steps of 0.2 um in the xy direction. By detecting
the Raman spectra at selected area, the distribution of components (homogeneities) in
micro scale of the samples can be assessed in the xy direction.

The Raman spectra of the samples before and after modification in the region of
interest (1300-1700 cm') were recorded to observe the characteristics of the C=C
bond, methyl and methylene groups positioned at 1664, 1452 and 1432 cm’,
respectively (Figure 5.94). The calculation of [C=C]/CHj ratio offers the advantage of
minimizing errors due to the fluctuation of laser power over the duration of the
experiment (mainly as a result of errors in focusing the laser, with a resulting rapid
decrease in intensity with distance f.rom the objective focal plane). Comparing
between the Raman spectra NR and HNR, it was found the intensity of the Raman
band at 1664 cm™ corresponding to the C=C stretching mode of polyisoprene units
decreased when increase the hydrogenation time. On the other hand, the intensity of
the Raman band at 1432 cm™' increased, indicating the hydrogenation reaction.

The variation of unsaturated content can be determined on a relative basis by
comparing the stretching vibration of the C=C (1664 c¢cm’') to that of the CH;
deformation mode (1450 cm™"). A band should be selected as an internal reference
band whose intensity does not change during hydrogenation process. The results of the
distribution of the unsaturated units of NR and the hydrogenated samples in particular
area are presented in Figure 5.95. Figure 5.95(a) shows the image of the ratio the area
under the Raman band at 1664 cm™ over that at 1452 cm™ and the corresponding

pseudo-3D representation. The dark shading stands (black color) for a high ratio and
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thus for a high content the carbon carbon double bonds. This image is essentially
comparable to those in Figure 5.95 (b) and Figure 5.95 (c) in shape of the features. The
dominant soft blue color level scale appears in the case of HNR(2) sample while in the
case of HNR(6) the intensity level sﬁows the soft green scale. This means that the
lowest carbon-carbon double bond content in HNR(6) is compared to that of the
sample. The variation of amount of carbon-carbon double bond of cis-1,4 polyisoprene
units within a particular map demonstrated the homogeneity of the distribution of
double bonds on micron scale of NR. The recorded Raman mapping in step by step of
0.2 pm can be roughly related to the number of cis-1,4 polyisoprene units which is
about 45 units (length of one unit of polyisoprene about 4.42 nm). The variation of
error of distribution of unsaturated units in NR from one position to another which can
be estimated from the relative intensity scale of Raman mapping (see Figure 5.61 (a))
is in the order of 10%. As for HNR(2), the distribution of C=C bond inside the area
mapped is almost homogeneous, indeed the level of unsaturated units varies between
60-70 % with respect to that of NR assumed 100%. Moreover, the 13-18 units of
polyisoprene (45 units) can react with diimide molecule within 0.2 pm step of
mapping. Within 2um x 2um area of HNR(6), the distribution of double bonds is also
homogeneity in a microscopic scale and the variation of the C=C bond content is
approximately 30-45 % as compared to that of NR. This map shows that the
distribution of the C=C bonds in microscopic scale which is in close proximity to the
25-37 units of saturated fraction. These results roughly indicate that the hydrogenation
level of HNR(2) and HNR(6) samples are around 30-45 and 60-70%, respectively. It
can also be seen that the standard deviations in individual maps are generally higher
for the distribution of the C=C bonds of HNR(6) than for distribution of the C=C
bonds of HNR(2). From the Raman mapping analysis, it becomes clear that
distribution of the double bond content is almost homogeneous HNR sample around

within 45 units but the variation of error depends on the hydrogenation level.
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Figure 5.94 Raman spectra of NR and the hydrogenated rubbers obtained from 2
and 6h: HNR(2), and HNR(6) containing 39 and 79 % hydrogenation level.
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Figure 5.95 Micro-Raman mapping of NR (a), the hydrogenated' rubbers
obtained from 2 and 6h: HNR(2) (b), and HNR(6) (c) containing 39 and 79 %

hydrogenation level at area 2 pm x 2 pm.
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CHAPTER 6
CONCLUSIONS

Hydrogenation of unsaturated rubbers was carried by non-catalytic process using
diimide generated in situ from two types of hydrogenating agent. The first one is the
use of p-toluenesulfonylhydrazide (TSH), which is decomposed under high
temperature to form diimide molecule. The reaction had been carried out in organic
media i.e. xylene. The second type is the formation of diimide from the oxidation of
hydrazine by hydrogen peroxide. In this case, the reaction could be carried out in
aqueous media i.e. the reaction in latex form. The microstructures of the hydrogenated
products were characterized using vibration and nuclear magnetic resonance
spectroscopic techniques. The molecular characteristics, thermal behavior and
' rhéological properties were also invéstigatcd. The following conclusions could be
drawn as the following.

1. The hydrogenation of NR and four different ENRs i.e. ENR-10, ENR-22,
ENR-30 and ENR-40, having epoxidation level of 10, 22, 30 and 40 %, respectively,
could be performed in xylene solution at 135°C using the mole ratio of [TSH]:[C=C]
equal to 2. The spectroscopic techniques i.e. Raman, FT-IR, '"H-NMR and *C-NMR
were used to analyze the microstructure of the resulting products after hydrogenation
and it was found that partial hydrogenation was occurred.

2. The percent hydrogenation of the NR was found to be dependent on the
reaction time. The maximum degree of hydrogenation of NR is about 85-89 %
determined by Raman, 'H-NMR in liquid state and '*C-NMR in solid state. The
Raman technique was successfully used to determine the percent hydrogenation versus
reaction times because the carbon-carbon double bond has a vibrational characteristic
which is strongly Raman active.

3. Similar trend was observed in the case of ENRs that the p

hydrogenation increased with increasing the reaction time. The maximum percent
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hydrogenation is approximately 93-98% as determined by Raman spectroscopy and |
'H-NMR in liquid state. The kinetic study of NR and ENRs hydrogenation reveals that
the rate of hydrogenation increases when the epoxidation level of the rubber incre;qses
and is greater than that of NR.

4. Cis-trans isomerization was encountered during hydrogenation reaction using
TSH both in the case of NR and ENRs. The percentage of transformation from cis to
trans structures was quantified by 'H-NMR in liquid state and 3C-NMR in solid state.
In the case of hydrogenation of ENR, the evidence of furanization and fixation of p-
toluenesulphinic acid (TSOH) by-product on the HENR as side reactions was
obviously detected by FTIR, Raman and “C-NMR with HD/MAS/CP technique in
solid state. Another side reaction was the degradation of the modified rubber.

5. In the case of diimide reduction in latex process, various parameters affecting
on the diimide reduction condition has been studied. The progress of the
hydrogenation was monitored by means of NMR in liquid state as a function of
reaction condition. The results indicated that percent hydrogenation increases with
increasing of reaction time and temperature as well as the reactants for hydrogenation.

6. When the equimolar ratio of hydrazine, hydrogen peroxide and C=C of the
rubber was used, it was found that complete hydrogenation could not be obtained. This
may be due to some side reactions such as the decomposition of the forming diimide
into nitrogen gas and the loss of hydrogen peroxide which is decomposed into active
hydroxyl radical. In addition, the diimide forming may be occurred into 2 forms i.e.
syn and trans diimide and only the syn form can react with the C=C of the rubber.

7. The effect of hydrazine and hydrogen peroxide concentration on the degree of
hydrogenation revealed that the maximum hydrogenation was achieved when 1.5 mol
of reagents per mole of unsaturated units were used. For the effect of dry jrubber
content on the hydrogenation of NR, it was found that dry rubber content has an affect
on the level of hydrogenation, that is, 20% DRC gives the maximum i)ercent
hydrogenation about 23.6 when compared to 10 and 30 % DRC. ;

8. The investigation of various types of NR latex for hydrogenation were carried
out i.e. NR latex, DPNR latex, skim NR latex. It was found that the maximum of
hydrogenation degree is approximately 29% as the skim fresh NR latex was
hydrogenated.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Polymer Science and Technology) / 271

9. The molecular characteristic of NR, ENR and the hydrogenated rubbers was
studied by means of Raman and '’C-NMR spectroscopies in solid state.

- The relative variation force constants tend to be a linear relationship with the
hydrogenation level. It might be suggested that the more stiffness part of the rubber
chains appears upon hydrogenation in such a way that their relative variation force
constants were probably increased.

-With solid-state NMR technique, the line widths of carbon signals i.e. methyl
and methylene on the molecular chain of the NR were found to be increased ‘as the
hydrogenation level was increased. It was due to after hydrogenation, the unsaturated
unit was transformed into the saturated part in which the mobility of methylene and
methine carbons may be restricted as they are connected with other carbons along the
rubber chains which might be in the molecular packing of saturated units. In addition,
the appearance of trans-polyisoprene may be responsible for this evidence.

- The observed line broadenings of carbon signals of ENR significantly
increased with the extent of epoxidation. The line broadenings of two carbon signals
of epoxy units in ENR were related to the distributions of isotropic chemical shifts and
the dipolar interactions which may not be completely averaged and arised from a
variety of local conformations.

- By comparing between the resonance spectra of the HNR and the HENR, the
resonance line widths of the HENR are significantly broader than that of the HNR one.
It is resulted from isotropic chemical shift distribution and residual dipolar interactions
arising from the presence of components with reduced mobility on the modified rubber
chains.

- In CP experiment of the study of molecular dynamic of HNR, and HENR, it
was found that the cross polarization time of methyl carbon in HENR-30(8) is lowest
with respect to methyl carbon in HNR(8) and HENR-10(8). The methyl carbon of
HENR-30(8) is clearly the least mobility due to the more furan structure and the
chemical fixation of TSOH on the rubber chain.

10. The observation of Raman bands of NR, ENR and HNR under heat treatment
was found broadening and the wave number of the Raman band at 1664 cm’’

decreased depending on temperature. This result can be explained that the inherent
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nature of the polarizability change as a result of changes in the intermolecular forces
arises from thermal e:;cpansion.

11. The DSC results for NR and all HNR samples obtained from the second
heating mode revealed that with increasing hydrogenation content to 85%, the glass
transition temperatures (T) slightly increased, whereas in HENR samples the glass
transition temperatures significantly increased, due to the more rigid group on rubber
chains of HENR samples. It was found that the enhancement of T, of HENR samples
tends to be dependent on the hydrogenation level.

12. Thermal stability of NR and the hydrogenated rubbers investigated by TGA
was found the improvement of the samples after hydrogenation. In the case of HNRs
obtained from organic solvent, thermogram of the decomposition temperatures found
two step process but the thermal stability of final step of HNRs are higher than that of
NR. While HNRs obtained from aqueous system give one step process of thermal
stability and the decomposition temperature was enhanced as well. The results of TGA
analysis of HENR also indicated the enhancement of final thermal stability after
hydrogenation.

13. Rheological properties of HNR samples were measured. It was found that
the storage and loss moduli of HNR97 (97% hydrogenation) sample are the highest
values when compared with HNR38 (38% hydrogenation) and HNR69I (69%
hydrogenation) samples and remarkably increases with the hydrogenation level. For
instance, the fully hydrogenated NR has a significant increment in the loss and storage
moduli of the sample. '

14. The correlation results for the relative variation force constant at various
hydrogenation levels of HNR samples with the T, were examined. It was found that
the T, and maximum degradation temperature showed the increment with the relative
variation force constant. The correlation between the line widths of solid state NMR
with thermal properties was observed that the Ty gradually increased with the
increasing of line width positioned at 33 ppm characteristic of methine carbon.ll

15. The investigation of variation of amount of carbon-carbon double bond of
cis-1,4 polyisoprene units using Raman mapping technique demonstrated the
homogeneity of the distribution of double bonds on micron scale of NR while the

distribution of C=C bond of HNR(2).and HNR(6) inside the area mapped wz5 alse
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found the homogeneity in a microscopic scale with variation of about 10-15% of error

in the study area of 2pm x 2um. It can be concluded that the hydrogenation of NR is a

random process in micron level.
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APPENDIX A

Table 1A Specification of high ammonia natural rubber latex (HANR)

Properties Test Results
Total Solids Content. (%) 61.8
Dry Rubber Content (%) 60.1
Non Rubber Solids (%) 1.72
pH Value 10.6
KOH number 0.4769
Volatile Fatty Acid number (VFA) 0.0147
Mechanica! Stability Time @ 55% TS.Sec. 720
Specific gravity at 25°C 0.9437
Viscosity (60% TS. Spindle no.1.60 rpm) cps. 74.5
Ammonia content (on total weight, %) 0.71
Magnesium content (ppm) 37.5 ;
Cogulum content 80 mesh 23
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APPENDIX B

APPENDIX B1: HPLC Chromatogram

HPLC Chromatogram of 4-methyl-4-octene (MO) compound and Hydrogenated MO
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Figure 1 HPLC chromatogram of MO.
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Figure 2 HPLC chromatogram of hydrogenation of MO at 30 min.
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Figure 3 HPLC chromatogram of hydrogenation of MO at 120 min.
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Figure 4 HPLC chromatogram of hydrogenation of MO at 180 min.
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Figure 5 HPLC chromatogram of hydrogenation of MO at 240 min
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Figure 6 HPLC chromatogram of hydrogenation of MO at 360 min.
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Figure 7 HPLC chromatogram of hydrogenation of MO at 480 min.
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Figure 8 HPLC chromatogram of hydrogenation of MO at 24h.
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APPENDIX B2 Data of HPLC chromatogram obtained from the separation of each

APPENDIX B2

peak position during hydrogenation in xylene solvent.

Table 1 Area of mesitylene, cis-isomer, trans-isomer and hydrogenated MO (HMO)

obtained from HPLC chromatogram.
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Reaction Area of each peak
time (h) Mesitylene | Cis-isomer | Trans-isomer HMO
R=3.91 R=7.85 R=8.25 R=6.8
0 321972 131063 198824 0
0.5 205010 60383 76958 0
| 138984 29728 31684 0
2 147124 ‘20267 18748 4704
3 677350 78450 74829 30908
4 903388 78509 73455 59105
6 1064095 64387 57947 92910
8 906142 51938 41417 102185
24 661683 49405 28217 195824
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