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ABSTRACT 
 

                            Atom Transfer Radical Polymerization (ATRP) technique was applied for synthesis of natural rubber-
grafted-poly(methyl methacrylate) (NR-g-PMMA). Active sites on macromolecular chains of NR were created by 
fixation of bromoalkyl groups via a two-step chemical modification: partial epoxidation on unsaturated carbon-carbon 
bonds, followed by nucleophilic addition of a bromoalkyl-functionalized carboxylic acid on the oxirane rings of the 
epoxidized natural rubber (ENR) obtained. The resulting bromoalkyl-functionalized rubber was then used as 
macroinitiator to initiate the ATRP of methyl methacrylate (MMA) from NR chains by varying reaction conditions. The 
study was successively envisaged with 4-methyloct-4-ene (a model molecule of NR repeating unit), a synthetic cis-1,4-
polyisoprene, and natural rubber.  
                            In the first part, the feasibility of the grafting reaction is verified by studying the ATRP of MMA from model 
molecules of bromoalkyl-functionalized 1,4-polyisoprene units. The model of the 1,4-polysisoprene unit, 4-methyloct-4-
ene, is transformed in various models of bromoalkyl-functionalized 1,4-polyisoprene units via a chemical modification 
procedure carried out in two-steps: epoxidation performed with m-chloroperbenzoic acid (CPBA) followed by the 
addition of the bromoalkyl-functionalized carboxylic acid (2-bromopropionic acid, A1, or 2-bromo-2-methylpropionic 
acid, A2) on the oxirane ring formed. The addition of the acid occurs according to an SN2 mechanism with fixation of the 
acid group on the less substituted carbon of the oxirane ring and is competed with a secondary reaction of rearrangement 
of oxirane ring, leading to the formation of two allyl alcohols. The yield of the addition depends on the acidity of the 
carboxylic acid used. Afterwards, resulting O-(2-hydroxy-2-methyl-1-(n-propyl)pentyl)-2-bromopropionate and O-(2-
hydroxy-2-methyl-1-(n-propyl)pentyl)-2-bromoisobutyrate, were used to initiate the ATRP of MMA at 90°C in toluene 
using Cu(I)Br complexed with a polyamine ligand. Several ligands were tested: N-(n-octyl)-2-pyridylmethanimine 
(NOPMI), N-(n-octadecyl)-2-pyridylmethanimine (NODPMI), and 1,1,4,7,7-pentamethyldiethylenetriamine (PMDETA). 
A good control of molecular weights ( SECn,M ) and polydispersity indexes (PDI) were obtained with O-(2-hydroxy-2-
methyl-1-(n-propyl)pentyl)-2-bromoisobutyrate as the initiator in presence of CuBr/NOPMI as catalytic system. 
                            In the second part, the synthetic cis-1,4-polyisoprene (PI) is transformed into a bromoalkyl-functionalized 
polyisoprene (PI-Br) macroinitiator using a two-step chemical modification procedure similar to that used for synthesis of 
the model. PI was partially epoxidized using CPBA in dichloromethane, and then the epoxidized PI (EPI) obtained was 
reacted with A2. The addition of the acid occurs according to an SN2 mechanism with fixation of the acid group on the 
less substituted carbon of the oxirane ring (β-addition) and is competed with rearrangement reactions of oxirane rings, 
leading to external allyl alcohol. SECn,M and PDI of PMMA grafts were determined by Size Exclusion Chromatography 
after separation from the PI backbone by hydrolysis of the ester bond using trifluoroacetic acid. An internal first order 
kinetic plot with respect to monomer and an increase of SECn,M  with MMA conversion were observed using Cu(I)Br 
complexed with bidentate (NOPMI and NODPMI) and tridentate (PMDETA) ligands, as catalytic systems. With 
bidentate ligands, the PDI of grafts is better controlled. Moreover, the control of SECn,M and PDI of PMMA grafts was 
affected by increasing the degree of initiating units in PI-Br.  
                            In the last part, NR is used as a starting material. It was partially epoxidized in ENR in latex medium by 
reaction with performic acid generated in-situ from formic acid and hydrogen peroxide, and then ENR was transformed 
in bromoalkyl-functionalized NR (NR-Br) by nucleophilic addition of A2 on the oxirane rings. The addition of the acid is 
similar to that observed during the studies performed with 4-methyloct-4-ene and PI. Resulting NR-Br was then used to 
initiate the graft polymerization of MMA from NR chains using normal ATRP in toluene solution and in aqueous 
dispersed medium, respectively. AGET-ATRP was also considered in aqueous dispersed medium to study the effect of 
water for further ATRP graft copolymerization studies with NR latices. By normal ATRP in toluene solution, the 
termination reactions by recombination decreased as MMA concentration deceased, from 30 wt% to 10 wt%. PDIs of 
PMMA grafts vary in range from 1.7 (at 8.1 % MMA conversion) to 2.0 (at 52.0 % MMA conversion). A better control 
of the SECn,M and PDI of PMMA grafts was obtained by using normal ATRP in aqueous dispersed medium, more 
especially when CuBr was complexed with NODPMI. In these conditions, PDIs of PMMA grafts were low (closed to 1.5 
at low MMA conversion). In AGET-ATRP performed in aqueous dispersed medium, it was shown that the efficiency of 
graft copolymerization is affected by the concentration in ascorbic acid used as reducing agent.  
                            The chemical structures obtained were characterized by FT-IR, and by 1H and 13C NMR. The thermal 
properties of the graft copolymers synthesized were studied by Differential Scanning Calorimetry (DSC). The presence of 
two Tgs, at about -14°C and 99°C respectively, on the DSC curves when the amounts of PMMA in NR-g-PMMAs are 
higher than 65 wt%, shows that these materials adopt a biphasic morphology.  
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RÉSUMÉ 
 
                            La polymérisation radicalaire par transfert d’atome (ATRP) est utilisée pour la synthèse de caoutchouc naturel 
greffé poly(méthacrylate de méthyle) (NR-g-PMMA). Des sites actifs du type bromoalkyle ont été introduits sur les chaînes 
macromoléculaires 1,4-polyisoprène du caoutchouc naturel (NR) en utilisant une procédure de modification chimique du NR 
conduite en deux étapes : époxydation partielle des insaturations carbone-carbone suivie de l’addition nucléophile d’un acide 
carboxylique  fonctionnalisé bromoalkyle sur les cycles oxirane du caoutchouc naturel époxydé (ENR) obtenu. Le caoutchouc 
naturel fonctionnalisé bromoalkyle résultant a ensuite été utilisé en tant que macroamorceur pour amorcer l’ATRP du 
méthacrylate de méthyle (MMA) à partir des chaînes NR en variant les conditions de reaction. L’étude a été envisagée 
successivement avec le 4-méthyloct-4-ène (un molecule modèle de l’unité constitutive 1,4-polyisoprène du NR), un cis-1,4-
polyisoprène de synthèse et le caoutchouc naturel.  
                            Dans une première partie, la faisabilité de la réaction de greffage est vérifiée en étudiant l’ATRP du MMA à partir 
de molécules modèles d’unités 1,4-polyisoprène fonctionnalisées bromoalkyle. Le 4-méthyloct-4-ène, modèle de l’unité 1,4-
polyisoprène, est transformé en des modèles d’unités constitutives de caoutchouc naturel fonctionnalisé bromoalkyle via une 
procédure de modification chimique conduite en deux étapes : époxydation par action de l’acide m-chloroperbenzoïque (CPBA), 
suivie de l’addition de l’acide carboxylique fonctionnalisé bromoalkyle (acide 2-bromopropionique, A1, ou acide 2-bromo-2-
méthylpropionique, A2) sur les cycles oxirane formés. L’addition de l’acide procède selon un mécanisme de substitution 
nucleophile SN2 avec fixation du groupe acide sur le carbone le moins substitué du cycle oxirane et est concurrencée par une 
réaction secondaire de réarrangement des cycles oxirane conduisant à la formation de deux alcools allyliques. Le rendement de 
l’addition dépend de l’acidité de l’acide carboxylique utilisé. Par la suite, l’aptitude de chacun des composés modèles, O-(2-
hydroxy-2-méthyl-1-(n-propyl)pentyl)-2-bromopropionate et O-(2-hydroxy-2-méthyl-1-(n-propyl)pentyl)-2-bromoisobutyrate, à 
amorcer l’ATRP du MMA a été étudiée à 90°C dans le toluène, en utilisant CuBr complexé par un ligand polyamine comme 
système catalytique. Plusieurs ligands ont été testés : N-(n-octyl)-2-pyridylméthanimine (NOPMI), N-(n-octadecyl)-2-
pyridylméthanimine (NODPMI) et 1,1,4,7,7-pentaméthyldiéthylènetriamine (PMDETA). Un bon contrôle des masses molaires 
moyennes en nombre ( SECn,M ) et indices de polymolécularité (PDI) a été obtenu avec le O-(2-hydroxy-2-méthyl-1-(n-
propyl)pentyl)-2-bromoisobutyrate comme amorceur en présence du système catalytique CuBr/NOPMI. 
                            Dans la seconde partie, le cis-1,4-polyisoprène de synthèse (PI) est transformé en un macroamorceur de type 
polyisoprène fonctionnalisé bromoalkyle (PI-Br) en utilisant une procédure de modification chimique en deux étapes similaire à 
celle utilisée pour la synthèse de l’amorceur modèle. PI a été partiellement époxydé à l’aide du CPBA dans le dichlorométhane, 
et le PI époxydé (EPI) obtenu a ensuite été soumis à l’action de A2. L’addition de l’acide se fait selon un mécanisme de 
substitution nucléophile SN2 avec fixation du groupe acide sur le carbone le moins substitué du cycle oxirane (addition de type β) 
et est concurrencée par une réaction secondaire de réarrangement des oxiranes conduisant à des structures de type alcool 
allylique externe. Les SECn,M  et PDI des greffons PMMA ont été déterminés par Chromatographie d’Exclusion Stérique après 
séparation du squelette PI par hydrolyse des liaisons ester par action de l’acide trifluoroacétique. Une cinétique du premier ordre 
par rapport au monomère et une augmentation linéaire de SECn,M  avec la conversion du MMA sont observées en utilisant le 
Cu(I)Br complexé par les ligands bidentate (NOPMI et NODPMI) et tridentate (PMDETA), comme systèmes catalytiques. Avec 
les ligands bidentate, le PDI des greffons est cependant mieux contrôlé. Il convient en outre de préciser que le contrôle 
de SECn,M et du PDI des greffons PMMA est très affecté par l’augmentation du taux d’unités constitutives fonctionnalisées 
bromoalkyle au sein du PI-Br.  
                            Dans la dernière partie, NR est utilisé comme matériau de départ. Il est partiellement époxydé en ENR en milieu 
latex par action de l’acide performique généré in-situ par réaction entre l’acide formique et le peroxyde d’hydrogène, puis l’ENR 
est transformé en NR fonctionnalisé bromoalkyle (NR-Br) par addition nucléophile de A2 sur les cycles oxirane. L’addition de 
l’acide est similaire à celle observée lors des études réalisées précédemment avec le 4-méthyloct-4-ène et le PI. Le NR-Br 
résultant a ensuite été utilisé pour amorcer l’ATRP du MMA à partir des chaînes de NR, respectivement en solution dans le 
toluène et en milieu dispersé aqueux. L’AGET-ATRP a également été envisagée en milieu dispersé aqueux pour étudier 
l’influence de l’eau en vue de futures études de greffages par ATRP en milieu latex. En mode ATRP normale en milieu toluène, 
les réactions de terminaison par recombinaison entre les extrémités radicalaires actives des greffons PMMA sont défavorisées 
lorsque la concentration en MMA est diminuée de 30 % à 10 % en poids. Les PDIs des greffons varient entre 1,7 (pour une 
conversion en MMA de 8,1 %) à 2,0 (pour une conversion de 52 %). Un meilleur contrôle des SECn,M  et PDI des greffons est 
obtenu par ATRP normale en milieu dispersé aqueux, plus spécialement lorsque le CuBr est complexé par le NODPMI. Dans ces 
conditions, les PDIs des greffons PMMA sont faibles (1.5 lorsque le taux de conversion du MMA est peu élevé). En mode 
AGET-ATRP en milieu dispersé aqueux, il a été mis en évidence que l’efficacité du greffage est affectée par la concentration en 
acide ascorbique utilisé en tant qu’agent réducteur. 
                            Les structures chimiques obtained ont été caractérisées par FT-IR, et RMN 1H et 13C. Les propriétés thermiques des 
NR-g-PMMA synthétisés ont été étudiées par Analyse Calorimétrique Différentielle (DSC). La présence de deux Tgs, à environ -
14°C et 99°C, sur les courbes DSC des NR-g-PMMAs dont les teneurs en poids en PMMA sont supérieures à 65 %, montre que 
ces matériaux adoptent une morphologie biphasée.  
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บทคัดยอ 

 
                              การใชเทคนิคการเกิดพอลิเมอรแบบอนุมูลอิสระถายโอนอะตอม (ATRP) เพื่อนําไปใชสําหรับการสังเคราะหพอลิเมอรรวมแบบตอก่ิง
ระหวางยางธรรมชาติและพอลิเมทิลเมทาคริเลท (NR-g-PMMA) นั้น จะตองสรางหมูวองไวชนิดโบรโมแอลคิลบนสายโซยางธรรมชาติข้ึน ซ่ึงกระทําไดโดย
ผานกระบวนการ 2 ข้ัน  ข้ันแรก ทําปฏิกิริยาอิพอกซิเดชันบางสวนของพันธะที่ไมอิ่มตัว จากนั้นทําปฏิกิริยาการเพิ่มของหมูที่ชอบนิวเคลียสชนิดกรดที่มีหมู
โบรโมแอลคิลอยูในโครงสรางที่วงอิพอกไซดของยางธรรมชาติอิพอกซิไดซที่ได ยางธรรมชาติที่มีหมูฟงชันโบรโมแอลคิลท่ีไดถูกใชเปนไปสารริเริ่มปฏิกิริยา
โมเลกุลใหญ เพื่อริเริ่มปฏิกิริยาแบบ ATRP กับ เมทิลเมทาคริเลท (MMA)จากสายโซโมเลกลุของยางธรรมชาติในสภาวะการทดลองที่แตกตางกัน ในงานวิจัยนี้
ทําการศึกษาตอเนื่องโดยใช 4-เมทิลออก-4-อีน ซ่ึงเปนโมเลกุลตนแบบของหนวยซํ้าของยางธรรมชาติ ยางพอลิไอโซพรีนสังเคราะหและยางธรรมชาติ 
                            ในสวนแรกไดทําการศึกษาความเปนไปไดของการตอก่ิง โดยการศึกษาการเกิดปฏิกิริยา ATRP ของ MMA จากโมเลกุลตนแบบของหนวยซํ้า
พอลิไอโซพรีนที่มีหมูฟงชันโบรโมแอลคิล  โมเลกุลตนแบบที่ใช คือ 4-เมทิลออก-4-อีน ที่ถูกเปลี่ยนใหเปนโมเลกุลตนแบบชนิดตางๆของ ไอโซพรีนที่มีหมู
ฟงชันโบรโมแอลคิลโดยผานปฏิกิริยาสองข้ัน ข้ันแรกไดทําการดัดแปรโมเลกุลตนแบบของยางธรรมชาติใหมีหมูอิพอกไซดโดยใชกรดเมตาคลอโรเปอรเบน
โซอิก จากนั้นตามดวยการเพิ่มของกรดที่มีหมูฟงชันโบรโมแอลคิล (กรด 2-โบรโมโพรพิออนิค, A1 และกรด 2-โบรโม-2-เมททิลโพรพิออนิค, A2)ที่วงออกซิ
แรน โดยที่กลไกการเพิ่มของกรดเกิดผานขบวนการแทนที่แบบ SN2 โดยที่กรดจะเขาทําปฏิกิริยาในตําแหนงของคารบอนที่มีหมูจับนอยกวาและเกิดการแขงขัน
กับปฎิกิริยาอันดับที่สองของการปรับเปลี่ยนของวงออกซิแรนที่นําไปสูการเกิดข้ึนของแอลลิลแอลกอฮอลสองชนิด โดยปริมาณของสารผลิตภัณฑของการเพิ่ม
จะข้ึนกับความแรงของกรดที่ใช จากนั้น O-(2-ไฮดรอกซิ-2-เมลทิล-1-(n-โพรพิล)เพนทิล)-2-โบรโมโพรพิออเนท และ O-(2-ไฮดรอกซิ-2-เมลทิล-1-(n-โพรพิล)
เพนทิล)-2-โบรโมไอโซบิวทิลเลท นํามาใชเพื่อริเริ่มปฏิกิริยา ATRP ของ MMA ที่อุณหภูมิ 90 องศาเซลเซียส ในโทลูอีนโดยใช Cu(I)Br จับกับพอลิเอมีนลิ
แกนด โดยทดลองใชลิแกนดหลายชนิด ไดแก N-(n-ออกทิล)-2-ไพลิดิลมีเทนอิมีน (NOPMI), N-(n-ออกตะเดซิล)-2-ไพลิดิลมีเทนอิมีน (NODPMI)และ 
1,1,4,7,7-เพนทาเมททิลไดเอททิลลีนไตรเอมีน (PMDETA) พบวาการควบคุมของน้ําหนักโมเลกุล ( SECn,M ) และการกระจายตัวของน้ําหนักโมเลกลุ (PDI) ทีด่ี
สามารถเกิดไดเมื่อใช O-(2-ไฮดรอกซิ-2-เมลทิล-1-(n-โพรพิล)เพนทิล)-2-โบรโมไอโซบิวทิลเลท เปนสารริเริ่มปฏิกิริยา รวมกับ CuBr/ NOPMI ที่ทําหนาที่เปน 
ตัวเรงในระบบ  
                            ในสวนที่สองยางพอลิไอโซพรีนสังเคราะห (PI)ไดถูกนํามาดัดแปรโครงสรางใหเปนยางพอลิไอโซพรีนสังเคราะห ที่มีหมูฟงชันโบรโม
แอลคิล (PI-Br)และไดถูกใชเปนสารริเริ่มปฏิกิริยาโมเลกุลใหญโดยใชสองขั้นตอนที่คลายคลึงกับในการสังเคราะหของสารโมเลกุลตนแบบ นํา PI ทํา
ปฏิกิริยาอิพอกซิเดชันบางสวนโดยใช CPBA ในไดครอโรมีเทน จากนั้นยางพอลิไอโซพรีนสังเคราะหอิพอกซิไดซ (EPI) ที่ได ถูกนํามาทําปฏิกิริยา กับ A2 
พบวากลไกการเพิ่มของปฏิกิริยาเกิดผานขบวนการแทนที่แบบ SN2 โดยที่กรดจะเขาทําปฏิกิริยาในตําแหนงของคารบอนที่มีหมูจับนอยกวาและเกิดการแขงขัน
กับปฎิกิริยาอันดับที่สองของการปรับเปลี่ยนของวงออกซิแรนนําไปสูการเกิดข้ึนของแอลลิลแอลกอฮอลภายนอก น้ําหนักโมเลกุล ( SECn,M ) และ การกระจาย
ตัวของน้ําหนักโมเลกุล (PDI) ของพอลิเมทิลเมทาคริเลทโซกิ่งที่ไดจากการแยกออกมาจากพอลิไอโซพรีนสังเคราะหโดยการตัดที่บริเวณพันธะเอสเทอรโดยใช
กรดไตรฟรูออโรอะซิติก ไดทําการศึกษาโดยการโดยใชเครื่องโครมาโทกราฟแบบคัดขนาด (Size Exclusion Chromatography (SEC)) อัตราในการเกิดปฏกิริิยา
อันดับหนึ่งเมื่อเทียบกับมอนอเมอรและการเพิ่มข้ึนของมวลโมเลกุลเฉลี่ยเชิงจํานวนกับรอยละการเกิดของพอลิเมทิลเมทาคริเลทไดทําการศึกษาในระบบที่ใช 
CuBr รวมกับลิแกนด 2 ชนิด ไดแก ไบเดนเทต (NOPMI และ NODPMI) และไตรเดนเทต (PMDETA) ที่เปนตัวเรงรวมในระบบ พบวาลิแกนดชนิดไบเดนเทต
สามารถควบคุม PDI ไดดีกวา อีกทั้งการควบคุม SECn,M และ PDI ของพอลิเมทิลเมทาคริเลทโซกิ่งไดรับผลกระทบจากการเพิ่มข้ึนของปริมาณของตัวริเริ่ม
ปฏิกิริยาบนสายโซของพอลิไอโซพรีนสังเคราะห 
                            ในสวนที่สุดทายยางธรรมชาติไดถูกนํามาใชเปนสารตั้งตนในการทําปฏิกิริยา โดยทําอิพอกซิไดซบางสวนดวยปฏิกิริยากับเปอรแอซิตที่
เตรยีมข้ึนโดยใชกรดฟอรมิกควบคูกับไฮโดรเจนเปอรออกไซดในสภาวะน้ํายาง จากนั้นยางธรรมชาติอิพอกซิไดซ (ENR) ถูกนํามาดัดแปรโครงสรางใหเปนยาง
ธรรมชาติที่มีหมูฟงชันโบรโมแอลคิล (NR-Br) ดวยปฏิกิริยาการเพิ่มของหมูที่ชอบนิวเคลียส โดยใชกรด A2 บนวงออกซิแรน พบวากลไกการเพิ่มข้ึนของกรด
ที่เกิดข้ึนคลายคลึงกับใน4-เมทิลออก-4-อีนและ PI จากนั้น NR-Br ไดถูกใชริเริ่มปฏิกิริยาในการเกิดพอลิเมอรรวมแบบตอก่ิงของMMA จากสายโซNR โดยใช 
Normal ATRP ในโทลูอีนและในระบบที่กระจายตัวในน้ํา ควบคูกับการเกิดพอลิเมอรแบบอนุมูลอิสระถายโอนอะตอม จากการกระตุนโดยการสงผาน
อิเลคตรอน Activator Generated by Electron Transfer (AGET) ATRPในระบบที่กระจายตัวในน้ําเพื่อท่ีจะศึกษาผลกระทบของน้ําตอระบบ ที่จะนําไปศึกษา
การเกิดโคพอลิเมอรรวมในสภาวะน้ํายาง ในสวนของการเตรียมในสภาวะตัวทําละลายอินทรียรชนิดโทลูอีน พบวาการลดลงของความเขมขนมอนอเมอรจาก
30เปอรเซนตโดยน้ําหนักไปเปน10เปอรเซนตโดยน้ําหนักสงผลใหการสิ้นสุดของปฎิกิริยาแบบรวมตัวระหวางอนุมูลอิสระที่ปลายของพอลิเมทิลเมทาคริเลท
โซกิ่งลดลงและยังพบวาคาการกระจายตัวของน้ําหนักโมเลกุลอยูในชวง 1.7 (ที่รอยละการเกิดของพอลิเมทิลเมทาคริเลทเทากับ 8.1) ถึง 2 (ที่รอยละการเกิดของ
พอลิเมทิลเมทาคริเลทเทากับ 52.0) ในสวนของระบบที่กระจายตัวในน้ําโดยใชเทคนิคเดียวกัน พบวามีการควบคุม SECn,M และ PDI ไดดีกวาโดยเฉพาะการใช 
CuBr และ NODPMI การกระจายตัวของน้ําหนักโมเลกุลของพอลิเมทิลเมทาคริเลทโซกิ่งที่ไดเขาใกล 1.5 ที่รอยละการเกิดของพอลิเมทิลเมทาคริเลทมีคาต่ํา 
นอกจากนี้พบวาในกรณีของ AGET- ATRP ที่ทําปฏิกิริยาในน้ํา ปริมาณของสารรีดิวซ่ิงเอเจนทมีผลอยางมากกับประสิทธิภาพการเกิดโคพอลิเมอรแบบโซกิ่ง  

                            การศึกษาโครงสรางทางเคมีของสารที่ทําการวิจัยไดใชเทคนิค 1H, 13C NMR, FT IR สเปคโตรสโครป สมบัติทางความรอนของพอลิเมอรรวม
แบบตอก่ิงระหวางยางธรรมชาติและพอลิเมทิลเมทาคริเลท ไดศึกษาโดยใช Differential Scanning Calorimetry (DSC) ซ่ึงพบวาใหคาอุณหภูมิคลายแกวสอง
ตําแหนงที่-14 และ 99 องศาเซลเซียสเมื่อปริมาณของพอลิเมทิลเมทาคริเลทโซกิ่งในพอลิเมอรรวมมากกวารอยละ 65 โดยน้ําหนักแสดงถึงการแยกของเปนสอง
สวนของวัฏภาคสัณฐานวิทยา 
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MMA  Methyl methacrylate 

= Number-average molecular weight 

= Number-average molecular weight determined by SEC 

= Number-average molecular weights determined by 1H NMR 

NODPMI = N-(n-Octadecyl)-2-pyridylmethanimine 

NOPMI = N-(n-Octyl)-2-pyridylmethanimine  

NR = Natural rubber  

NRBr-5.1 = NRBr by A2 having 5.06% of bromoalkyl-functionalized NR 

units 

NR-g-PMMA = Natural rubber-graft-poly(methyl methacrylate) 

PDI = Polydispersity index  

nM

SEC n,M

NMR Hn, 1M
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LIST OF ABBREVIATIONS (cont.) 

 

 
PI = cis-1,4- Polyisoprene 

PIBr = Bromoalkyl-functionalized polyisoprene 

PIBr-1.3 = PIBr by A2 having 1.3% of bromoalkyl-functionalized PI units 

PIBr-3.1 = PIBr by A2 having 3.1% of bromoalkyl-functionalized PI units 

PI-g-PMMA = Polyisoprene-graft-poly(methyl methacrylate) 

PMDETA = 1,1,4,7,7-Pentamethyldiethylenetriamine 

SEC = Size Exclusion Chromatography 
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CHAPTER I 

INTRODUCTION 

 

 
 The biomacromolecule cis-1,4-polyisoprene or so called natural rubber (NR) 

obtained from Hevea brasiliensis has many special properties, including high 

resilience, strength and fatigue resistance. It has been therefore applied to make 

various kinds of rubber products such as automotive tires, medical gloves and rubber 

seals. Nowadays, there is an increase issue concerning environmental awareness, and 

high price of petroleum oil having been used to produce petroleum based polymer 

products, therefore NR is attracted by many scientists because it is a renewable 

resource. Modification of NR into new material having more value added and also to 

improve some drawbacks of NR such as low heat and ozone resistance as well as poor 

oil resistance coming from the unsaturated nature and hydrophobic character of NR 

are very much appreciated. Various chemical modifications of NR reported are 

epoxidation, hydrogenation and maleinization including degradation and 

transformation of NR into photosensitive material. In addition, graft copolymerization 

of methyl methacrylate (MMA) onto NR has long been investigated in order to 

incorporate the plastic character into the elastomeric material like NR. The first use of 

poly(methyl methacrylate) grafted on NR or NR-g-PMMA is as a shoe adhesive 

(trade name: Heaveaplus MG). It was reported that NR-g-PMMA was successfully 

employed as a compatibiliser in NR and PMMA blend. They noted that the tensile 

strength, tear strength, and Izod impact strength were strongly improved after addition 

of the graft copolymer.  

 In most of the cases, grafting of PMMA on the NR chain was practically done by 

“grafting from” method which was carried out both in organic solution and water 

phase medium. The principle method employed involves the use of traditional or 

conventional radical polymerization. Practically, in the grafting reaction of PMMA on 

NR by this method can not avoid the formation of homopolymer and sometime 

crosslinking reaction. It is also happened that this process leads to ill-defined graft 
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chains due to the nature of conventional radical process which includes recombination 

and disproportionation reaction as well as transfer reaction. These are the drawbacks 

that limit the area of application of the NR-g-PMMA. In order to achieve a better 

control and define the graft chain and its length, new method of polymerization 

named as controlled/living radical polymerization (CRP) has to be considered. 

Among the reported CRP methods, atom transfer radical polymerization (ATRP) is 

recommended as there have been various types of initiating system including different 

ligands reported in the literatures.  

 The initiating system of ATRP is the molecule having halogen atoms such as 

chlorine and bromine atoms. Utilization of ATRP concept for graft copolymerization 

of MMA on the NR backbone requires suitable halogen atoms on the molecular chain 

of NR in order that the NR will be able to act as NR macroinitiators. These initiator 

moieties will be further employed for graft copolymerization of MMA from the 

carbon active sites prior attachment of halogen atoms. This work therefore involves 

the study to introduce different types of molecule having bromine atom such as 2-

bromopropionic acid and 2-bromo-2-methylpropionic acid on the NR backbone prior 

chemically modified. The bromoalkyl-functionalized NR will then act as a 

macroinitiator for graft copolymerization of MMA in the presence of ATRP 

ingredients including CuBr and some selected amine ligands such as N-(n-octyl)-2-

pyridylmethanimine, N-(n-octadecyl)-2-pyridylmethanimine and 1,1,4,7,7-

pentamethyldiethylenetriamine. However, before studying the preparation of NR-g-

PMMA using ATRP concept, 4-methyloct-4-ene was synthesized and used as a 

molecule model of NR to study parameters affecting the fixation of molecule having 

bromine atom on the model molecule via chemical modification. The modified model 

molecule acted as ATRP initiating compound was applied for ATRP of MMA. In 

addition, grafting of PMMA on synthetic cis-1,4 polyisoprene was also investigated 

using similar concept of model molecule. All the results obtained were then 

beneficially applied on the preparation of NR-g-PMMA via ATRP concept for 

preparation of the well controlled and defined graft copolymer based on NR. 
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CHAPTER II 

OBJECTIVES 

 

 

 The objective of this work is the study of utilization of atom transfer radical 

polymerization for preparation of natural rubber grafted poly(methyl methacrylate) (NR-g-

PMMA) to get a well controlled and defined molecular weight and polydispersity index 

of the grafted PMMA as schematized in Figure 2.1. 

 

 
 

 

Figure 2.1 Natural rubber grafted poly(methyl methacrylate)(NR-g-PMMA) by 

ATRP technique 

 

 In order to use ATRP technique to synthesis the graft copolymer based on 

natural rubber, it composes of two reaction steps. 

 

Step 1 Preparation of modified natural rubber as a macroinitiator for ATRP system 

(Figure 2.2) which includes two chemical reactions. 

 1) Epoxidation reaction using in-situ performic acid  

 2) Addition of 2-bromoalkyl carboxylic acid i.e. 2-bromopropionic acid and -2-

bromo-2-methylpropionic acid onto the NR via epoxide ring opening reaction. 

 The amount of initiating units on the NR chain can be predetermined by the 

degree of epoxidation and also the ring opening reactions.  
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Figure 2.2 Modification of natural rubber as a macroinitiator in ATRP system 

 

Step 2 Graft copolymerization by ATRP technique  

 

 The NR macroinitiator obtained from step 1 can be further used for ATRP of 

MMA using CuBr and different types of amine ligands (Figure 2.3). 
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Figure 2.3 Graft copolymerization of MMA by ATRP technique 

 

The scope of this work is divided into three main parts.  

 Part 1 Study on utilization of 4-methyloct-4-ene as a model molecule of NR for 

ATRP of MMA  

  

 1.1 Modified 4-methyloct-4-ene as an ATRP initiator  

 4-Methyloct-4-ene was epoxidized into 4,5-epoxy-4-methyloctane using m-

chloroperbenzoic acid. The epoxidized model was then further reacted with 2-

bromoalkyl carboxylic acid i.e. 2-bromopropionic acid and 2-bromo-2-

methylpropionic acid. Various parameters affecting the addition reactions such as 

temperature, time, type of acid and amount of reagent were investigated. 
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 The chemical structure analysis of the resulting modified model molecule was 

investigated by 1H NMR including the degree of epoxide ring opening reaction and 

elucidation of its reaction mechanism.  

 

 1.2 Usage of modified 4-methyloct-4-ene for ATRP of MMA  

 Various parameters effecting to efficiency of polymerization by ATRP, were 

investigated such as types of initiator units and amine ligands. 1H NMR was used to 

analysis the chemical structure of the resulting poly(methyl methacrylate) as well as 

degree of polymerization. 

 

 Part 2 Study on the synthesis of cis-1,4-polyisoprene grafted poly(methyl 

methacrylate) (PI-g-PMMA)  

 

 2.1 Modified cis-1,4-polyisoprene as PI macroinitiator  

 cis-1,4-Polyisoprene (PI) was modified into epoxidized PI (EPI) using m-

chloroperbenzoic acid. The EPI was then used to react with 2-bromo-2-

methylpropionic acid. The chemical structure of the resulting modified PI was 

investigated by 1H NMR including the degree of epoxide ring opening reaction. 

 

 2.2 Usage of modified PI macroinitiator for ATRP of MMA  

 ATRP of MMA using CuBr and three different types of ligands were studied. 

Parameters affecting to efficiency of polymerization by ATRP, such as degree of 

initiating unit, reaction time and type of ligand were investigated.  

 1H NMR was used to analysis the chemical structure of the resulting poly(methyl 

methacrylate) grafting from the PI backbone. The number average degree of 

polymerization was also determined from 1H NMR. The molecular weight of the 

PMMA grafts was investigated by SEC after cleavage reaction of PMMA out from 

the PI via acidolysis reaction. 
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 Part 3 Study on the synthesis of natural rubber grafted poly(methyl 

methacrylate) (NR-g-PMMA) 

 This part involves the synthesis conditions in organic solution and in dispersed 

phase. 

   

 3.1 Modified natural rubber as NR macroinitiator  

 NR was modified into epoxidized NR using in-situ performic acid generated 

from the reaction of formic acid and hydrogen peroxide in latex stage. The ENR was 

then used to react with 2-bromo-2-methylpropionic acid. Parameters affecting the 

epoxide ring opening reaction were investigated such as temperature, time, and 

amount of reagent. 

 The chemical structure of the resulting modified NR was investigated by 1H 

NMR including the degree of epoxide ring opening reaction and side reaction. 

 

 3.2 Usage of NR macroinitiator for ATRP of MMA  

 ATRP of MMA using CuBr and two different types of ligands were studied. 

Parameters affecting to efficiency of polymerization by ATRP, such as concentration 

of reaction, time and temperature were investigated.  

 1H NMR was used to analyze the chemical structure of the resulting poly(methyl 

methacrylate) grafting from the NR backbone. The number average degree of 

polymerization was determined from 1H NMR. The molecular weight of the PMMA 

grafts was investigated by SEC after recovery from acidolysis of PMMA out from the 

NR. 

 ATRP employed in this part was divided into two categories; normal ATRP and 

AGET ATRPP

    

  3.2.1 Reaction using normal ATRP  

    The reaction using normal ATRP was carried out using CuBr 

complexed with NOPMI and NODPMI in two different media. 
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    3.2.1.1 Normal ATRP in toluene solution 

     In this study, all ingredients i.e. NRBr, MMA, CuBr, 

and ligand were mixed in toluene solution. 

    3.2.1.2 Normal ATRP in dispersed medium 

     In this study, all ingredients i.e. NRBr, MMA, CuBr, 

and ligand were mixed in toluene solution, then poured into aqueous solution of 

Sinnopal surfactant. 

  3.2.2 AGET ATRP in dispersed medium  

    In this part AGET-ATRP was considered in expecting to apply 

the ATRP concept in latex phase. ATRP of MMA using CuBr2 and two different 

types of ligands were studied in dispersed medium. Ascorbic acid was added to 

reduce the Cu(II) complex to the Cu(I) complex. 
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CHAPTER III 

LITERATURE REVIEW 

 

 

3.1  Graft Copolymers 
 

 Graft copolymer is one type of the copolymers which contain two or more kinds 

of mers. They define as the individual unit derived from the monomer that makes up 

the polymer. This copolymer provides side chains derived from one kind of polymer 

named as polymer B (Figure 3.1), extended at the branch points along the other type 

of polymer named as polymer A as in Figure 3.1. For nomenclature, following the 

International Union of Pure and Applied Chemistry (IUPAC) [1], the backbone 

polymer A is named first and the side chains- polymer B- second, such as polyA-

graft-polyB or polyA-g-polyB. 

 

 
 

Figure 3.1 General chemical structure of polyA-graft-polyB 
 

 The graft copolymer can be made from various types of couple polymers. Two 

categories of graft copolymer are usually divided due to the relationship of glass 

transition temperature (Tg) or melting temperature (Tm) of the combining polymers 
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comparing with room temperature (RT) (working temperature). The first one is the 

graft copolymer between plastic (Tg or Tm > RT) and plastic e.g. polypropylene-g-

polystyrene, and the other one is the graft copolymer between plastic and elastomer 

(Tg < RT) e.g. natural rubber-g-poly(methyl methacrylate). The former provides a 

new property-improved plastic while the later provides toughened plastic or 

thermoplastic elastomer. Both types of graft copolymers have been widely used as 

compatibilizers in plastic/plastic or plastic/rubber blends. Some examples of graft 

copolymers are presented in Table 3.1. 

 

Table 3.1 Two categories of graft copolymers and some examples 

 

Type of graft 

copolymer  

Examples Ref. 

Polypropylene-g-polystyrene 

(PP-g-PS) 

[2] 

Polyethylene-g-polystyrene 

(PE-g-PS) 

[3] 

1) Plastic 1/Plastic 2 

Linear low density polyethylene-g-

polystyrene (LLDPE-g-PS) 

[4, 5] 

Natural rubber-g-poly(methyl methacrylate) 

(NR-g-PMMA) 

[6-11] 2) Plastic /Elastomer  

Ethylene-propylene-diene-g-polystyrene 

 (EPDM-g-PS) 

[12] 

 

 Usually, suitable graft copolymers, whose segment may be chemically identical 

with those in the respective phases or miscible with one of the phases, can act as 

“interfacial agents”. These agents were used to reduce interfacial tension and improve 

interfacial adhesion of the immiscible component. Feng et al. [4, 5] studied 

compatibilizer effect of LLDPE-g-PS in the system of LLDPE/PS blend and in the 

system of LLDPE/styrene-butadiene-styrene triblock copolymer (SBS) blend. The 

results of their work indicated that LLDPE-g-PS is an effective compatibilizer of  

both LLDPE/PS blend and LLDPE/SBS blend. 
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 In the case of graft copolymers coming from combination between plastic (Tg or 

Tm > RT) and elastomer (Tg < RT), and focusing on the use as thermoplastic 

elastomers (TPEs) [1], they normally are block copolymer composing of “hard” and 

“soft” blocks. The soft blocks (Tg < RT) are usually larger in volume fraction and 

possess elastomeric properties. The hard blocks in the molecular chain (Tg or Tm > 

RT) are either glassy or crystalline polymers. At the used temperature, these hard 

blocks constitute physical crosslinks, holding the elastic material together. At some 

higher temperature, these hard blocks go through their glass transition temperature, or 

melt. Then, the physical crosslink holding power of the hard blocks is much 

diminished, and the material can flow. Thus, on heating, the material is reversibly 

transformed from an elastomer to a thermoplastic melt, hence the term of 

thermoplastic elastomer.  

 Another type of TPEs can be made from blending between plastic and 

electromeric polymer. However, this system has poor interfacial adhesion between 

two phases, leading to lower mechanical properties than expected. One of the 

solutions to solve this problem is the addition of a third component i.e. block or graft 

copolymer as a compatibilizer in the blending system. Oommen et al. [9] have 

prepared a TPE from NR/PMMA blend using NR-g-PMMA as a compatibilizer in the 

system. They noted that the tensile strength, tear strength, and Izod impact strength 

were strongly improved after addition of the graft copolymer. This implies that a 

suitable graft copolymer can be successfully applied to be a compatibilizer for 

polymer blends. For the synthesis of graft copolymer of type polyA-g-polyB in which 

polymer A is the polymer back bone and polymer B is the side chain, two approaches 

can be drawn, i.e. 1) grafting “onto” and 2) grafting “from” techniques.  

 
  3.1.1  Grafting “onto” technique [13] 

 

 
Figure 3.2 Schematic pathway of grafting “onto” technique 
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  Figure 3.2 shows schematic diagram of grafting “onto” technique 

which involves the main polymer chain having functional sites (.i.e. group X) which 

can be attacked by a growing second chain having suitable functional group Y at the 

chain end, forming covalent bonding linkage. The chemical reactions between the two 

functional groups are varied, depending on the type of the functional group X and Y. 

In 1968 Yuji and coworkers applied this technique to synthesis chlorinated ethylene-

propylene-g-polystyrene (Cl-EPDM-g-PS). The chlorine atoms attached on the 

ethylene-propylene rubber are labile functions that could be replaced by polystyryl 

anion. The graft copolymer obtained by this way has a narrow distribution of branch 

length. Odian et al. [1] wished to graft polystyrene on polybutadiene by applying 

similar concept of grafting “onto” technique via radical polymerization reaction. They 

expected that growing polystyrene radical would react with the unsaturated function 

of polybutadiene. Unfortunately, the linking between the two polymers was not 

occurred as radical transfer reaction was dominated as schematized in Figure 3.3. 

However, if styrene monomer was added, graft copolymerization of styrenes from the 

radical species might be instead occurred. By this reason, grafting “onto” is not an 

effective way to synthesis the graft copolymer from unsaturated polymer chain.  

 

 
 

Figure 3.3 The synthesis of graft polystyrene on polybutadiene  
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 3.1.2  Grafting “from” technique  

 

 

 
 

Figure 3.4 Schematic pathway of grafting “from” technique 

 

  The grafting “from” technique as schematized in Figure 3.4 requires 

active sites prior created on the polymer chain, then these species are capable of 

initiating second monomers to form polymeric chain branches. Various types of active 

site can be cited, depending on the selected chemical reactions such as ionic (anionic 

or cationic) species or radical species. The type of graft copolymerization process 

would follow the type of active sites formed, hence specific type of monomer has to 

be selected. 

 

  3.1.2.1  Ionic polymerization 

 

   Ionic polymerization is one of widely used method to 

synthesis a graft copolymer via grafting “from” method. It was found that active 

species either anionic [14, 15] or cationic [16] can be generated by activation of the 

suitable functional groups existing on the polymer main chain. For an example, 

carboxylic acid located at the side chain of polymer such as polyacrylic acid can be 

activated into anionic species which should be suitable for further anionic 

polymerization. Sundet [14] applied this concept to synthesis graft copolymer 

between polypivalolactone (2,2-dimethylpropiolactone, PVL) and poly(ethylene-co-

vinyl acetate-co-methacrylic acid). They reported that the graft frequency was 

determined by the concentration of copolymerized methacrylic acid and the average 

graft degree of polymerization was calculated from the mole ratio of PVL to carboxyl 

sites. The polymerization was performed through anionic polymerization, initiated by 
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the carboxylate anion. It is considered as a “living” system since the anion is quite 

stable, chain transfer to monomer does not occur, and chain termination reaction is 

normally absent. Therefore, the molecular weight distribution of the grafted side 

chains was expected to be narrow.  

   Harris and Sharkey [15] applied also this way to synthesize 

poly(isobutylene-co-methylstyrene)-g-propiolactone (Figure 3.5). In this work, 

carboxylic acid was introduced onto the styryl group and after activation, these groups 

initiated the copolymerization. The resulting graft copolymer was applied as a 

thermoplastic elastomer (TPE).  

 

 
 

Figure 3.5 Synthesis pathway of poly(isobutylene-co-methylstyrene)-g-propiolactone by 

grafting “from” method [15].  

 

   Cationic ring opening polymerization has been also used to 

synthesis graft copolymer between N-isopropylacrylamide (NIPAAm) and 2-alkyl-2-

oxazoline to produce thermoresponsive graft copolymer via grafting “from” by Rueda 

et al. (Figure 3.6) [16]. These authors had first prepared a copolymer of NIPAAm and 

chloromethyl styrene (MI). The latter moiety was served as cationic initiating site at 

the chloromethyl group. The graft copolymerization was performed after activation of 
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the MI in the presence of KI at 110-120°C. It was reported that the polymerization 

showed a behavior of “living” type. Therefore not only the degree of polymerization 

and its molecular weight distribution, but also the functionality of the polymeric 

chains can be predefined.  

 

 
 

Figure 3.6 Synthesis pathway of graft copolymer between NIPAAm and 2-alkyl-2-

oxazolineas [16]. 

 

  3.1.2.2  Radical polymerization 

 

   Synthesis of the graft copolymer via radical species has been 

used in several reports [17] because it is convenient and less sensitive to air, moisture 

and impurity, comparing to ionic polymerization. This process can be applied with 

many types of vinyl monomers e.g. styrene and methyl methacrylate. Moreover, the 

preparation can be carried in solution, aqueous and solid phase. Nowadays, radical 

polymerization can be practiced in two concepts which are traditional radical 

polymerization (TRP) and controlled “living” radical polymerization (CRP). 

   The traditional or conventional radical polymerization (TRP) 

is the process that has been mostly used to prepare various types of homopolymers 

and copolymers. The reaction step consists of initiation, propagation and termination 

(recombination and disproportionation) as well as radical chain transfer reaction. No 

control of termination type and transfer reaction can be done, therefore, using this 
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process, the molecular weight and the molecular weight distribution are not controlled 

and the polydispersity index is rather large. 

   Two main strategies can be cited to generate active radical 

species on the polymer main chain. First, they come from copolymerization of 

required amount of one monomer bearing labile atom (L) or species capable of 

generation of active radicals (Method 1, Figure 3.8) 

   

 
 

Figure 3.7 Two strategies to prepare graft copolymer by radical process 
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   Several articles have been reported on the use of Method 1 in 

Figure 3.7 to introduce labile atoms capable of introducing initiating radicals [18-20]. 

Examples are preparation of graft copolymer between polyolefins (PE or PP) and 

poly(methyl methacrylate) (PMMA). In their works, initiator units come from 

copolymerization between the olefin monomer and olefin bearing borane agent, using 

metallocene catalysts. The graft copolymerization happens via radical process after 

auto-oxidation of borane group. Chung et al. [18] reported that PP-g-PMMA could be 

prepared without significant homopolymerization of the second monomer (Figure 

3.8).  

 

 
 

Figure 3.8 Synthesis of graft copolymer by borane agent via grafting “from” method [18] 

 

   Another method to be practiced for preparation of graft 

copolymers is to monitor via radical transfer reaction. The schematic diagram of this 

process (Method 2) is shown in Figure 3.7. Active radicals are generated on a polymer 

back bone by radiation, light, temperature with or without radical initiators such as 

peroxide (e.g. benzoyl peroxide (BPO), azo compound (eg. α,α’-

azobisisobutyronitrile (AIBN). The polymer back bones include polyolefin (PE, PP), 

polydiene (polybutadiene, polyisoprene) and copolymers such as EPDM and SEBS. 

   Teodorescu et al. [21] studied grafting polystyrene onto 

poly(vinyl acetate) by free radical chain transfer reaction. The criterion of this work is 

to modify the polymer main chain as macromolecular chain transfer agent. The AIBN 

added was decomposed at a given temperature to generate active radical which will be 

transferred to carbon bearing iodine atom. The polymer main chain (1 in Figure 3.9) 
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will transfer iodine atom to the incoming active radical, resulting formation of active 

radical on the polymer main chain (2 in Figure 3.9), which is normally called transfer 

reaction. Then, graft copolymerization with styrene is processed from this active site 

without notification of crosslinking under the experimental conditions employed. 

However both graft copolymer and homopolymer of polystyrene were found in the 

system.  

 

 
 

Figure 3.9 The preparation of grafting polystyrene onto poly(vinyl acetate) by free 

radical chain transfer reaction [21]. 

 

   An example to synthesis the graft copolymer by Method 2 

(Figure 3.7) was applied in the work of Picchioni et al. [22]. They studied the graft 

copolymer of polystyrene on the surface of polypropyrene (PP), using BPO or AIBN 

as an initiator. The resulting modified PP further investigated by 1H NMR and FTIR. 

They reported that the homopolymer of polystyrene was produced during the graft 

copolymerization and it was removed by suitable solvent extraction. Another type of 

initiator is the use of redox initiator, such as cumene hydroperoxide 

(CHPO)/tetraethylene pentamine (TEPA) [9]. It was widely used to synthesis natural 

rubber-graft-poly(methyl methacrylate) (NR-g-PMMA) in natural rubber latex. It was 

found the competition of formation of homopolymer in the system and lack of 

efficiency to control the distribution of the side chain length which will be further 

discussed in the section of NR grafted with vinyl monomers. 
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   It has been known that the ionic process both anionic and 

cationic provide living ionic character which will result in preparation of polymer 

having well controlled molecular weight and its distribution. However, some 

limitations are found as summarized in Table 3.2, such as highly pure and dry reaction 

condition. For the radical polymerization, less severe condition is practiced, however 

molecular weight distribution of graft side can not be controlled. Nowadays, facile 

controlled condition with ability to get well defined structure of molecular chain is 

introduced in competition with the living ionic process, which is known as controlled 

“living” radical polymerization. This process is increasingly interested for polymer 

chemistry for employing for graft copolymerization [23]. The principle and type of 

the controlled radical process is discussed in the following section.   
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Table 3.2 Comparison of preparation conditions of graft copolymer using ionic and radical process.  Comparison of preparation conditions of graft copolymer using ionic and radical process. 

Characteristic Characteristic Ionic (Method 1 in Figure 3.7) Ionic (Method 1 in Figure 3.7) Radical (Method 2 in Figure 3.7) Radical (Method 2 in Figure 3.7) 

Initiators  Anionic e.g. Carboxylic acid group [14, 15] 

C
O

OH  
Cationic e.g. Benzoyl chloride  

CH2Cl
[16] 

Radiation [23] 

Thermal initiator  

- Peroxide e.g. BPO 

- Azo compound e.g. AIBN [21, 24] 

Redox initiator [6, 9, 25-30] 

Types of 

 2nd monomer  

- Vinyl monomer having groups to stabilize ions 

- Cyclic monomer  

- Vinyl monomer e.g. methyl methacrylate and styrene 

- Apply in reactive extrustion and in water medium. 

- Less sensitive with air, moisture, and impurity  Advantage - Control amount of graft chain by adjusting amount  

  of initiating copolymer  

- Control length of grafted chain by reaction condition 

- Narrow distribution of grafted chains 

- No homopolymer formation 

- DPn of grafted chains = ([Monomer]/[In]) × Conversion 

-Uncontrol length of the grafted chains 

-Homopolymer formation - Sensitive to air, moisture, and impurity Disadvantages  

Fac. 
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  3.1.2.3  Controlled “living” radical polymerization 

 

   Controlled radical polymerization (CRP) is a polymerization 

process occurred via radical reaction, therefore it can be applied in many types of 

vinyl monomers. The mechanism of the controlled /living processes depend on 

reversible reaction of initiating components; nitroxide as known in Nitroxide-

Mediated Controlled/ Living Radical Polymerization (NMP) [31, 32], thioester as 

known in Reversible Addition-Fragment Chain-Transfer (RAFT) [33, 34] and catalyst 

as known in Atom Transfer Radical Polymerization (ATRP) [35-42]. The feature of 

the initiator unit in their system, types of monomer, advantages and disadvantages of 

each technique are present in the Table 3.3. 

   The CRP is composed of four criteria which are different 

from conventional radical polymerization. These are: 1) Liner kinetic plots in 

semilogarithmic coordinates Ln[M]0/[M] versus time (Figure 3.10) demonstrating 

constant amount of active radical in the system, 2) Linear evolution of molecular 

weights or degree of polymerization ( nDP ) with conversion (Figure 3.11), 3) 

Polydispersity (PDI) decreases with conversion and 4) End functionalities are not 

affected by slow initiation and exchange but are reduced when chain breaking 

reactions become important. By this technique, production of various compositions 

and molecular structures of target polymer can be achieved. Among various methods 

of CRP, ATRP is our particular interest for preparation of graft copolymer based on 

natural rubber.  
 

 
 



 

Figure 3.11 Relationship of 
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Figure 3.10 Relationship of Ln[M]0/[M] versus time of CRP 

 

DPn  (degree of polymerization) versus conversion of 

CRP 
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Table 3.3 Comparison of synthesis graft copolymer by RAFT, NMP and ATRP Table 3.3 Comparison of synthesis graft copolymer by RAFT, NMP and ATRP 

Lapporn V
ayachuta                                                                                                  Literature Review

 / 22 
 

Composition Composition NMP NMP RAFT RAFT ATRP ATRP 

Initator unit on the 

back bond of 1

- Nitroxide group (TEMPO) - Amoxer group - Halide group (Cl or Br) 
st  

polymer  
O

O

S
S

O N OH

Br  
Or 

 

O

O

Br(type of nitroxide depend on 

monomer used) 
  

2 nd Monomer  - Styrene for TEMPO - Nearly all monomers e.g. styrene, - Many types of monomer with  

- No methacrylates    methyl methacrylates   activated double bond 

- No vinyl acetate  

Condition  - Reaction temperature depends on    - Wide range of temperature depends -Temperature >120° C  

  activity of monomer   on type of transition metal/ ligand    for TEMPO 
- Homogeneous and heterogeneous    (Mt/L) complex - Homogeneous and 
  systems - Homogeneous and heterogeneous    heterogeneous systems 

  systems  

Advantage - No residual of transition  - No residual of transition metal - Conventional radical initiator  

  metal 
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Table 3.3 Comparison of synthesis graft copolymer by RAFT, NMP and ATRP (cont.)  Comparison of synthesis graft copolymer by RAFT, NMP and ATRP (cont.) 

  NMP NMP RAFT RAFT ATRP ATRP 

- Required elimination transition   

- Limitation for amine monomer 

- Sensitive with O2

  metal 

- Muti-step required to prepare  

- The labile and often colored  

  dithiocarbonate group 

  RAFT agent 

- Limitation of monomer for 

- Relatively expensive  

  TEMPO  

 

Disadvantage 

Fac. 
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3.2  Atom Transfer Radical Polymerization (ATRP) 
 

 Atom transfer radical polymerization (ATRP) is one of the controlled/living 

radical polymerizations. It is based on the catalyzed, reversible cleavage of covalent 

bond in the dormant species via a redox process. The key step in controlling the 

polymerization is atom (group) transfer between growing chain and a catalyst. The 

basic step of ATRP is derived from a key ideal of Kharasch addition (Figure 3.12), a 

technique used for increasing number carbon atom in organic compound. In this 

reaction, it was composed of alkyl halide (RX, 1), vinyl group (C=C-Y, 3), transition 

metal and amine ligand. It was found that amount of vinyl group is the most important 

factor to control a number of carbon atom of product. 
 

 
 

Figure 3.12 Basic Steps of Kharasch Addition 

 

 Thank to the previous knowledge of Kharasch addition, it was applied to Atom 

Transfer Radical Polymerization or ATRP technique. Typically, ATRP process is 

comprised of a transition metal complex (e.g. Cu/ligand), derived from a transition 

metal halide and an amine ligand  The transition metal complex may participate in a 

redox reaction (Cu(I)/Ligand to X-Cu(II)/Ligand). It is repetitively occurred from 

the redox reaction of homolytically removing a radically transfer atom or group (X) 

from initiator molecules or dormant polymer chains, Pn-X, froming the active 

propagating species, PP

•
n, and then deactivating active propagating species, P -X, by 

donating back a transferable atom or group. Polymerization will occur when active 
n
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propagating species, P•
n P reacts with the monomer, M in the system. And then, it will 

be terminated by the reversible process of the atom or group (X) transfer from the 

higher state of transition metal complex (X-Cu(II)/Ligand) to PP

•
n which form P -X. 

This mechanism happens until monomer, M in the system is completely consumed 

(Figure 3.13). 

n

 

 
  

Figure 3.13 General polymerization reaction by ATRP  

 

 The kinetic (e.g. initiation, propagation and termination) and the characteristic of 

resulting polymer obtained from traditional radical polymerization (TRP) and ATRP 

were compared in Table 3.4. The initiation step of TRP is composed of the 

decomposition of initiator (I), including the reaction of the reactive radical with the 

first molecule of monomer (M), forming the monomer radical (M•). For the initiation 

step of ATRP, it starts from the transition metal complex participating in a redox 

reaction (Cu(I)/Ligand to X-Cu(II)/Ligand) removing a radically transfer atom or 

group (-X) from an initiator molecules (R-X) to generate R•, and then it will react 

with the first existing monomer in the system.  

 In the propagation step, the reaction of active monomer radical with other 

monomer in the system is the same in the case of TRP and ATRP system, depending 

on k . However, in ATRP, it also consists of competition Kp eq with the equilibrium of 

redox reaction of XCu(I)/Ligand and X2-Cu(II)/Ligand . To control the system, the 

value of equilibrium K is higher than the keq p, resulting in the PX or dormant species 

become dominant species.  

 Finally the termination step of TRP, it dominates by two types of termination: 

recombination and disproportionation, which highly affect to the molecular weight 
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distribution of resulting polymer. In the contrary, the termination step of ATRP was 

dominated by dormant species.  

 

Table 3.4 Comparison of the kinetic of traditional radical polymerization (TRP) and 

atom transfer radical polymerization (ATRP) 

 

 TRP ATRP [43] 

Initiation 
 

 

Propagation  
 

 Rp = k [M][M ] •
p

 Termination 
 

• Fast reaction time (s) • Reaction time (h) depending on 

k ′′
[I]

[M] - reaction temperature (°C) • DPn =   
- type of transition metal and complexed 

ligand  

fkk

k

td

p

2
where =k ′′  

 

• DPn = [M]/[I] (conversion) Conclusion • Mw/Mn (>1.5 coming  0

• Mw/Mn = 1 + (2/p-1)   from recombination  
z+1  termination  

• End functionality  

  depend on type of  

  initiator  

( kp[RX] /(k [L /M X]). 0 d n t

• 1.0 <Mw/Mn < 1.5 

• End functionality -Br 

 

 

 



Fac. of Grad. Studies, Mahidol Univ                                    Ph.D. (Polymer Science and Tecnology) /   27

 By this reason, TRP system can determine the degree of polymerization (DPn) 

via the correlation of rate of reaction (k , kp d and kt) , the initiator efficiency (f) and the 

concentration of monomer [M] to initiator [I] (
fkk

k

td

p

2
k ′′

[I]
[M]DPn =  where =k ′′ ) 

and it relatively provides higher molecular weight distribution (Mw/Mn ≥ 1.5) than 

polymer resulting from ATRP due to the high percentage of recombination 

termination between active radicals at the polymer chain ends. While the ATRP can 

adjust the final average molecular weight or degree of polymerization ( DPn ) of the 

polymer by varying the initial monomer-to-initiator ratio ([M]/[I] DPn) (  = [M]/[I]0 0 × 

conversion) and maintaining a narrow molecular weight distribution (1.0 < Mw/Mn < 

1.5) which depend on the ratio of rates propagation and deactivation following 

equation Mw/Mn = 1 + (2/p-1)( k z+1[RX] /(k [L /M X].  p 0 d n t

 

 3.2.1  Various types of ATRP 

 

  As mentioned in previous section that, the ATRP comprises of 

transition metal halides usually copper bromide and chloride, and amine ligands. Most 

of the works selects copper (Cu) as a transition metal because it is low-priced and 

easy to remove after reaction by filtering the crude reaction mixture through an 

alumina column. For the copper-based ATRP, there are many potential ligands, such 

as (substituted) bipyridines, Schiff bases and simple alkyl amine, i.e. multidentate 

tertiary amine ligand. The ATRP has been successfully applied in the polymerization 

of various (meth)acrylic and styrenic monomers for the preparation of polymers with 

narrow molecular weight distributions. Examples are present in Table 3.5 and they 

were carried out, using so-called normal ATRP condition. 
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Table 3.5 Examples of monomer, transition metal (TM) (e.g. Cu), ligands (L), 

reaction temperature and time, including solvent used for ATRP 

 

Monomer Ligand (L) Mole Ratio Temp.  Time

(h) 

Solvent Ref. 

[Cu]/[L] (°C) 

Styrene 

(St) N N

RR

 
dNbpy 

(R= CH(C4H9)2)

1/2 130 - o-xylene [37, 

44] 

 

  1/2 110 8 - [45] 

 
H2N NH2  
TMDETA 

1/2 110 8 - [45] 

 
N

N N

 
PMDETA 

1/1 110 8 - [45] 

MMA 1/3 90  xylene [35] 

N N

RR

 
dNbpy  

(R= CH(C H )4 9 2)

  1/3 100 10 - [46] 

  1/2 90 20 o-xylene [37] 

1/3 90 6 xylene [47]  
N N R  

NPPMI (R= Pr) 

 1/2 90 8  [45] 
H2N NH2  
TMDETA 

1/1 90 8 anisole [45]  
N

N N

 
PMDETA 

dNbpy = 4,4′-di(5-nonyl)-2,2′-bipyridine; TMDETA = N,N,N′,N′-tetramethyldiethylenetriamine 

PMDETA = 1,1,4,7,7-pentamethyldiethylenetriamine; NPPMI = N-(n-propyl)-2-pyridylmethanimine 
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  The normal ATRP technique can be also applied in water-based system 

both homogeneous and heterogeneous conditions (suspension or emulsion). In the 

system of suspension polymerization, a water insoluble monomer is dispersed in the 

continuous aqueous phase as liquid droplets by vigorous stirring. An oil soluble 

initiator of ATRP is employed to initiate polymerization inside the monomer droplets. 

During the course of polymerization, coalescence of the monomer droplets and 

adhesion of the partially polymerization particles are hindered by the presence of a 

small amount of stabilizer. The stabilizer can improve the dispersion by increasing the 

viscosity of the aqueous phase, but most often it acts by forming a film at the 

droplet/particle surface, thus preventing coalescence by steric effects.  

  Jousset et al. [48] studied the polymerization of poly(methyl 

methacrylate) in water based medium. Ethyl 2-bromoisobutyrate (EBiB) and 4,4-di(5-

nonyl)-2,2-bipyridine (dNbpy) were used as the oil-soluble initiator and hydrophobic 

ligand, respectively. The typical molar ratios of the components are the following: 

MMA/EBiB/CuBr/dNbpy ) 300/1/1/2. The polymerization was successfully carried 

out at 60 °C with a monomer-to-water ratio of 15% (v/v) vs water.  

  It has been reported that the normal ATRP has some limitations as it is 

initiated by a redox reaction between an initiator with a radically transferable atom or 

group and a catalyst complex comprising a transition metal compound in a lower 

oxidation state in which the transition metal complexes can be easily oxidized to 

higher oxidation state (Figure 3.13). Therefore, to obtain consistent result, special 

handing procedures are required, and the preformed catalysts must be stored under an 

inert atmosphere. Oxygen or other oxidant should be removed from the system prior 

to addition of the catalyst with the low oxidation state. Therefore, finding the new 

process of catalyst complex handing can be challenging. Figure 3.14 demonstrates 

various conditions for conducting ATRP process. 
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Figure 3.14 Various methods for conducting ATRP process 

 

   Besides the normal ATRP, reverse ATRP (Figure 3.14b) was 

developed to overcome this limitation. It uses the more stable Cu(II) complexes in the 

initiating step i.e. Cu(II)Br2/ligand. However, as more active catalyst complexes were 

developed, an inherent limitation in reverse ATRP became encountered. The 

transferable atom or group (X) is added to the reaction as a part of the copper salt, and 

highly active catalysts should be still used in the amount comparable to the 

concentration of radical initiator. Unfortunately, this way lacks the efficiency to 

initiate copolymerization (Figure 3.14b).  

  Simultaneous normal and reverse initiation (SR&NI) ATRP (Figure 

3.14c) was later developed to allow the precursors of highly active catalyst complexes 

to be added to the reaction in the higher oxidation state at lower concentration. 

SR&NI ATRP comprises a dual initiation system: standard free radical initiators and 

initiators comprising a transferable atom or group in conjunction with the stable 

precursor of an active catalyst complex. This initiation system can be used to prepare 
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any type of polymer that can be prepared by normal ATRP, and it can be conducted in 

bulk, solution, emulsion, mini-emulsion, and also heterogeneous polymerization from 

solid surface. Since standard free radical free radical is still added to the 

polymerization mixture to form radicals that reduce the Cu(II), the chains initiated by 

these radicals are always present. These chains provided free radical initiators, leading 

to a partial loss of control over functionality and topology. 

  The other method for the formation of an active catalyst from an 

activator generated by electron transfer (AGET) ATRP, overcomes those prior 

problems using an electron transfer rather than organic radicals to reduce the higher 

oxidation state transition metal [49, 50]. Various reducing agents can be applied for 

this in-situ reduction, such as tin (II) 2-ethylhexanoate (Sn(EH)2) and ascorbic acid 

(As-acid). In this system to activate the ATRP catalyst, the oxidized catalyst complex 

is reduced prior to normal initiation of the reaction from the added initiator molecule 

(Figure 3.15). This procedure has all benefits over normal ATRP by adding a more 

stable catalyst complex to the reaction mixture. The use of oxidatively stable catalyst 

precursors can allow the more facile preparation, storage, and shipment of ATRP 

catalyst systems. Thus, the reaction can be conducted in a limited amount of air both 

in solution and in dispersed medium. The compositions, advantages and 

disadvantages between normal ATRP and AGET ATRP are shown in Table 3.6. 

  Jakubowski and Matyjaszewski [49] applied AGET ATRP to prepare 

pure block copolymer by various combined monomer/catalyst complex such as e.g. 

styrene/CuCl2/4,4-di(5-nonyl)2,2’-bipyridine (dNbpy), methyl methacylate/CuCl2/ 

1,1,4,7,7-pentamethyldiethylenetriamine (PMDETA), octadecyl methacylate/ 

CuCl2/dNbpy and methyl acylate/CuCl2/tris [2-(dimethylamino) ethyl amine 

(Me6TREN), using tin(II) 2-ethylhexanoate (Sn(EH)2) as a reducing agent in toluene. 

The reduction mechanism of Sn(EH)2 was shown in Figure 3.16a. 
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Figure 3.15 General mechanism of AGET ATRP technique. 

 

Table 3.6 Composition, advantages and disadvantage of Normal ATRP and AGET 

ATRP. 

 

 Normal ATRP AGET ATRP 

Mechanism Figure 3.13 Figure 3.15 

Compositions - Initiator; alkyl halide  - Initiator; alkyl halide  

- CuX; X = Cl, Br - CuX ; X = Cl, Br 2

- Ligand (L) - Ligand (L) 

- Monomer (M) - Monomer (M) 

- Reducing agent (e.g. Sn(EH)2,  

  or As-acid)  

Condition - Apply to homo- and 

heterogeneous system 

- Apply to homo- and 

heterogeneous system  

( including water bone system) (including water bone system) 

Advantages -Kinetic is controlled by the 

amount of CuBr  

- Use of oxidatively stable   

  catalyst 

- Facile preparation storage, and 

  shipment of ATRP catalyst  

Disadvantages - Use of oxidatively unstable  -Kinetic is controlled by CuBr2 

  Cu   and reducing agent 
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Figure 3.16 Reaction mechanism of Cu(II)X2 to Cu(I)X in the presence of reducing 

agent (a) tin (II) 2-ethylhexanoate (Sn(EH)2) and (b) ascorbic acid (As-acid)  
 

  Moreover, AGET ATRP has been applied to dispersed medium [49, 51-

53]  and without the homopolymer formation during copolymers polymerization. Min  

et al. [50] noted that no homopolymer of polystyrene was observed using two 

dimensional chromatography during preparation of block copolymers (PMA-b-PS) 

under condition of [St]/[PMA]/[CuBr2/BPMODA]/[As-acid] = 200/1/0.4/0.16 at 80°C 

in mini-emulsion. Min et al. [53] applied this technique to synthesis poly (2-(2-

bromopropionyl oxy)ethyl methacrylate) (pBPEM)-g-butyl acrylate (BA) molecular 

brushes. They reported that the dispersed droplets effectively avoided the problem of 

macroscopic gelation observed in bulk polymerization.  

 

 3.2.2  ATRP technique for graft copolymerization 

 

  Applying ATRP technique for synthesis of graft copolymer, it is 

necessary to prior define type of the second monomer to be grafted on the polymer 

backbone as an efficient initiator of ATRP should have chemical structure similar to 

that of selected monomer for graft copolymerization. The transition metal / ligand and 

solvent become into consideration afterward. Moreover, suitable transition metal and 

ligand dramatically depend upon the type of selected monomer. Reaction temperature 

and reaction time can be predetermined by consideration from the entire components 

in the system. In order to apply ATRP technique to synthesis graft copolymer 
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(polymer A-g-polymer B) by grafting “from” method, it is composed of two steps of 

reaction (Figure 3.17) i.e. at first, modification of the polymer main chain into 

multifunctional macroinitiators, mostly by chemical reaction; as known as 

preparation of macroinitiator step, and then graft copolymerization initiated by 

ATRP technique with second monomer (monomer B). 

 

 
 

Figure 3.17 Reaction steps in ATRP technique to synthesis graft copolymer by 

“grafting from” method 

 

  Halide atoms, such as -Cl or -Br are required for ATRP initiating 

system, these atoms have to be prior introduced on the polymer backbone. Various 

chemical reaction were reported to introduce halide atom, such as bromination 

reaction using NBS/AIBN, reaction between hydroxyl group presented in the polymer 

main chain with alkyl bromine derivatives and oxirane ring opening reaction with and 

bromoalkyl carboxylic acid as summarized in Table 3.7. 
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Table 3.7 Chemical reactions used to generate initiating halo group on the polymer 

main chain for ATRP technique. 

 

Reaction Reagent and functional group Ref. 

- Bromination reaction  NBS*/AIBN** [35, 46, 54, 

55] 

- Nucleophilic 

substitution    

[23, 38] OH
-  / α-bromoisobutyryl 

bromide (BrBuBr) 
[56] 

reaction 
OSi(CH3)3

or / BrBuBr 

- Cyclization reaction  [37] O

- /2-bromoisobutyric acid 

(BrIBA)  
O

or /bromoacetic acid  
*NBS = N-bromosuccinmide, **AIBN = α,α’-azobisisobutyronitrile 

 

 
 

Figure 3.18 The process to synthesis poly(β-pinene)-g-poly(methyl) acrylate via  

ATRP [46] 

 

  Lu et al. [46] studied the synthesis of poly(β-pinene)-g-poly(methyl 

acrylate), presented in Figure 3.18. The poly(β-pinene)-Br was synthesized, using 
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reaction between N-bromosuccinimide (NBS)/α,α’-azobisisobutyronitrile (AIBN) in 

the condition of [poly(β-pinene)]/[NBS]/[AIBN] = 1/1/0.07 at boiling point of CCl4. 

The bromine content was determined by titration method. They found that the 

bromine content of the brominated poly(β-pinene) can be controlled quantitatively by 

the NBS/poly(β-pinene) feed ratio. Moreover, they reported that the bromine atom 

took place at the allylic position, confirmed by 1H NMR spectrum. The signal of –

HCBr- at 3.4 ppm and the signal of –CBrC=CH- (in the six member ring) in the range 

of 4.8-5.8 ppm were observed. 

  Liu and Sen [54] studied the synthesis of novel linear polyethylene-

based graft copolymer. The poly(ethylene-co-styrene-Br) was produced by the 

reaction between poly(ethylene-co-styrene) (6 g) and NBS (11.5 mmol)/AIBN (1.71 

mmol) at 90°C for 5 h in 200 ml of CCl4. The bromine content of the product 

determined through elemental analysis by Galbraith Laboratories, was 2.60 mol %. 

They reported that the bromine atom substituted the proton at the tertiary carbon atom 

shown in Figure 3.19. The bromination efficiency for the conversion of –CH(Ph)- to –

CBr(Ph)- is 95%.  

 

 
 

Figure 3.19 Synthesis pathway of polyethylene-based graft copolymer via ATRP [54]. 

 

  Fónagy et al. [55] studied the preparation of thermoplastic elastomer 

from polyisobutylene-g-polystyrene (PIB-g-PS) via ATRP. The authors reported that 

the bromobenzyl group distributed randomly along the PIB chain and the 

bromobenzyl content was determined from the 1H NMR spectrum. 
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  Wang et al. [35] studied the synthesis of EPDM-g-PMMA via ATRP 

technique (Figure 3.20). The Br-EPDM was produced by reaction between EPDM 

(10g) and NBS (2.5 mmol)/AIBN (0.36 mmol) at 90°C for 1.5 h in 500 ml of CCl4. 

The amount of bromine atoms were determined by oxygen-bomb method. In this 

work, they explained that the bromination was occurred at the allylic position of 

polymer main chain. Moreover, the authors compared the capacity of EPDM-Br with 

unbrominated one and they found that the unbrominated EPDM did not initiate graft 

copolymerization at 90°C in xylene solution. 

 

. 

 

Figure 3.20 The process of the synthesis of EPDM-g-PMMA [35] 

 

  Incorporation of  the halide atom via reaction between hydroxyl group 

(-OH) and α-bromoisobutyryl bromide (BrBuBr) was studied in several works [23, 

38]. Figure 3.21 shows synthetic pathway to prepare the cylindrical core – shell 

brushes using the condition of [-OH]/[BrBuBr] = 1/2 in anhydrous pyridine as a 

solvent at 0°C. The macroinitiators prepared could be used to initiate polymerization 

of acrylate and styrene monomer. Another example to introduce initiating group 

reported by Matyjaszewski et. al is the reaction between epoxide group and acid 

baring bromine atom; such as 2-bromoisobutyric acid (BrIBA) and chloroacetic acid 

using tetrabutyl ammonium hydroxide (TBAH) as a catalyst (Figure 3.22)[37]. The 

reaction was successfully carried out under the condition of 

[epoxide]/[BrIBA]/[TBAH] = 1/2 at 115°C for 38 h in xylene solution under N2 . 
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Figure 3.21 The pathway to synthesis cylindrical core – shell brushes [38] 

 

 
 

Figure 3.22 The introducing of initiating group on polyethylene [37] 

 

 

3.3  Natural Rubber (NR) 
 

 Natural rubber (NR) having high molecular weight (Mw > 106) cis-1,4-

polyisoprene was produced from Hevea Brasiliensis tree for commercial purposes. 

The NR has excellent physical properties, such as high tensile and tear strength [57]. 
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The NR from the tree is in latex form with colloidal particles having particles size 

around 0.2-3 μm 

 Generally, the NR latex containing about 30% dry rubber content is preserved by 

addition of ammonia before centrifugation to obtain about 60% dry rubber content 

which is called high ammonia (HA) concentrated NR latex for commercial 

production. Besides about 30-40% of rubber hydrocarbon in the fresh NR latex, 6% of 

non-rubber components such as lipid, proteins, carbohydrates, inorganic salts, etc are 

well-known. The chemical structure of NR is presented in Figure 3.23. The low heat 

and oxidation resistance of the NR is due to the presence of the double bond in the 

entire repeating unit. However, it can act as an active site to react with various 

chemical reagents for modifying its properties and further utilization for 

functionalization. 

 

 
  

Figure 3.23 Chemical structure of natural rubber (NR) with highly cis-1,4- 

polyisoprenic structure 

 

 3.3.1  Chemical modification of NR 

 

  Various chemical reactions have been used to modify the chemical 

structure of NR in order to not only overcome the drawback properties such as low 

thermal and oxidative reaction, low abrasion resistance, but also to transform it into 

high value added NR such as thermoplastic elastomer based NR. The chemical 

reaction on NR in fact can be occurred at the C=C and also at the allylic position as 

shown in Figure 3.23. The chemical reaction selected depends upon the required final 

properties. For an example, hydrogenation was carried out to decrease the amount of 

unsaturation on the NR molecular structure, hence increasing its thermal resistance. 

Grafting of plastic on the NR via graft copolymerization, provides the properties with 
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combining between processing ability of plastic and elasticity of rubber known as a 

thermoplastic elastomer. 

 

 

 
 

Figure 3.24 Various chemical modifications of natural rubber (NR) 

 

  3.3.1.1  Bromination reaction  

 

   Bromination reaction is one of the techniques introducing a 

halogen atom-bromine atom (Br) - into a chemical structure of material. Based on the 

basic organic chemistry, substitution or addition of the bromine atom into an 

unsaturated hydrocarbon can be produced depending on types of brominating agents 

and experimental conditions. 

   Generally, it can be divided in two categories. First, the 

bromine molecule adds into a double bond or a triple bond of the unsaturated 

hydrocarbon. The reaction equations are shown in Figure 3.25. This event will take 

place when bromine solution was chosen as a brominating agent.  
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C C + Br2 C C
Br Br

CCl4 solvent

Room temp.

C C + Br2 C C
Br Br
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C
Br

C
Br

Br Br
 

Figure 3.25 Bromination of unsaturated substrate using bromine solution (Br2 in CCl4) 

 

   Another position of bromination is a bromine atom adding at 

an allylic position. It provides this structure, if N-bromosuccinimide (NSB) is selected 

as a brominating agent in a suitable condition (Figure 3.26). In 1958, Dauben et al. 

studied the effect of environmental factors (oxygen, light), reactant impurities (water, 

hydrogen bromide, bromine, hydroperoxides), and substances of potential catalytic or 

inhibitory activity on an allylic bromination.  

   The position of bromine atom is determined by bond 

dissociation energy. It has been known that value of bond dissociation energy 

between hydrogen atom and carbon atom at allylic carbon is lower than any other 

positions, such as alkyl and vinylic; because after covalent bond was broken by heat 

or irradiation, it provides stable radical than other radical. Figure 3.27 showed 

sequence of stability of many types of radical. 

 

CH2=CH-CH3 + N

O

O

Br

O

O

N+CH2=CH-CH-Br H
light

    or
peroxide

  

 
 

Figure 3.26 Bromination reaction using N-bromosuccinimide (NBS) 
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Figure 3.27 Order of stability of radicals 

 

   The proton at the allylic position easily undergoes homolytic 

cleavage because the р-orbital of this carbon can overlap with the p-orbital of the 

double bond carbons. Three electrons exist in the overlap of three p orbital, the 

unpaired electrons are so called delocalized, or spread out, over an extended p-orbital 

network rather than localized at only one site (Figure 3.28). The chemical 

consequences of the delocalization are that the allylic bromination of the unsymmetric 

alkenes leads to a mixture of products. 

 

C C C C C C

 
Figure 3.28 Resonance of allylic radical 

 

   Steps of the bromination in unsaturated substrate by this 

method can be explained that a chemical bond (covalent bond) between carbon atom 

and hydrogen atom of material which is the easiest one to undergo cleavage was 

broken by heat or radiation and generated carbon radical and hydrogen radical 

(homolytic cleavage). NBS acting as a bromine source will generate bromine radical 

by homolytic cleavage between nitrogen atom and bromine atom. Then, the bromine 

radical in system will recombine with other radical on the substrate, resulting in 

fixation of  bromine atom at allylic position. 

   Focusing on NR, Bloomfield [58] studied bromination 

reaction, using NBS in CCl4. It was found that cyclization was occurred in the 

chemical structure of NR and degree of cyclization promoted by the action of NBS on 

rubber which was explained as shown in Figure 3.29. 
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Figure 3.29 Mechanism of cyclization in brominated natural rubber 

 

   N-bromosuccinimide (NBS) can generate bromine atom by 

itself. However, in order to increase rate of bromination reaction, radical and peroxide 

will be used as an accelerator to generate radical in the system [59].  Bromination at 

only diene part of styrene diene block co polymer [60], poly(ρ-methylstyrene-co-

styrene)-block-poly(ethylene-co-butene)-block-poly((ρ-methylstyrene-co-styrene) 

[61], poly (isobutylene-co-isoprene) [62] have been reported. Bromination was 

applied to modify the properties of the polymers such as improving thermal 

properties, ozone resistance and mechanical properties. On the other hand, 

brominating at allylic position can be also used as active site in preparation of graft 

copolymer such as, poly(β–pinene)-g-poly(methyl methacrylate) [46], poly(β–

pinene)-g-polystyrene [63]. Table 3.8 shows some examples of different types of 

polymer having been brominated. 

   Buzdugan et al. [60] studied bromination of some styrene-

diene block copolymers. Characteristic of bromine atoms on diene part of block 

copolymer represented by FT-IR spectroscopy. Amount of bromine atom on the 

chemical structure of polyisoprene was determined by ratio between C-Br bond at 540 

cm-1 and phenylic ring at 1600 cm-1
, . 
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Table 3.8 Examples of bromination on different types of polymer  

 

Reagent Polymer Ref. 

Poly(aryl ether ether ketone)  Bromide 

poly(ρ-methylstyrene-co-styrene)-block-

poly(ethylene-co-butene)-block-poly((ρ-

methylstyrene-co-styrene) 

[61] 

poly(isobutylene-co-isoprene) [62] 

EPDM [64] 

poly(β–pinene)-g-poly(methyl methacrylate) [46] 

 

NBS/AIBN 

poly(β–pinene)-g-polystyrene [63] 

 

   Liang and Lu [63] studied bromination of poly (β-pinene). It 

was found that brominated material exhibits new absorption peaks of –C=C-CHBr- at 

3.2-3.4 ppm and absorption at 3.0-4.0 ppm due to the H adjacent to the C-Br observed 

in the structure.   

   Parent et al. [62] studied the chemical structure of 

brominated poly (isobutylene-co-isoprene). It was found that the chemical shift of 

brominated polymer shown in Figure 3.30, indicating the –CHBr- at 4.40 ppm, H-C= 

at 5.02 and H-C= at 5.39. It can be noted that the BrCH2-both E and Z-isomer 

appeared at 4.09, BrCH2-both E and Z-isomer appeared at 4.11, H-C= both E and Z-

isomer appeared at 5.41 and 5.75 ppm. 

 

Br

Br

  
(A)                               (B) 

 

Figure 3.30 Brominated poly (isobutylene-co-isoprene) [62] 

 



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Polymer Science and Technology) / 45

  3.3.1.2  Epoxidation reaction 

 

   Epoxidation of natural rubber (ENR) is a well-known 

reaction. It is an effective method to improve the oil resistant and together with gas 

impermeability of NR. For economical point of view, the epoxidation of NR was done 

in the latex phase via in situ peracid prepared from formic acid (FA) and hydrogen 

peroxide (H2O2). Moreover, epoxidation has been also done in the organic solution 

such as dichloromethane using m-chloroperoxybenzoic acid (CPBA) [65]. The 

epoxidation mechanism from peracid generated from FA/H2O2 is shown in the Figure 

3.31a while the reaction in Figure 3.31b was obtained from CPBA that released the 

oxygen atom to the C=C of NR to form the epoxidized unit. The chemical structure of 

partial epoxidized NR (ENR) was characterized by 1H NMR and the results could be 

used to determine the epoxidation level using the integrated area of the signal of 

proton adjacent to the C=C and the proton adjacent to the oxirane ring as reported in 

the previous works [65, 66]. 

   The epoxidation reaction is often accompanied with the 

secondary reaction such as epoxide ring opening which could be found by 1H NMR. 

The signal at 3.40 ppm correspond to proton adjacent to hydroxyl group was almost 

found at high acid concentration and high reaction temperature. Another signal at 3.90 

ppm (proton at furan unit) of ENR was also reported as a side reaction product in the 

literature. In addition the epoxidation by using peracid, it provides stero-specific 

structure of oxirane ring and the random existence of epoxide unit on the NR. And 

they also found that the solubility in oil phase decreases when increase amount of 

epoxies unit [67].  

   Phinyocheep et al. [66] studied chemical degradation of 

epoxidized natural rubber. In their work, epoxidized of natural rubber (NR) was 

prepared by using NR (20%DRC) stabilized by 3.5 phr of Sinnopal NP 307 [NR] 

[H2O2]/[formic acid] = 100/10/10 at 60 °C for 24h.The chemical structure of ENR 

was analyzed by infrared spectroscopy and 1H-NMR. The infrared spectrum of ENR 

indicated the appearance of characteristic of signals of epoxide ring at 1249 cm-1 

(symmetric stretching of epoxide ring) and 870 cm-1 (asymmetric stretching of 

epoxide ring). The 1H-NMR spectrum of ENR show the presence of signals at 5.1 and 
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2.7 ppm, assigned to the olefinic proton of cis-1,4 polyisoprenic structure and the 

methane proton of adjacent of the epoxide ring respectively. The signals of methyl 

and methylene groups adjacent to the epoxide unit were observed at 1.26 and 2.16 

ppm. The degree of epoxidation was determined by comparing the integration area of 

the methane proton adjacent to the oxiranering at 2.7 ppm and that of the proton 

adjacent to the carbon-carbon double bond of polyisopreneic structure at 5.1 ppm.  

 

 
 

Figure 3.31 Epoxidation of unsaturated polymer by (a) H O2 2/formic acid (b) m-

chloroperoxybenzoic acid (CPBA)[68] 

 

Table 3.9 Chemical reagents for preparation of epoxidized natural rubber (ENR)  

 

Reagent Polymer Ref. 
H O /formic acid Natural rubber (NR) [66, 69-71] 2 2
m-CBPA 1,4-polyisoprene (synthetic) [65, 69, 71] 

 

  Derouet et al. [65] study alcoholysis of epoxidized of polyisoprene. In 

their work epoxidized of polyisoprene was prepared by using m-CPBA at 25 °C in 

dichloromethane for 6 h. 20% epoxidized 1,4-polyisoprene were isolated by 

precipitated into methanol, then dried under reduced pressure at 40°C for 48 h. The 

degree of epoxidation was calculated from 1H-NMR spectra by area comparison of 

the signal at 2.7 ppm corresponding to the proton on oxirane rings of the epoxidized 
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unit to that at 5.2 ppm characteristic of the proton of carbon-carbon double bonds of 

1,4 polyisoprene unit. 

 

  3.3.1.3  Epoxide ring opening reaction ENR  

 

   Ring opening reaction of epoxide group can be carried out by 

various organic reagents (Table 3.10), such as phosphate [72], alcohol derivative [65, 

73], aromatic amine [74], and carboxylic acid [75, 76]. The ring opening reaction was 

studied during these recent decades due to the potential applications of drug release 

polymers and photocrosslinkable rubbers. 

 

Table 3.10 Chemical structure of reagents for ring opening reaction 

 

Reagents Chemical structures Ref 

Phosphate (RO) P(O)OH [72] 2

Alcohol derivative [65, 73] HO-R  

NH2Aromatic amine [74] 
 

HO C
O

C
H

CH2 [76] Acrylic acid  
 

HO C
O

C
CH3

CH2Methacrylic acid [75] 
 

 

   Focusing on organic acid compound, Derouet et al. [75] 

studied fixation of methacrylic acid onto epoxidised liquid natural rubber using 

pyridine as the catalyst at 100 °C in chloroform ([acid]/[epoxide]/[catalyst] = 1/1/0.1) 

for 72 h. The percent fixation of about 13 % was determined by measuring the 

decrease of acid concentration. Their chemical structure was also characterized by 1H-

NMR.  

   Phinyocheep and Duangthong [76] studied the addition of 

acrylic acid on liquid epoxidized natural rubber (LENR) (Figure 3.32), using 5 g of 

LENR reacting with 10 g of acrylic acid at 60 and 80 °C in toluene during 5 h with 
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out the adding any catalyst. The evolution of acrylation reaction was investigated by 

following the decrease of epoxy group at 870 cm-1. Therefore, the percentage of 

acrylation can be calculated from the decrease of infrared absorption band ratio of 

epoxy at 870 cm-1 and methyl group of the isoprene unit at 1357cm-1, which was 

taken as the reference peak  

 

 
Figure 3.32 The addition of acrylic acid on liquid epoxidized natural rubber (LENR) [76] 

 

   Previous works showed that addition on to oxirane ring of 

NR favor in the organic carboxylic acid reagent as a self catalyst in the chemical 

reaction. Furthermore, the carbonyl group in the structure of organic acid not only 

function as a effective nucleophlic group to react with the oxirane ring but also it 

provides many advantages; that are (a) the C=O of ester group is a easy to 

investigated the addition in the structure of resulting product by FTIR, (b) ester O-

C(O)R group coming from the addition was easy to cleavage by acidolysis or 

hydrolysis reaction with trifluoroacetic acid (TFA) [77] (c) the R group in acid 

structure can be change in the different structure in order to find suitable structure for 

the future modification. 

 

  3.3.1.4  Graft copolymerization of vinyl monomer from NR 

 

   It has been known that grafting of polymer on the NR 

backbone will modify the properties of the NR. Copolymerization of vinyl polymers 



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Polymer Science and Technology) / 49

such as poly(methyl methacrylate)(PMMA), polystyrene(PS) or polyacrylonitrile 

(PAc) is one of the way to improve properties of NR as summarized in Table 3.10. 

The preparation of graft copolymer based on NR can be produced in both solution and 

in latex medium by grafting “from” method via radical polymerization (Method 2 in 

Figure 3.7). The active radicals on the chain of NR can be generated by radical 

transfer reaction from initiator onto the chain of NR.  

 

Table 3.11 Application of graft copolymer based on natural rubber 

 

Type of polymer 

grafted with NR 

Improved properties /Application Ref. 

PMMA -e.g. Thermal properties/ Compatibilizer [6-11] 

PS -e.g. Thermal properties/ Compatibilizer [78-81] 

PAc - Compatibilizer [82] 

 

   Focusing on, modified natural rubber (NR) by grafting with 

poly(methyl methacrylate) (NR-g-PMMA) is a very useful material for special 

purposes. It has expansively known in commercial name as Heveaplus MG. 

Modifying natural rubber by this way can improve its properties in many aspects, 

such as thermal properties. 

   Nakason et al. [11]  studied the influence of molar ratios of 

NR/MMA onto grafting efficiency using bipolar redox initiator system (cumene 

hydroperoxide, CHP and tetraethylene pentamine, TEPA) in NR latex. It was found 

that the increase of molar ratios of NR/MMA resulted in the increase of glass 

transition temperature (Tg) from -65.0 of pure NR to -50.5 of NR/MMA (60/40) and 

decomposition temperature (Td) from 364.5 of unmodified NR to 390.96 of 

NR/MMA (60/40). In addition, it can be used as compatibilizer in blending system, 

such as natural rubber (NR)/ poly(methyl methacrylate) (PMMA) blend to form a 

thermoplastic elastomer (TPE).  

   A TPE from natural rubber/poly(methyl methacrylate) 

(NR/PMMA) blend recently prepared by Oommen and Thomas [9] using the graft 

copolymer of natural rubber/poly(methyl methacrylate)(NR-g-PMMA) as a 
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compatibilizer in the system. It was noticed that tensile strength, tear strength, and 

Izod impact strength show considerable improvement by the addition of the graft 

copolymer. 

   For solution type, Enyiegbulam and Aloka [83] reported that 

graft copolymer of natural rubber and poly (methyl methacrylate) (NR-g-PMMA) can 

be produced by polymerizing methyl methacrylate in methyl ethyl ketone (MEK)/ 

toluene solution using benzoyl peroxide as an initiator. They also found that the 

concentration of both methyl methacrylate and initiator resulted the decrease of 

grafting efficiency. On the other hand, in latex state, the NR-g-PMMA was produced 

by generating active sites on NR chains using redox processes from various types of 

redox initiators. 

   Cooper and Vaughan [84] prepared NR-g-PMMA in latex 

system using tertiary butyl hydroperoxide-polyamine initiator and studied extraction 

of homopolymer of PMMA in graft copolymer by using acetone. It was found that the 

synthesis of graft copolymer by this way produced high amount of homopolymer of 

PMMA.  

   Lenka et al. [85-87] prepared NR-g-PMMA by using other 

types of redox initiator, such as vanadium ion, potassium peroxydisulfate with silver 

ion, dimethyl aniline-cupric ion, and acetylacetonate complex with manganese in 

latex system .In our study, it was found that various compositions effected the amount 

of poly(methyl methacrylate) (PMMA) on the NR chains. The graft copolymerization 

technique, which was mentioned above, (both solution and latex states) had a 

disadvantage, that is, it produces a large amount of homopolymer. Therefore, NR-g-

PMMA prepared by these ways requires the separation of homopolymer. Moreover, 

molecular weight (Mn) and molecular weight distribution (MWD) of grafted chains 

can not be controlled 

.
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CHAPTER IV 

METERIALS AND METHODS 

 

 

4.1  Materials and Instruments 
 

1. Natural rubber latex (60% DRC) was supplied by Bangkok Rubber Company, 

Thailand. 

2. Cis-1,4-polyisoprene (PI) (Acros organics, 98%, wM  = 800 000 g/mol) was 

purified by dissolution and precipitation using dichloromethane and methanol 

respectively, and then dried under vacuum at room temperature until constant 

weight. 

3. Methyl methacrylate (MMA) (Acros, 99%) was purified by three time washings 

with 10 wt% NaOH solution to remove the inhibitor, and then with water. The 

washed MMA was dried on anhydrous MgSO4 overnight, and then distilled at 

50°C under low pressure. 

4. Formic acid (98-100% analytical grade) was used as purchased from Merck. 

5. Hydrogen peroxide (35% standard grade) was used as purchased from Ajax 

Chemicals. 

6. Nonylphenoxy poly(ethylene oxide) (Sinnopal NP 307) was supplied by Cognis 

Company. 

7. Poly(ethylene oxide fatty alcohol) hexadecylether (Teric) was supplied by East 

Asiatic Company, Thailand. 

8. Sodium hydroxide (NaOH) was used as purchased from J.T.Baker. 

9. Triphenylphosphine (Ph3P) (99%) was used as purchased from Acros. 

10. n-Butylbromide (BuBr) (99%) was used as purchased from Aldrich. 

11. 2-Methyl-2-butanol (99%) was used as purchased from Acros. 

12. Phenolphthalein (Indicator) was prepared by dissolve the phenolphthalein 0.025 g 

in 50%v/v of H20 in EtOH  

13. Sodium (Na) 98.7%  
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14. 1-Methyl-1-cyclohexene was used as purchased from Fluka. 

15. Toluene (99%) was used as purchased from Acros. 

16. m-Chloroperoxybenzoic acid (CPBA, 78%) was used as purchased from Acros. 

17. Sodium bisulfite (Na2SO3, 97%) was used as purchased from Acros. 

18. Sodium hydrogen carbonate (NaHCO3) 

19. 2-Bromopropionic acid (C3H5BrO2, 99+%) was used as purchased from Acros. 

20. 2-Bromo-2-methylpropionic acid (C4H7BrO2, 98%) was used as purchased from 

Acros. 

21. 2-Pentanone (C5H10O, 97%) was purchased from JANSSEN and distilled before 

use. 

22. 2-Pyridine-carboxaldehyde (C6H5NO) was used as purchased from Acros. 

23. Octylamine (C8H19N, 99%) was used as purchased from Aldrich. 

24. Octadecylamine (C18H39N) was used as purchased from Aldrich. 

25. 1,1,4,7,7-Pentamethyldiethylenetriamine (PMDETA, 99+%) was used as 

purchased from Acros. 

26. Diethyl ether (C4H10O) was used as purchased from CARLO ERBA. 

27. Magnesium sulfate (anhydrous)(MgSO4) 

28. o-Xylene (min 95%) was used as purchased from J. T. Baker. 

29. Copper (I) bromide (CuBr, 99.995%) was used as purchased from Sigma-Aldrich. 

30. Copper (II) bromide (CuBr2, 99%) was used as purchased from Fluka. 

31. L-ascorbic acid (99 ) was used as purchased from Sigma-Aldrich.  %+

32. Hexadecane was used as purchased from Fluka. 

33. Trifluoroacetic acid ( was used as purchased from Fluka.  %)0.98≥

34. Deuterochloroform (99.5% analytical grade) was used as purchased from Fluka. 

35. Acetone, methanol, chloroform, hexane dichloromethane and toluene (commercial 

grade) were distilled before use. 

36. Fourier transform infrared spectrometer (Perkin-Elmer, PE 2000). 

37. NMR spectrometer (Bruker AM 400 spectroscopy 300 MHz). 

38. Size exclusion chromatography (watersTM 150-CV plus). 

39. Differential scanning calorimeter (DSC 7, Perkin-Elmer). 

40. HPLC analysis (Waters modular HPLC equipment including a Model 510 pump  

module, a Model U6K injector, and an AIT CHROMATO Kromasil C18 column 
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(150 × 4.6 mm length; particle size: 5 μm, pore size = 100 Å), prolonged with a 

Platform II - guadrupole detector (Micromass, Manchester, United Kingdom) 

 

 

4.2  Study on Model of Natural Rubber  
 

 4.2.1  Synthesis of 4-methyloct-4-ene (a model of natural rubber)  

 

  4-Methyloct-4-ene was synthesized by 3 steps of reaction as shown 

below. 

 

Step 1  Ph3P + CH3CH2CH2CH2Br              Ph3PP

+CH CH CH CH ,Br2 2 2 3
- …...(4.1) 

 

Step 2  Ph3PP

+CH CH CH CH , Br2 2 2 3
-                             Ph P=CHCH CH CH  + NaBr +                         3 2 2 3

CH3CH2C(CH3)2ONa  

                                                                                    CH3CH2C(CH3)2OH …...(4.2) 

 

Step 3   

 

    (4-methyloct-4-ene)…...(4.3) 

 

Step 1: Bromo n-butyltriphenylphosphonium (Ph3PP

+CH CH CH CH ,Br2 2 2 3
-) was 

prepared by pouring triphenylphosphine (Ph P) (250 g, 0.95 mol) and n-butylbromide 

(BuBr) (170 ml, 1.58 mol) into 2 L reactor connected with condenser, after that this 

mixture was heated up to 102°C for 2 h. The color of reaction mixture turns from 

yellow liquid to white solid. After that, the lump of product was smashed into tiny 

powder by using mortar and washed with distilled toluene by suction filtration 

(Buchner funnel connecting with suction flask). The obtained product was dried in 

vacuum at 30°C for 2 days until constant weight.  

3

 

Preparation of sodium 2-methyl-2-butoxide (CH3CH2C(CH3)2ONa)  

CH3CH2C(CH3)2ONa was prepared by pouring toluene (500 ml) into 1 L two necks 

round bottom flask connected with condenser. Then Na (48 g, 2.08 mol) was added. 
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This flask was heated up to 110°C. 2-Methyl-2-butanol (CH3CH2C(CH3)2OH) (110 

ml, 0.99 mol) was added dropwise into a round bottom flask by using dropping 

funnel. The reaction mixture was heated for 48 h. CH3CH2C(CH3)2ONa in toluene 

was reacted with 1N HCl in order to determine the concentration of 

CH3CH2C(CH3)2ONa in solution mixture by using phenolphthalein as an indicator. At 

the end point, the color of indicator turns from pink to colorless.  

 

Step 2: Bromo n-butyltriphenylphosphonium receiving from Step 1 (335 g, 0.84 mol) 

was dissolved in toluene (300 ml) into 2 L reactor connected with condenser. 

CH3CH2C(CH3)2ONa in 500 ml toluene was added dropwise in this reactor by using 

dropping funnel. The reaction mixture was heated up to 110°C for 24 h until color of 

reaction mixture turns from yellow – brown to red color. 

 

Step 3: Distilled 2-pentanone (CH3C(O)CH2CH2CH3) (82.6 ml, 0.77 mol) was added 

dropwise in the reactor in Step 2 at room temperature and then the reaction mixture 

was heated up again to 110°C for 24 h. The color of reaction mixture turns from red 

to colorless. The toluene was separated from reactor by distillation then the resulting 

product was separated by distillation under reduce pressure. Finally, it was purified 

again by distillation using Normag column. (4-methyloct-4-ene, bp = 140°C) Yield = 

47.5%. 

                        
 

Figure 4.1 Normag column 
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 4.2.2  Synthesis of 4,5-epoxy-4-methyloctane, 1 (a model of epoxidized 

natural rubber) 

 

  4,5-Epoxy-4-methyloctane was prepared by oxidation of 4-methyloct-

4-ene with m-chloroperoxybenzoic acid (CPBA) in biphasic medium as shown in 

equation 4. 

    …...(4.4) 

 

  A solution of 4-methyloct-4-ene (5 g, 0.1 mol) in 200 ml CH2Cl2 was 

prepared in two necks round bottom flask. Then m-chloroperoxybenzoic acid (CPBA) 

(8.2 g, 0.15 mol) in 200 ml of CH2Cl2 was added dropwise using dropping funnel to 

the biphasic system, while the temperature is maintained at 0ºC. After complete 

addition, the reaction is continued stirring for 6 h at room temperature. The aqueous 

layer was extracted twice times with 15 ml CH2Cl2 and the collected organic layers 

were washed with a 10% sodium bisulfite in aqueous solution to reduce the unreacted 

peracid, then a 5% sodium hydrogen carbonate solution to eliminate the residual m-

chlorobenzoic acid. The organic phase was dried over anhydrous sodium sulfate then, 

after filtration, concentrated by evaporation of solvent. The epoxidized product was 

separated by distillation on Normag column.  

 

 4.2.3  Synthesis of bromoalkyl-functionalized natural rubber models 

 

  4,5-Epoxy-4-methyloctane, 1 (1g, 7.03 mmol) was dissolved in toluene 

(1.7 wt%). 2-bromopropionic acid (A1) (6.45 g, 0.042 mol) or 2-bromo-2-

methylpropionic acid (A2) (7.04 g, 0.042 mol) was then added to the solution. The 

reaction mixture was stirred during 6 h at 90°C for A1 and 110°C for A2. During the 

reaction, samples were taken of and cleaned out of the residual acid by adding 

saturated NaHCO3 and washing with distilled water, and then analyzed by 1H NMR 

spectroscopy to follow the progress of reaction with time. When the reaction was 

completed, saturated NaHCO3 was added to eliminate the excess acid. The organic 
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phase was washed three times with distilled water, and then dried on anhydrous 

MgSO4 overnight. After filtration, toluene was eliminated under vacuum. The crude 

mixture was fractionated by liquid chromatography using an open column 

chromatography, filled with silica and dichloromethane was used as eluent. The 

fractionated products, as well as the crude mixture, were analyzed by 1H NMR 

spectroscopy. 

 

Table 4.1 Various conditions for preparation of bromoalkyl-functionalized NR model 

from the reaction of 4,5-epoxy-4-methyloctane, 1 and 2-bromopropionic acid (A1) or 

2-bromo-2-methylpropionic acid (A2). 

 

Name 
[1] 

(wt%) in toluene

 [1]/[A1] 

molar ratio 

 [1]/[A2] 

molar ratio 

Temp  

(°C) 

Time 

 (h) 

1-A1-(1) 1.7 6 - 90 6
1-A1-(2) 25 6 - 60 6
1-A2-(1) 1.7 - 6 110 6
1-A2-(2) 25 - 6 60 6

 

 4.2.4  Preparation of amine ligand  

 

  4.2.4.1  N-(n-octyl)-2-pyridylmethanimine (NOPMI) 

 

   Octyl amine (25 ml, 0.15 mol) in 40 ml diethyl ether was 

slowly added drop wise to a stirred solution of 2-pyridine-carboxaldehyde (20.6 ml, 

0.19 mol) in 40 ml diethyl ether at 0°C and stirred for 4 h. Anhydrous magnesium 

sulphate (an.MgSO4) was added and the solution was stirred at ambient temperature 

over night. The solution was filtered. And the solvent was removed under vacuum at 

room temperature to yield N-(n-octyl)-2-pyridylmethanimine as a yellow-colored oil 

purified by distillation under reduce pressure.  
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4.2.4.2  N-(n-octadecyl)-2-pyridylmethanimine (NODPMI) 

 

   Octadecyl amine (5 g, 0.046 mole) in 150 ml diethyl ether 

was slowly added drop wise to a stirred solution of pyridine-2-carboxaldehyde (13.4 

g, 0.049 mole) in 25 ml diethyl ether at 0°C and stirred for 4 h. Anhydrous 

magnesium sulphate (an.MgSO4) was added and the solution was stirred at ambient 

temperature over night. The solution was filtered. And the solvent was removed under 

vacuum at room temperature to yield N-(n-octdecyl)-2-pyridylmethanimine as a 

cream was like solid. 

 

 4.2.5  The procedure for the ATRP of MMA in toluene solution  

 

  4.2.5.1  General procedure of polymerization by ATRP technique 

in toluene solution. 

  

   A schlenk flask was charged with CuBr. The flask was 

sealed with a rubber septum and was cycled three times between vacuum and nitrogen 

to remove oxygen. Then, monomer, solvent, ligand and initiator previously degassed 

were added to the CuBr through a degassed syringe. The solution was degassed by 

three freeze-pump-thaw cycles. The flask was then placed in an oil bath at required 

reaction temperature. After certain time intervals, samples were withdrawn from the 

reaction mixture using a degassed syringe. Samples were dissolved in 

dichloromethane and passing through an alumina column in order to remove copper 

salts. The filtrate was concentrated and dried under vacuum at room temperature. 

 

  4.2.5.2  The procedure for the ATRP of MMA  

 

   Cu(I)Br (0.058 g, 0.40 mmol) was placed into a Schlenk 

tube. The tube was fitted with a rubber septum and then flushed with dry nitrogen and 

vacuum three times to remove oxygen. MMA (4.65 g, 0.046 mol), 2 (0.26g, 0.40 

mmol), NOPMI (0.17 g, 0.80 mmol), and toluene (50 wt% with respect to MMA) 

were placed in another Schlenk tube, and the oxygen was removed by freeze-pump-
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thaw cycles. The mixture was transferred via a cannula, to the Schlenk tube 

containing CuBr. The reaction mixture was degassed by three freeze-pump-thaw 

cycles and back-filled with nitrogen. Afterwards, the mixture was placed into an oil 

bath at 90οC. Samples were taken at various reaction times using a degassed syringe 

in order to follow monomer conversion by 1H NMR spectroscopy, as well as number-

averaged molecular weights and polydispersity indexes by Size Exclusion 

Chromatography (SEC). The catalyst was removed from the samples by passing the 

polymer solution through a chromatrography column filled with alumina. The 

polymer was then precipitated in methanol, filtered, and dried under vacuum at room 

temperature until constant weight. Three different types of ligand were employed 

which are 1,1,4,7,7-pentamethyldiethylenetriamine (PMDETA), N-(n-octyl)-2-

pyridylmethanimine (NOPMI) and N-(n-octadecyl)-2-pyridylmethanimine 

(NODPMI) 

 

Table 4.2 Various conditions used for ATRP of MMA in toluene solution initiated 

from two different initiators O-(2-hydroxy-2-methyl-1-(n-propyl)pentyl)-2-

bromopropionate, 2 and O-(2-hydroxy-2-methyl-1-(n-propyl)pentyl)-2-

bromoisobutyrate, 4. 

 

Name 
Condition 

[MMA]/[In]/[CuBr]/[Ligand ] 
Temp (°C) Time (h) 

2- NOPMI 115/1/1/2 90 6
2- NODPMI 115/1/1/2 90 6
2- PMDETA 115/1/1/1 90 6
4- NOPMI 115/1/1/2 90 6
4- NODPMI 115/1/1/2 90 6
4- PMDETA 115/1/1/1 90 6
4- PMDETA 115/1/1/1 60 6
CE4-NOPMI 115/1/1/2 90 6

 

  4.2.5.3  General procedure of homopolymerization of PMMA by 

ATRP technique in dispersed medium. 

 

   A schlenk flask was charged with CuBr. The flask was 

sealed with a rubber septum and was cycle three times between vacuum and nitrogen 
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to remove oxygen. Then, MMA, solvent, ligand, and surfactant (dissolved in water) 

were added to the CuBr via a canular transfer. The solution was degassed by three 

freeze-pump-thaw cycles. The flask was then placed in an oil bath maintain at 60°C. 

After certain time intervals, samples were withdrawn from the reaction mixture using 

a degassed syringe and determined the MMA conversion by gravimetric method. 

Samples were dissolved in dichloromethane and passing through an alumina column 

in order to remove copper salts. The filtrate was concentrated and dried under vacuum 

at room temperature until constant weight. 

   The determination MMA conversion by gravimetric method 

was calculated by following equation 4.5. 

 

   MMA conversion (%) = 100
W
W

t tMMA,

t tPMMA, ×
=

=  …...(4.5) 

Where; WPMMA, t=t = W dried solid , t=t - W dried solid , t=0

             W dried solid =(PMMA + other components, such as surfactant) 

 

Table 4.3 Various conditions used for ATRP of MMA in dispersed medium initiated 

from O-(2-hydroxy-2-methyl-1-(n-propyl)pentyl)-2-bromoisobutyrate, 4 with (+) and 

without (-) toluene stabilized by Sinnopal NP 307 (9 wt % respect to MMA) at 60°C. 

 

Name 
Condition 

[MMA]/[In]/[CuBr]/[Ligand]

with(+) or without (-) 

toluene  

Time  

(h) 

4- PMDETA 115/1/1/1 - 6 
4- PMDETA 115/1/0.3/0.3 - 6 
4- NOPMI 115/1/1/2 - 6 
4- NOPMI 115/1/1/2 +  6 
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4.3  Study on Synthetic Cis-1,4- polyisoprene  

 
 4.3.1  Synthesis of epoxidized polyisoprene (EPI) 

 

  Synthetic cis-1,4- polyisoprene (PI) was partially epoxidized into 

epoxidized polyisoprene (EPI) (theoretically, 15 % of epoxidized units) by reaction 

with CPBA in CH2Cl2 at 0°C for 6 h [6]. After complete reaction, the collected 

organic layer was washed with a saturated sodium carbonate solution to eliminate the 

residual acid, and then with distilled water. The obtained polymer was precipitated in 

methanol and filtered off. Then, it was dried at room temperature under vacuum until 

constant weight. The real rate of epoxidation was determined from 1H NMR by area 

comparison of the signal at 2.72 ppm corresponding to the protons on oxirane rings of 

the EPI units to the signal at 5.13 ppm corresponding to the protons of unsaturated 

1,4-polyisoprene units.  

.  

 4.3.2  Synthesis of bromoalkyl-functionalized polyisoprene (PIBr). 

 

  EPI-12.1 (8 g, 0.013 mol of epoxidized polyisoprene units) was 

dissolved in toluene (5 wt/v% of EPI in toluene). Then, a solution of 13.8 g of 2-

bromo-2-methylpropionic acid (0.083 mol, [bromoalkylcarboxylic acid]/[EPI units] 

molar ratio = 6) in toluene was added dropwise to the previous solution and the 

reaction mixture was stirred at 110°C for 4 h (PIBr-1.3) and 6 h (PIBr-3.1). After 

reaction, the polymer contained in the mixture was precipitated in MeOH. It was 

purified by re-dissolving it in toluene and precipitating in methanol a few times and 

then dried under vacuum at room temperature until constant weight. Resulting 

polymer was analyzed by 1H NMR and FTIR spectroscopies. 

 

 4.3.3  Synthesis of PI-g-PMMA by ATRP in toluene solution. 

 

  Cu(I)Br (0.019 g, 0.13 mmol) was introduced in a Schlenk tube. The 

tube was fitted with a rubber septum and then flushed with dry nitrogen and vacuum 
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three times to remove oxygen. MMA (4.5 mL, 0.041 mol), N-(n-octadecyl)-2-

pyridylmethanimine ligand (0.099 g, 0.24 mmol), PIBr macroinitiator (0.5 g) in 

solution in toluene (5 wt/v%) were placed in a second Schlenk tube, and the oxygen 

was removed by freeze-pump-thaw cycles. The mixture was transferred via a cannula 

to the Schlenk tube containing Cu(I)Br. The reaction mixture was degassed by three 

freeze-pump-thaw cycles and back-filled with nitrogen. Afterwards, the mixture was 

placed into an oil bath thermostated at 90°C. Samples were withdrawn of the reaction 

mixture at various time intervals using a degassed syringe in order to monitor 

monomer conversion by 1H NMR spectroscopy. Samples were then filtered through 

an alumina-filled column to eliminate the transition metal complex, precipitated in 

methanol, and filtered off. After drying under vacuum at room temperature until 

constant weight, the colourless graft copolymers obtained were analyzed by 1H NMR 

and FTIR spectroscopies. Three type of ligands were employed i.e. 1,1,4,7,7-

pentamethyldiethylenetriamine (PMDETA), N-(n-octyl)-2-pyridylmethanimine 

(NOPMI), N-(n-octadecyl)-2-pyridylmethanimine (NODPMI) 

 

Table 4.4 Various conditions used for ATRP of MMA initiate from bromoalkyl-

functionalized PI (PIBr) using Cu(I)Br complexed with ligand at 90°C in toluene 

solution 

 

Name 

-Br unit  

in PIBr  

(% mol) 

Condition 

[MMA]/[In]/[CuBr]/ 

[Ligand] 

Time  

(h) 

PI-g-PMMA-NOPMI 1 1.3 200/1/0.5/1 6
PI-g-PMMA-NODPMI 1 1.3 200/1/0.5/1 6
PI-g-PMMA-PMDETA 1 1.3 200/1/0.2/0.2 6
PI-g-PMMA-NOPMI-2 3.1 200/1/0.5/1 6
PI-g-PMMA-NODPMI-2 3.1 200/1/0.5/1 6
PI-g-PMMA-PMDETA-2 3.1 200/1/0.2/0.2 6

  

 4.3.4  Acidolysis of PI-g-PMMA using trifluoroacetic acid 

  

  PI-g-PMMA (0.015 g) was dissolved in CH2Cl2 (2 mL), and then TFA 

(2 µL) was added to the solution. After 12 h of stirring at room temperature, CH2Cl2 
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was eliminated using a rotating evaporator. The crude product was extracted with 

acetone, and the non-soluble part was separated after filtration. PMMA grafts 

contained in the filtrate were precipitated in hexane. They were dried under vacuum at 

room temperature until constant weight, and then analyzed by SEC to determine their 

number-average molecular weight ( SECn,M ) and polydispersity index (PDI). 

 

 

4.4  Study on Natural Rubber 
 

 4.4.1  Synthesis of epoxidized natural rubber (ENR). 

 

  Natural rubber (NR) was partially epoxidized (theoretically, 20 % of 

epoxidized NR units) in latex medium into epoxidized natural rubber (ENR) [23]. For 

that, 200 mL of (NR latex 60 % DRC) was first stirred at room temperature for 12 h 

with 200 mL of water and 3.6 g of Teric 16A16 used as surfactant. The latex mixture 

was poured in a reactor and mechanically stirred, and then 13.5 mL (20 mol%) formic 

acid and 62 mL (40 mol%) of 34 wt% H202 were added. After 24 h of stirring at 50°C 

(250 rpm), the resulting ENR latex was precipitated in methanol and dried under 

vacuum until constant weight. The exact level of epoxidation was determined from 1H 

NMR spectrum by area comparison of the signal at 2.72 ppm corresponding to the 

proton on oxirane rings of the epoxidized units to that at 5.13 ppm characteristic of 

the proton on carbon-carbon double bonds of NR units 

 

 4.4.2  Synthesis of bromoalkyl-functionalized natural rubber (NRBr). 

 

  5 g of ENR-17.8 were dissolved in toluene (5 wt/v% of ENR in 

toluene). Then, 12.5 g of 2-bromo-2-methylpropionic acid (75 mmol, [acid]/[ENR 

units] molar ration = 6) were added to the solution and the reaction mixture was 

placed into an oil bath thermostated at 110°C. At various time intervals, samples were 

withdrawn from the reaction mixture and precipitated in methanol. The polymer 

obtained (NRBr) was purified by re-dissolving it in toluene and precipitating in 
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methanol. This purification process was performed several times until residual acid 

was totally eliminated. The purified NRBr was then dried under vacuum at room 

temperature until constant weight. Resulting polymer was analyzed by 1H, 13C NMR, 

and FT IR spectroscopies.  

 

Table 4.5 Various condition of NRBr with 2-bromopropionic acid (A1) and 2-bromo-

2-methylpropionic acid (A2) 

 

Sample Concentration 

%w/v 

[A1or A2]:[Epoxide unit] 

(molar ratio) 

Temp  

(°C) 

Time  

(h) 

NR-Br-A1-1 20 2 90 6 
NR-Br-A1-2 20 4 90 6 
NR-Br-A1-3 20 6 90 6 
NR-Br-A1-4 20 8 90 6 
NR-Br-A1-5 20 10 RT∗ 6 
NR-Br-A1-6 20 10 50 6 
NR-Br-A1-7 20 10 70 6 
NR-Br-A1-8 20 10 90 6 
NR-Br-A1-9 10 2 90 6 
NR-Br-A1-10 10 4 90 6 
NR-Br-A1-11 10 6 90 6 
NR-Br-A1-12 10 8 90 6 
NR-Br-A1-13 10 10 RT∗ 6 
NR-Br-A1-14 10 10 50 6 
NR-Br-A1-15 10 10 70 6 
NR-Br-A1-16 10 10 90 6 
NR-Br-A2-1 10 2 RT 6 
NR-Br-A2-2 10 2 50 6 
NR-Br-A2-3 10 2 70 6 
NR-Br-A2-4 10 2 90 6 
NR-Br-A2-5 10 2 110 6 
NR-Br-A2-6 10 2 130 6 
NR-Br-A2-7 10 4 90 6 
NR-Br-A2-8 10 6 90 6 
NR-Br-A2-9 10 8 90 6 

∗ RT = room temperature  
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 4.4.3  Synthesis of NR-g-PMMA by ATRP in toluene solution. 

 

  0.021 g (0.15 mmol) of Cu(I)Br and 0.107 g (0.30 mmol) N-(n-

octadecyl)-2-pyridylmethanimine (NODPMI) were introduced into Schlenk tube 

sealed with a rubber septum. The Schlenk tube was then degassed with three 

vacuum/nitrogen fill cycles. 3.7 mL (33 mmol) of MMA and 0.25 g (0.15 mmol of 

bromoalkyl-functionalized NR units) of NRBr-5.1 in toluene solution were introduced 

in another Schlenk tube and the oxygen was removed by freeze-pump-thaw cycles. 

The solution mixture was transferred via a cannula to the Schlenk tube containing 

CuBr and NODPMI. The reaction mixture was degassed by three freeze-pump-thaw 

cycles and back-filled with nitrogen. Afterwards, the mixture was placed into an oil 

bath thermostated at 90°C. Samples were withdrawn from reaction mixture using a 

degassed syringe for conversion monitoring and SEC analysis. Each sample was 

dissolved in CH2Cl2 and passed through an alumina column to remove the catalyst. 

The copolymer was precipitated in methanol, filtered and dried under vacuum at room 

temperature until constant weight.  

 

Table 4.6 Various condition of ATRP of PMMA initiated from bromoalkyl-

functionalized NR (NR-Br) in toluene solution. 

 

Name 
Condition  

[MMA]/[In]/[CuBr]/ 
[CuBr2]/[Ligand] 

Monomer 
Concentration 

Temp 
(°C) 

NR-g-PMMA-1 115/1/1/0/2 50 90 
NR-g-PMMA-2 300/1/1/0/2 50 90 
NR-g-PMMA-3 300/1/0.3/0/0.6 50 60 
NR-g-PMMA-4 300/1/2/0.1/4 50 90 
NR-g-PMMA-5 300/1/2/0.1/4 1 90 

 

 4.4.4  Synthesis of NR-g-PMMA by Normal ATRP in dispersed medium 

 

  Surfactant (Sinnopal NP307, 9 wt% with respect to MMA) was 

dissolved in distilled water at room temperature. An organic solution based on 0.25 g 

of NRBr-5.1 (0.15 mmol of bromoalkyl-functionalized NR units) dissolved in toluene 
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(5 wt/v% of NRBr in toluene), 5 mL (0.046 mol) of MMA, and 0.107 g (0.30 mmol) 

of NODPMI, was poured into the previous aqueous solution. The resulting solution 

was stirred and was purged with nitrogen for 30 min and transferred to a Schlenk tube 

containing 0.021g (0.15 mmol) of Cu(I)Br previously degassed with nitrogen. The 

reaction mixture was degassed by bubbling nitrogen for 15 min. Afterwards, the 

mixture was placed into an oil bath thermostated at 60°C. Samples were withdrawn 

from the reaction mixture using a degassed syringe to measure MMA conversion 

gravimetrically and to examine the evolution of number-average molecular weight 

( SECn,M ) and polydispersity indexes (PDI) by SEC. Two type of ligands were 

employed i.e. N-(n-octyl)-2-pyridylmethanimine (NOPMI), N-(n-octadecyl)-2-

pyridylmethanimine (NODPMI) 

 

Table 4.7 Formulations of NR-g-PMMA initiated from bromoalkyl-functionalized 

NR (NR-Br) by using CuBr complexed with ligand in dispersed medium with 

stabilized the particle by Sinnopal NP307. 

 

Name 

Condition  

[MMA]/[NRBr]/[CuBr]/ 

[Ligand] 

[MMA] 

wt% in toluene  

Temp 

(°C) 

LNR-g-PMMA-NOPMI 310/1/1/2 50 60 
LNR-g-PMMA-NODPMI 310/1/1/2 50 60 

 

 4.4.5  Synthesis of NR-g-PMMA by AGET ATRP in dispersed medium. 

 

  0.25 g of NRBr-5.1 (0.15 mmol of bromoalkyl-functionalized NR 

units) previously dissolved in toluene (5 wt/v% of NRBr in toluene), 5 mL (46.5 

mmol) of MMA (50 wt% with respect to toluene), 0.16 g of hexadecane (3.5 wt% 

with respect to MMA), 8.2 mg (0.037 mmol) of CuBr2, and 0.039 g (0.11 mmol) of 

NODPMI, were mixed together in a round-bottom flask. An aqueous solution of 

Sinnopal NP307 (9 wt% with respect to MMA) previously dissolved in distilled water 

(30 mL) was added to the organic solution. The resulting milky solution was stirred 

and deoxygenated by bubbling nitrogen for 30 min and then, a nitrogen-purged 
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solution of 1.7 mg (0.01 mmol) of ascorbic acid (added in the form of solid) was 

transferred into the solution in order to reduce the Cu(II) complex to the Cu(I) 

complex. The round-bottom flask was placed into an oil bath thermostated at 60°C. 

Samples were taken off the reaction mixture using a degassed syringe to measure 

MMA conversion by gravimetrically and the evolution of SECn,M  and PDI by SEC. 

The last sample withdrawn was precipitated into methanol, filtered and dried under 

vacuum until constant weight.  

 

Table 4.8 Condition of AGET ATRP to prepare NR-g-PMMA initiated from 

bromoalkyl-functionalized NR (NRBr) in dispersed medium by CuBr2 complex with 

N-(n-octyl)-2-pyridylmethanimine (NOPMI), N-(n-octadecyl)-2-pyridylmethanimine 

(NODPMI) and ascorbic acid (As-acid). 

 

Name 

Condition 

[MMA]/[NRBr]/[CuBr2] 

/[Ligand]/[As-acid] 

[MMA](wt %) 

in toluene 

Temp 

(°C) 

ALNR-g-PMMA- 

NODPMI-1 
78/1/1/3/0.5 50 60 

ALNR-g-PMMA- 

NODPMI-2 
78/1/1/3/0.2 50 60 

ALNR-g-PMMA- 

NODPMI-3 
310/1/0.4/1.2/0.18 50 60 

ALNR-g-PMMA- 

NOPMI-1 
310/1/0.4/1.2/0.18 50 60 

 

 4.4.6  Acidolysis of NR-g-PMMA using trifluoroacetic acid (TFA) 

 

  20-30 mg of graft copolymer was previously dissolved in 2 mL of 

dichloromethane. Then, trifluoroacetic acid (TFA - 10 v/v%) was added and the 

mixture was stirred at room temperature. After 24 h, the solvent was removed under 

vacuum and acetone was added to dissolve PMMA grafts. The solution was filtered in 
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order to eliminate NR backbone. And then, PMMA grafts were precipitated in 

hexane. The product was filtered and dried under vacuum at room temperature until 

constant weight. After purification, 1H NMR spectroscopy was used to confirm that 

PMMA was separated without remaining NR. The number-average molecular weight 

( SECn,M ) and polydispersity index (PDI) of PMMA grafts were measured by SEC.  

 

 

4.5  Characterization 
 

 4.5.1  Chemical structure  

 

  The chemical structures of the compounds were characterized by the 

following techniques. 

 

  4.5.1.1  By infrared spectroscopy 

 

   The rubber samples were dissolved in dichloromethane 

before casting as a thin film directly on NaCl cell. The FTIR spectra of the dried films 

were recorded on Perkin Elmer System 2000 FTIR spectrophotometer in the range of 

4000-600 cm-1, using 16 scans.  

 

  4.5.1.2  By 1H and 13C NMR spectroscopy 

 

   The sample was dissolved in CDCl3 for analysis. The 1H and 
13C NMR spectra were recorded on 300 MHz Bruker AM 400 spectroscopy operating 

at 300 MHz, using tetramethylsilane as an internal standard. 

 

 4.5.2  Determination of epoxidation level  

 

  The percentage of epoxige ring in epoxidized rubber was determined by 
1H NMR, using the integrated areas of the signal at 2.72 ppm (I2.72), representing the 
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proton adjacent to epoxide ring and at 5.13 ppm (I5.13), representing the proton 

adjacent to C=C, as shown in equation 4.6. 

 

  100 )
 I I

 I
((%)content   Epoxide

5.132.72

2.72 ×
+

=  …....(4.6) 

 

 4.5.3  Determination of bromoalkyl-functionalized unit in modified rubber 

using 1H NMR 

 

  4.5.3.1  Reaction of epoxidized rubber with 2-bromopropionic acid 

(A1) 

 

   On the addition of bromoalkyl acid to epoxidized molecule, 

two main characteristic signals of bromoalkyl group at 1.82, and 4.40 ppm were 

observed. Beside bromoalkyl function, secondary reactions were also noticed. The 

bromoalkyl -functionalized content of the modified unit is calculated from the 

integration area of I4.40, representing the proton adjacent to -O(O)CCH(Br)CH3 of 

bromoalkyl group, I2.72, representing the residual proton adjacent to C-O-C of oxirane 

ring, I4.05, representing the proton from the secondary products and I5.13, representing 

the proton adjacent to C=C of isoprene function as shown in equation 4.7. 

 

Bromoalkyl functionalized units by A1 (mol%) E% )
 I I I

 I(
4.404.052.72

4.40 ×
++

=  ……(4.7) 

 

  4.5.3.2  Reaction of epoxidized rubber with 2-bromo-2-methylpro 

pionic acid (A2) 

 

   The bromoalkyl-functionalized units in modified rubber could be 

determined from 1H NMR spectra, using the signal at 4.90 ppm correspondsing to –

CH(O-C(O)-R)– proton of bromoalkyl-functionalized NR units However, this signal 

was interfered with one of the peaks of the doublet characteristic of -CH-C(=CH2)- 

protons of external allyl alcohol units at 4.70 and 4.95 ppm therefore the intergrated 
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area of –CH(O-C(O)-R)– proton of bromoalkyl-functionalized units (I4.90) was 

obtained by substraction of the global area of the signals between 4.70 and 4.95 ppm 

by that of the signal at 4.05 ppm. Thus, the rate of initiating units contained in NR 

was determined from equation 4.8. Moreover, the residual epoxidized units and allyl 

alcohol units (mol%) was calculated from equation 4.9 and equation 4.10. 

 

Bromoalkyl functionalized units by A2 (mol%)
)II (I

I

 4.904.052.72

4.90

++
 × E% …...(4.8) 

Residual epoxidized units (mol%) = 
)II (I

I

 2.724.054.90

 2.72

++
 × E% …...(4.9) 

Allyl alcohol units (mol%) = 
)II (I

I

 2.724.054.90

 4.05

++
 × E% …...(4.10) 

 

 4.5.4  Determination of monomer conversion by 1H NMR 

 

  The consumption of MMA monomer in the ATRP process from 

bromoalkyl-functionalized rubber was determined using the integrated areas of the 

signal from 1H NMR at 3.57 ppm (I3.57), representing the –OCH3 proton of 

poly(methyl methacrylate) and at 3.70 ppm (I3.70), representing the –OCH3 proton of 

methyl methacrylate monomer, the monomer conversion can be calculated from 

equation 4.11. 

  100
II

I
  (%) conversionMMA  

 3.70 3.57

 3.57 ×
+

=  …...(4.11) 

 

 4.5.5  Determination of amount of PMMA in graft copolymer by 1H NMR 

 

  Number-average molecular weights of grafts ( NMR Hn, 1M ) and grafting 

rates (G) were calculated from 1H NMR spectra of the grafts copolymers. They were 

calculated by comparing the spectrum of the synthesized NR-g-PMMA or PI-g-

PMMA to the one of the macroinitiator used (PIBr or NRBr). The area corresponding 

to –CH[OC(O)-C(CH3)2-PMMA-Br]- proton of polyisoprene units bearing a PMMA 

graft in the graft copolymer was calculated using the following equation 4.12:  
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spectrumBr -PIon I

spectrumPMMA --PIon  I I
 I

5.2-5.1

5.2-5.14.90
units grafted

g×
=  …...(4.12) 

 

where, I4.90 is the area corresponding to –CH(OC(O)-C(CH3)2Br)- proton of initiating 

units on PIBr spectrum (equation 11), and I5.1 - 5.2 the area corresponding to the –CH2-

C(CH3)=CH–CH2- proton of polyisoprene backbone. 

 

  Then, considering the area (I3.57) of the peak at 3.57 corresponding to 

OCH3 protons of PMMA grafts in PI-g-PMMA or NR-g-PMMA , it was possible to 

determine the nDP  (equation 4.13) of the grafts, and then their NMR Hn, 1M (equation 

4.14) 

 

   
units grafted

3.57
n

I3
I

DP
×

=  …...(4.13) 

  NMR Hn, 1M = [(MMMA × nDP ] + MBromoalkyl acid …...(4.14) 

 

where, MMMA is the molecular weight corresponding to the MMA (100 g.mol-1) and 

MBromoalkyl acid is the molecular weight corresponding to the 2-bromo-2-

methylpropionic acid group (167 g.mol-1). 

 

  The PMMA grafting rate (G in weight %) was obtained by applying the 

following relation (equation 4.15):  

 

[ ]c)M(o)M(p)M(m)M(n)M(o)DP (M
oDP M(wt%)G 

65432n1

n1

×+×+×+×+×+××
××

=

    …...(4.15) 

 

where; n, m, o, p, and c are the percentages of the different units present in the PIBr 

macroinitiator used; M1 = molecular weight of MMA (100 g⋅mol-1); M2 = molecular 

weight of 1,4-PI unit (68 g⋅mol-1); M3 = molecular weight of epoxidized PI unit (84 

g⋅mol-1); M4 = molecular weight of allyl alcohol unit (84 g⋅mol-1); M5 = molecular 
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weight of bromoalkyl-functionalized PI unit (251 g⋅mol-1), and M6 is the molecular 

weight of the cyclized PI unit (68 g⋅mol-1).  

 

 4.5.6  Molecular weight determination by Size Exclusion Chromatography 

(SEC) 

 

  Number-average molecular weights ( SECn,M ) and polydispersity 

indexes (PDI) were determined by Size Exclusion Chromatography (SEC). SEC 

analyses were performed at 35°C using a system equipped with a Spectra SYSTEM 

AS1000 auto-sampler, a guard column (Polymer Laboratories, PL gel 5 μm Guard, 50 

X 7.5 mm) followed by two columns (Polymer Laboratories, 2 PL gel 5 μm MIXED-

D columns, 2 X 300 X 7.5 mm), and a Spectra SYSTEM RI-150 detector. THF was 

used as mobile phase, at a flow rate of 1 mL.min-1. SEC was calibrated with 

polystyrene standards (580-483 x 103 g⋅mol-1). 

 

 4.5.7  Separation technique by Analytical HPLC 

 

  Analytical HPLC analyses were performed on a Waters modular 

equipment including a Model 510 pump module, a Model U6K injector, an AIT 

CHROMATO Kromasil C18 column (150 × 4.6 mm length; particle size: 5 μm, pore 

size = 100 Å), a double detection system (a Model 996 UV/Vis photodiode array 

detector set at λ = 254 nm and a Model 410 differential refractometer detector) and a 

computer using Empower software for system command, data acquisition and 

processing. Analyses were carried out in isocratic mode using 99:1(v/v) CH2Cl2/ethyl 

acetate mixture as mobile phase at a flow-rate adjusted to 1 mL.min-1.  

 

 4.5.8  Thermal analysis by Differential Scanning Calorimeter (DSC) 

 

  Thermal analysis of the graft copolymers were carried out under 

nitrogen purge (100 mL.min-1) using a Q100 V9.4 TA Instrument-Waters Differential 

Scanning Calorimeter (DSC) equipped with a TA Universal Analysis thermal analysis 
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data station, and fitted with a mechanical system of cooling by compression (RCS) 

capable to go down to temperatures as low as - 90°C. A 3-5 mg sample was placed in 

an aluminium hermetic sample pan, and the heating rate was set at 20°C min-1. The 

sample was quenched to - 85°C for 1 min, then heated up to 170°C and kept at this 

temperature for 5 min to remove the heat history. Then, the sample was slowly 

quenched again to - 85°C and the second heating scan was recorded. Tgs were taken 

at the inflexion point. 
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CHAPTER V 

RESULTS AND DISCUSSION 

 

 
 In this study, graft copolymerization of methyl methacrylate (MMA) from 

natural rubber (NR) using atom transfer radical polymerization (ATRP) was 

investigated in order to modify the NR into high value added material. ATRP was 

selected as it was reported that the molecular weight of the polymer obtained by this 

method can be controlled as well as its architecture. Therefore, in order to have a 

better knowledge on the potential use of ATRP on our main purpose, study on a 

model of NR was considered in the first part. The model selected was 4-methyloct-4-

ene, having structure similar to the cis-1,4-polyisoprenic unit in the NR. Then, study 

on modification of synthetic cis-1,4-polyisoprene was carried out in the second part. 

The last part is the investigation on the modification of NR. 

 

5.1  Study on 4-Methyloct-4-ene, a Model of cis-1,4-Polyisoprene and 

Natural Rubber 
 

 5.1.1  Preparation of 4-methyloct-4-ene 

 

  To determine the best condition for further modification of NR to have 

initiating unit suitable for ATRP process and also to collect spectroscopic 

informations on the modified molecule of polyisoprenic type, in this part, 4-

methyloct-4-ene was used as a model compound of NR (cis-1,4-polyisoprene) unit 

(Figure 5.1). 4-Methyloct-4-ene was prepared via Wittig-Schölkopf reaction between 

n-butylidenetriphenylphosphorane and 2-pentanone [71]. The commonly known 

reaction mechanism is presented in Figure 5.2. The chemical structure was 

characterized by 1H NMR as shown in Figure 5.3. It presents characteristic signals at 

5.15 ppm corresponding to =C(H)-, 1.58 and 1.67 ppm corresponding to -C(-CH3)=, 

of cis and trans structure, respectively. The ratio of cis and trans structure of 57/43 
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was found which were determined from the integration area ratio of the signals in 1H 

NMR.  

 

 
 

Figure 5.1 Chemical structure of 4-methyloct-4-ene and cis-1,4-polyisoprene or 

natural rubber (NR). 

 

 
 

Figure 5.2 Wittig -Schölkopf reaction mechanism to synthesis 4-methyloct-4-ene 

(model of NR) 

 

 5.1.2  Preparation of 4,5-epoxy-4-methyloctane  

 

  The epoxidation of 4-methyloct-4-ene (mixed structure) was performed 

at 0οC in dichloromethane using m-chloroperbenzoic acid (CPBA) that acts as an 

oxidizing agent to generate 4,5-epoxy-4-methyloctane (1) (see Figure 5.4a). The 

epoxidation mechanism was presented in Figure 5.5. After clean out of oxidizing 

agent and distillation, the absolute chemical structure of 1 was investigated by 1H 

NMR (Figure 5.3). The characteristic signals of the 1 in 1H NMR was clearly 

observed at 2.63 ppm (proton adjacent to the epoxide), 1.16 and 1.20 ppm (cis- and 
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tran- methyl protons attached to oxirane ring). No residue signal of starting material (-

C=CH-) at 5.15 ppm was observed. 

 

 
 

Figure 5.3 1H NMR spectra of 4-methyloct-4-ene (model of NR) and 4,5-epoxy-4-

methyloctane (1) (model of ENR). 

 

 5.1.3  Addition of bromoalkyl carboxylic acid on 4,5-epoxy-4-methyloctane 

 

   The epoxidized model 1 was then further used in addition step using 

bromoalkyl carboxylic acid (Figure 5.6b). The general chemical structure of 

bromoalkyl carboxylic acid was presented in Figure 5.6a. Focusing on these acids, 
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two important roles are as a nucleophile to react with the oxirane ring on model 

compound 1. Secondly, it composes of bromine atom, it can therefore act as ATRP 

initiating unit for further polymerization. Ethyl-2-bromopropionate (EBrP) and ethyl-

2-bromoisobutyrate (EBriB) (Figure 5.6b) are known to have high efficiency as 

ATRP initiator to control molecular weight and polydispersity indexes of MMA [88, 

89]. In this study, 2-bromopropionic acid (A1) and 2-bromo-2-methylpropionic acid 

(A2) having similar structure to EBrP and EBriB, respectively were employed to react 

with the model 1. 

 

 
 

Figure 5.4 Strategy to synthesize PMMA homopolymer by ATRP technique. 

 

 
 

Figure 5.5 Epoxidation mechanism of 4-methyloct-4-ene by m-chloroperbenzoic acid 

(CPBA). 
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Figure 5.6 General chemical structure of bromoalkyl carboxylic acids (a) and relative 

structure between general initiator units using in ATRP; ethyl-2-bromopropionate 

(EBrP), ethtyl-2-bromoisobutyrate (EBriB) and bromoalkyl carboxylic acid; 2-

bromopropionic acid (A1) and 2-bromo-2-methylpropionic acid (A2) using in this 

study (b). 

 

  Generally, nucleophilic addition on an unsymmetrical epoxide in acid 

medium occurs at the most substituted carbon atom of epoxide ring i.e. protonation 

reaction is occurred in the first step at the oxygen atom of the ring, forming the 

intermediate I-1 as shown in Figure 5.7a. Then, the protonated product (I-1) is 

converted into the most stable carbocationic intermediate (I-2) before the addition of 

bromoalkyl carboxylic acid (A1 or A2). However, it may be happened that the 

addition is occurred via SN2 mechanism (Figure 5.7b) and side reaction of ring 

opening reaction followed by rearrangement of epoxide ring in acid media, providing 

two products; 2(n-propyl)hex-1-en-3-ol and 5-methyloct-5-en-4-ol (Figure 5.7c). 
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Figure 5.7 Proposed reaction mechanism of addition of bromoalkyl carboxylic acid 

onto 4,5-epoxy-4-methyloctane, 1 via SN1 (a) SN2 (b) and mechanism of side reaction 

(the rearrangement of epoxide in acid medium) (c) 

 

  5.1.3.1  Addition of 2-bromopropionic acid onto 4,5-epoxy-4-methyl 

octane 

 

   2-Bromopropionic acid (A1) successfully reacted with 

oxirane ring of 4,5-epoxy-4-methyloctane, 1. The reaction of A1 upon 1 was carried 

out at 90οC in toluene for 6 h (Figure 5.4b). 1H NMR analysis (Figure 5.8) of the 

crude mixtures taken at various reaction times and cleared out of the residual acid A1 

showed a decrease of the signal characteristic of the oxirane ring protons at 2.63 ppm, 

indicating a reaction between A1 and 1. The reaction was further confirmed by the 

presence of increasing signals at 4.31-4.39 ppm and 4.88 ppm corresponding to -CH-

O(O)CCH(CH3)Br and -CH-O(O)CCH(CH3)Br protons, respectively. The crude 

mixture obtained after 6 h was cleaned out of the residual acid, and then fractionated 

by liquid chromatography using an open column filled with silica and 

dichloromethane as an eluent to isolate each component contained in the mixture. The 
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product isolated in each fraction after solvent evaporation was analyzed by 1H NMR 

spectroscopy. 

 

 
 

Figure 5.8 Progress of the bromoalkyl-functionalized compound using 2-bromo 

propionic acid (A1) at 90°C where [A1]/[1] molar ratio = 6 during 6 h at 1.7 wt% of 

epoxide units in toluene. 

 

 
 

Figure 5.9 Addition of 2-bromopropionic acid (A1) onto 4,5-epoxy-4-methyloctane 

(1) and resulting compounds. 
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   It was shown that the crude mixture was composed of several 

products (Figure 5.9). Amounts of each type of product contained in the mixture were 

calculated from 1H NMR spectrum using equations 5.1-5.5. The results obtained are 

residual epoxidized model (1, 25.8 %), two 1:1 adducts [O-(2-hydroxy-2-methyl-1-n-

propylpentyl)-2-bromopropionate (2, 46.3 %) and O-(2-methyl-1-n-propylpent-2-

enyl)-2-bromopropionate (3, 2 %)] and two side products coming from 

rearrangements of the starting epoxide 1 (Figure 5.7c) because of the acidity of the 

reaction medium, (2-(n-propyl)hex-1-en-3-ol (6, 14 %) and 5-methyloct-5-en-4-ol (7, 

11.8 %). By comparison the saturated compound (2) and the unsaturated one (3) 

resulting from elimination of H2O (Figure 5.10), formed in very low proportion, the 

ratio of two1:1 adducts equals to 23:1.  
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Where IT = 1 + 2 + 3 + 6 + 7 = I (2.63) + I (4.88) + I (5.40) + (I (4.93)/2 ) + I (5.28) 

I2.63 = area of the signal characteristic of proton adjacent to the oxirane ring in 1 

I4.88 = area of the signal characteristic of -CH-O(O)CCH(CH3)Br of 2 

I5.40 = area of the signal characteristic of -CH=C(CH3)CH(O(O)CCH(CH3)Br)- of 3 

I4.93 = area of the signal characteristic of -C(=CH2)CH(OH)- of 6 

I5.28 = area of the signal characteristic of -CH=C(CH3)CH(OH)- of 7 
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Figure 5.10 Mechanism of elimination of water from main product 

 

   Evolutions of bromo-functionalized adducts (2 plus 3), residual 

epoxide (1) and allyl alcohols (6 plus 7) with reaction time for the reaction between 

A1 and 1 at 60°C using 12.5 wt% of 1 in toluene were investigated and are given in 

Figure 5.11. The trends show that the amount of bromo-functionalized adducts (2 plus 

3) linearly increases with time. After 5 h of reaction, 60 % of bromo-functionalized 

1:1 adduct was found together with the decrease of 1. It was seen that the proportion 

of allyl alcohols coming from rearrangement of 1 in acid medium (Figure 5.7c) 

dramatically increases in the first hour (25 %) and then, it progressed slowly. 

 

 
 

Figure 5.11 Reaction of A1 upon 1: Progress of the proportion of bromoalkyl-

functionalized adducts, residual epoxide, and allyl alcohols with reaction time 

([A1]/[1] molar ratio = 2 at 60°C for 5 h using 12.5 wt% of 1 in toluene).  
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   Identification of the products contained in the crude mixture 

was also made by means of analytical HPLC and HPLC/MS equipments. After 

fractionation of the mixture by HPLC, according to the conditions in the experimental 

part, four main peaks corresponding to bromo-functionalized adducts (Figure 5.12a) 

were characterized at tR = 9.03, 9.65, 11.65, and 12.20 min. This crude mixture was 

then further analyzed using HPLC/MS technique. The MS spectra (Figure 5.12b) of 

the four main adducts contained in the mixture eluted at 12.20, 11.65, 9.65, and 9.03 

min implied that they corresponded to four diastereomers of 2 as the fractionated 

products showed the same molecular weight and similar fragmented pattern. 

 

 
 

Figure 5.12 Analysis by HPLC/MS of the crude mixture obtained after reaction of 

A1upon 1: (a) HPLC chromatogram of the mixture, (b) MS spectra of the four main 

adducts contained in mixture, eluted at 12.20, 11.65, 9.65, and 9.03 min, respectively, 

and characterized as four diastereomers of 2. 
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   A calculation of the diastereomer molar ratios was made by 

comparing the different areas of the peaks noted on the HPLC chromatrogram. This 

led to the following relative ratios: [diastereomer at tR = 9.03 min]/[diastereomer at tR 

9.65 min] = 32.8/67.1 and [diastereomer at tR = 11.65 min]/[diastereomer at tR 12.20 

min] = 32.9/67.0, respectively. It was found that these ratios were near to the trans/cis 

composition of the epoxidized model used (38/62). Occurring of four diastereomers 

provides from different trans- and cis- isomer of 1 and the others generate from 

different configuration (R, S) of A1 containing a chiral center at α-carbon in the 

molecular structure (Figure 5.13). 

 

 
 

Figure 5.13 Mechanism of the addition of the bromoalkylcarboxylic acid (A1 or A2) 

onto the respective cis- and trans- isomers contained in 1. 

 

   Afterwards, 2 which is the product mainly formed during the 

reaction, was isolated and purified on open column filled with silica and then 

analyzed by 1H NMR and FTIR. On its 1H NMR spectrum (Figure 5.14) the four 

diastereoisomers of 2 were characterized by the splitting peak at 1.08-1.11 ppm 

corresponding to the -(CH3)C-C(OH)((O)COR)- methyl protons. The analysis of 2 by 

FTIR (Figure 5.15) showed two strong absorption bands at 1736 cm-1 corresponding 

to C=O stretching vibration of ester groups (-O-C=O), and at 3505 cm-1 characteristic 

of stretching vibrations of the hydroxyls. 
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Figure 5.14 1H NMR spectrum of O-(2-hydroxy-2-methyl-1-n-propylpentyl)-2-bromo 

propionate (2) 

 

 
 

Figure 5.15 FTIR spectrum of O-(2-hydroxy-2-methyl-1-n-propylpentyl)-2-bromo 

propionate (2) 
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   Generally, nucleophilic addition on unsymmetrical epoxide 

in acidic medium occurs at the most substituted carbon atom of epoxide ring as shown 

in Figure 5.7a via a SN1 mechanim. However, in our reaction, the 1H NMR spectrum 

of the crude mixture obtained shows that the 1:1 adduct essentially formed (2) is the 

result of a β-addition that is the nucleophile is found at the least substituted carbon of 

the epoxide. This result, and the fact that the values of the diastereoisomer ratios are 

very close to that of the initial trans/cis isomer ratios (38/62) contained in 1, lead to 

the conclusion that the addition essentially proceeds according to a SN2 nucleophilic 

substitution with ring opening mechanism. The structure theoretically formed 

according to a SN2 mechanism with ring opening (Figure 5.7b), corresponds perfectly 

to that really obtained with the starting epoxidized isomers contained in 1, 

characterized by 1H NMR and HPLC/MS.  

 

  5.1.3.2  Addition of 2-bromo-2-methylpropionic acid onto 4,5-epoxy 

-4-methyloctane 

 

   2-Bromo-2-methylpropionic acid (A2) was also successfully 

reacted with 1. The crude mixture obtained in the condition carried at 110°C in 

toluene for 6 h. after cleared out of the remaining A2, at various reaction times were 

analyzed by 1H NMR. A decrease of the signal characteristic of the oxirane ring 

protons at 2.63 ppm Figure 5.16 was noted, indicating that the reaction between A2 

and 1 was occurred. The addition reaction was also confirmed by the presence of 

increasing signals at 1.89 and 4.89 ppm corresponding to -CH-O(O)CC(CH3)2Br and -

CH-O(O)CC(CH3)2Br protons, respectively. 

   A fractionation of the crude mixture was performed by liquid 

chromatography using an open column filled with silica and dichloromethane as 

eluent to isolate each of the products formed during the reaction. Numerous fractions 

were collected, and the isolated products after evaporation of the solvent were 

analyzed by 1H NMR to determine their structures. Amounts of each type of product 

contained in the mixture were calculated from 1H NMR spectrum using following 

equations 5.1, 5.4-5.7. 
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Where IT = 1 + 4 + 5 + 6 + 7 = I (2.63) + I (4.82-4.89) + I (5.40) + (I (4.93)/2 ) + I (5.28) 

I4.82-4.89 = area of the signal characteristic of -CH-O(O)CC(CH3)2Br of 4 

I5.40 = area of the signal characteristic of CH=C(CH3)-CH-O(O)CC(CH3)2Br of 5 

 

 
 

Figure 5.16 Progress of the bromoalkyl-functionalized compound by using 2-bromo-

2-methylpropionic acid (A2) at 110°C where [A2]/[1] molar ratio = 6 during 6 h at 

1.7 wt% of epoxide units in toluene. 

 

   At the end of the analysis, it was deduced that, likely to the 

addition of A1 upon 1, bromo-functionalized adducts, and allyl alcohols were 
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presented in the crude mixture (Figure 5.17). Two bromo-functionalized adducts 

including one unsaturated ones, O-(2-hydroxy-2-methyl-1-n-propylpentyl)-2-

bromoisobutyrate (4, 44.4%) and, O-(2-methyl-1-n-propylpent-2-enyl)-2-

bromoisobutyrate (5, 14.5%) were identified, as well as two allyl alcohols (6, 28.9% 

and 7, 10.5%). 

   The progress of the reaction of A2 upon 1 performed at 60°C 

using 12.1 wt% of 1 in toluene was followed by 1H NMR and shown in Figure 5.18. 

The proportions of bromo-functionalized adducts (4 plus 5), residual epoxide (1) and 

allyl alcohols (6 plus 7) contained in the reaction mixture at various times being 

determined from equations 5.1, 5.8 and 5.9. 
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+

 ……(5.9) 

 

 
 

Figure 5.17 Addition of 2-bromo-2-methylpropionic acid (A2) onto 4,5-epoxy-4-

methyloctane (1) and resulting compounds. 
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Figure 5.18 Reaction of A2 upon 1: Progress of the proportion of bromoalkyl-

functionalized adducts, residual epoxide, and allyl alcohols with reaction time 

([A1]/[1] molar ratio = 2 at 60°C for 5 h using 12.5 wt% of 1 in toluene).  

 

   The results summarized in Figure 5.18 show that the amount 

of bromo-functionalized adducts 4 plus 5 linearly increases with time within 5 h with 

corresponding to the decrease of the amount of 1. Moreover, the proportion of allyl 

alcohols, coming from the rearrangement of 1 observed in acid medium, obviously 

increases during the first hour (20 %), then progresses slowly like in the case of the 

reaction between A1 and 1. It means that the amount of allyl alcohols does not depend 

on type of acid (Figure 5.19). 

   On the other hand, the crude mixture obtained after reaction 

of A2 upon 1 was fractionated by analytical HPLC and HPLC/MS techniques using 

the condition described in the experimental part. Only two peaks characteristic of 1:1 

adducts were noted on the chromatogram at tR = 9.32 min and tR = 9.98 min (Figure 

5.20a). They corresponded to two adducts of same molecular weight (Figure 5.20b), 

attributed to O-(2-hydroxy-2-methyl-1-n-propylpentyl)-2-bromoisobutyrate (4) 

mainly formed during the reaction (Figure 5.17) as demonstrated after fractionation 

by column chromatography and analyzed by 1H NMR. On its 1H NMR spectrum 
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(Figure 5.21), two diastereoisomers were presented in 4, confirmed by the two singlets 

at 1.10 and 1.12 ppm corresponding to the -C(CH3)(OH)- methyl protons in the 

respective diastereoisomers.  

   Focusing on acid modified products, the addition occurs 

mainly like that of A1 according to a SN2 mechanism (Figure 5.7b). The crude 

mixture obtained after reaction of A2 upon 1 was finally analyzed by FTIR (Figure 

5.22). Two strong absorption bands characteristic of stretching vibrations C=O of 

ester groups (-O-C=O) and -OH hydroxyls, were noted at 1735 and 3421cm-1, 

respectively. Comparing the results obtained in the same reaction conditions with the 

two acids A1 and A2, one can note that, A1 provides higher amounts of bromoalkyl-

functionalized adducts than A2 (Figure 5.19). The lower reactivity of A2 to form 1:1 

adducts compared to that of A1 can be explained by the acidity of the reagent, A1 

being a stronger acid than A2 which contains an electron-donating methyl group at 

the α-carbon of carboxyl function. 

 

 
 

Figure 5.19 Reactions between 1 and A1 and A2 respectively: superposition of the 

curves of formation of bromoalkyl-functionalized adducts (solid line) and allyl 

alcohols (dot line) versus time (A1(■,▲), A2(□,Δ)]; [A1orA2]/[1] molar ratio = 2 at 

60οC for 5 h using 12.5 wt% of 1 in toluene).  
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Figure 5.20 Analysis by HPLC/MS of the crude mixture obtained after reaction of A2 

upon 1: (a) HPLC chromatogram of the crude mixture, (b) MS spectra of the two 

main adducts contained in the mixture, eluted at tR = 9.323 and 9.985 min 

respectively, and characterized as two diastereoisomers of 4 

 

 
 

Figure 5.21 1H NMR spectrum of O-(2-hydroxy-2-methyl-1-n-propylpentyl)-2-

bromoisobutyrate (4) 
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Figure 5.22 FTIR spectrum of the crude product of the reaction of 1 upon A2 ([A2]/ 

[1] molar ratio = 6 at 110°C for 6 h using 1.7 wt% of 1 in toluene). 

 

 5.1.4  ATRP of MMA using bromoalkyl-functionalized NR models as 

initiators 

 

  This part is aimed to find out suitable conditions including type of 

bromoalkyl-functionalized initiator and ligand as well as reaction condition that 

perform well defined PMMA. The results obtained will be further employed for graft 

copolymerization of MMA on NR by ATRP concept. The bromoalkyl-functionalized 

natural rubber models: O-(2-hydroxy-2-methyl-1-n-propylpentyl)-2-bromopropionate 

(2) and O-(2-hydroxy-2-methyl-1-n-propylpentyl)-2-bromoisobutyrate (4) (Figure 

5.23) were used as initiators for polymerization of MMA via an ATRP process. The 

effects of initiators and three different ligands i.e. N-(n-octyl)-2-pyridylmethanimine 

(NOPMI) [47], N-(n-octadecyl)-2-pyridylmethanimine (NODPMI) [90] and 1,1,4,7,7-

pentamethyldiethylenetriamine (PMDETA) [45, 91], reported to be suitable for 

polymerized PMMA by ATRP were studied (Figure 5.24). A kinetic study, the 

dependence of the number-average molecular weight ( nM ) and polydispersity 

indexes (PDI) with MMA conversion were investigated.  
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Figure 5.23 Chemical structure of bromoalkyl-functionalized initiator: O-(2-hydroxy-

2-methyl-1-n-propylpentyl)-2-bromopropionate (2) and O-(2-hydroxy-2-methyl-1-n-

propylpentyl)-2-bromoisobutyrate (4) as an initiator in ATRP. 

 

 
 

Figure 5.24 Chemical structure of N-(n-octyl)-2-pyridylmethanimine (NOPMI), N-(n-

octadecyl)-2-pyridylmethanimine (NODPMI) and 1,1,4,7,7-pentamethyldiethylenetri 

amine (PMDETA) 

 

  5.1.4.1  Influence of initiator structure  

 

   First study, ATRPs of MMA initiated from the synthesized 

models (2 and 4) was investigated in toluene at 90οC using CuBr/PMDETA, NOPMI 

or NODPMI as catalytic system. The reaction mixture was sampling at various 

reaction times in order to monitor MMA conversion by 1H NMR spectroscopy (Figure 

5.25) following equation. 5.10. 

 

  100
 I I

 I
  (%) conversionMMA 

(3.7)(3.5)

(3.5) ×
+

=  ……(5.10) 

where: I(3.5) = -OCH3 of PMMA, I(3.7) = -OCH3 of MMA 
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where: MWMMA=100.12, M2 = 295.21, M4 = 309.24 

 

 
 

Figure 5.25 1H NMR spectrum to determine MMA conversion during homopoly- 

merization of MMA by ATRP. 

 

   Figure 5.26b and Figure 5.27b using NOPMI or NODPMI 

function as a ligand, respectively show the linearity of the Ln([M]0/[M]t) versus time 

in the condition that [MMA]0/[2 or 4]0/[CuBr]0/[NOPMI or NODPMI]0 = 115/1/1/2 at 

90οC in toluene 50 wt%. This implies the constant concentration of the growing 

radicals. Figure 5.26d and Figure 5.27d show the relationship of nM  and PDI with 

MMA conversion. The initiator 4 provided an increase of experimental number-

average molecular weight ( SEC n,M ) of PMMAs with conversion while the PDIs 

remained below 1.2 (Figure 5.26c and Figure 5.27c) The SEC n,M  of PMMA initiated 

from 2 were higher than the calculated ones following equation 5.11 and PDIs are 

below 1.4. Focusing on the same MMA conversion, 4 leads to a better control of 

SEC n,M  when comparing with 2 in both of ligands (Table 5.1).  



Lapporn Vayachuta                                                                                          Results and Discussion /     94

   The same initiators were also used for the ATRP of MMA 

using CuBr/PMDETA as catalyst in similar reaction conditions. The linearity of 

Ln([M]0/[M]t) versus time was found with both initiators. Similar trend of the 

polymerization rate can be seen in Figure 5.28b. The SEC n,M  of PMMA initiated from 

4 increased linearly with MMA conversion (Figure 5.28d) and PDIs were below 1.4 

(Figure 5.28c). The SEC n,M  of PMMA initiated from 2 were higher than the calculated 

ones and they increased at higher MMA conversion. The initiator 2 provided the PDIs 

between 1.4-1.5. At same MMA conversion using CuBr/PMDETA as a catalyst, the 

ability to control SEC n,M  was shown to be better with 4 than with 2 in system of 

PMDETA as a ligand (Table 5.1). These results showed that the initiator 4 is more 

efficiency than the initiator 2 to provide well-defined PMMAs with NOPMI, 

NODPMI and PMDETA ligand at 90 °C where [2 or 4]0/[CuBr]0 molar ratio = 1 and 

[CuBr]0/[PMDETA]0 or [CuBr]0/[NOPMI or NODPMI]0 molar ratio equal to 1 and 2, 

respectively. This may be due to the stabilization effect of the radical form after 

releasing bromine atom during the early stage of the ATRP. Indeed, radicals obtained 

with the initiator 4 are tertiary radicals, which are more stable than secondary ones 

issued from the initiator 2 [89]. Ando et al. [88] studied the efficiency of three α-

bromoesters initiators on the ATRP of MMA. They have shown that initiator which 

led to better stabilized species after the halogen abstraction step generated radicals 

faster which results in PMMAs with lower PDIs.  
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Figure 5.26 Kinetic study of ATRP of MMA initiated by 2(■) and 4(□) using CuBr/ 

NOPMI at 90°C in toluene 50 wt% ([MMA]0/[2or4]0/[CuBr]0/[NOPMI]0 molar ratio 

= 115/1/1/2). (a) MMA conversion versus time. (b) First-order kinetic plots. (c) 

Dependence of PDI on MMA conversion. (d) Dependence of nM  on MMA 

conversion (%) determined by SEC calibrated with polystyrene standard. 
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Figure 5.27 Kinetic study of ATRP of MMA initiated by 2(●) and 4(○) using CuBr/ 

NODPMI at 90°C in toluene 50 wt% ([MMA]0/[2or4]0/[CuBr]0/[NODPMI]0 = 

115/1/1/2). (a) MMA conversion versus time. (b) First-order kinetic plots. (c) 

Dependence of PDI on MMA conversion. (d) Dependence of nM  on MMA 

conversion (%) determined by SEC calibrated with polystyrene standard. 

 



 

Figure 5.28 Kinetic study ATRP of MMA initiated by 2(▲) and 4(∆) using CuBr/ 

PMDETA at 90οC in toluene 50 wt% ([MMA]0/[2or4]0/[CuBr]0/[PMDETA]0 = 

115/1/1/1). (a) MMA conversion versus time. (b) First-order kinetic plots. (c) 

Dependence of PDI on MMA conversion. (d) Dependence of 
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nM  on MMA 

conversion (%) determined by SEC calibrated with polystyrene standard. 
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Table 5.1 Characteristics of poly(methyl methacrylate) by ATRP technique.   Characteristics of poly(methyl methacrylate) by ATRP technique.  

  

SECn,M  PDI 
Time 

(min) 
Conv (%)

Theoretical 

nM  
SEC n,M  PDI 

60 23.1 2955 13000 1.16 60 28.5 3591 5700 1.12 
90 34.7 4290 13400 1.22 120 50.3 6101 6800 1.17 
120 44.4 5407 14100 1.27 180 59.7 7183 7600 1.17 
180 62.7 7514 16500 1.29 210 62.7 7528 7800 1.17 
210 66.9 7998 16800 1.32 240 65.2 7816 8000 1.18 

NOPMI 

-a -a -a -a -a 270 68.8 8231 8300 1.16 
60 7.6 1170 9300 1.15 60 34.8 4316 4800 1.14 
120 12.4 1723 9700 1.22 120 61.6 7402 6500 1.16 
180 15.8 2114 9600 1.28 150 72.1 8611 7300 1.14 
240 20.1 2609 9500 1.31 180 79.7 9486 7700 1.14 
300 23.8 3035 10100 1.3 210 82.5 9808 7900 1.14 

NODPMI 

360 29.3 3669 10100 1.31 -a -a -a -a -a

10 29.1 3646 12600 1.33 10 21.3 2762 3800 1.35 
20 36.8 4532 12400 1.39 20 36.8 4546 5200 1.30 
30 44.0 5361 12600 1.42 30 48.6 5905 6200 1.29 
40 51.5 6225 13300 1.46 40 54 6527 6600 1.30 
50 59.9 7192 14300 1.47 50 57.6 6941 7100 1.28 
60 62.7 7514 15600 1.43 60 59.7 7183 7200 1.29 
70 67.6 8079 16300 1.43 70 61.8 7425 9500 1.28 
80 71.4 8516 16400 1.46 80 61.3 7367 9600 1.29 

PMDETA 

90 87.9 10416 18400 1.45 90 62.9 7551 9600 1.31 

Lapporn Vaya

a Too viscous to be sampling for analysis
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  5.1.4.2  Influence of reaction temperature  

 

   The effect of reaction temperature on ATRPs of MMA 

initiated from the synthesized model (4) was studied in toluene at 60 and 90οC using 

CuBr/PMDETA as catalytic system. The kinetic studies were carried out with 

[CuBr]/[PMDETA] = 1. The increase of Ln([M]0/[M]t) versus time was found with 

both temperature. Similar trend of the polymerization rate can be seen in Figure 

5.29b. The SEC n,M  of PMMA initiated from both temperatures increased linearly with 

MMA conversion and PDIs were below 1.4 (Figure 5.29d and Figure 5.29c). 

Although, the SEC n,M of PMMA initiated at 60οC was higher than the calculated one, 

it still parallels with the theoretical value at high MMA conversion. Resulting from 

decreasing of reaction temperature from 90 to 60οC provides the decreasing of rate of 

termination (kt) between two active radicals in the ATRP system. This assumption 

was supported by the PDI of PMMA initiated at 60οC which is lower than the PDI of 

PMMA initiated at 90οC (Table 5.2). At same MMA conversion using 

CuBr/PMDETA as a catalyst, the ability to control PDI was shown to be better at 

60οC than at 90οC. 

 

Table 5.2 Characteristics of poly(methyl methacrylate) initiated from 4 where 

[MMA]/[In]/[CuBr]/[PMDETA] molar ratio = 115/1/1/1 in toluene 50 wt% by 

various reaction temperature (°C). 

 

Temp 

(°C) 

Time 

(min) 
Conv (%) 

Theoretical 

nM  
SEC n,M  PDI 

60 10 34.3 4258 7100 1.24 
 17 39.4 4846 7800 1.22 
 25 47.4 5767 8500 1.21 
 32 54.1 6538 9900 1.15 
 40 57.1 6884 9100 1.20 

90 10 21.3 2762 3800 1.35 
 20 36.8 4546 5200 1.30 
 30 48.6 5905 6200 1.29 
 40 54 6527 6600 1.30 
 50 57.6 6941 7100 1.28 
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Figure 5.29 Kinetic study ATRP of  MMA initiated by 4 using CuBr/PMDETA at 60  

(Δ) and 90οC (Δ) in toluene 50 wt% ([MMA]0/[4]0/[CuBr]0/[PMDETA]0 molar ratio = 

115/1/1/1). (a) MMA conversion versus time. (b) First-order kinetic plots. (c) 

Dependence of PDI on MMA conversion. (d) Dependence of nM  on MMA 

conversion (%) determined by SEC calibrated with polystyrene standard. 

 

  5.1.4.3  Influence of ligand structure 

 

   The effects of two structures of bidentate and tridentate 

ligands i.e. N-(n-octyl)-2-pyridylmethanimine (NOPMI), N-(n-octadecyl)-2-

pyridylmethanimine (NODPMI) and 1,1,4,7,7-pentamethyldiethylenetriamine 

(PMDETA), respectively on ATRP of MMA were studied in toluene medium. Using 

the same initiator (4), it was found that the chemical structure of the ligand 

dramatically affects the apparent polymerization rate (Figure 5.30b). The kinetic 

studies were carried out with [CuBr]/[PMDETA] molar ratio = 1 and [CuBr]/ 

[NOPMI or NODPMI] molar ratio = 2 The reaction mixture is homogeneous solution 
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and has dark brown color, using CuBr/NOPMI and NODPMI) and pale green color, 

using CuBr/PMDETA during polymerization likely reported in pervious works [45, 

92]. For the system of Cu(I)Br/PMDETA, it shows high apparent rate constant than 

NOPMI and NODPMI coming form less redox potential of Cu(I)Br/PMDETA to 

Cu(II)Br2/PMDETA which shifts the equilibrium from the dormant species toward the 

active species. Resulting form this type of transition metal complexes, it generated 

high amount of active radicals [45]. Therefore, the MMA conversion after 1 h was 

equal to 59 % against 28 % with the system using CuBr/ NOPMI (Figure 5.30a). The 

use of PMDETA complex with CuBr resulted in higher MMA conversion than in the 

case of using NOPMI ligand. This result is in accordance with the work reported that 

the general order of activation rate constant of Cu complex for amine ligand is 

tetradentate > tridentate > bidentate [45, 93]. 

 

Table 5.3 Characteristics of poly(methyl methacrylate) initiate from 4 at 90°C where 

[MMA]/[4]/[CuBr]/[NOPMI or NODPMI] molar ratio = 115/1/1/2 or 

[MMA]/[4]/[CuBr] /[PMDETA] molar ratio = 115/1/1/1 in toluene 50 wt% by various 

types of ligand. 

 

Ligand 
Time 

(min) 
Conv (%) 

Theoretical 

nM  
SEC n,M  PDI 

NOPMI 60 28.5 3591 5700 1.12 
 120 50.3 6101 6800 1.17 
 180 59.7 7183 7600 1.17 
 210 62.7 7528 7800 1.17 
 240 65.2 7816 8000 1.18 

NODPMI 60 34.8 4316 4800 1.14 
 120 61.6 7402 6500 1.16 
 150 72.1 8611 7300 1.14 
 180 79.7 9486 7700 1.14 
 210 82.5 9808 7900 1.14 

PMDETA 10 21.3 2762 3800 1.35 
 20 36.8 4546 5200 1.30 
 30 48.6 5905 6200 1.29 
 40 54 6527 6600 1.30 
 50 57.6 6941 7100 1.28 
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Figure 5.30 Kinetic study of ATRP of MMA initiated by 4 using NOPMI(□), 

NODPMI(○) and PMDETA(∆) at 90οC in toluene 50 wt% 

([MMA]0/[4]0/[CuBr]0/[NOPMI or NODPMI]0 molar ratio = 115/1/1/2 or 

[MMA]0/[4]0/[CuBr]0/ [PMDETA]0 molar ratio = 115/1/1/1). (a) First-order kinetic 

plots. (b) Dependence of PDI on MMA conversion. (c) Dependence of nM  on MMA 

conversion (%) determined by SEC calibrated with polystyrene standard. 

 

   As a result, the faster polymerization rate in the ATRP using 

PMEDTA as ligand has an effect on PDIs of the resulting PMMA (Table 5.3). It can 

be noted that polydispersity index of PMMA obtained from the system using N-(n-

alkyl)-2-pyridylmethanimine ligand was narrower than in the case of the system using 

CuBr/PMDETA. The faster the release of halogen atom, the higher concentration of 

free radicals is present, hence greater the possibility of recombination termination 

taken place in the system. Comparing ability of NOPMI and NODPMI, it was found 

that, in the toluene solution, they show as same as ability to control the SEC n,M and 

PDI (Figure 5.30b). These three ligands will be further applied for graft 

copolymerization of MMA on polyisoprene and compared its activity and effect on 

PDI of PMMA graft chain. 
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  5.1.4.4  Influence of side products  

 

   The effect of side product-2-(n-propyl)hex-1-en-3-ol, 6 and 

5-methyloct-5-en-4-ol, 7) (Figure 5.31) during the acid addition step was studied 

using 1-methyl-1-cyclohexene as a starting material. It was modified with the same 

partway of 4-methyloct-4-ene and used as an initiator to initiate MMA polymerization 

by ATRP technique. The crude product between 1,2-epoxy-1-methylcyclohexane and 

2-bromo-2-methylpropionic acid (A2)(O-(2-hydroxy-1-methylcyclohexyl)-2-

bromoisobutylrate and O-(2-hydroxy-2-methylcyclohexyl)-2-bromoisobutylrate) 

called CEA2 was also studied by 1H NMR. Figure 5.32 presented two products 

coming from SN1 and SN2 mechanism without the contamination of side product-allyl 

alcohols unit. 

 

 
 

Figure 5.31 Chemical structure of 2-(n-propyl)hex-1-en-3-ol, 6 and 5-methyloct-5-

en-4-ol, 7 

 

 
 

Figure 5.32 1H NMR spectrum of crude reaction between 1,2-epoxy-1-methylcyclo 
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hexane and 2-bromo-2-methylpropionic acid (A2) 

   ATRPs of MMA initiated from the synthesized model (4)-

with side products-and CEA2-without side product- were studied in toluene at 90οC 

using CuBr/NOPMI as catalytic system and the kinetic studies were carried out with 

[CuBr]/[NOPMI] molar ratio = 2. The reaction mixture was sampling at various 

reaction times in order to monitor MMA conversion by 1H NMR spectroscopy. Figure 

5.33b shows that the two initiators provide the same trend of linearity of the 

Ln([M]0/[M]t) versus time in the first two hours. This implies the constant 

concentration of the growing radicals. Figure 5.33d and Figure 5.33c shows the 

relationship of nM  and PDI with MMA conversion, respectively. The initiator 4 and 

CEA2 provided an increase of SEC n,M  of PMMAs with MMA conversion and the 

PDIs remained below 1.2. The SEC n,M of PMMA initiated from 4 were higher than the 

calculated ones and close to the theoretical value at high MMA conversion while the 

SEC n,M of PMMA initiated from CEA2 increases with MMA conversion and parallel 

with theoretical value at high MMA conversion. The deviation of SEC n,M may come 

from transfer reaction of radical species to double bond of allyl alcohol unit and 

termination reaction takes place at high MMA conversion. 

 

Table 5.4 Characteristics of poly(methyl methacrylate) initiated from 4 and CEA2 at 

90°C where [MMA]/[4 or CEA2]/[CuBr]/[NOPMI] molar ratio = 115/1/1/2 in 

toluene (50 wt%). 

 

Initiator 
Time 

(min) 
Conv (%) 

Theoretical 

nM  
SEC n,M  PDI 

4 60 28.5 3591 5700 1.12 
 120 50.3 6101 6800 1.17 
 180 59.7 7183 7600 1.17 
 210 62.7 7528 7800 1.17 
 240 65.2 7816 8000 1.18 

CEA2 60 29.1 3630 6500 1.15 
 90 40.6 4954 7900 1.13 
 120 45.8 5553 8100 1.18 
 210 55.7 6692 9500 1.16 
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 240 58.7 7038 10300 1.13 
MCEA2 = 279.18 

 
 

Figure 5.33 Kinetic study of ATRP of MMA initiated by 4(■) and CEA2(□) using 

CuBr/ NOPMI at 90οC in toluene 50 wt% ([MMA]0/[4orCEA2]0/[CuBr]0/[NOPMI]0 

= 115/1/1/2). (a) MMA conversion versus time. (b) First-order kinetic plots. (c) 

Dependence of PDI on MMA conversion. (d) Dependence of nM  on MMA 

conversion (%) determined by SEC calibrated with polystyrene standard. 

 

  5.1.4.5  Influence of water 

 

   ATRPs of MMA initiated from the synthesized model (4) 

were studied in dispersed medium at 60°C using CuBr/NOPMI as catalytic system 

with and without addition of toluene. The kinetic studies were carried out with 

[CuBr]/[NOPMI] = 2 by mole.The reaction mixture was sampling at various reaction 

times in order to monitor MMA conversion by gravimetric method. The small particle 

was stabilized by nonionic surfactant [94] –Sinnopal NP307-(Figure 5.34). 
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Figure 5.34 General mechanism to synthesis homopolymer of PMMA by ATRP 

technique in dispersed medium 

 

   The linearity of Ln([M]0/[M]t) versus time was found with 

both system. The polymerization of MMA in suspension polymerization without 

addition of toluene provides the polymerization rate higher than toluene-added system 

which can be seen in Figure 5.35b. The SEC n,M  of PMMA initiated from both system 

increased linearly with MMA conversion and PDIs were below 1.5 (Figure 5.35d and 

Figure 5.35c) and higher than the calculated one. PMMA initiated at 60°C without the 

addition of toluene provided the PDIs between 1.20-1.36 (Table 5.5). At same MMA 

conversion using CuBr/ NOPMI as a catalyst, the ability to control PDI was shown to 

be better when the reaction without addition of toluene into organic phase. ATRPs of 

MMA initiated from the synthesized model (4) were also studied in dispersed medium 

at 60οC using CuBr/PMDETA as catalytic system where [4]/[CuBr]/[PMDETA] 

molar ratio = 1/1/1. From the table, it was noticed that the MMA conversion equaling 
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to 90% was suddenly found at the beginning of reaction time (12 min) with high PDI 

(≈1.8) in this system. This system was optimized by reducing amount of transition 

metal complex from [4]/[CuBr]/[PMDETA] molar ratio = 1/1/1 to 1/0.3/0.3 in order 

to reduce amount of active radicals in the system [91]. It was found that high value of 

PDI (≥2) was also found in the system (Table 5.5). By this reason, it can be concluded 

that type of the ligand has dramatically affected on the control system in dispersed 

medium. This result corresponded to pervious work reported that the suitable ligand 

provides water-insoluble complex both lower and higher oxidation state to control 

equilibrium of ATRP system by keeping the copper complex inside the organic 

droplet enough to intermediary react with active radial (P•) providing the dormant 

species (P-X) instead of P• reacting with MMA monomer in the organic droplet (see 

in Figure 5.34) 

 

Table 5.5 Characteristic of poly(methyl methacrylate) by ATRP at 60°C in dispersed 

medium. 

 

Condition 

[4]/[CuBr]/[Ligand] 
Time 

(min) 

Conv  

(%) 

Theoretical 

nM  
SEC n,M  PDI 

1/1/1(PMDETA) 12 90.3 10706 56000 1.8 
1/0.3/0.3(PMDETA) 1 49.0 5951 301700 2.32 

 4 64.0 7678 339200 2.42 
 7 63.7 7644 312900 2.81 
 11 80.9 9624 423700 2.14 
 15 90.8 10764 419700 2.15 
 20 94.6 11201 392800 2.22 
 24 91.1 10798 449900 2.05 

1/1/2(NOPMI) 10 17.0 2267 9700 1.20 
 20 30.3 3798 12900 1.26 
 30 46.8 5698 13600 1.35 
 40 56.8 6849 15500 1.33 
 50 72.2 8622 16500 1.36 

1/1/2(NOPMI) 40 15.3 2071 20149 1.39 
(+ toluene 50% wt) 60 26.6 3372 23300 1.40 

 90 38.3 4719 23700 1.47 
 140 54.4 6573 25100 1.46 
 260 72.6 8668 28200 1.47 
 320 77.2 9198 30000 1.43 
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Figure 5.35 Kinetic study of ATRP of MMA initiated by 4 using CuBr/ NOPMI at 

90οC in dispersed medium: with toluene ( ) and without toluene (×) 50 wt% where 

[MMA]0/[4]0/[CuBr]0/[NOPMI]0 = 115/1/1/2, [Sinnopal NP 307] = 9 % wt respect to 

MMA. [H2O] = 77 % wt respect to MMA (a) MMA conversion versus time. (b) First-

order kinetic plots. (c) Dependence of PDI on MMA conversion. (d) Dependence of 

nM  on MMA conversion (%) determined by SEC calibrated with polystyrene 

standard. 
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5.2  Study on Synthetic Cis-1,4-polyisoprene (PI) 
 

 Highly cis-1,4-polyisoprene (PI), synthesized via isoprene polymerization 

initiated with a Ziegler-Natta system (titanium-aluminum), has a chemical structure 

and shows elastic properties similar to NR. PI has higher purity than NR as it doesn’t 

contain non-rubber constituents, therefore chemical modification on PI should have 

less side reactions than the NR. The PI used in this study has low molecular weight 

than NR, its solubility in organic solvents is higher than that of NR, which facilitates 

chemical modifications. Modification of PI by grafting PMMA via ATRP technique 

requires halogen atoms on the molecular structure to act as active initiating sites. 

Therefore, in this study, fixation of bromine atoms onto PI chains was carried out 

similar to the preliminary work performed with a model of NR. 

 In previous section, it was found that bromoalkyl initiating groups (2-bromo-2-

methylpropionyl) bound on the model gave high efficiency to initiate ATRP of MMA, 

leading to controlled number-average molecular weights ( SECn,M ) and low PDIs 

( 1.1-1.2) of PMMAs. The polymerization was carried in toluene at 90°C using 

[MMA]/[initiating model molecules]/[CuBr]/[NOPMI]

≈

 = 115/1/1/2. Therefore, 2-

bromo-2-methylpropionyl type was selected to introduce onto PI chains, and the 

polymerization of MMA in the presence of three different ligands was investigated.  

 

 5.2.1  Synthesis and characterization of bromoalkyl-functionalized polyiso 

prene (PIBr) 

 

  Modification of PI into macroinitiator (PIBr) for ATRP was performed 

via a two-step chemical modification procedure: PI was partially modified into 

epoxidized PI (EPI), and then EPI was transformed into PIBr after reaction of 2-

bromo-2-methylpropionic acid (A2) upon oxirane rings. In the first step, epoxidation 

of PI was carried out using CPBA in CH2Cl2 at 0°C (Figure 5.36a). Epoxidation was 

confirmed by 1H NMR with the appearance of a new signal at 2.72 ppm characteristic 

of the proton on the oxirane rings of the EPI units (Figure 5.37). A calculation 

performed from the 1H NMR spectrum showed that the degree in epoxidized units 
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was indeed 12.1 units% (EPI-12.1). The addition of A2 onto EPI was carried out 

without catalyst, at 110°C for 4 and 6 h with 5 wt% of EPI in toluene and [A2]/[EPI 

units] molar ratio = 6 (Figure 5.36b). After reaction, the formation of bromoalkyl-

functionalized polyisoprene (PIBr) units was confirmed by FTIR and 1H NMR 

spectroscopy. 

 

 
 

Figure 5.36 Strategy to synthesize PI-g-PMMA by ATRP technique. a) CPBA at 0°C 

in CH2Cl2, b) [A2]/[epoxidized units] molar ratio = 6 at 110°C in toluene, c) ATRP in 

toluene solution, d) 10 v/v% of TFA in CH2Cl2 at room temperature for 12 h and e) 

SECn,M and PDI determined by SEC with polystyrene standard. 
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Figure 5.37 1H NMR spectra of PI, EPI-12.1, PIBr-3.1, and PI-g-PMMA (52 wt% of 

PMMA). 

 

  FTIR spectra (Figure 5.38) of the compound resulting from the reaction 

between EPI-12.1 and A2 showed two important absorption bands: one at 1732 cm-1 
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corresponding to C=O stretching vibrations of ester bonds of bromoalkyl-

functionalized polyisoprene units, and the other at 3440 cm-1 due to hydroxyls 

resulting from the nucleophilic addition upon oxirane rings, but also coming from 

oxirane ring rearrangements. 

 

 
 

Figure 5.38 FTIR spectra of PI, PIBr-3.1, and PI-g-PMMA (52 wt% of PMMA). 

 

  The 1H NMR spectrum of PIBr (Figure 5.37) showed the presence of 

two new signals at 1.98 ppm and 4.90 ppm corresponding to –C(CH3)2Br and –CH(O-

C(O)-R)– protons, respectively. Moreover, a decrease of the intensity signal at 2.72 

ppm characteristic of the proton on oxirane ring of EPI units was noted. In addition to 

the signals characteristics of the bromoalkyl-functionalized polyisoprene units, two 

other signals were observed on the spectrum of the synthesized macroinitiator: at 4.05 

ppm (multiplet) and at 4.97 ppm (doublet, 2JHH = 54 Hz), corresponding to -CH(OH)- 

and -CH-C(=CH2)- protons characteristic of external allyl alcohol units. The 

formation of these secondary allyl alcohol units was the result of rearrangement 
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reactions of oxirane rings of epoxidized polyisoprene units that occurred 

simultaneously to the β-addition of 2-bromo-2-methylpropionic acid upon oxirane 

rings because of the acidity of the medium (Figure 5.39). These secondary reactions 

occurring on oxirane rings to form allyl alcohol structures were previously observed 

during the study performed with the model. 

 

 
 

Figure 5.39 Mechanisms of (a) SN2 nucleophilic addition onto oxiranes and (b) 

rearrangement of oxirane rings during addition step in epoxidized PI (EPI). 

 

  Taking into account that oxirane rings are only transformed in allyl 

alcohol units and bromoalkyl-functionalized polyisoprene units, the degree of 

initiating bromoalkyl-functionalized polyisoprene units contained in PIBr could be 

determined from their 1H NMR spectra. For that, it was necessary to consider the 

signal at 4.90 ppm that corresponds to –CH(O-C(O)-R)– proton of bromoalkyl-

functionalized PI units. However, because this signal was interfered with one of the 

peaks of the doublet characteristic of -CH-C(=CH2)- protons of external allyl alcohol 

units. This interference can be verified by comparing with the signal of the modified 

model compound by A2 and NR which will be later discussed in the NR part (Section 

3.1.1). Thus the area corresponding to –CH(O-C(O)-R)– proton of bromoalkyl-

functionalized PI units (I4.90) was obtained by substraction of the global area of the 

signals between 4.70 and 4.95 ppm (c+f in Figure 5.40) by that of the signal at 4.05 

ppm (e in Figure 5.40). Consequently, the degree of initiating units contained in PIBr 

was determined using equation 5.12. Similarly, the degrees of residual epoxidized PI 
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units and of allyl alcohol units were calculated from the following equations 5.13 and 

14. 

 

 
 

Figure 5.40 1H NMR spectra of PIBr-3.1. 

 

Bromoalkyl-functionalized PI units (o %) =
)II (I

I

 2.724.054.90

 4.90

++
 × E% ……(5.12) 

 

where, I4.90 is the area corresponding to the -CH(OC(O)C-R)- proton of initiating 

units (obtained as follows: I4.90 = I4.70-4.95 - I4.05), I4.05 is the area corresponding to the -

C(=CH2)-CH(OH)- proton of external allyl alcohol units, I2.72 is the area 

corresponding to the proton of oxirane ring of residual epoxidized units, and E% is 

the percentage of epoxidized polyisoprene units contained in starting EPI. 
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Residual epoxidized PI units (m %) = 
)II (I

I

 2.724.054.90

 2.72

++
 × E% ……(5. 13) 

Allyl alcohol units (p %) = 
)II (I

I

 2.724.054.90

 4.05

++
 × E% ……(5. 14) 

 

  Two different PIBr macroinitiators were prepared with different 

contents in bromoalkyl-functionalized polyisoprene units. After calculation using 

equation 5.12, it was deduced that their contents in bromoalkyl-functionalized units 

were equal to 1.3 % (PIBr-1.3) and 3.1 % (PIBr-3.1), respectively (Table 5.6).  

  It has been known that 1,4-polyisoprenes chains can be cyclized in 

acidic conditions to form sequences of orthocondensed cyclohexanes (Figure 5.41), 

we have checked if these cyclization reactions occur with the polyisoprene backbone 

of PIBr during the addition step of the acid. For that, 1H NMR spectrum of PIBr has 

to be considered. The measured area of the signal at 5.13 ppm, characteristic of -CH2-

C(CH3)=CH-CH2- proton of PI units, was compared to the calculated one (equation 

5.15) in order to determine the percentage of cyclized PI units (equation 5.16) and that 

of non cyclized units (equation 5.17). 

 

Table 5.6 Structural compositions of the synthesized PIBr. Reaction conditions: 

EPI-12.1, [2-bromo-2-methylpropionic acid]/[epoxidized units] molar ratio = 6 at 

110°C in toluene for 4 h (PIBr-1.3) and 6 h (PIBr-3.1). 

 

Sample  
PI units  

(n) a)

Epoxidized 

PI units 

(m) b)

Allyl 

alcohol 

units (p) c)

Bromoalkyl-

functionalized  

PI units (o) d)

Cyclized 

polyisoprene 

units (c) e)

PIBr-1.3 85.6 5.8 5.0 1.3 2.3 
PIBr-3.1 82.0 1.5 7.5 3.1 5.9 

a) Determined from 1H NMR spectrum of PIBr, according to equation 5.17. 

b) Determined from 1H NMR spectrum of PIBr, according to equation 5.13. 
c) Determined from 1H NMR spectrum of PIBr, according to equation 5.14. 
d) Determined from 1H NMR spectrum of PIBr, according to equation 5.12. 
e) Determined from 1H NMR spectrum of PIBr, according to equation 5.16. 
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Figure 5.41 Example of mechanism proposed for 1,4-polyisoprene cyclization 

initiated by acids. 

 

 )E%100(
E%

)II(I
 I 2.724.054.90

calculated 5.13 −×
++

=  ……(5. 15) 

 

where, I4.90, I4.05, and I2.72 are the areas of signals corresponding to the proton 

characteristic of bromoalkyl-functionalized units, allyl alcohol units, and residual 

epoxidized PI units, respectively, and  E% is the percentage of epoxidized 

polyisoprene units contained in starting EPI. 
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 Cyclized PI units (c %) = ×
calculated 5.13

measured 5.13calculated 5.13

I
I - I

(100-E%) ……(5. 16) 

 

 PI units (n %) = ×
calculated 5.13

measured 5.13

I
I

 (100-E%) ......(5. 17) 

 

  The percentage of cyclized polyisoprene units determined in the case of 

PIBr-1.3 and PIBr-3.1 were evaluated to 2.3 % and 5.9 %, respectively (Table 5.6). 

These values compared to the ones corresponding to PI units (85.6 % and 82.0 %, 

respectively) are very low. This result showed that the effect of cylization reactions 

during the β-addition of the acid upon the oxirane rings of EPI-12.1 is negligible. 

  These analysis confirmed the study previously reported with the model 

of the epoxidized PI unit, showing that the addition of the bromoalkyl carboxylic acid 

onto the oxirane rings of EPI occurs according to an SN2 nucleophilic mechanism 

with fixation of the acid group essentially on the less substituted carbon of the oxirane 

ring (β-addition), but is competed with a secondary reaction of rearrangement of the 

oxirane rings caused by the acidity of the reaction medium (Figure 5.39). 

 

 5.2.2  ATRP of MMA using bromoalkyl-functionalized polyisoprene as 

initiators 

 

  In this part, PIBr bearing 2-bromo-2-methylpropionyl groups in the 

molecular chains was used to initiate ATRP polymerization of MMA in presence of 

CuBr complexed with three different amine ligands, i.e. 1,1,4,7,7-

pentamethyldiethylenetriamine (PMDETA), N-(n-octyl)-2-pyridylmethanimine 

(NOPMI), and N-(n-octadecyl)-2-pyridylmethanimine (NODPMI), respectively 

(Figure 5.24). During the polymerizations performed at 90°C in toluene, samples 

were withdrawn from the reaction mixture at various time intervals to determine 

MMA conversions from their 1H NMR spectra using equation 5.10. The withdrawn 

mixtures were purified by putting them in an alumina-filled column to eliminate the 

copper complex, and the graft copolymer samples were obtained after evaporation of 

the solvent, and then dried under vacuum at room temperature until constant weight. 



Lapporn Vayachuta                                                                                          Results and Discussion /     118

They were characterized by FTIR and 1H NMR spectroscopy. 1H NMR spectrum 

(Figure 5.37) shows the presence of the signal at 3.57 ppm corresponding to -OCH3 of 

PMMA grafts as well as the signal at 5.13 ppm corresponding to –C(CH3)=CH- of PI 

backbone. On the FTIR spectrum (Figure 5.38) two important absorption bands were 

noted, the one at 1732 cm-1 which corresponds to stretching vibrations of ester bonds 

of PMMA grafts, and the other at 3440 cm-1 characteristic of hydroxyl groups of both 

initial bromoalkyl-functionalized polyisoprene units and secondary allyl alcohol units. 

  Number-average molecular weights of grafts ( NMR Hn, 1M ) and degree of 

grafting (G) were calculated from 1H NMR spectra of the grafts copolymers isolated 

after putting them in an alumina-filled column to eliminate the copper complex and 

precipitation in methanol, and then dried under vacuum until constant weight. They 

were calculated by comparing the spectrum of the synthesized polyisoprene-graft-

poly(methyl methacrylate) (PI-g-PMMA) to the one of the macroinitiator used (PIBr). 

Such comparison is reliable because the polyisoprene units are unchanged during the 

ATRP of MMA. Then, the area corresponding to –CH[OC(O)-C(CH3)2-PMMA-Br]- 

proton of PI units bearing a PMMA graft in the graft copolymer (Figure 5.37) was 

calculated using the following equation 5.18:  

 

  
spectrumPIBr on I

spectrumPMMA --PIon  I I
 I

5.13

5.134.90
units grafted

g×
=  ……(5. 18) 

 

where, I4.90 is the area corresponding to –CH(OC(O)-C(CH3)2Br)- proton of initiating 

units on PIBr spectrum (equation 5.12), and I5.13 the area corresponding to  the –CH2-

C(CH3)=CH–CH2- proton of PI backbone. 

  Then, considering the area (I3.57) of the peak at 3.57 corresponding to 

OCH3 protons of PMMA grafts in PI-g-PMMA, it was possible to determine the nDP  

(equation 5.19) of the grafts, and then their NMR Hn, 1M (equation 5.20):  

 

  
units grafted

3.57
n

I3
I

DP
×

=   ……(5. 19) 

  NMR Hn, 1M = [(MMMA × nDP ] + MBromoalkyl carboxylic acid ……(5. 20) 
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where, MMMA is the molecular weight corresponding to the MMA (100 g.mol-1) and 

MBromoalkyl carboxylic acid is the molecular weight corresponding to the 2-bromo-2-

methylpropionic acid group (167 g.mol-1). 

 

[ ]c)M(o)M(p)M(m)M(n)M(o)DP (M
oDP M(wt%)G 

65432n1

n1

×+×+×+×+×+××
××

=   

     ……(5. 21) 

 

where: n, m, o, p, and c are the percentages of the different units present in the PIBr 

macroinitiator used (Table 5.6); M1 = molecular weight of MMA (100 g⋅mol-1); M2 = 

molecular weight of 1,4-PI unit (68 g⋅mol-1); M3 = molecular weight of epoxidized PI 

unit (84 g⋅mol-1); M4 = molecular weight of allyl alcohol unit (84 g⋅mol-1); M5 = 

molecular weight of bromoalkyl-functionalized PI unit (251 g⋅mol-1), and M6 is the 

molecular weight of the cyclized PI unit (68 g⋅mol-1).  

 

  The PMMA grafting degree (G in weight %) was obtained by applying 

the following relation (equation 5.21): 

  On the other hand, SECn,M  were also determined by SEC analysis of 

PMMA grafts cleaved from PI backbone of the graft copolymers. PMMA grafts were 

cleaved at the ester bond, using an acidolysis reaction performed with trifluoroacetic 

acid in CH2Cl2 (Figure 5.36d). Taking into account the large difference in solubility 

property that exists between PMMA and polyisoprene structures, PMMA grafts were 

separated from its polyisoprene backbone by extraction with acetone. The precipitate 

was separated and then, PMMA grafts in the filtrate were precipitated in hexane and 

filtered off. After drying under vacuum at room temperature until constant weight, 

they were successively analyzed by 1H NMR and by SEC. 1H NMR spectra of the 

dried PMMA grafts thus isolated showed always the structural characteristics of 

PMMA structures with the peak of -OCH3 protons at 3.57 ppm, and the total absence 

of signals characteristic of PI backbone that are normally noted at 5.13 ppm, 2.03 

ppm, and 1.69 ppm. PMMA grafts isolated after cleavage were analyzed by SEC 

calibrated with polystyrene standards (Figure 5.36e). 
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  5.2.2.1  Influence of ligand structure  

 

   Effect of ligand on ATRP of MMA initiated from PIBr was 

studied in toluene at 90°C using Cu(I)Br/amine ligand, as catalytic system. Three 

ligands, divided in two categories - bidentate (NOPMI and NODPMI) and tridentate 

(PMDETA), were selected. Molar ratios of ligand versus copper bromide were 

considered as reported in literature, that is equal to 1 for tridentate ligand and to 2 for 

bidentate ones [45, 92].  

   The first-order kinetic plots of the MMA polymerizations 

initiated from PIBr and catalyzed by Cu(I)Br complexed with different amine ligands 

are shown in Figure 5.42b. A linear increase in the first-order kinetic plot was 

observed only with NOPMI as ligand. This result indicated a constant concentration 

of active radicals until 30 % MMA conversion of the polymerization, using the 

Cu(I)Br/NOPMI catalytic system (Figure 5.42a and Figure 5.42b). For NODPMI and 

PMDETA, a curvature on the kinetic plot was observed, resulting from a decrease of 

the concentration of active growing radicals in the medium. This could be explained 

by a decrease of the active Cu(I)Br/ligand catalytic system. 

   The results given in Figure 5.42b shows also that the initial 

apparent polymerization rate constant was dramatically affected by the chemical 

structure of the ligand. It was higher with the tridentate ligand (PMDETA) than with 

the bidentate ones. This result is in accordance with the work reporting that the 

general order of activation rate constant of copper complex for amine ligand is in the 

order of tetradentate > tridentate > bidentate [95]. On the other hand, the comparison 

of both bidentate ligands on kinetic studies shows that NOPMI (-C8H17) has a higher 

apparent rate constant than NODPMI (-C18H37). Such the behaviour is probably due to 

the steric hindrance of the long aliphatic chain. This result has been previously 

reported by Perrier et al. [96] for the ATRP polymerization of styrene using different 

N-(n-alkyl)-2-pyridylmethanimines as ligands. 

   Evolutions of experimental number-average molecular 

weights ( SECn,M  and NMR Hn, 1M ) and polydispersity indexes (PDIs) with MMA 

conversion are shown in Figure 5.42d and Figure 5.42c, respectively. An increase of 
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SECn,M  and NMR Hn, 1M with MMA conversion were noted with the different types of 

ligands. However, higher SECn,M  than the calculated ones has been observed. This 

could be due to the difference between hydrodynamic volumes of PMMA and the 

ones of polystyrenes used as standards for SEC calibration. This point is confirmed by 

the fact that NMR Hn, 1M is closed to the theoretical ones using NOPMI. Furthermore, a 

decrease of PDIs of PMMA grafts to 1.7 was observed (Figure 5.42c). Such values 

could be explained by a low exchange between active species and dormant species 

during the graft copolymerization. 

 

 
 

Figure 5.42 ATRP of MMA initiated from PIBr-3.1 in toluene (30 wt% PIBr) at 

90°C with various molar ratios: [MMA]/[initiating units]/[CuBr]/[PMDETA(●)] = 

200/1/0.2/0.2 and [MMA]/[initiating units]/[CuBr]/[NOPMI (■) or NODPMI (▲)]) = 

200/1/0.5/1. (a) MMA conversion versus time. (b) First-order kinetic plots. (c) 

Dependence of PDI on MMA conversion. (d) Dependence of nM  on MMA 

conversion (%) determined by SEC calibrated with polystyrene standard (close 

symbol) and by 1H NMR (open symbol), respectively 
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  5.2.2.2  Influence of the amount of bromoalkylfunctionalized 

polyisoprene units in PIBr 

 

   To study the effect of the concentration of initiating groups 

on the PI macroinitiator, PIBr-3.1 and PIBr-1.3 were successively prepared as 

macroinitiators. As for the previous study, ATRP of MMA initiated from PIBr was 

carried out in toluene at 90°C [13]. Cu(I)Br/PMDETA in stoichiometric ratio was 

used as catalytic system. The results of this study are given in Figure 5.43. As shown 

in Figure 5.43a and Figure 5.43b, the rate of polymerization of PMMA grafts was 

affected by the concentration in initiating sites on PIBr backbone. PIBr-1.3 provided 

a linear increase of the first-order kinetic plot until 25 % MMA conversion. This 

shows a constant concentration of active species and that recombination terminations 

are negligible. This was confirmed by the SEC chromatograms of PMMA grafts 

coming from graft copolymer samples withdrawn during the first 60 min of the 

polymerization performed with PIBr-1.3 as macroinitiator and PMDETA as amine 

ligand (Figure 5.44). Unimodal peaks were shown at low MMA conversion. This 

explains why PDIs of PMMA grafts are close to about 1.5. However, a deviation from 

the linear first-order kinetic plot was noted by increasing the rate of bromoalkyl-

functionalized polyisoprene units in PIBr macroinitiator (Figure 5.43b). This shows a 

decrease of the concentration of active species that could be due to the presence of 

irreversible terminations.  

   Evolutions of SECn,M and PDI with MMA conversion are 

represented in Figure 5.43d and Figure 5.43c, respectively. A linear increase of 

SECn,M  versus MMA conversion was observed with PIBr-1.3 (Figure 5.43d). As 

already discussed above, the difference observed between SECn,M  and theoretical ones 

could be partly explained by the fact that hydrodynamic volumes of PMMA grafts are 

different from that of polystyrene standards used for SEC calibration. In the case of 

PIBr-3.1, PDI values were high (> 2) and remained quasi constant during the 

reaction, while with PIBr-1.3, they were lower and decreased from 2.3 to 1.5. This 

result indicated that the recombination terminations are comparatively favored when 

PIBr-3.1 was used as macroinitiator. This phenomenon was already observed during 
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graft copolymerizations using the “grafting from” strategy and it has been explained 

by recombinations between active radicals of neighboring PMMA grafts. 

 

 
 

Figure 5.43 ATRP of MMA initiated from PIBr-1.3 (o) and PIBr-3.1 (●) in toluene 

(30 wt% PIBr) at 90°C with molar ratio [MMA]/[initiating units]/[CuBr]/[PMDETA] 

= 200/1/0.2/0.2. (a) MMA conversion versus time. (b) First-order kinetic plots. (c) 

Dependence of PDI on MMA conversion. (d) Dependence of SECn,M  on MMA 

conversion (%). 

 

   The loss of polymerization control observed with the 

increase of the degree of bromoalkyl-functionalized polyisoprene units in PIBr was 

particularly well highlighted by the comparison of SEC chromatograms of grafts of 

the copolymer samples isolated at the same MMA conversions, during PMMA 

grafting initiated by PIBr-3.1 and by PIBr-1.3, respectively, in presence of Cu(I)Br/ 

NOPMI catalytic system (Figure 5.45). Indeed, the chromatogram of the grafts 

coming from PI-g-PMMA obtained from PIBr-1.3, showed a unimodal peak in 
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contrary with, that of the grafts coming from PIBr-3.1 which did not show a true 

unimodal peak (having shoulder). This result is typical of the existence of 

terminations by recombination during ATRP. 

 

 
 

Figure 5.44 SEC chromatograms of PMMA grafts formed during ATRP of MMA 

initiated from PIBr-1.3 in toluene (30 wt% PIBr) at 90°C with molar ratio 

[MMA]/[initiating units]/ [CuBr]/[PMDETA] molar ratio = 200/1/0.2/0.2.  
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Figure 5.45 SEC chromatograms of PMMA grafts formed after ATRP of MMA 

initiated from PIBr-1.3 (solid line) and PIBr-3.1 (dot line) in toluene (30 wt% PIBr) 

at 90οC with molar ratio [MMA]/[initiating units]/[CuBr]/[NOPMI] = 200/1/0.5/1. 

 

   A summary of the main results obtained is given in Table 

5.7. They show that, whatever the catalytic system used, the control of ATRP is as 

much better when the concentration in initiating units in PIBr is low. Although, in the 

same ATRP conditions, higher polymerization rate constants were observed in 

presence of PMDETA as ligand than with NOPMI (Figure 5.42b), the best control of 

PMMA grafts was achieved in presence of NOPMI, as shown by PDI values observed 

at the same MMA conversion (20 % MMA conversion). On the other hand, together 

with the good control of the polymerization observed until 25 % MMA conversion 

using CuBr/NOPMI, very high degrees in grafted PMMA were obtained: G > 80 % 

with an initial molar composition [MMA]/[initiating units] = 200. 

   Finally, ATRP was proved to be an efficient technique to 

prepare PI-g-PMMA in toluene with a good control of the length of PMMA grafts 
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when ATRP of MMA is initiated from PIBr macroinitiators with low level in 

bromoalkyl-functionalized polyisoprene units and performed using the following 

molar ratios: [MMA]/[initiating units]/[CuBr]/[NOPMI]  = 200/1/0.5/1. Under these 

conditions, the structure of PMMA grafts was controlled until 25 % MMA 

conversion, corresponding to PMMA grafts of nM  ≈  20 000 g⋅mol-1. Moreover the 

end group of graft copolymer was studied at low MMA conversion with NOPMI and 

NODPMI as a ligand. The signal at 3.70 ppm corresponding to -OCH3 (proton g) 

adjacent with the bromine atom was presented in Figure 5.46. 

 

 
 

Figure 5.46 End group analysis of PI-g-PMMA by 1H-NMR 
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Table 5.7 Results of attempts of ATRP of MMA initiated from PIBr in toluene (30 

wt% PIBr) at 90οC with varied ligands. 

 

Run Liganda) 

Macro 

initiator 

PIBr 

Time 

(min)

MMA 

Convb) 

(%) 
NMR Hn, 1M c)

SECn,M d) PDId) 
G e) 

(wt%)

1 NOPMI 3.1 30 20.8 - 20400 1.54 - 
  3.1 20 5.5 2650 7400 2.28 52.2 
   70 20.4 9840 12100 2.26 80.2 
2 NODPMI 3.1 20 5.6 2650 13600 1.98 52.2 
3 PMDETA 1.3 20 5.9 - 9500 1.58 - 
   60 19.7 - 16600 1.66 - 
  3.1 10 6.6 6150 9100 2.21 71.7 
   50 21.7 8230 8400 2.07 77.2 

a) ([MMA]/[initiating units]/[CuBr]/[PMDETA] = 200/1/0.2/0.2 and 

[MMA]/[initiating units]/ [CuBr]/[NOPMI or NODPMI]) = 200/1/0.5/1. 
b) Determined from 1H NMR spectrum of polymerization mixture, according to 

equation 5.10. 
c) Determined from 1H NMR spectrum of isolated PI-g-PMMA, according to equation 

5.20. 
d) Determined by SEC calibrated with polystyrene standards of PMMA grafts 

isolated after TFA acidolysis of PI-g-PMMA. 
e) Determined from 1H NMR spectrum of PI-g-PMMA, according to equation 5.21. 

 



Lapporn Vayachuta                                                                                          Results and Discussion /     128

5.3  Study on Natural Rubber 

 
 5.3.1  Synthesis and characterization of bromoalkyl-functionalized NR 

 

  Modification of NR by grafting with PMMA via ATRP was the 

objective of this study, therefore transformation of NR into macroinitiator for ATRP 

was investigated similar to the case of PI. In the first step, NR was modified into 

epoxidized NR (ENR) by reaction with in situ performic acid generated from the 

reaction of hydrogen peroxide and formic acid in latex state. The resulting ENR was 

reacted with two types of bromoalkyl acids which are 2-bromopropionic acid (A1 

R1=H, R2=CH3) and 2-bromo-2-methylpropionic acid (A2 R1, R2=-CH3). Bromoalkyl-

functionalzed NR (NRBr) was used to initiate ATRP of MMA (Figure 5.47)  

 

 
 

Figure 5.47 Strategy to synthesize NR-g-PMMA by ATRP techniques. a) [NR latex 

(40 % drc)]/[H-C(O)-OH]/[H2O2] = 100/20/40 at 50°C for 24 h (250 rpm); b) [A1 or 

A2]/[Epoxidized units] = 6 at 110°C in o-xylene; c) ATRP of MMA d)10 v/v% of 

TFA in CH2Cl2 at room temperature for 12 h, e) nM and PDI determined by SEC. 
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  In order to verify the efficiency of the ATRP system, the molecular 

weight of the grafted PMMA had to be measured. Therefore, the grafted PMMA was 

cleaved from the NR backbone by acidolysis reaction using trifluoroacetic acid 

(TFA). And then, nM  and PDI were determined by SEC using polystyrene standard. 

 

  5.3.1.1  Preparation of epoxidized NR 

 

   The 1H NMR spectra of NR and partial epoxidized NR were 

compared in Figure 5.48. It can be seen that these spectra show signals representative 

to signal of proton adjacent to C=C at 5.13 ppm, methyl proton adjacent to the C=C at 

1.67 ppm and signals of methylene proton of NR at 2.03 ppm (-Hc) (Figure 5.48a).  

 

 
 

Figure 5.48 1H NMR spectra of NR (a) and ENR (b)  
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   NR was transformed into partial epoxidized NR (18 %ENR) 

using formic acid (FA) and hydrogen peroxide (H2O2) in latex medium using NR 

latex (40% DRC)]/[FA]/[H2O2] equals to 100/20/40 mole ratio at 50°C for 24 h (250 

rpm). The chemical structure of ENR was characterized and the signals in 1H NMR 

analysis (Figure 5.48b) show characteristic of proton adjacent to C=C of NR unit and 

methine proton of epoxidized unit at 5.13 and 2.72 ppm, respectively. The methyl 

proton adjacent to the C=C is positioned at 1.67 ppm while the methyl proton adjacent 

to the oxirane ring is appeared at 1.30 ppm. The signals at 2.03 and 2.16 ppm are 

attributed to the methylene proton of the NR unit and epoxidized unit, respectively. 

There is no signal indicating the formation of secondary units resulting from 

secondary reaction such as epoxide ring opening at 3.40 ppm (proton adjacent to 

hydroxyl group) and 3.90 ppm (proton at furan unit) as reported in the literature. The 

epoxidation level was calculated from the integration area of the signal of proton 

adjacent to the C=C and the proton adjacent to the oxirane ring similar to the case of 

PI. 

 

 
 

Figure 5.49 Epoxidation mechanism of NR using formic acid and hydrogen peroxide 

(FA/H2O2) in latex state. 

 

   Figure 5.49 shows mechanism of epoxidation of NR using in 

situ performic acid from FA/H2O2 in latex state. It provides stero-specific structure of 

oxirane ring and the random existence of epoxide unit on the NR chain as mentioned 

in the literature [67].  
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  5.3.1.2 Addition of bromoalkyl carboxylic acid on ENR 

 

   The obtained ENR was then reacted with A1 or A2, resulting 

in formation of bromoalkyl-functionalized NR (NRBr). To verify the chemical 

structure of bromoalkyl-functionalized NR, signals in 1H NMR spectra of them were 

studied by comparing with the signal of crude product receiving from the addition of 

acid (A1 or A2) onto model of ENR (4,5-epoxy-4-methyloctane, 1) in the similar 

reaction condition. 

 

 
 

Figure 5.50 1H NMR spectra of the bromoalkyl-functionalized NR by 2-

bromopropionic acid (A1) 
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Figure 5.51 1H NMR spectra of the bromoalkyl-functionalized NR by 2-bromo-2-

methylpropionic acid (A2)  

 

   The bromoalkyl-functionalized compound was carried out 

under the condition that [A1 or A2]/[epoxide unit] molar ratio = 6  for 6 h at 90°C h 

for A1 and at 110°C for A2 in toluene solution. 1H NMR spectra of bromoalkyl-

functionalized NR, in case of the addition onto ENR by A1 (Figure 5.50), shows the 

presence of signals at 1.80, 4.40 and 4.90 ppm corresponding to –CH(CH3)Br (-Hd), –

CH(CH3)Br (-Hg) and –CH(O-C(O)-R)– (-Hc) protons, respectively. These results 

correspond to the signals in 1H NMR spectrum of model of ENR (1) modified by the 

same type of acid. Moreover, Figure 5.51 shows the presence of signals at 1.98 and 

4.90 ppm corresponding to –C(CH3)2Br (-Hd) and –CH(O-C(O)-R)– (-Hc) protons, 

respectively in case of the addition onto ENR by A2.  

   The signal was found together with a decrease of the signal 

at 2.72 ppm corresponding to the protons on oxirane rings (-Hb) of ENR units. In 
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addition, to the characterized signals, two other ones were noted at 4.05 , doublet 

proton at 4.89 ppm which corresponds to -C-H(OH)- (-He) and –CH(=CH2)C- (-Hj) 

protons, probably of secondary allyl alcohol units formed during the addition of acid. 

By these result, it can be assumed that the reaction of bromoalkyl-functionalized NR 

happen via a SN2 mechanism with ring opening of epoxide units likely to in the model 

part (Figure 5.52a). The secondary reaction -rearrangement of epoxide group in acid 

medium- was also found with dominated by external allyl alcohol (part way 1 in 

Figure 5.52b). For bromoalkyl-fuctionalized unit by A1 that, it was necessary to 

consider the signal at 4.40 ppm that corresponds to –CH(O-C(O)-(CH3)C(H)Br)– of 

initiating units following equation 5.22. 

 

Bromoalkyl-functionalized NR by A1 = 
)II  (I

I

 2.724.054.40

 4.40

++
× E% ........(5. 22) 

 

where, I4.40 is the area corresponding to the –CH(CH3)Br proton of initiating units, 

I4.05 is the area corresponding to the -C(=CH2)-CH(OH)- proton of external allyl 

alcohol units, I2.72 is the area corresponding to the proton of oxirane ring of residual 

epoxidized units, and E% is the percentage of epoxidized polyisoprene units 

contained in starting EPI. 

   For bromoalkyl-fuctionalized unit by A2 that, it was 

necessary to consider the signal at 4.90 ppm that corresponds to –CH(O-C(O)-R)– of 

initiating units. However, because this signal was interfered with one of the peaks of 

the doublet characteristic of the -CH-C(=CH2)- protons in external allyl alcohol units, 

the intensity (I4.83) of the signal corresponding to -CH(O-C(O)-R)- protons of 

initiating units was obtained by removing the intensity from 4.70 to 4.95 ppm (c+j in 

Figure 5.51) by that of the signal at 4.05 ppm (e in Figure 5.51). Thus, the degree of 

initiating units contained in NRBr was determined from equation 5.12 likely in the 

part of bromoalkly-functionalized on PI (section 5.2.1).  
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Figure 5.52 Mechanisms of SN2 nucleophilic addition onto oxiranes during 

bromoalkyl-functionalized NR (a) and rearrangement of epoxide group in acid 

mediums (b) onto epoxidized NR (ENR) 

 

 



Fac. of Grad Studies, Mahidol Univ.                                  Ph.D. (Polymer Science and Technology) /      135

 
 

Figure 5.53 FTIR spectra of NR, ENR and the bromoalkyl-functionalized NR by 

using 2-bromopropionic acid (A1) and 2-bromo-2-methylpropionic acid (A2).  
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   In addition the chemical structure of bromoalkyl-

functionalized NR was studies by 1H NMR comparing with the information from the 

model part. Moreover, FTIR spectroscopy was selected as an effective technique to 

characterize stretching vibration of carbonyl groups in chemical structure of NRBr. 

The spectrum shows strong signal at 1735 cm-1 corresponding to stretching vibration 

C=O of ester group (-O-C=O) of bromoalkyl-functionalized units and together with 

disappearance of stretching vibration of oxirane ring at 870 cm-1 of ENR. The same 

result was found with both of acids (Figure 5.53). 13C-NMR was also used to 

characterized NRBr. The 13C NMR spectra of the bromoalkyl-functionalized NR by 

using 2-bromopropionic acid, A1 (a) and 2-bromo-2-methylpropionic acid, A2 (b) 

were present in the Figure 5.54 

 

 
 

Figure 5.54 13C NMR spectra of the bromoalkyl-functionalized NR by using 2-

bromopropionic acid, A1 (a) and 2-bromo-2-methylpropionic acid, A2 (b). 
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Table 5.8 Observed 13C NMR chemical shifts of proposed structure of bromoalkyl-

functionalized NR by 2-bromopropionic acid (A1) and 2-bromo-2-methylpropioic 

acid (A2) 

 

 

 

 

Proposed 

chemical 

structure 

 

               

O

 
Secondary reaction   

OH

 
Bromoalkyl-functionalized unit on NR 

O

O
R1

R2
Br

HO

 

ba 

c 
e d 

i h
g 

f 

Carbon a b c d e f g h i 
δ ppm (A1) 125.1 135.1 109.6 151.7 75.2 74.3 77.2 170.1 40.3 
δ ppm (A2) 125.2 135.2 109.5 151.6 76.0 74.5 77.1 171.5 53.2 

 

  5.3.1.3  Parameters affecting on the addition of acid onto 

epoxidized natural rubber (ENR) 

 

   And then, influence of reaction time, reaction temperature, 

type of acid, reaction concentration effecting on percentage of bromoalkyl-

functionalized units on NR chain were also determined by 1H NMR. 

 

   5.3.1.3.1  Influence of reaction time  

 
    1H NMR spectra of the bromoalkyl-

functionalized NR by A1 and A2 during time (h) are presented in Figure 5.55. The 

proton signals characteristic of bromoalkyl units were noted at 4.90, 4.40 and 1.80 

ppm for A1 and 4.90 and 1.98 ppm for A2. The signals increase with reaction time 

together with the decreasing of signal at 2.72 ppm corresponding to proton on the 
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epoxide units. The FT IR spectrum shows strong signal at 1735 cm-1 corresponding to 

stretching vibration C=O of ester group (-O-C=O) of bromoalkyl-functionalized units 

and appear of strong signal at 3450 cm-1 corresponding to stretching vibration -OH 

coming from ring opening and rearrangement of epoxide group in acid medium 

together with disappearance of stretching vibration of oxirane ring at 870 cm-1 of 

ENR. Moreover, the constant of signal at 1665 cm-1 was found which corresponds to 

C=C on the NR chain when of reaction time increase Figure 5.56. The same result 

was found with both of acids. 
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Figure 5.55 1H NMR spectra of the bromoalkyl-functionalized NR (%) during time 

6h of 2-bromopropionic acid (A1)(a) 2-bromo-2-methylpropionic acid (A2)(b) in o-

xylene  
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                                (a)                                                              (b) 

 
Figure 5.56 FT IR spectra of the bromoalkyl-functionalized NR (%) during time: (a) 

2-bromopropionic acid (A1) and (b) 2-bromo-2-methylpropionic acid (A2) in o-

xylene  

 

   5.3.1.3.2  Influence of reaction temperature 

 

    The progress of the bromoalkyl-functionalized 

units (%) of A1 according to various reaction time with constant amount of 

[A1]/[epoxide unit] molar ratio = 10 in different of concentration of reaction (wt %) 

was shown in Figure 5.57. It was notice that A1 react with oxirane ring of ENR in o-

xylene at room temperature. Higher reaction temperature results in higher amount of 

the bromoalkyl-functionalized units in both 10 and 20 %wt of ENR.  

    The progress of the bromoalkyl-functionalized 

units (%) of A2 according to various reaction time with constant amount of 

[A2]/[epoxide unit] molar ratio = 2 in 10 wt % of  ENR in o-xylene was shown in 

Figure 5.58. It was notice that A2 also react with oxirane ring of ENR in o-xylene at 

50 °C. Likely in case of A1, higher reaction temperature results in higher amount of 

the bromoalkyl-functionalized units on oxirane ring onto the ENR chain. 
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Figure 5.57 Study of the influence of reaction temperature (°C): progress of the 

bromoalkyl-functionalized units (%) during time (h) of 2-bromopropionic acid (A1) 

([A1]/[epoxide unit]) molar ratio = 10) in two concentration of reaction (wt %): (a) 10 

wt% (RT, 50, 70, and 90°C) (b) 20 wt% (RT, 50, and 70°C) of ENR (17.8% of 

epoxide units) in o-xylene.  

 

 
 

Figure 5.58 Study of the influence of reaction temperature (°C): progress of the 

bromoalkyl-functionalized units (%) during time (h) of 2-bromo-2-methylpropionic 

acid (A2) ([A2]/[epoxidized units] molar ratio = 2) in 10 wt% (50°C (○), 90°C (∆), 

and 130°C (□)) of ENR (17.8% of epoxide units) in o-xylene.  
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    The result detected by FT IR spectroscopy 

showed the increase of ratio of bromoalkyl-functionalized (A1735/A1665) at various 

time. Moreover, the ratio increases with increase of reaction temperature. The result 

from FT IR showed the similar traded with determined amount of bromoalkyl-

functionalized units by 1H NMR (Figure 5.58b). 

 

   5.3.1.3.3  Effect of amount of acid  

 

    The progress of the bromoalkyl-functionalized 

units (%) of A1 according to various amount of A1 with constant reaction time at 

90°C in different of concentration of reaction (wt %) was shown in Figure 5.59. 

Amount of the bromoalkyl- functionalized unit increases with reaction time (h). It was 

notice that higher amount of A1 results in higher amount of the bromoalkyl-

functionalized units in both 10 and 20 %wt of ENR (Figure 5.59a and Figure 5.59b).  

    The progress of the bromoalkyl-functionalized 

units (%) of A2 according to various amount of A2 with constant reaction time at 

90°C in 10%wt of ENR in o-xylene was also shown in Figure 5.60. Likely in case of 

A1, amount of the bromoalkyl-functionalized units increases with reaction time. The 

constancy of bromoalkyl units can be explained by the competition of secondary 

reaction -rearrangement of epoxide in acid medium- happing in the reaction condition. 

It presents in Figure 5.61. The content in epoxidized NR units decreases regularly 

versus time, the proportions of bromoalkyl-functionalized NR units and allyl alcohol 

units dramatically increase until 3 h and then reach a plateau. At the end of the 

reaction, the proportions of the two types of units are very close. 

    The result detected by FT IR spectroscopy 

showed the increase of ratio of bromoalkyl-functionalized (A1735/A1665) at various 

time. Moreover, at the same reaction time, the ratio increases with increase of amount 

of acid. The result from FT IR showed the similar traded with determined by H NMR 

Figure 5.60b. 
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Figure 5.59 Study of the influence of amount of A1: progress of the bromoalkyl-

functionalized units (%) during time (h) at 90°C where [A1]/[epoxide unit]= 2, 4, 6, 

and 8 times at (a) 10% (b) 20% of ENR (18 % of epoxide units) in o-xylene solution. 

 

 
 

Figure 5.60 Study of the influence of amount of A2 by 1H NMR spectra (a) and FT 

IR spectra(b): progress of the bromoalkyl-functionalized units (%) during time (h) at 

90°C where [A2]/[epoxide unit] molar ratio = 2, 4, 6, and 8 at 10% of ENR (18 % of 

epoxide units) in o-xylene solution.  
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Figure 5.61 Study of the secondary reaction: progress of reaction units (%) 

bromoalkyl-functionalized NR units (▲), allyl alcohol units (□), and remaining 

epoxidized units (○), versus time during time (h) in [A2]/[epoxide units] molar ratio = 

8 at 90°C 10%wt of ENR (18 % of epoxide units) in o-xylene. 

 

   5.3.1.3.4  Effect of reaction concentration  

 

 
 

Figure 5.62 Study of the influence of reaction concentration: progress of the 

bromoalkyl-functionalized units (%) during time (h) of A1 at: [A1]/[epoxide units] 

molar ratio = 4 at 90°C by various concentration of reaction (wt %): (a) 10% (b) 20% 

of ENR (18 %) in toluene. 
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    The progress of the bromoalkyl-functionalized 

units (%) of A1 according to various reaction concentration with constant amount of 

[A1]/[epoxide unit] = 4 at 90°C in different of concentration of reaction (wt %) was 

shown in Figure 5.62. The percentage of bromoalkyl-functionalized units in 10 %wt is 

higher than and 20 %wt of ENR in toluene. It was found that too much viscosity 

results in limited the addition of acid unit onto ENR. 

 

   5.3.1.3.5  Effect of type of acid 

 

    The progress of the bromoalkyl-functionalized 

units (%) of A1 and A2 with constant reaction condition [A1 or A2]/[epoxide units] = 

8 at 90°C in 10% wt ENR (18 %) in toluene was shown in Figure 5.63. It was found 

that A1 has higher efficiency to react with epoxide unit than A2. The reason can be 

explained likely in the model part.  

 

 
 

Figure 5.63 Study of the influence of type of acid: progress of the bromoalkyl-

functionalized units (%) during time (h) of A1 and A2 [A1 or A2]/[epoxide units] 

molar ratio = 8 at 90°C in 10% wt ENR (18 %) in toluene. 
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 5.3.2  ATRP of MMA using bromoalkyl-functionalized NR as initiators 

 

  The graft copolymerization of MMA from bromoalkyl-functionalized 

NR prepared from previous section was investigated using NOPMI and NODPMI.  

The polymerization of MMA from NRBr by A1 having 14 mol% of bromoalkyl units 

was first studied using [MMA]/[NRBr]/[CuBr]/[NOPMI] =115/1/1/2 at 90°C in 

toluene solution. Unfortunately, crosslinking reaction was found during the 

polymerization in the early first hour of reaction. This may be due to large quantity of 

initiating site on the NR molecular chain that might give high potential of 

recombination between active radical generated during the reaction. Then, NRBr by 

A2 containing 5.06% of bromoalkyl-functionalized NR units (NRBr-5.1) was mainly 

used as macroinitiators to initiate the graft copolymerization of MMA by ATRP. The 
1H NMR spectrum of NRBr-5.1 is shown in Figure 5.64. The evolution of graft 

copolymerizations were followed by 1H NMR and by SEC. MMA conversions were 

determined from 1H NMR spectra of crude mixtures using equation 5.10 in section 

5.1.4. Number-average molecular weights of grafts ( NMR Hn, 1M ) and MMA degree of 

PMMA grafting (G) were calculated as previously described in section 5.2.1, from 1H 

NMR spectra of the grafts copolymers isolated after precipitation in methanol, and 

then drying under vacuum until constant weight. The NRBr macroinitiator (NRBr-

5.1) used in this section contains various compositions which are bromoalkyl-

functionalized NR units (o = 5.1 %), allyl alcohol units (p = 9.5 % ), residual 

epoxidized polyisoprene units (m = 3.2 % ), 1,4-polyisoprene units (n = 76.3 % ), and 

cyclized polyisoprene units (c = 5.9 %). All of the composition and G were calculated 

from NMR Hn, 1M  using equation 5.20 and equation 5.21 in section 5.2.2.  

  The ATRP reaction was investigated in two conditions depending on 

type of ligand. The first condition is considered as normal ATRP in which the 

reaction requires CuBr complexed with amine ligand. This reaction was investigated 

in solution and in dispersed medium. Another ATRP condition is named as an 

activator generated by electron transfer or AGET-ATRP using CuBr2/amine 

ligand/reducing agent and the investigation was done in dispersed medium.  
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Figure 5.64 1H NMR spectra of NRBr-5.1  

 

  5.3.2.1  Normal ATRP process 

 

   The reaction of ATRP of MMA from NRBr macroinitiators 

was investigated in two reaction media which are in organic solution and in aqueous 

or dispersed phase. 

 

   5.3.2.1.1  Normal ATRP in solution 

 

    Normal ATRP in solution was studied using 

Cu(I)Br/NOPMI or NODPMI as catalytic systems. A preliminary study was 

performed using the following conditions: [MMA]/[NRBr units]/[CuBr]/[NODPMI] = 

220/1/1/2 at 90°C, in order to verify the feasibility of the grafting reaction. The results 

summarized in Figure 5.65a showed that MMA conversion (52 %) was found after 29 

h. The linear of an internal first order kinetic plot with respect to monomer was 

observed in the system (Figure 5.65b). Higher SECn,M  than the theoretical ones are 

obtained; this could be due to the low efficiency of bromoalkyl-functionalized units to 
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initiate graft copolymerization and also to the difference of hydrodynamic volume 

between grafted PMMA chains and polystyrenes used as standards for SEC 

measurements. Moreover, PDIs of grafted PMMAs were close to 1.5 at low monomer 

conversion (16.6 %) and close to 2 at high MMA conversion (52 %) (Figure 5.65c). 

The increase of PDIs could come from irreversible terminations between the growing 

PMMA grafts or by the transfer reactions between growing PMMA grafts and NR 

backbone. This was confirmed by comparing SEC traces of PMMA grafts recovered 

after acidolysis reaction of the graft copolymers obtained at different MMA 

conversions (Figure 5.65a).  

 

 
 

Figure 5.65 Normal ATRP of MMA initiated from NRBr-5.1 at 90°C in toluene (0.7 

wt% of NRBr) in the following conditions: [MMA]/[NRBr units]/[CuBr]/[NODPMI] 

= 220/1/1/2 in mol. (a) MMA conversion versus time. (b) First-order kinetic plots(c) 

Dependence of PDI on MMA conversion. (d) Dependence of nM  on MMA 

conversion (%) determined by SEC calibrated with polystyrene standard, respectively. 
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   Figure 5.66 shows evolution of SEC traces of PMMA grafts 

with three different MMA conversions. The SEC traces show the appearance of a 

second peak at lower retention time (≈11.5 min). Moreover, increasing of intensity of 

the peak at this retention time was found when increasing of MMA conversion of 

MMA. This may come from the irreversible terminations during polymerization. 

Beers et al. [56] showed that these side reactions are more important at high monomer 

conversion when the “grafting from” method was used to synthesize densely graft 

copolymers. This was explained by the proximity of PMMA grafts. One way to 

decrease these side reactions is to perform the graft copolymerization in dilute 

conditions and to stop the reaction at low monomer conversions. Taking into account 

these results, normal ATRP of MMA in solution was envisaged using different 

reaction conditions as shown in Table 5.9. Comparing between Run 2 and Run 3 by 

changing dilute concentration of NRBr from 2.5% to 0.7% in toluene at 90°C where 

[MMA]/[NRBr units]/[Cu(I)Br]/[NOPMI] =220/1/1/2, the decrease of polymerization 

rate was found in dilute system ( at 2.5% of NRBr, MMA conversion = 21.7% at 60 

min, and at 0.7% of NRBr, MMA conversion = 16.6% at 420 min). 

   To study the effect of ligand, the reactions in Run 4 and Run 

5 were compared in the same reaction condition. It was found that type of ligand has 

an effect on the rate of polymerization that are, at the same reaction time (1260 min) 

NOPMI provides higher MMA conversion than NODPMI with corresponding to our 

previous work with PI-Br in section 5.2.2. Bimodal curve in SEC of PMMA graft 

coming from recombination termination was also found at high MMA conversion.  

   The system of NR without modification was used in the 

ATRP at 90°C in toluene for 24 h. The result showed no polymerization occurring in 

the system. Thus, it can be confirmed that all of grafted PMMAs generated only from 

bromoalkyl-functionalized units without homopolymer formation of PMMA.  

 



 

 

Figure 5.66 Evolution of SEC traces of PMMA grafts with MMA conversion. 

Normal ATRP of MMA initiated from NRBr-5.1 at 90°C in toluene (0.7wt% of 

NRBr using [MMA]/[NRBr units]/[CuBr]/[NODPMI] molar ratio = 220/1/1/2. 
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c)Theoretical nM = [([MMA]/[NRBr]) × (MWMMA) × MMA conversion] + MW2-bromo-2-methylpropionic group, where MWMMA is the 

molecular weight of 
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Table 5.9 Characteristics of PMMA grafts obtained by Normal ATRP of MMA initiated at 90°C in toluene from NRBr-5.1. Characteristics of PMMA grafts obtained by Normal ATRP of MMA initiated at 90°C in toluene from NRBr-5.1. 

  

Run Run 

[MMA]/[NRBr units]/ [MMA]/[NRBr units]/ 

[Cu(I)Br]/[Cu(II)Br2] [Cu(I)Br]/[Cu(II)Br

/[Ligand]a) /[Ligand]a) 

NRBr-5.1 NRBr-5.1 

in toluene in toluene 

(wt/v%) (wt/v%) 

Time Time 

(min) (min) 

MMA  MMA  

Conv. Conv. 

 (%)b)  (%)b) 

Theoretical Theoretical 
2] 

nM c) 
SECn,M  d) PDI d) 

1 220/1/1/0/2 (NOPMI) 2.5 60 21.7 4941 22400 1.74 
2 220/1/2/0.1/4 (NOPMI) 2.5 60 21.4 4875 21400 1.99 
3 220/1/2/0.1/4 (NOPMI) 0.7 90 7.6 1839 11300 1.67 
   1110 32.7 7361 21600 2.05 
   1800 44.1 9869 19400 2.32 
4 220/1/1/0/2 (NOPMI) 0.7 420 16.6 3819 17300 1.71 
   1260 43.0 9627 13100 1.93 
5 220/1/1/0/2 (NODPMI) 0.7 1260 33.3 7493 20200 2.11 
   4080 55.5 12377 22000 2.21 

MMA monomer (100) and MW2-bromo-2-methylpropionic group that of initiating group remaining after cutting by acidolysis reaction (167). 

a)NOPMI= N-(n-octyl)-2-pyridylmethanimine and NODPMI = N-(n-octadecyl)-2-pyridylmethanimine 

b) Determined from 1H NMR spectra using equation 5.17. 

Fac. 

d)Determined by SEC in THF calibrated with polystyrene standards.
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   5.3.2.1.2  Normal ATRP in dispersed medium  

 

    ATRP of MMA was studied in dispersed 

medium. Previous studies on the ATRP of MMA in water-borne systems showed that 

MMA polymerization can be controlled when non-ionic surfactants with a large range 

of hydrophilic–hydrophobic balance (HLB) are used to stabilize the dispersed 

medium [48]. In our study, MMA polymerization was carried out using Sinnopal 

NP307, a non-ionic polyoxyethylene nonylphenyl ether surfactant with a HLB equal 

to 17, NRBr as an oil-soluble macroinitiator, NOPMI or NODPMI as hydrophobic 

ligand. The following molar ratios were considered: [MMA]/[NRBr]/[CuBr]/[ligand] 

= 310/1/1/2. All polymerizations were carried out at 60°C with a water-to-organic 

phase ratio equal to 77 (wt%) and an amount of surfactant of 9 wt% with respect to 

MMA. The scheme of normal ATRP in dispersed medium is presented in Figure 5.34. 

Such ATRP most likely proceeds via a suspension mechanism [97]. Kinetic studies 

for both ligands are related in Figure 5.67a and Figure 5.67b. A linear first order 

kinetic plot was obtained either using NOPMI (-C8H17) or NODPMI (-C18H37). This 

point shows a constant amount of active radicals throughout the polymerizations 

(until 80 % MMA conversion). Moreover, NOPMI (-C8H17) provided a higher 

apparent rate constant of polymerization than NODPMI (-C18H37). Such behaviour is 

probably due to the steric hindrance of the long aliphatic chain in NODPMI. This 

result has been previously reported by Perrier et al. [92] for the ATRP polymerization 

of styrene using different N-(n-alkyl)-2-pyridylmethanimines as ligands. PMMA 

grafts were isolated from NR-g-PMMA by acidolysis and then analyzed by SEC 

(Figure 5.47e). The evolution of SECn,M  and NMR Hn, 1M shows an increase with MMA 

conversion (Figure 5.67d). Moreover, NMR Hn, 1M are close to the theoretical ones 

indicating that the initiation is efficient and that there is no formation of PMMA 

homopolymer in the medium. SECn,M  values were higher than the theoretical ones 

(Figure 5.67d), also due to a difference of hydrodynamic volume of PMMA compared 

with that of polystyrenes used as calibration standards for SEC. PDIs of PMMA grafts 

close to 1.5 were found with both ligands (Figure 5.67c). With NODPMI (-C18H37), 

the increase of PDI at higher MMA conversion probably comes from recombination 
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termination between PMMA grafts. Indeed, SEC traces of PMMA grafts showed the 

appearance of a second population at lower retention times after 36.5 % MMA 

conversion (Figure 5.68). At a similar MMA conversion, NODPMI (-C18H37) (50 %, 

nDP = 285, PDI = 1.54) present a higher efficiency to control the polymerization of 

MMA than NOPMI (-C8H37) (46.5 %, nDP = 298, PDI = 1.60) (Table 5.10). This can 

be explained by a long hydrophobic chain hydrocarbon (-C18H37) in NODPMI, which 

induces a hydrophobic complex with a higher affinity with the organic phase and 

keeps the complex inside the organic droplets.  

 

 
 

Figure 5.67 Normal ATRP of MMA initiated from NRBr-5.1 at 60°C in dispersed 

medium in the following conditions: [MMA]/[NRBr]/[CuBr]/[NOPMI or NODPMI] 

= 310/1/1/2 in mol; [toluene] = 50 wt% with respect to MMA); [Sinnopal NP 307] = 9 

wt% with respect to MMA; [water] = 77 wt% with respect to organic phase (toluene 

and MMA). (a) MMA conversion versus time. (b) First-order kinetic plots (c) 

Dependence of PDI on MMA conversion. (d) Dependence of nM  on MMA 

conversion (%) determined by SEC calibrated with polystyrene standard (close 

symbol) and by 1H NMR (open symbol), respectively. 



    Grafting rates (G in wt%) were calculated from 
1H NMR spectra of the grafts copolymers isolated after precipitation in methanol, and 

then dried under vacuum until constant weight (equation 5.21 see in section 5.2.2). 

The values of G (wt%) given in Table 5.10 increase with MMA conversion and are 

close to 96 wt% (MMA conversion = 81.8 %, with NOPMI as a ligand). These results 

show that well-defined NR-g-PMMA with high content in grafted PMMA (G = 96 

wt%) could be achieved using normal ATRP in dispersed medium. Moreover, using 

NODPMI as ligand leads to PMMA grafts with a PDI of 1.4-1.5 until relatively high 

MMA conversion. Then, normal ATRP in dispersed medium has shown to be a better 

process than normal ATRP in organic medium to get well-defined NR-g-PMMA. This 

can be explained by a better control of heat transfer in aqueous medium. 

 

Figure 5.68 Evolution of SEC traces of PMMA grafts with MMA conversion. 

Normal ATRP of MMA initiated from NRBr-5.1 at 60°C in dispersed medium in the 

following conditions: [MMA]/[NRBr]/[CuBr]/[NODPMI] = 310/1/1/2 in mol; 

[toluene] = 50 wt% with respect t MMA); [Sinnopal NP 307] = 9 wt% with respect to 

MMA; [water] = 77 wt% with respect to organic phase (toluene and MMA). 
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Table 5.10 Characteristics of PMMA grafts obtained by Normal ATRP of MMA initiated at 60°C in dispersed medium from NRBr-5.1.  Characteristics of PMMA grafts obtained by Normal ATRP of MMA initiated at 60°C in dispersed medium from NRBr-5.1. 

  

Run Run [Ligand]a) [Ligand]a) 
Time Time 

(min) (min) 

MMA MMA 

conversion conversion 

(%)b) (%)b) 

Theoretical Theoretical 

nM c) 
NMR Hn, 1M d) SECn,M e) PDIe) 

G 

(wt%)f) 

1 NOPMI (-C8H17) 120 46.5 14610 12405 29800 1.60 88.63 
  240 68.1 18549 19379 40800 1.58 92.44 
  360 77.6 21290 25107 51200 1.57 94.08 
  540 81.8 24255 34013 54100 1.58 95.56 
2 NODPMI (-C18H37) 60 11.1 3612 5559 13700 1.26 77.46 
  120 26.9 8516 13059 18200 1.36 89.15 
  180 36.5 11496 17407 25500 1.39 91.65 
  300 50.0 15686 28107 28500 1.54 94.68 

a)Reactions conditions: [MMA]/[NRBr units]/[CuBr]/[NOPMI or NODPMI] = 310/1/1/2, [MMA] = 50 wt/v% with respect to toluene; 

[NRBr] = 5 wt/v% with respect to toluene; [Sinnopal NP 307] = 9 wt% with respect to MMA; [water] = 77 wt% with respect to  organic 

phase (toluene plus MMA). 
b)Determined by gravimetric method.  

e)Determined by SEC in THF calibrated with polystyrene standards. 

d)Determined from 1H NMR spectrum, according to equation 5.20. 

c)See Table 5.9. 

Fac. 

f)Determined from 1H NMR spectrum, according to equation 5.21. 
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  5.3.2.2 AGET-ATRP in dispersed medium 

 

   Although, normal ATRP performed in dispersed medium 

provides well-defined PMMA grafts onto NR backbone, it remains some limitations 

to be applied in NR latex phase. In fact, oxygen or other oxidants should be removed 

from the system prior to the addition of the catalyst in the lower oxidation state; 

therefore, the process of catalyst complex handling can be challenging. To overcome 

this drawback, AGET ATRP was applied in this work. In this technique, alkyl halides 

are used as initiators and the Cu(I)Br is generated in situ from reaction between 

Cu(II)Br2 and a reducing agent [49]. In most studies, ascorbic acid (As-acid) is used 

as reducing agent in dispersed systems [53]. As-acid easily dissolves in the aqueous 

phase of dispersed system and reduces the Cu(II) complex, either at the surface of 

organic droplets or in the aqueous phase. During the redox reaction, As-acid is 

involved in a two-electron oxidation to yield dehydroascorbic acid. Because the 

resulting Cu(I) complex is more hydrophobic than Cu(II) one, the reduction process 

essentially drives the active catalyst back into the droplets, which provides an 

additional handle to control the polymerization. To leave some excess of Cu (II) 

species to regulate ATRP, a substoichiometric amount of reducing agent must be 

used. 

 

 
 

   Then, a preliminary study on the AGET ATRP of MMA has 

been performed. Results are reported in Table 5.11. Comparing between Run 1 and 

Run 2 where the initial molar ratio [MMA]/[NRBr units]/[CuBr2]/[NODPMI] was 

equal to 78/1/1/3, the effect of amount of As-acid was studied. A decrease of the rate 

of polymerization was found when a lower amount of As-acid was used. This 

decrease could be explained by a decrease of the amount of in situ Cu(I) complex in 

the medium. Moreover, higher experimental number average molecular weights than 
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experimental ones are obtained. Also, high PDIs and bimodal SEC traces have been 

observed (Run 1 and Run 2, Table 5.11). Such behaviour is consistent with ill-defined 

PMMA grafts due to termination reactions. This could be ascribed to a high 

concentration of radicals in the reaction mixture, resulting from a high concentration 

of As-acid added. So, even 0.2 equivalent of As-acid for 1 equivalent of CuBr2 is too 

high to establish a dynamic equilibrium between active and dormant species. Then, in 

another set of experiments, the effect of adding smaller amount of Cu(II) complex and 

As-acid was examined (Run 3 and Run 4, Table 5.11). 

  

Table 5.11 Characteristics of PMMA grafts synthesized by AGET ATRP of MMA 

initiated at 60°C in dispersed medium from NRBr-5.1. 

 

 

Run 

[MMA]/ 

[NRBr units]/ 

[CuBr2]/[ligand]/ 

[As-acid]a) 

NRBr-

5.1 

(g) 

Time

(min)

MMA

Conv.

 (%)b)

Theoretical
d) PDI d) Notef)

SECn,M
nM c) 

1 78/1/1/3/0.5 

(NODPMI) 

1 300 69.6 5595 27000 3.7 Bi 

2 78/1/1/3/0.2 

(NODPMI) 

1 660 40.5 3326 13000 2.4 Bi 

3 310/1/0.4/1.2/0.18 

(NODPMI) 

0.25 660 4.4 1531 20600 1.4 Uni 

   780 5.2 1779 21700 1.5 Uni 

4 310/1/0.4/1.2/0.18 

(NOPMI) 

0.25 540 3.4 1221 13400 2.4 Bi 

a)Reaction conditions: [NRBr] = 5 wt/v% with respect to toluene, [Sinnopal NP 

307] = 9 wt% with respect to MMA. 
b)Determined by gravimetric method. 
c)See Table 5.10 
d)Determined by SEC in THF calibrated with polystyrene standards. 
f)The feature of SEC trace of separated PMMA grafts. 
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   PDIs lower than 1.5 and unimodal SEC traces were was 

found at low MMA conversion. And then, the effect of ligand structure was also study 

(Run 3 and Run 4, Table 5.11). NODPMI showed higher efficiency to control system 

than NOPMI by AGET ATRP of MMA in dispersed medium (NODPMI: 4.4 % 

MMA conversion after 660 min and PDI = 1.39; NOPMI: 3.4 % MMA conversion 

after 540 min and PDI = 2.38).  

   Taking into account these results, a deeper study on the 

AGET ATRP of MMA was investigated using the following molar ratios: 

[MMA]/[NRBr units]/[CuBr2]/[ligand]/[As-acid] = 310/1/0.4/1.2/0.08 at 60°C. Figure 

5.69b shows a linear first order kinetic plot using either NOPMI or NODPMI as 

ligands. This involves a constant concentration of radicals in the system. However, 

low MMA conversions were reached as 4.4 % after 580 min and 14 % after 330 min 

are obtained using NODPMI and NOPMI, respectively. NOPMI (-C8H17) provided a 

higher apparent rate constant than NODPMI like in the normal ATRP of MMA in 

dispersed medium. After acidolysis of NR-g-PMMA, PMMA grafts were purified by 

precipitation in hexane. The product was filtered and dried under vacuum at room 

temperature until constant weight (see in the experimental section), and then 

characterized by SEC (Figure 5.47d). An increase of SECn,M of PMMA grafts with 

MMA conversion and thus, until 25 % of MMA conversion, was observed (Figure 

5.69d). However, higher experimental number average molecular weights than 

theoretical ones have been obtained. This could be due to the difference of 

hydrodynamic volume of PMMA and polystyrene used as standards to calibrate SEC 

apparatus, or to a low initiation efficiency. A low initiation efficiency could be 

explained by a low amount of active in situ Cu(I) complex due to a low amount of As-

acid introduced in the reaction medium. 
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Figure 5.69 AGET ATRP of MMA initiated from NRBr-5.1 at 60°C in dispersed 

medium in the following conditions: [MMA]/[NRBr]/[CuBr2]/[ligand]/[As-acid] = 

310/1/0.4/1.2/0.08 mol; [toluene] = 5 w/v with of NRBr; [Sinnopal NP 307] = 9 wt% 

with respect to MMA; [hexadecane] = 3.5 wt% with respect to MMA; [water] = 77 

wt% with respect to organic phase (toluene plus MMA) (a) MMA conversion versus 

time. (b) First-order kinetic plots(c) Dependence of PDI on MMA conversion. (d) 

Dependence of nM  on MMA conversion (%) determined by SEC calibrated with 

polystyrene standard. 
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Figure 5.70 Evolution of SEC traces of PMMA grafts with MMA conversion. AGET 

ATRP of MMA initiated from NRBr-5.1 at 60°C in dispersed medium in the 

following conditions: [MMA]/[NRBr]/[CuBr2]/[ligand]/[As-acid] = 

310/1/0.4/1.2/0.08 mol; [toluene] = 5%w/v of NRBr; [Sinnopal NP 307] = 9 wt% 

with respect to MMA; [hexadecane] = 3.5 wt% with respect to MMA; [water] = 77 

wt% with respect to organic phase (toluene plus MMA) 

 

   SEC traces of PMMA grafts synthesized by AGET ATRP in 

dispersed medium showed an unimodal distribution with a shift of chromatograms to 

high molecular weights (Figure 5.70). PDIs of PMMA grafts are close to 1.6 (Figure 

5.69c). In comparison with the normal ATRP in dispersed medium, the AGET ATRP 

leads to lower MMA conversions, to higher SECn,M  than theoretical ones, and to 

higher PDIs. 
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5.4 Thermal properties  
 

 The thermal properties of NR and modified NR i.e. ENR, bromoalkyl-

functionalized NR and NR-g-PMMA were investigated using differential calorimetry 

(DSC) and thermograimetry (TGA). 

 

 5.4.1 Thermal property of epoxidized NR (ENR) 

 

  The thermal property of ENR before addition of 2-

bromoalkylcarboxylic acid was investigated by DSC and TGA. It was found that the 

Tg of ENR shifted from -69 of NR to -60.2oC. The TGA thermogram of ENR-18 that 

the initial decomposition temperature (Tid) starts at 376.28oC and the final 

decomposition temperature (Tfd) is at 431.96 oC. This result is according to that 

reported in the literature.  

 

 5.4.2 Thermal properties of bromoalkyl-functionalized NR  

 

  The thermal properties of ENR after modifying with A1 and A2, 

resulting in formation of NRBr were investigated. 

  Figure 5.71 displays the Tg of NRBr by A1 analyzed from DSC at 

different degree of bromoalkyl units. It was noticed that Tg of NRBr increases with 

increasing the amount (mole %) of bromoalkyl-functionalized NR units. It may be 

due to the fact that the presence of bromoalkyl-functionalized unit on the NR chain 

inhibits the moving of the molecular chain of NR, therefore higher energy is required. 

In addition, the addition of bromoalkyl acid on the epoxide ring of ENR resulted in 

formation of hydroxyl groups which may form hydrogen bonding between chains, 

hence increasing of Tg.  

  In the case of NRBr by A2 similar results as in NRBr by A1 were 

obtained. It was noticed in Figure 5.72 that Tg of NRBr increases with the amount 

(mol %) of bromoalkyl-functionalized NR units.  
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Figure 5.71 Progress of Tg of Bromoalkyl-functionalized NR at various amountd of 

bromoalkyl-funtionalized unit of NRBr by A1, prepared from the reaction of 

[A1]/[Epoxide unit]molar ratio = 10 at 90ºC for 6 h in 10% w/v of ENR in the toluene 

solution using DSC (scanning rate 20 °C/min). 

 

  
 

Figure 5.72 Progress of Tg of Bromoalkyl-functionalized NR at various amounts of 

bromoalkyl-funtionalized unit NRBr by A2, prepared from the reaction of 

[A2]/[Epoxide unit] molar ratio = 2 at 90ºC for 6 h in 10% w/v of ENR in the toluene 

solution using DSC (scanning rate 20 °C/min). 
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  From the TGA thermogram (Figure 5.73) of NRBr by A1, it shows two 

TGA responds of Tid at 246 and 328.98 °C. The first response at 246 °C gave the Tfd 

at 278 °C which was attributed to the decomposition temperature of grafted 

bromoalkyl-functionalized NR unit on the NR chain. The second response due to the 

degradation of NR was found in range of 382.98 to 464.69 °C. Figure 5.73b exhibits 

the weight loss (%) maximum at 254°C of NRBr at various amount of bromoalkyl 

units and it was found that the weight loss (%) increases with the number of mole (%) 

of bromoalkyl-functionalized NR unit.  

  In the case of NRBr by A2, TGA thermograms in Figure 5.74 shows 

also two TGA responses; 246 to 278 °C and 382.98 to 464.69 °C. Similar to the case 

of NRBr by A1, in this case the first decomposition temperature range was attributed 

to the decomposition of grafted bromoalkyl-functionalized NR unit and the second 

range was due to the degradation of the NR backbone. It was noticed also in Figure 

5.74b that weight loss (%) maximum determined at 254 °C of NRBr increases with 

the number of mole (%) of bromoalkyl-functionalized NR unit. 
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(a) 

 
 (b) 

 

Figure 5.73 TGA thermogram of NRBr by A1 having difference bromoalkyl-

functionalized unit (mol%) A = 4.1, B = 4.9, C = 6.5, D = 6.9, E = 9 (a) and progress 

of weight loss at 254°C with degree of bromoalkyl-functionlized units of NRBr (b), 

preparing from ENR (18% of epoxide unit), using [A1]/[Epoxide unit] molar ratio = 

10 at 90ºC for 6 h in 10% w/v of ENR in the toluene solution. 
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(a) 

 
(b) 

 

Figure 5.74 TGA thermogram of NRBr by A2 having difference bromoalkyl-

functionalized unit (mol%) A = 1.6, B = 2.2, C = 2.7, D = 2.8, E = 3.7 (a) and 

progress of weight loss maximum at 254°C with degree of bromoalkyl-functionlized 

units of NRBr (b) preparing from ENR (18% of epoxide unit), using [A2]/[Epoxide 

unit] molar ratio = 2 at 90ºC for 6 h in 10% w/v of ENR in the toluene solution. 
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 5.4.3  Thermal properties of NR-g-PMMA  

 

  Two Tgs were found on the DSC curves of the NR-g-PMMA samples 

analyzed when their content in grafted PMMA were higher than about 65 %, one 

corresponding to the glass transition assigned to cis 1,4-polyisoprene structures in NR 

(Tg1 from -15°C to -13°C) and the other to PMMA grafts (Tg2 from 99°C to 115°C). 

This result means that in the range of the following compositions: 65 wt% < G < 88 

wt%, the sample adopts a two-phase morphology. This can be explained by the 

difference of polarity between the NR backbone and PMMA grafts, as previously 

shown [98, 99]. On the other hand, an increase of Tg1 was found with the increase of 

PMMA content of NR-g-PMMA and in same time Tg2 tends to shift toward Tg of 

pure PMMA grafts (117°C) (Table 5.12). This shows an increase of the 

intramolecular stiffness of each of the phases in the material, and may be also 

attributed to an increasing trend of chemical interactions within the domains. It can be 

noticed that grafting of PMMA higher than 60 weight percent alters the elastic 

character of NR. It is recommended to lower the degree of PMMA grafts. 

 

Table 5.12 Thermal behaviour of NR-g-PMMA copolymers synthesized via ATRP 

technique.  

 

Sample 
Ga) 

(wt%) 
NMR Hn, 1M  SECn,M  PDI Tg1

b) Tg2
b) 

NR - - - - -62 - 
ENR-17.8 - - - - -35 - 
NRBr-5.1 - - - - -24 - 

NR-g-PMMA1 60.8 - - - -15 - 
NR-g-PMMA2 83.0 2230 16100 1.8 -14 99 
NR-g-PMMA3 85.5 2660 18000 1.8 -12 109 
NR-g-PMMA4 87.3 3070 18900 1.8 -13 115 
PMMA grafts - - 18900 1.8 - 117 

a)Determined from 1H NMR spectrum, according to equation 5.21. 
b)Determined by DSC (analyses conditions are described in experimental part). 
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CHAPTER VI 

CONCLUSIONS 

 

 
 Well-defined graft copolymer between natural rubber and poly(methyl 

methacrylate) (NR-g-PMMA) is successfully prepared by Atom Transfer Radical 

Polymerization (ATRP) in various systems. Active sites on molecular chain of NR 

were created by fixation of bromine atom via a two-step chemical modification: 

epoxidation and nucleophilic addition. The epoxidation was carried out using in situ 

performic acid generated from formic acid and hydrogen peroxide in latex state. The 

epoxidized natural rubber (ENR) was then reacted with bromoalkyl carboxylic acid. 

The resulting rubber containing bromine atom was used as macroinitiator to initiate 

graft polymerization of MMA by ATRP technique and the reaction was done in 

various conditions. In this study, three types of starting materials were used; 4-

methyloct-4-ene (a model compound of NR), synthetic cis-1,4-polyisoprene and 

natural rubber. The following conclusion was drawn from our results. 

 

Part 1 Study on the model compound of natural rubber  

 

 1.1) The epoxidation of 4-methyloct-4-ene using m-chloroperbenzoic acid 

(CPBA) in dichloromethane (CH2Cl2) resulted in formation of 4,5-epoxy-4-

methyloctane (1), a model of bromoalkyl-functionalized unit of NR.  

 1.2) The evidence in 1H NMR analysis revealed that nucleophilic addition of 2-

bromopropionic acid (A1), and 2-bromo-2-methylpropionic acid (A2) on the oxirane 

ring of 1 was essentially occurred according to an SN2 mechanism with fixation of the 

bromoalkyl intiating species on the least substituted carbon of the oxirane ring (β-

addition), forming O-(2-hydroxy-2-methyl-1-(n-propyl)pentyl)-2-bromopropionate (2) 

and O-(2-hydroxy-2-methyl-1-(n-propyl)pentyl)-2-bromoisobutyrate (4), respectively. 

 1.3) Moreover, the epoxide ring opening reaction was accompanied by secondary 

reaction of epoxide rearrangement (formation of two allyl alcohols; 2-(n-propyl)hex-1-
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en-3-ol, and 5-methyloct-5-en-4-ol) due to the acidity of the reaction medium. The 

yield of 1:1 addition was notably influenced by the acidity of the acid reagent: the 

better yield was obtained with A1 which shows a stronger acid character than A2, 

because of the lower number of electron-donating methyl groups on the α-carbon of 

carboxyl function. 

 1.4) Polymerization of MMA by ATRP technique was successfully initiated in 

toluene from 2 and 4 and the polymerization rate together with polydispersity indexes 

(PDI) of the resulting PMMA were affected by the type of amine ligands: N-(n-octyl)-

2-pyridylmethanimine (NOPMI), N-(n-octadecyl)-2-pyridylmethanimine (NODPMI) 

and 1,1,4,7,7-pentamethyldiethylenetriamine (PMDETA).  

 1.5) The best condition to obtain a good control of number-averaged molecular 

weights ( SECn,M ) and PDI (≈1.1-1.2) of PMMA was found when MMA 

polymerization was performed at 90°C in toluene, using mole ratio of 

[MMA]0/[4]0/[CuBr]0/[NOPMI]0 equal to 115/1/1/2.  

 

Part 2 Study on synthetic cis-1,4-polyisoprene  

 

 2.1) Bromoalkyl-functionalized polyisoprene (PIBr) was successfully prepared 

from a synthetic polyisoprene (PI) via a two-step chemical modification procedure as 

in the model compound. Partial epoxidized PI (EPI) was carried out using CPBA in 

CH2Cl2, which could be analyzed quantitatively by 1H NMR. The addition of the A2 

occurs according to an SN2 mechanism with fixation of the acid group on the less 

substituted carbon of the oxirane ring (β-addition) and is competed with secondary 

reactions of rearrangement of the oxirane ring and cyclization reaction. 

 2.2) ATRP of MMA using three ligands, divided in two categories - bidentate 

(NOPMI and NODPMI) and tridentate (PMDETA), were compared. An internal first 

order kinetic plot with respect to monomer and the number-average molecular weight 

( nM ) of PMMA with MMA conversion withdrawn from 1H NMR analysis show that 

the ATRP is an efficient technique to prepare PI-g-PMMA with a considerable good 

control of nM and PDI of PMMA grafts. 
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 2.3) The chromatogram of PMMA grafts isolated from acidolysis using 

trifluoroacetic acid was particularly well highlighted that PMMA grafting initiated 

from low level of bromoalkyl functionalized unit (PIBr-1.3) showed better control of 

first order kinetic plot with MMA conversion and PDI than in the case of PIBr-3.1 in 

the condition using Cu(I)Br complexed with a bidentate amine ligand, i.e. NOPMI or 

NODPMI, in a 1:2 molar ratio, as catalytic system.  

 

Part 3 Study on natural rubber  

 

 3.1) Transformation of NR into bromoalkyl-functionalized NR (NRBr), 

macroinitiator for ATRP could be successsfully prepared via a two-step chemical 

modification procedure similar to PIBr condition. Bromoalkylcarboxylic acid (A1 or 

A2) successfully reacted with epoxidized NR (ENR) prior synthesis from the reaction 

of NR latex with in situ performic acid. The evidence from 1H NMR shows also that 

the nucleophilic addition occurs according to an SN2 mechanism with fixation of the 

acid group on the less substituted carbon of the oxirane ring (β-addition) similarly in 

the model and PI.  

 3.2) The amount of bromoalkyl-functionalized unit, residual epoxide unit and 

formation of external allyl alcohol units occurred via a rearrangement of oxirane rings 

because of the acidity of the reaction medium could be calculated from 1H NMR 

spectrum. Moreover, the addition of bromoalkyl acid upon oxirane rings of epoxidized 

units increased with the increase of reaction time, reaction temperature, and the 

concentration of acid with respect to the epoxidized units and dramatically depend 

upon type of acid. A1 provides the better adding on to the oxirang ring similarly in the 

model part.  

 3.3) Graft copolymerization of MMA by ATRP initiated from NRBr by A1 and 

A2 were explored and it was found that the grafting from NRBr by A1 is dominated 

by crosslink product, while well-defined NR-g-PMMA initiated from NRBr by A2 

could be produced without the formation of homopolymerization of PMMA. Study of 

ATRP of MMA from NRBr by A2 was carried out by normal ATRP (in solution and 

dispersed media), and AGET ATRP in dispersed media using CuBr and NOPMI or 

NODPMI. Normal ATRP in solution performed at 90°C using the following molar 
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ratios: [MMA]/[NRBr units]/[CuBr]/[NODPMI] = 220/1/1/2, resulted in PMMA grafts 

with PDIs close to 1.7 at low MMA.  

 3.4) Higher efficiency to control the graft copolymerization was observed when 

normal ATRP was carried out in dispersed system, and more especially when 

NODPMI was used as amine ligand to complex Cu(I)Br. A linear increase of the 

SECn,M  with MMA conversion and an internal first order kinetic plot with respect to 

monomer were observed until 80 % of MMA conversion. PDI of PMMA grafts 

obtained from acidolysis were close to 1.5 at low MMA conversion. 

 3.5) Using AGET ATRP in dispersed medium, it was noted that the molar ratios 

[NRBr]/[CuBr2]/[As-acid] dramatically affected the control of the graft 

copolymerization. Best results were obtained when the following conditions were 

respected: [MMA]/[initiating units]/[CuBr2]/[ligand]/[As-acid] = 310/1/0.4/1.2/0.08 at 

60°C. 

 3.6) The comparison of the three different processes shows that well-defined NR-

g-PMMA with a high amount of PMMA grafts (96 wt%) could be obtained using 

normal ATRP in dispersed media. Moreover, using NODPMI as ligand leads to 

PMMA grafts with PDIs of 1.4 until 50 % MMA conversion. 

 3.7) Thermal properties of NR-g-PMMA copolymers were studied by Differential 

Scanning Calorimetry (DSC). Two Tgs were characterized on the DSC curves of the 

graft copolymers whose contents in grafted PMMA were higher than 65 wt%, which is 

one of characteristics of thermoplastic elastomer materials. Indeed, the presence of 

two Tgs, one at low temperature (-15°C to -12°C) and the other at higher temperature 

(99°C to 115°C) is significant of the presence of a biphasic system composed of an 

elastic phase and a thermoplastic phase. 

 

 In summary, the use of ATRP to prepare graft copolymers of PMMA based NR 

is shown interestingly because the method developed here provides the possibility to 

prepare graft copolymers with varied contents in PMMA grafts without the 

contamination of homopolymer which might offer a good control and reproducibility 

of the final properties.  
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APPENDIX A 

 

 
1H-NMR data 

 

4,5-epoxy-4-methyloctane (1): 0.82-0.92 (t, 6H, CH3-CH2-), 1.16 and 1.20 (s, 3H, 

CH3- on oxirane ring (cis and trans respectively)), 1.23-1.58 (m, 8H, -CH2-), 2.63 (t, 
3J12 = 5.0 Hz, 1H, -CH- on oxirane ring). 

 

O-(2-hydroxy-2-methyl-1-(n-propyl)pentyl)-2-bromopropionate (2): 0.83-0.87 (t, 6H, 

CH3-CH2-), 1.08, 1.09, and 1.11 (s, 3H, -C(OH)(CH3)- (diastereomers)), 1.14-1.73 

(m, 8H, -CH2-), 1.78 (d, 3J12 = 6.3 Hz, 3H, -OC(O)CH(CH3)Br), 4.31-4.39 (q, 1H, -

OC(O)CH(CH3)Br), 4.88 (t, 1H, -CH(OC(O)CH(CH3)Br). 

 

O-(2-methyl-1-(n-propyl)pent-2-enyl)-2-bromopropionate (3): 0.78-0.88 (t, 6H, CH3-

CH2-), 1.31-1.56 (m, 4H,-CH2-CH2-), 1.59 (s, 3H, =C(CH3)-), 1.78 (d, 3J12 = 6.3 Hz, 

3H, -OC(O)CH(CH3)Br), 1.91-2.04 (q, 2H, CH3-CH2-HC=), 4.00 (t, 1H, -

CH(OC(O)CH(CH3)Br)-), 4.31-4.39 (q, 1H, -OC(O)CH(CH3)Br), 5.40 (t, 1H, -CH2-

HC=). 

 

O-(2-hydroxy-2-methyl-1-(n-propyl)pentyl)-2-bromoisobutyrate (4): 0.83-0.88 (t, 

6H, CH3-CH2-), 1.10 and 1.12 (s, 3H, -C(CH3)(OH)- (diastereomers)), 1.35-1.67 (m, 

8H, -CH2-), 1.89 (s, 6H, -OC(O)C(CH3)2Br), 4.89 (t, 1H, -CH( OC(O)C(CH3)2Br).  

 

O-(2-methyl-1-(n-propyl)pent-2-enyl)-2-bromoisobutylrate (5): 0.78-0.88 (t, 6H, 

CH3-CH2-), 1.31-1.56 (m, 4H, -CH2-CH2-), 1.54 (s, 3H, =C(CH3)-), 1.85 (s, 6H, -

OC(O)C(CH3)2Br), 1.91-2.04 (q, 2H, CH3-CH2-HC=), 4.00 (t, 3J12 = 6.3 Hz, 1H, -

CH(OC(O)C(CH3)2Br)-), 5.40 (t, 3J12 = 6.8 Hz, 1H, -CH2-HC=).  
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- Side products  

 

2-(n-propyl)hex-1-en-3-ol (6): 0.78-0.88 (t, 6H, CH3-CH2-), 1.31-1.56 (m, 6H, -CH2-

CH2-C=,-CH2-CH2-), 1.91-2.04 (t, 2H, -CH2-C=), 3.99 (t, 3J12 = 6.1 Hz, 1H, -

CH(OH)-), 4.93 (d, 2J11  = 54.6 Hz, 2H,-C(=CH2)-). 

 

5-methyloct-5-en-4-ol (7): 0.82-0.91 (t, 6H, CH3-CH2-), 1.31-1.56 (m, 4H, -CH2-CH2-

), 1.59 (s, 3H, =C(CH3)-), 1.91-2.04 (quint, 2H, CH3-CH2-HC=), 3.90 (t, 3J12 = 6.8 Hz, 

1H, -CH(OH)-), 5.28 (t, 3J12 = 6.6 Hz, 1H, -CH2-HC=). 

 

PI (cis-1,4-polyisoprene): 1.69 (-C(CH3)=CH-), 2.03 (-CH2-), 5.13 (-C(CH3)=CH-). 

 

EPI: 1.30 (-(CH3)
O

C CH-), 1.69 (-C(CH3)=CH-), 2.03 (-CH2-), 2.72 (-(CH3)
O

C CH-), 

5.13 (-C(CH3)=CH-). 

 

PIBr: 1.20 (-C(CH3)(OH)-CH(OC(O)C(CH3)2Br)-), 1.30 (-(CH3)
O

C CH-), 1.69 –

(C(CH3)=CH-), 2.03 (-CH2-), 1.98 (-C(CH3)2Br), 2.72 (-(CH3)
O

C CH-), 4.05 (-CH2-

C(=CH2)-C(OH)H-), 4.90 (-C(CH3)(OH)-CH(OC(O)C(CH3)2Br)-), 4.97 (doublet, 
2JHH = 54 Hz, -CH2-C(=CH2)-C(OH)H-) , 5.13 (-C(CH3)=CH-). 

 

PI-g-PMMA: 0.9-1.23 (-CH3 of PMMA grafts), 1.69 (-C(CH3)=CH-), 2.72 (-

(CH3)
O

C CH-), 3.57 (-OCH3 of PMMA grafts), 5.13 (-C(CH3)=CH-).  

 

PMMA grafts: 0.9-1.23 (-CH3 of PMMA backbone), 2.03 (-CH2-), 3.57 (-OCH3). 

 

NR: 1.67 (-CH2-C(CH3)=CH-CH2-), 2.03 (-CH2-), 5.13 -CH2-C(CH3)=CH-CH2-. 

 



Lapporn Vayachuta  Appendiex / 184  
 

ENR: 1.30 (
O

(H3C)C CH CH2CH2 ), 1.67 (-CH2-C(CH3)=CH-CH2-), 2.03 (-CH2-), 

2.72 (
O

(H3C)C CH CH2CH2 ), 5.13 (-CH2-C(CH3)=CH-CH2-). 

NRBr: 1.20 (-C(CH3)(OH)-CH(OC(O)C(CH3)2Br)-), 1.30 

(
O

(H3C)C CH CH2CH2 ), 1.67 (-CH2-C(CH3)=CH-CH2), 1.98 (-C(CH3)2Br), 2.03 

(-CH2-), 2.72 (
O

(H3C)C CH CH2CH2 ), 4.05 (-C(=CH2)-CH(OH)-), 4.90 (-

C(CH3)(OH)-CH(OC(O)C(CH3)2Br)-), 4.97 (doublet, 2JHH = 54 Hz, -CH2-C(=CH2)-

CH(OH)-), 5.13 (-CH2-C(CH3)=CH-CH2-). 
 

NR-g-PMMA: 0.9-1.23 (-CH3 of PMMA backbone), 1.67 (-C(CH3)=CH-), 2.03 (-

CH2-), 2.72 (-C(CH3)OCH-), 3.57 (-OCH3), 5.1 (-C(CH3)=CH-).  
 

PMMA grafts: 0.9-1.23 (-CH3 of PMMA backbone), 2.03 (-CH2-), 3.57 (-OCH3). 

 
13C NMR characterization 
 

NR: 23.4 (-CH2-C(CH3)=CH-CH2-), 26.5 (-CH2-C(CH3)=CH-CH2-), 32.2 (-CH2-

C(CH3)=CH-CH2-), 125.2 (-CH2-C(CH3)=CH-CH2-), 135.2 (-CH2-C(CH3)=CH-CH2-

). 
 

ENR: 22.1 (
O

(H3C)C CH CH2CH2 ), 23.4 (-CH2-C(CH3)=CH-CH2-), 26.5 (-CH2-

C(CH3)=CH-CH2-), 32.2 (-CH2-C(CH3)=CH-CH2-), 60.8 

(
O

(H3C)C CH CH2CH2 ), 64.4 (
O

(H3C)C CH CH2CH2 ), 125.2 (-CH2-

C(CH3)=CH-CH2-), 135.2 (-CH2-C(CH3)=CH-CH2-). 

 

NRBr: 23.4 (-CH2-C(CH3)=CH-CH2-), 26.5 (-CH2-C(CH3)=CH-CH2-), 32.2 (-CH2-

C(CH3)=CH-CH2-), 53.2 (-OC(O)C(CH3)2Br), 74.5 (-C(CH3)(OH)-

CH(OC(O)C(CH3)2Br), 76.0 (-C(=CH2)-CH(OH)-), 109.5 (-C(=CH2)-CH(OH)-), 
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125.2 (-CH2-C(CH3)=CH-CH2-), 135.2 (-CH2-C(CH3)=CH-CH2-), 151.6 (-C(=CH2)-

CH(OH)-), 171.5 (-OC(O)C(CH3)2Br). 

 

NR-g-PMMA: 23.4 (-CH2-C(CH3)=CH-CH2-), 26.5 (-CH2-C(CH3)=C-CH2-), 32.2 (-

CH2-C(CH3)=CH-CH2-), 125.2 (-CH2-C(CH3)=CH-CH2-), 135.2 (-CH2-C(CH3)=CH-

CH2-), 179.7 (-C(O)C of PMMA).  
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APPENDIX B 
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Figure B1 General mechanism of schiff base condensation reaction 

 

 
 

Figure B2 1H NMR spectrum of N-(n-octyl)-2-pyridylmethanimine (NOPMI) 
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Figure B3 13C NMR spectrum of N-(n-octyl)-2-pyridylmethanimine (NOPMI) 
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Figure B4 1H NMR spectrum of N-(n-octadecyl)-2-pyridylmethanimine (NODPMI) 
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Figure B4 13C NMR spectrum of N-(n-octadecyl)-2-pyridylmethanimine (NODPMI) 
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APPENDIX C 

 

 

Table C1 Progress of weight loss (%) at 254°C with degree of bromoalkyl-

functionlized units of NRBr (%) preparing from ENR (18% of epoxide unit) in the 

toluene solution. 

 

Bromoalkyl-

functionalized units 

by A1 (mol %) 

Weight loss (%) 

Bromoalkyl-

functionalized units 

by A2 (mol %) 

Weight loss (%) 

4.1 13.6 1.6 9.3 

4.9 15.5 2.2 10.5 

6.5 17.4 2.7 12.1 

6.9 18.5 2.8 12.6 

9.0 21.1 3.7 13.3 
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