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ABSTRACT: Thermal polymeric iniferters (PI) based on poly(dimethylsi1oxane) (PDMS) bearing thi- 
uram disulfide groups along the chain were synthesized and characterized. For this (secondary amine) 
a,w-bis-terminated PDMS were synthesized by the hydrosilylation reaction of silyl hydride terminated 
PDMS with allyl-N-methylamine. The macrodiamines of different molecular weights were transformed to 
the poly(thiuram disulfides) (or polymeric iniferter) by the thiocarbamylation reaction and oxidative cou- 
pling. The polymeric iniferters containing varying prepolymer segment lengths were characterized by vis- 
cometric, elemental, spectral, and differential scanning calorimetric analyses. The self-dissociation as well 
as the induced thermal dissociation of the PI was studied from the intrinsic viscosity variation with time. 
Polymerization of methyl methacrylate (MMA), styrene (ST), and acrylamide in presence of the PIS led to 
formation of multiblock copolymers containing PDMS and poly(MMA), polystyrene, or polyacrylamide 
segments and whose structures and compositions depended upon the PI structure, the monomer-PI ratio, 
and the extent of monomer conversion. Multiblock copolymers with a relatively larger number of alternat- 
ing blocks and higher PDMS content were formed more easily in the case of styrene than in the case of 
MMA under identical conditions. Kinetics of polymerization studied in the case of MMA revealed that 
the polymeric iniferters are as efficient as their microanalogues from the point of view of their initiating 
and chain-terminating properties. DSC analyses of the block copolymers showed demixing of the siloxane 
blocks with the vinyl blocks when the siloxane chain length was more than 2000. When acrylamide was 
used as a monomer, amphiphilic block copolymers with different solubility characteristics were obtained. 

Introduction 
Polysiloxanes are characterized by certain salient fea- 

tures like thermooxidative stability, low-temperature pro- 
cessability, water repellancy, high gas permeability, impact 
resistance, etc. However, they possess poor mechanical 
properties, which limits their applicability. Incorpora- 
tion of polysiloxane into conventional vinyl copolymers 
to form the block copolymers has been considered to  bring 
about drastic improvements in the above-mentioned prop- 
erties of the latter. There exist several preparative meth- 
ods for silicone-vinyl block copolymers. Anionic living 
polymerizations of cyclic siloxanes and vinyl monomers 
are the prominent ones among But the method 
is limited to anionically polymerizable monomers. Another 
method is based on the Pt-catalyzed polycondensation 
of cu,w-SiH-terminated PDMS with a,w-divinyl-termi- 
nated vinyl polymem6 A generalization of this tech- 
nique has led to the synthesis of a series of block copol- 
ymers of PDMS with various blocks of addition or con- 
densation Some free-radical methods have recently 
been introduced for the synthesis of PDMS-vinyl block 
copolymers. Crivello reported the use of bis(sily1 pina- 
co1ate)-incorporated PDMS as macroinitiators for the poly- 
merization vinyl monomers leading to their multiblock 
copolymers with PDMS." Inoue made use of poly(az0- 
containin siloxaneamides) to  effect similar syn- 
thesis.""' The  block copolymers reported by Crivello 
contain easily hydrolyzable Si-0-C bonds in the poly- 
mer backbone, which may lead to  easy chain degrada- 
tion in humid conditions. Inoue's method is limited to  
the formation of only triblocks in the case of monomers 
like MMA, which terminate mostly by disproportion- 
ation. 

We have recently demonstrated applicability of the ther- 
mal initiator-chain transfer-terminator (iniferter) prop- 
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erties of the alkylthiuram disulfides to  the perfect a,w- 
difunctionalization of vinyl monomers by polymeriza- 
tion of the latter using the required functional thermal 
iniferter.l3pI4 An extension of the technique led to the 
synthesis of thiuram disulfide containing poly(phosph0- 
namides) as polymeric iniferters for the polymerization 
of vinyl monomers giving rise to phosphonamide-vinyl 
block cop01ymers.l~ In this paper we describe the syn- 
thesis of thiuram disulfide containing PDMS-based poly- 
meric iniferters (PI) and their applicability for the syn- 
thesis of siloxane-vinyl multiblock copolymers. This paper 
describes the synthesis and the characterization of the 
PIS of different siloxane chain lengths and molecular 
weights. The synthesis and characterization of the block 
copolymers of PDMS with MMA, styrene, and acryla- 
mide having different compositions are discussed along 
with a brief kinetic study in the case of MMA. 

Experimental Part 
Materials. The monomers methyl methacrylate (MMA) and 

styrene were purified by vacuum distillation from CaH, while 
acrylamide was recrystallized from THF. SiH-terminated PDMS 
was supplied by RhBne-Poulenc while allyl-N-methylamine was 
supplied by Fluka. CS,, I,, and H,PtCl, (Aldrich) was used as 
received. Toluene, HCCl,, triethylamine, and THF were dis- 
tilled from CaH,. 

Instruments. 13C and 'H NMR spectra were recorded using 
Bruker 50- and 60-MHz NMR spectrometers, respectively. IR 
spectra were recorded on a Perkin-Elmer 983 spectrometer. DSC 
analyses were carried out using a Perkin-Elmer DSC I1 coupled 
with a thermal analysis data station at a heating rate of 20 "C/ 
min. Viscosity measurements were done on a capillary type 
viscometer. Molecular weights were determined by a Shi- 
madzu GPC calibrated using polystyrene and PMMA stan- 
dards and THF as eluent. The detection was done by refrac- 
tive index while the elution volume rate was maintained at 1 
mL/min. Vapor pressure osmometry (VPO) measurements were 
carried out on a Knauer VPO in toluene using low molecular 
weight PDMS as standards. 

Synthesis of a,w-Bis[(N-methylamino)propyl]poly(di- 
methylsiloxane). In a typical experiment, 15 g of SiH-termi- 

0 1990 American Chemical Society 



1362 Nair and Clouet Macromolecules, Val. 23, No. 5, 1990 

pling using I, led to the formation of the polymeric 
iniferters. The overall reaction scheme can be depicted 
as follows: 

nated PDMS ( M ,  9 3050) was mixed under argon with 1.5 mL 
of allyl-N-methylamine containing 15 mg of H,PtCl, dissolved 
in it. The system was heated slowly with agitation to 90 O C  

over a period of 90 min, and then the temperature was increased 
to 120 "C during another I h and maintained at this tempera- 
ture for about 12 h. The excess amine was removed under vac- 
uum at this temperature. The resulting product was freed of 
the catalyst by dissolving it in heptane and water washing. The 
solution after drying over Na,SO, was freed of the heptane under 
vacuum. It was characterized by end-group analysis, NMR, and 
viscometry. The other diamines were synthesized exactly under 
similar conditions. 

Synthesis of Polymeric Iniferter. The above diamine (14 
g) was dissolved in 50 mL of CHCl,. To this were added 2 mL 
of triethylamine and 0.7 g of CS,. The system was allowed to 
react for about 1 h at room temperature. A solution of I, in 
CHC1, was then added dropwise under agitation until the vio- 
let color of I, persisted. Toward the end, the iodine addition 
was done very slowly. The CHC1, solution was washed with 
water and then dried over Na,SO, for at least 1 day. The 
CHC1, was evaporated off under reduced pressure at room tem- 
perature. Quantitative yield of a brown greasy product was 
obtained. Characterization was done by elemental and spec- 
tral analyses and viscometry. 

Alternatively, the synthesis could be effected in heptane solu- 
tion, in which case the triethylamine hydroiodide formed pre- 
cipitated and was removed by filtration. The heptane was evap- 
orated off t o  get the polymeric iniferter, which was kept in the 
cold and in the dark until use. 

Polymerization. The polymerization was effected in sealed 
evacuated glass tubes. The tube containing the monomer and 
the PI was deaerated by several cycles of freezing and thawing 
and then sealed under vacuum (1 mm). The polymerization 
was done in electrically controlled thermostates. After the poly- 
merization, the contents was dissolved in THF and precipi- 
tated into methanol. The unreacted PI was removed by thor- 
ough extraction with petroleum ether in the cold. The poly- 
mers were dried under vacuum at 40 "C. They were characterized 
by elemental analysis for Si and by GPC for molecular weight. 
For kinetic studies, the conversions were limited to less than 
7 % .  In such cases, the polymer precipitated in MeOH was col- 
lected on a sintered-glass crucible, dried, and weighed. The 
rate of polymerization was determined from the time-conver- 
sion plots. 

For acrylamide, the polymerization was done in THF. The 
copolymer formed, precipitated in the medium, which was fil- 
tered, washed with THF, and dried. The block copolymers were 
characterized for the overall composition by the analysis for Si. 

Results and Discussion 
Since thiuram disulfides are known to behave as initi- 

ators, chain-transfer agents, and polymer radical termi- 
nators during thermal vinyl polymerization; all the poly- 
mer chains formed in their presence are invariably end- 
capped with their fragments. Hence, when they are 
incorporated in a polymeric backbone, polymerization of 
vinyl monomers in their presence should be expected to  
lead to multiblock copolymers by extension of the prin- 
ciple of iniferters. This special feature of the thiuram 
sulfide moiety has already been exploited by us for the 
synthesis of phosphonamide block copolymers with MMA 
and styrene. In the present study, we wanted to extend 
this technique to  the synthesis of siloxane-vinyl block 
copolymer. This necessitated the synthesis of PDMS bear- 
ing thiuram disulfide groups in their backbone for use as 
thermal iniferter for the polymerization of vinyl mono- 
mer, 

Synthesis and Characterization of PDMS-Based 
PI. (Secondary amine) a,w-bis-terminated PDMS's were 
synthesized by the hydrosilylation reaction using SiH- 
terminated PDMS and allyl-N-methylamine. Subse- 
quent chain extension of the macrodiamine by the thio- 
carbamylation reaction using CS2 and oxidative cou- 

SIC H C H, N H 

CH, H,CCH, 
n 2 

7 c m  c 2 5  

The hydrosilylation reaction is widely applied to the 
synthesis of qw-bifunctional polysiloxanes for further poly- 
mer  modification^.'^"^ Side reactions involving the silyl 
hydride groups and other inadvertently present impuri- 
ties are frequent in this reaction. Normally, the catalyst 
for the reaction H,PtC1, is employed as an alcoholic solu- 
tion (isopropyl alcohol or tert-butyl alcohol). In this case 
part of the SiH groups reacts with alcohols to give non- 
functional chain ends, thereby leading to a decrease in 
the end functionality of the modified PDMS.,*17 We also 
found that when isopropyl alcohol is used as a solvent 
for H,PtCl, in the presence of the allylamine, a large 
proportion of the SiH bonds reacts with the alcohol. In 
this particular case, the hydrosilylation reaction with allyl- 
N-methylamine was found to be very slow. Very high 
temperatures (120 "C) and prolonged reaction times (10- 
12 h) were required for the complete reaction of the SiH 
bonds. Under these circumstances, competitive side reac- 
tions are probable. In a model reaction using tetrame- 
thyldisiloxane and allyl-N-methylamine in the presence 
of an isopropyl alcohol solution of H,PtCl, and subse- 
quent isolation of the product by fractional distillation, 
about 35% of the product isolated corresponded to the 
one where isopropyl alcohol had reacted a t  one end and 
allylamine on the other. The 'H NMR of this product 
(1) (mixture of isomers) is given in Figure 1 with the assign- 
ments: 

CH3 CH3 CH3 I I I CH3CHOHCH3 

I I HzPCIe 
CH3 CH3 

HSi-0-SiH + CH,=CHCH,NH 

H,C, CH, CH3 CH3 CH3 CH3 CH3 CH3 
I I I I I I I 

CHOSi-O-Si(CH,),NH + NH(CH,),Si -O-Si(CH,),NH 
/ I  I I I 

CH, CH, H3C CH3 CH3 

1 2 

However, when polymers were employed, the extent 
of side reactions could be minimized in consistency with 
the observation of others. It was found that H,PtC1, forms 
a clear solution in allyl-N-methylamine. Hence, this solu- 
tion was directly employed for the synthesis. The progress 
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Figure 1. 'H NMR (CDC1,) of the isopropyl alcohol adduct 
of the hydrosilylation reaction. 

of the reaction was followed by monitoring the disappear- 
ance of the IR absorption a t  2135 cm-', due to the SiH 
bond. The macrodiamines, when characterized by end- 
group analysis and molecular weight, revealed an aug- 
mentation in molecular weight during the hydrosilyla- 
tion reaction. This has arisen from the partial hydroly- 
sis of SiH bonds by the inadvertently present water in 
PDMS and subsequent condensation of SiOH bonds. 
(Since this side reaction was not detrimental to the func- 
tionality of the polymers, no attempts were made to per- 
fectly dry the reaction medium). 

A good agreement between the end-group analysis and 
the molecular weight confirmed the bifunctionality of the 
resulting polymer. Analytical data pointed out to the 
absence of any reaction involving SiH and NH groups. 
When the diamines were characterized by 13C NMR spec- 
troscopy, evidences were obtained for the hydrosilyla- 
tion reactions taking place both in the anti-Markovni- 
kov and the Markovnikov manner. The Markovnikov 
adduct amounted to 58% for PDMS having molecular 
weight 400 and 40% for the rest as estimated from the 
13C NMR spectra. A typical 13C NMR spectrum can be 
seen in Figure 2 for one such diamine. 

The chain extension of the diamines was carried out 
by reaction with CS, and I,. The mechanism of chain 
growth involves coupling of the bis(dithiocarbamy1) rad- 
icals as follows: 

sts' 

I 3 2  

I , I 

60 50 &O 30 20 x) 0 
b ( P P m )  

Figure 2. 13C NMR (CDC1,) of the amino-terminated PDMS 
(molecular weight 1550). 

By this reaction, which is a radical chain extension reac- 
tion, high molecular weight poly(thiuram disulfides) hav- 
ing the "degree of chain extensions" up to 25 were formed. 
As in a step reaction, the DP would be dependent on the 
functionality of the diamines and the extent of reaction. 
The reaction of amines is quantitative, as evidenced from 
the amount of I, consumed and the proportion of N and 
S in the isolated product. The characteristics of the 
diamines and their PIS are given in Table I. The poly- 
meric iniferters were characterized by elemental analy- 
ses (Table 11) and NMR (13C and 'H). Figure 3 shows a 
typical 13C NMR spectrum of a poly(thiuram disulfide). 
I t  is interesting to note the complete downward shift of 
all C-N signals in the disulfide. N-CH, groups in the 
two isomers can be well distinguished in the 13C NMR 
of their thiuram disulfides. The molecular weights were 
determined by VPO for the oligomer designated as PI, 
and its prepolymers and from intrinsic viscosity for the 
rest using toluene as solvent. The literature values of K 
and a of PDMS were chosen for the molecular weight 
calculation from [ T ]  under the assumption that the small 
amount of thiuram disulfide groups does not alter them 
significantly. The relationship used is [v] = 21.5 X 
10-51@.65 dL/g (in toluene a t  25 "C; in this equation M 
corresponds to the molecular weight determined by os- 
mometry"). 

In this study, three types of Si-H PDMS compounds 
of &I,, = 400,1070, and 3050 were used. Table I lists the 
details regarding the characteristics of the diamines and 
their poly(thiuram disulfides). Since the polymer chain 
buildup by the chain-extension reaction will be limited 
by the presence of monofunctional PDMS, by the rela- 
tive proportion of the amine and CS, concentration (amine 
in excess), and by the extent of reaction, this reaction in 
a sense resembles a step-growth polymerization between 
the diamine and CS,. Hence, the molecular weights of 
P I  should be sensitive to the variation in the functional- 
ities of the prepolymers. As there may be inevitable error 
in the functionality determination from the molecular 
weight by viscometry and end-group analyses, no attempt 
was made to quantitatively correlate the P I  molecular 
weight and the amine functionality of this "step-growth'' 
type reaction. The bifunctionality was indirectly evi- 
dent from the high molecular weight of the coupled poly- 
mers. The step-growth nature of the coupling reaction 
was exemplified in a typical experiment where the molec- 
ular weight of the PI was followed as a function of the 
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Table I 
Characteristics of the Prepolymers and Polymeric Iniferters 

M ,  of Si-H- M,, after NH, ifn of polymeric degree of ref for the 
terminated PDMS hydrosilylation % functionality iniferter chain extension polymeric iniferter 

400 625" 5.10 2.12 4400" 5.7 PI, 
1090 1550 1.74 1.82 44200 26.0 PI, 
3050 4500 0.55 1.65 101000 22.0 PI3 
3050 4690 0.62 1.92 61000 12.6 PI, 

a By VPO. 

Table I1 
Elemental Analysis of the Poly(thiuram disulfides) 

C H N S Si 
mol wt  of the macrodiamine calc found calc found calc found calc found calc found 

625 35.95 36.81 7.47 7.62 3.52 3.63 16.10 15.63 25.14 24.19 
1550 33.90 34.25 7.77 7.90 1.65 1.62 7.52 7.69 31.30 30.61 
4500 32.96 33.06 7.98 8.07 0.64 0.53 2.75 2.92 35.40 34.98 

2 

6+6'  [C[J 

220 200 180 140 120 100 80 60 - 2  2 3  0 
6 I ~ ~ m l  

Figure 3. 13C NMR (CDCl,) of the poly(thiuram disulfide) 
(PI,). 
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Figure 4. Variation of molecular weight as a function of the 
extent of oxidation for PI,. 

extent of oxidative coupling by regulating the concentra- 
tion of the oxidizing agent (I2). Figure 4 shows the evo- 
lution of molecular weight in this case. I t  was found that, 
initially, the increase in molecular weight is very insig- 
nificant and, toward the end of the reaction, the increase 
was tremendous, resembling the case of a step reaction. 

As in any step reaction, the molecular weight of the P I  
can be controlled either by the extent of oxidation or by 
the addition of calculated amounts of monofunctional com- 
pounds (secondary amines). Alternately, this can be real- 

ized by decreasing the concentration of CS, in the reac- 
tion system. The elemental analysis for the PI cited in 
Table 11, shows a good consistency between the observed 
and theoretical ones for a given prepolymer molecular 
weight. An excellent rapport between N and S contents 
rules out the possibility for any nucleophilic reaction 
between the SiH and the Amine, as may normally be antic- 
ipated. 

Solubility and Thermal Characteristics of the 
PI. The PI had similar characteristics as PDMS, except 
for the shorter siloxane chain lengths (PI, SCL 625) where 
insolubility in heptane resulted, due to the large propor- 
tion of the thiuram disulfide groups. Thermogravimet- 
ric analysis showed a weight loss between 160 and 210 
"C due to the decomposition and eventual evolution of 
CS,. DSC showed an exotherm between 160 and 210 "C 
corresponding to this reaction of the thiuram disulfide 
groups. The activation energy for the thermal decompo- 
sition, calculated by the method of Rogerslg corre- 
sponded to 640 kJ/mol (of thiuram disulfide). The Tgs 
of the P I  of different SCL did not show any marked trend 
with composition. Weak exotherms due to crystalliza- 
tion were to be seen in their DSC for these PI (PI, and 
PI,, 172 K; PI,, 210 K). In SCL 4700 (PI,), a single 
endotherm was observed a t  230 K, whereas for SCL 1550 
(PI,) and 625 (PI,) three very prominent endotherms prob- 
ably corresponding to fusion of the specific crystallites 
were to be seen a t  191,199, and 202 K, respectively. The 
crystallization a t  lower temperature in short SCL-PI might 
be aided by the specific interaction between the thiuram 
disulfide groups. Similar strong physical interactions are 
known to exist between C=S groups in poly(carbon di- 
sulfide). In short SCL-PIS (PI, and PI,), the glass tran- 
sitions were ill-defined. Figure 5 shows typical DSC ther- 
mograms of the PIS. I t  is noteworthy that PI, and PI, 
have high molecular weights. Despite that, the differ- 
ence in temperatures for the various physical phenom- 
ena shows that they are functions of the flexible seg- 
ments between the thiuram disulfide groups and not the 
entire molecule. 

Since the thiuram disulfides can undergo thermal scis- 
sion, it was of interest to study the change in molecular 
weight of the polymeric iniferters by thermal aging. When 
the thermal decomposition was performed in the solid 
state a t  90 "C, it was found that the change in molecu- 
lar weight was not very significant, whereas in toluene 
solution the decomposition was much more rapid as can 
be seen in Figure 6. I t  may be that, in the solid state, 
due to the limited translational degree of freedom and 
the absence of a third body, the macroradicals produced 
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Figure 5. DSC thermograms: A, PI,; B, PI,; C, PI,. Heating 
rate 20 OC/min. 
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Figure 6. Thermal degradation in toluene solution: *, PI,; A, 
PI, + 0.5% AIBN; O, PI,; 0, PI, + 0.5%AIBN. 

are not easily scavenged and are terminated to a great 
extent by recombination. At 90 "C, the thiuramyl radi- 
cals do not lose CS,. In toluene solution, secondary reac- 
tion of the macroradicals leading to the easy chain deg- 
radation is possible. The chain degradation was much 
more rapid when a free-radical source was introduced by 
the decomposition of AIBN. Figure 6 also illustrates this. 
In this case, the primary radicals either can undergo chain- 
transfer reaction with the macroiniferter a t  the S-S link- 
age or can couple with the macroradicals, in either case, 
causing an easy chain degradation. This observation fur- 
ther substantiates the proposed mechanism of block copol- 
ymer formations by chain transfer and radical cross- 
coupling when PI is used to initiate a vinyl polymeriza- 
tion. 

AIBN - R' 

R' + [PSS-1, -+ [PSf,R + [PS'], x + y = n 

R' + [PS'], - [PSf,R 

The thermal degradation of the PI to the "monmpers" 
was nearly complete in 24 h a t  90 "C. 

Block Copolymer Synthesis. Since the thiuram di- 
sulfide groups carried on the polysiloxane backbone can 
act at the same time as initiators, chain-transfer agents, 
and polymer radical terminators, polymerization of vinyl 
monomers in their presence should lead to perfect multi- 
block copolymers. The reaction scheme for the block copol- 
ymer formation can be depicted as follows in an ideal 
case: 

One can envisage the polymer growth as an insertion 
of the vinyl block across the disulfide linkage between 

two PDMS blocks. Evidently in such a synthesis, the 
vinyl block length and the number of blocks would be a 
function of the PI concentration, its composition, and 
the extent of monomer conversion. In this study, block 
copolymers of MMA and styrene with PDMS were syn- 
thesized by the bulk polymerization of the vinyl mono- 
mer with the required PI. But for acrylamide, the copo- 
lymerization was effected in T H F  and the polymer pre- 
cipitated in the medium was isolated by filtration. The 
copolymers of MMA and styrene were prepared using 
the PI,, PI,, and PI, at  different concentrations and mono- 
mer conversions. In each case, the polymers were first 
precipitated in MeOH and then purified by repeated 
extraction with petroleum ether a t  room temperature. 
The Soxhlet extraction was avoided since the hot sol- 
vent is known to dissolve out the polymers richer in pol- 
ysiloxane. The compositions of the copolymers were deter- 
mined from the silicon content and molecular weights. 

Kinetics of Polymerization of MMA. The kinetics 
of polymerization of MMA using iniferters and poly- 
meric iniferters has been extensively carried In 
previous studies, the iniferter properties were well dem- 
onstrated. In this study, with a view to understand the 
initiating efficiency, as well as the extent of primary rad- 
ical termination, which contributes to the mechanism of 
block copolymer formation, the kinetics of polymeriza- 
tion of MMA was carried out a t  70 "C,  using PI,. The 
rates of polymerization (R,), determined gravimetrically 
as a function of the iniferter concentration, are quoted 
in Table 111. The kinetic expression relating the R, and 
the [PI] in a limited concentration range, is of the 
form15 

RN2 + A*2[PI] 
1 + 2B*[PI]/[M] 

R,2 = 

where RPo is the rate of thermal polymerization in the 
absence of catalyst and A* and B* are complex con- 
stants, which are measures of the initiating, as well as 
the polymer radical terminating capacities of the PI as 
described e1~ewhere.l~ Using a computer program A* and 
B* of eq 1 were resolved using the experimental data in 
Table 111. Figure 7 shows the RP2 vs [PI] plot using these 
constants. Within experimental limits, the experimen- 
tal points conform to the theoretical curve. As the PI 
concentration increases, a retardation effect can be seen 
which is due to the participation of the thiuramyl radi- 
cals in termination reactions coupled with the degrada- 
tive chain transfer to the iniferter. Table I11 enlists the 
kinetic constants pertaining to the polymerization of MMA 
under these conditions. The overall thermal dissocia- 
tion constant (2fkd) calculated from A* shows that they 
are comparable to those of simple iniferters. 

Block Copolymer Synthesis at Fixed PI Concen- 
tration. The block copolymers were synthesized using 
PI, and PI, (or PI,) at fixed concentration for the poly- 
merization of MMA and styrene to different conversion 
levels. The details are given in Tables IV and V. Knowl- 
edge of the global composition and the molecular weight 
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Table 111 
Rate of Polymerization and Kinetic Constants at 70 O C  

[PI] x io4,= mo1.L-I 1.21, 2.42, 4.85, 9.71, 18.20, 36.41 
R, x LO5, mol-L-'.s-' 1.88, 2.39, 4.18, 5.fi, 6.27, 7.1 
A *, L-1/2.mol'/?s-1 2.114 X 
2/dd, SKI 2.174 X 
H* 2729 

a Expressed in terms of the molar concentration of the thiuram 
disulfide groups. 
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Figure 7. Dependence of R on [PI]: (-) regression curve, (0) 
experimental points, (- -) tteoretical prediction for a normal 
initiation. 
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Figure 8. Evolution of molecular weight (&I ) of the block copol- 
ymers with monomer conversion: *, MMA-h,; A, styrene-PI,; 
0, MMA-PI,; 0, styrene-PI,. 

permitted calculation of the number of A-B sequences. 
For this &lip values (mass corresponding to the maxi- 
mum in the GPC) were adopted, since they represent 
the true molecular weight in narrow distributed poly- 
mers. It was found that the molecular weight of the poly- 
mers increased with an increase in monomer conversion 
with a concomitant decrease in silicone content. The vari- 
ations of molecular weight with conversion in monomer 
are illustrated in Figure 8. This substantiates the mech- 
anism of polymer growth by the successive insertion of 
the vinyl block across the disulfide linkage. This behav- 
ior is similar to the one reported for the synthesis of block 
copolymers using aromatic polysulfides as polymeric chain- 
transfer agentsz1 Since the copolymers prepared a t  lower 
conversions contain active disulfide groups (as evi- 
denced from the DSC analysis), they were aged in tolu- 
ene a t  90 "C for 3 days in order to dissociate any resid- 
ual disulfide group. It was found that, in most of the 
cases, considerable changes in molecular weight and their 
distribution were observed (refer to Tables IV and V). 
Figure 9 shows the representative GPC curves in such a 
case. It can be seen from Tables IV and V that the aver- 

l l l i l ~ ~ ~ ~ ~ ~ ~ l  

10 1' ; 2  13 l i  15 16 1J  18 19 2 3  
E l u t i o n  v o l u m e  i V i  

Figure 9. Typical GPC traces for a block copolymer: left curve, 
before aging; right, after aging. 

1 2  

Figure 10. Evolution of the monomer-iniferter ratio during 
polymerization: *, MMA-PI,; A, MMA-PI,; 0, styrene-PI,; 0 ,  
styrene-PI,. 

10 1' 1 2  13 16 15 1 6  * '  18 19 20 
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Figure 11. Representative GPC traces of block copolymers pre- 
pared at complete conversion: left curve, polystyrene-PDMS 
(PDMS = 8.2%); middle curve, PMMA-PDMS (PDMS = 9.5%); 
right curve, PMMA-PDMS (PDMS = 5.6%). 

age block numbers increase slightly with conversion. For 
calculation of the average block number in the aged poly- 
mer in a series, the vinyl block length of the copolymer 
obtained at  the highest conversion was adopted not with- 
standing the error involved in assuming that the vinyl 
block length does not change during the course of poly- 
merization. The assumption has been made only to dem- 
onstrate the evolution of the block structure during the 
course of polymerization. It has further been observed 
that the silicone content in high conversion polymer does 
not decrease significantly after aging. The average vinyl 
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Table IV 
Characteristics of the Block Copolymers Obtained at Different Conversion Levels Using PI, 

av vinyl block 
PDMS mol wt before aging mol wt after aging length in no. of A-B 

polymerizn conversn, content, Ih, x IhWx IhPx M,, x Mw x MPx unaged blocks in the [ M] / [PI] 
conditions 90 wt 70 io-' I I polym aged polym residual 

MMA, bulk 7.5 10.89 4.6 16.3 13.9 3.5 3.9 7.8 7.6 2.0 14000 2.00 
[PI,] = 10 w/v 70 20 8.09 6.4 25.9 22.6 4.0 4.1 9.2 9.1 2.2 19300 2.38 
temp = 85 "C 40 6.58 8.0 21.0 17.7 2.6 4.7 9.5 9.3 2.0 24 135 2.45 
[M]/[PI] = 9.4 by wt  64 4.27 10.3 32.3 24.5 3.1 5.2 11.1 10.7 2.1 38 100 2.81 
styrene, bulk 17.8 8.60 10.7 27.0 19.2 2.5 7.0 18.7 3.9 2.6 18000 5.60 
[PI,] = 8 W / V  70 33.0 8.36 11.7 31.5 22.2 2.7 7.8 19.8 15.8 2.5 18540 6.30 
temp = 90 "C 49.6 7.40 8.6 24.0 19.2 2.8 8.5 21.8 17.8 2.5 20950 7.10 
[M]/[PI] = 11.3 by wt 71.0 6.25 13.5 37.5 25.5 2.8 10.5 28.0 21.6 2.7 25000 8.60 

Table V 
Characteristics of the Block Copolymers Obtained at Different Conversion Levels Using PI, and PI, 

9.41 
8.86 
7.65 
4.55 

11.25 
11.01 
9.75 
6.59 

av vinyl block 
PDMS mol wt before aging mol wt after aging length in no. of A-B 

polymerizn conversn, content, Mn x M W x  MPx M " X  M w x  M p x  unaged blocks in the [M]/[PI] 
conditions % w t  % IO4 I low4 lo-' I polym aged polym residual 

MMA, bulk 8.5 11.40 6.0 13.5 8.6 2.2 4.4 9.1 8.3 2.0 36500 0.95 9.46 

temp = 85 "C 40 7.40 15.5 31.7 26.5 2.0 9.8 21.2 17.8 2.2 58700 2.03 7.80 
[M]/[PI] = 9.4 by wt 64 5.10 24.5 59.5 50.4 2.4 18.0 42.6 36.0 2.4 87300 4.12 4.90 
styrene, bulk 20 11.31 18.7 38.7 31.7 2.1 10.0 25.3 20.9 2.5 36850 3.67 12.14 
[PI,] = 8 w/v  % 35 9.83 19.7 42.3 39.3 2.1 12.3 26.5 22.2 2.1 43 100 3.88 12.03 
temp = 90 "C 77 7.14 22.9 61.7 56.1 2.7 21.2 45.8 39.3 2.1 61 100 6.87 6.81 

[PI,] = 10 w/v  % 17 10.80 8.7 18.7 16.4 2.1 6.9 12.0 10.6 1.7 38700 1.21 9.43 

[M])[PI] = 11.3 by wt  90 7.60 19.4 51.6 45.3 2.6 19.1 50.1 44.2 2.6 57 150 7.73 
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Figure 12. Copolymer composition as a function of PI concen- 
trationat completemonomer conversion: from bottomup, MMA- 
PI,, MMA-PI,, styrene-PI,, and styrene-PI,. 
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Figure 13. Variation of the extent of PI consumption with its 
concentration at complete monomer conversion: *, MMA-PI,; 
A, MMA-PI,; 0 ,  styrene-PI,; 0, styrene-PI,. 

block length per PDMS chain in the unaged polymer was 
also found to increase with conversion. It was possible 
to calculate the ratio of the unreacted PI and the resid- 
ual monomer during the polymerization, and these data 

4.52 

ILO IIO 100 eo 60 LO 20 o 
6 ( p p m )  

Figure 14. 13C NMR (CDCl,) of a polystyrene-PDMS copol- 
ymer. 

are also carried on in Tables IV and V and graphically 
shown in Figure 10 for different cases. However, this 
calculation ignored the disulfide groups on the once-re- 
acted PI. The [M]/[PI] ratio does not change for about 
35% conversion for ST and 15% conversion for MMA, 
and thereafter it decreases. This may be due to  the fact 
that the increasing viscosity of the medium causes restric- 
tions on the reactivity of the PI  and that, for subsequent 
polymerization, the iniferters already carried on the vinyl 
block are also utilized. The shape of the plots indicates 
a better functionalization for styrene. This is attribut- 
able to the better initiator efficiency in styrene coupled 
with its higher chain-transfer constant when compared 
to MMA as has already been observed in previous 
studies.14 The decrease in [M]/[PI] ratio during poly- 
merization should kinetically be expected to  cause a 
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Table VI 
Copolymerization Conditions and Copolymer Characteristics for MMA at Complete Conversion 

polymerizn 
conditions 
PI,, 85 "C 
bulk 

PI,, 85 "C 
bulk 

concn of 
PI, w/v % 

20 
30 
40 
10 
16.7 
25 
33.3 

mol wt av no. of unreacted av vinyl 

7.40 9.0 18.4 15.4 2.0 2.42 65 58 800 
8.10 7.7 15.7 13.6 2.0 2.34 74.6 53 300 
9.50 6.7 12.7 11.5 1.8 2.32 77.7 44 750 
2.58 5.1 11.7 10.1 2.3 1.7 75.7 58 530 
3.47 3.9 7.3 7.3 1.9 1.64 80.5 43 120 
4.61 3.1 5.9 4.9 1.9 1.46 82.6 32 060 
5.55 2.5 4.5 3.5 1.8 1.25 84.3 26 380 

PDMS in the 
copolym, wt % &in X Mw X &fp X I A-B blocks PI, % block length 

Table VI1 
Copolymerization Conditions and Copolymer Characteristics for Styrene at Complete Conversion 

mol w t  polymerizn concn of PDMS in the av no. of unreacted av vinyl 
conditions PI, w/v % copolym, wt % hfn X hfw X &fp X I A-B blocks PI, % block length 

PI,. 85 O C  5 3.21 19.3 38.0 
buik 

PI,, 85 ' 
bulk 

8.3 
13.3 
20 
30 
40 

'C 6.7 
11.7 
16.7 
20.2 

5.25 
8.46 

10.65 
15.06 
17.70 
5.00 
7.55 

12.00 
14.20 

14.4 27.2 
10.8 19.8 
8.4 15.6 
7.3 13.0 
7.2 11.6 

13.3 34.1 
8.7 21.2 
7.6 18.5 
4.4 12.1 

26.3 2.0 1.86 
22.1 1.9 2.53 
15.3 1.8 2.83 
12.3 1.8 2.86 
10.5 1.8 3.47 
9.6 1.6 3.75 

25.6 2.5 8.26 
16.7 2.4 8.13 
14.5 2.4 11.20 
10.9 2.8 11.10 

41.9 
42.8 
42.4 
51.8 
54.5 
60.0 
32.4 
41.6 
34.8 
36.4 

137 200 
82 180 
49 230 
38 170 
25 660 
21 140 
29 450 
18 980 
11 340 
9 360 

decrease in the vinyl block length as the polymerization 
advances, but it may in a sense be compensated by the 
reduced PI  reactivity or reduced terminations in increas- 
ingly viscous medium. Block copolymers bearing as many 
as three A-B blocks were easily formed for MMA and 
up to eight A-B blocks for styrene. GPC analysis did 
not give any evidence for homopolymers formed by ther- 
mal polymerization, which would be expected to have very 
high molecular weights. Since the reaction system always 
contains residual PI  even a t  very high conversion, their 
formation cannot normally be anticipated. 

Block Copolymer Synthesis by Total Conversion. 
In order to have an understanding of the evolution of 
copolymer composition and structure at total conver- 
sion, polymerizations of MMA and S T  were effected at  
10070 conversion using different concentrations of the 
PI. The polymerization was continued at  high temper- 
atures for 3 days to ensure complete monomer conver- 
sion and thermal destruction of all residual disulfide 
groups. The results are compiled in Tables VI and VII. 
A systematic increase in silicone content can be seen with 
a corresponding decrease in molecular weight and block 
numbers as the P I  concentration increases. The average 
vinyl block length also decreases. Interestingly, all the 
copolymers produced at  100% monomer conversion had 
a satisfactory molecular weight distribution, a feature quite 
uncommon in high-conversion radical polymerization. In 
most of the cases, the polydispersity indices were in the 
range 2-2.5. Representative GPC curves at  10070 con- 
version are shown in Figure 11. The variation of the copol- 
ymer composition with the iniferter concentration is rep- 
resented in Figure 12. In all cases, good amounts of resid- 
ual, unreacted but decomposed PI were recuperated. Only 
a fraction of the P I  is consumed to form the copolymer. 
This fraction decreases as the PI concentration increases. 
The unreacted fraction is significant in the case of MMA. 
The enhanced consumption of P I  by styrene is due to 
the reason already mentioned. This behavior is shown 
in Figure 13. 

It becomes evident that  large proportions of iniferters 
are required to synthesize silicon-rich block copolymers. 
The copolymers were characterized also by the 13C NMR. 
A representative NMR can be found in Figure 14 for a 

Table VI11 
Details of Silicone-Acrylamide Copolymer Synthesis 

silicone 
reaction [PI], conversn, content, 

conditions w/v 90 % wt % 

PI,, THF 0.25 20 0.90 
[MI = 2.11 mo1.L-l 0.5 18.6 1.11 
temp = 70 "C 1.0 21 2.11 

1.5 15 5.76 
2.0 19 7.10 
2.5" 12 17.80 

PI,, THF 1.5 14.5 2.90 
[MI = 1.88 mo1.L-l 2.76 8.0 5.23 
temp = 70 "C 

solubility 
in water 

soluble 
soluble 
swelling 
insoluble 
insoluble 
insoluble 
soluble 
soluble 
after 

swelling 

a At 80 "C. 

poly( styrene- b-siloxane). 
Synthesis of Poly(acrylamide-bsiloxane). The syn- 

thesis of these polymers containing the two blocks dif- 
fering widely in their solubility characteristics was real- 
ized by using PI, and PI, for the thermal polymerization 
of acrylamide. T H F  was used as the reaction medium. 
The polymer, when formed, precipitated out in the 
medium. Since in this case, the copolymer precipitates 
during the propagation, formation of multiblock poly- 
mer may not be effective. They may be to the most tri- 
block copolymers, containing reactive thiuram disulfide 
groups. Table VI11 gives the reaction conditions and the 
composition of the copolymers formed. They were char- 
acterized for their overall composition. Polymers with 
low silicone content were soluble in water, but the water 
solubility decreased drastically with a slight increase in 
silicone content. The water solubility depended also on 
the SCL. For SCL 625, polymers containing up to 5% 
were soluble whereas with SCL 4700 insolubility arose 
even a t  2% PDMS. The water-insoluble polymers were 
found to be soluble in no other solvents. They had a 
tendency to swell slightly in THF. Under the synthetic 
conditions, the polymers have to be linear. Hence, the 
insolubility must be arising from the strong phase segre- 
gation between like segments, giving way to physical cross- 
linking. The soluble polymers must be able to serve as 
amphiphilic polymers for related applications. 
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Figure 15. Glass transition behavior of different copolymer in 
DSC analyses: A, polystyrene-PDMS (PDMS = 14%, SCL 1550); 
B, PMMA-PDMS (PDMS = 9.5%, SCL 4600); C, polystyrene- 
PDMS (PDMS = 17.7%, SCL 4600). Heating rate 20 OC/min. 

Physical Properties of the Block Copolymers. The 
copolymers retained the solubility characteristics of the 
vinyl polymers a t  low silicone content. But when the 
silicone content increased, they had a tendency to swell 
in heptane, a solvent for PDMS. DSC analyses showed 
the two distinctive Tgs of the elastic block, as well as the 
vitrous block pointing toward the microphase separa- 
tion of the blocks for SCL 4500. But for shorter SCL 
(1550), the DSC analysis showed phase mixing, leading 
to a unique T,. Figure 15 shows some typical DSC ther- 
mograms. In phase-separated polymers, both Tgs were 
slightly more elevated than those of the respective 
homopolymers. This increase is a further consequence 
of the microphase separation. Similar behavior has already 
been noted in silicone-vinyl block copolymers.12”‘ 

Conclusion 
Polymerization of vinyl monomers using PDMS- 

based thermal polymeric iniferters renders an alternate 
radical route to the synthesis of silicone-vinyl block copol- 
ymers. Choice of the desired PI  concentration and proper 
reaction conditions can lead to the perfect formation of 
well-defined multiblock copolymers of narrow molecular 
weight distribution. This method is specially advanta- 
geous for low silicone content block copolymers. Since 
the dithiocarbamyl groups are thermally and chemically 
stable, a t  least to the same extent as the vinyl monomers 
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and the block copolymer differs only in its mode of syn- 
thesis, they can be expected to have similar mechanical 
properties and thermomechanical profiles to the silicone- 
vinyl block copolymers already reported.lo*l2 
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