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Sequence  D ist ri bu t ion-G lass Trans it i on 

Effects. II. Alkyi Methacrylate/Vinyl 
Chloride Copolymers 

K. W. JOHNSTON 

Reseakch and Development 
Union Carbide Corporation 
Bound Brook, S e w  J e r s e y  08805 

A B S T R A C T  

The g lass  transit ion t empera tu res  of cyclized and un- 
cyciized alkyl methacrylate/vinyl chloride copolymers have 
been measured  and found to differ from values predicted 
using conventional glass transit ion prediction relationships. 
An additive relationship was  developed that r e l a t e s  the 
sequence distribution of the copolymer to  the  polymer glass 
transit ion tempera ture .  Using th i s  relationship,  good 
agreement  between experimental  and sequence distribution 
predicted g lass  t rans i t ions  was found. 

I N T R O D U C T I O N  

A number of proper t ies  of copolymers and t e rpo lymers  have been 
shown to  be influenced by the  sequence distribution of the polymer. 
These  proper t ies  not only include the po lymer ' s  NMR, UV, and 1R 
spec t r a ,  but also such proper t ies  as the rma l  stability, oxidative 
stabil i ty,  and enzymatic degradation [ 11. In a previous paper [ 21 
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532 JOHXSTON 

we derived general equations for relating polymer sequence dis- 
tributions to the property of glass transition temperzture and 
verified these relationships e?qerimentally using a series of butyl 
methacrylate/vinyl chloride copolymers. 

This work [ 31 utilizes the general concept proposed in our first 
paper that large deviations in polymer glass transitions can be 
obtained by changing the s te r ic  and/or polar relationships of one 
monomer unit with its adjacent monomer units through varying the 
sequence distribution of the polymer. Sequence distribution-glass 
transition effects a r e  reported for methyl methacrylate/vinyl 
chloride, cyclized methyl methacrylate/vinyl chloride, and cyclited 
butyl methacrylate/vinyl chloride polymers. 

E X P E R I M E N T A L  

P r e p a r a t i o n  of P o l y m e r s  

The preparation of methyl methacrylate/vinyl chloride [ 41 
(>IM/rx/VCl) and butyl methacrylate/vinyl chloride ( BMA/VCl) [ 21 
copolymers was discussed in detail in previous papers. With one 
exception, all polymers were prepared in 2-butanone at 55°C from 
freshly distilled monomers which contained 0.4 7vt% t-but71 perox7 
pivalate a s  initiator. To provide a copolymer with higher molecular 
weight, BhlIX/VCl copolymer U-5 was prepared by a K , S 2 0 ,  
initiated emulsion system. 

Conversions were kept below 10% in order  to obtain uniform 
copolymers, and all polymers vere isolated by pouring the polymer- 
ization mixture into a large excess of methanol. After several  
reprecipitations from 2-butanone or  cyclohexanone into methanol. 
the polymers were dried in vacuo and copolymer compositions 
determined by C, H, and C1 analysis. Specific information on the 
preparation of MhIA/ VC1 copolymers is given in Table 1. and the 
details of preparation of BMA/VCl c o p o l p e r s  previously 
presented [ 21 a r e  repeated in Table 2. 

G l a s s  T r a n s i t i o n  M e a s u r e m e n t s  

G l a s s  transition tempemtuzes of the poiymers were measured 
using a Perkin Elmer DSC-1B DifferenKial Scanning Calorimeter. 
An initial scan was made to produce a uniform thermal history in all 
polymers. The glass transition te rnpera tyes  reported a r e  the 
average of several  additional scans at 10’C/miri and were reproducibie 
to -0.6”C. 
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SEQCTSCE DISTRISCTIOK-GLASS Til.4h'SITTON EFFECTS. If 533 

TABLE 1. BIMA/VCl Copolymer Prepara t ion  

MMA (mole  %) 

Sample No. Feed Po lymer  Conversion (6) [ T ]  ( W g !  

A- 1 

A- 2 
A- 3 
A- 4 
A- 3 
A- 6 
A-7 

A- 8 

A-9 

0. oa 
0.5 

2. 5 

5.0 

6.0 

10.0 
15.0 
20.0 
100.0 

0.0 

5.8 

25.1 

3'7.2 
44.6 

61.4 

69.8 
76.3 
100.0 

8.0 

6.3 

6.7 
10.2 
6.4 
0.5 
2.0 
1.0 

29.0 

0.52 
0.33 
0.38 
0.36 
0.36 
0.37 
0.34 
0.33 
0.42 

PVC. a 

TABLE 2. BMA,'VCI Copolymer Prepara t ion  

Sample KO. Feed Polymer  Conversion ( % ) [TI] (dl/g) 

u- 1 
G- 2 
u- 3 
u-4 
U- 5 
U- 6 
u- 7 
u- 8 

0. oa 
1.5 
3.0 
6.0 
6.0 
9.0 
16.5 
100.0 

0.0 
13.0 
28.3 

45.7 
50.1 
60.1 
72.8 

100.0 

8.0 
9.9 
7.5 

8.0 

1.5 

1.5 

6.5 

3.5 

0.52 
0.36 
0.36 
0.34 
0.50 
0.33 
0.35 
0. 59 
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534 JOHNSTON 

The l i terature often reports  several  diiferent T 's for the same s 
homopolymer. The reason for this is frequently ascribed to the To' s 
being obtained via different techniques. To add more validity to our 
DSC T measurements, we obtained T J  measurements on selected z J 

polymer samples using a DuPont Model 900 Differential Thermal  
Analyzer and both the expansion and penetration mode of a DuPont 
Model 941 Thermal Mechanical Analyzer. A11 three techniques 
provided T measurements with. 1' C of those obtained using the 
Perkin ELmDer DSC-1B. 

3 

I n t r i n s i c  V i s c o s i t i e s  

Intrinsic viscosities of polybutyl methacrylate, polymethyl 
methacrylate, and all copolymers were determined in %butanone at  
25" C in a Ubbelohde dilution viscorneter, Polyvinyl chloride' s 
intrinsic viscosity was determined under the same conditions in 
cyclohexanone. 

C y c l i z a t i o n  R e a c t i o n s  

The cyclization of &IMA/VCl and BJLW'VCl copolymers was 
car r ied  out by heating the  copolymer to 200'C for 2 h r  in glass tubes 
under high vacuum to insure the removal of all a k y l  chloride. This 
time-temperature combination was found to be more than sufficient 
to promote cyclization to the maximum statist ical  extent possible [ 31. 

T H E  O R E  T I C A L  C O X S I D E  R A T I O N S  

C y c l i z a t i o n  R e a c t i o n  P r e d i c t i o n s  

Zutty and Welch [ S! found that heating a k y i  merhacrylate/'vinyI 
chloride copolymers to 130 to 200'C yields alk7l chloride ( 99.3% 
pure) and polymers containing y-outyrolactone groups in their  
back bones . 
methyl methacrylate/vinyl halide copolymers [ 31 and ter-  
polymers [ 71. Their results indicated that the fraction of un- 
cyclized alkyl methacryfate groups in a copolymer can 
accurately be predicted using Eq. ( I) where  F ( B) is the fraction 

Johnston and Hamood quantitatively studied this reaction in 

U 
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7% 
I 

CH, 

A -CH2-C-CH2-CH- + 3C1 
I - CH - C- CH 2-CH- 

I I I 
c=o c1 o=c- 0 

0 
I 
R 

o.[ uncyclized B units,  A and B are the copolymer  compositicin in 
rriole p e r  cent,  and R is the run number.  

F ( B )  = [ cosh (RZ/4AB)”’ - (A/”)’’* s inh  (R2/4AB)’/* :I‘ ( 1) 
U 

The  run number  [ 81 is defined as the ave rage  number  of monomer  
sequences  (runs) which occur  p e r  100 monomer  units in a copolymer 
and may be calculated f rom copolymer reac t iv i ty  r a t io s  ( r  r ) and 

nionomer feeds (XF, B F )  using Eq. ( 2 ) .  
A’ B 

r 2 00 7 

2 - r A - + r B -  
BF A F  

“;I A F  

Reactivity r a t io s  of 11.2/0.044 f o r  MMA/’VCl [ 51 and 13.5/0.05 
f o r  BM.A/’VCl 121 were  used  for all pred ic t ions  in th i s  work.. 

C o p o l y m e r  T ~ P r e d i c t i o n s  

The  g lass  t rans i t ion  t e m p e r a t u r e s  of copolymers  are usually 
pred ic ted  by additive re la t ions  such  as the Fox equation [ 91 : 

where  T, 
and  WB of the two monomer  units A and B f o r  which the homo- 
polymers  have g l a s s  t rans i t ions  of T, and T3 . The Fox and 

”-4 ”B 

is the Tm of a copolymer containing weight fraction WA 
3P 3 
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536 JOHNSTON 

other s imi la r  relationships do ngt take into consideration the effect 
of adjacent diss imilar  monomer units on s te r ic  and energetic relations 
iz the copolymer backbone and assume that the freedom oi rotation 
and f ree  volume contributed to a copolymer by a given monomer will 
be the s a m e  as it contributes to the homopolymer. As pointed out, this 
Fox type of relationship does not hold for a l l  copolymers ( 2 1 .  

To accurately predict :he glass transition temperature  oi many 
copolymers, i t  is necessary to take into consideration the sequence 
distribution of the polymer. Homopolymer T, values hold for  AA 

dyads in AB copolymers because the A units experience the same 
interactions as in X homopolymers. The formation oi XB dyads 
resul ts  in new interactions and in many cases  changes the T 7  con- 
tribution of the .I unit. Therefore,  to  obtain more accurate T 

predictions it i s  necessary to assign AB dyads and other sequence 
distributions their  o m  T values. 

3 

= 

g 

g 
The probabilities of having various linkages ( PAB, Pu) may be 

calculated by computing the average run number ( R 1 for  a given co- 
polymer composition (A,B) and using Eqs. (4) and [ 3) 

PAB = R/ZA 

PIw = 1.0 - PAB 

Using these probabilities, an equation may be m i t t e n  to predict 
the copolymer glass  transit ions which takes into considerztion the 
copolymer sequence distribution and XA, BE, and .-IB glass transition 
temperatures:  

Tw is the T of a copolymer containing weight fraction WA and WB 
of two monomer units A and B which have the probabilities PxA, PXB, 
PBA, and PBB of having various linkages contributing T ' s of TU 

T g . a  sBA BB 

8 

, 
s 5.4A 

= T , and T, to the copolymer. 

For the majority of cases  we have found that using a T value for 
~ A B  
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SEQQZSCE DISTRIBCTOR-GLASS TR.LYSITION EFFECTS. I1 53'7 

XB dyads is sufficient to predict sequence distribution-Tu effects in a 

s e r i e s  of copolymers. This  a s sumes  that one unlike neighbor will 
dep res s  the copolymer T- appros ina te ly  as much as having a 

0 

L 
monomer unit between two unlike groups. Assigning a value of T 

gAB 
to AB units therefore does nor take into consideration such t r i ads  as 
3A*B,  BA'A, o r  AA*B where A *  may contribute different 'f ' s to the 

copolymer. This  assumption is not valid in all copolymer systems,  
and we have found some copolymers that exhibit s t rong triad-T 

effects. F o r  these cases  o r  in the case of terpolymers ,  Ecl. ( 6 )  was 
expanded to  meet the appropriate situation. 

s 

g 

C y c l i z e d  C o p o l y m e r  T -  P r e d i c t i o n s  

C ycl izati on of alk yl m ethac rylate /vinyl chloride cop ol ylne rs 
usually resul ts  in the formaticn of an alkyl methacrylate/vinyl 
chloridejr-butyrolactone terpolymer with each of the th ree  units hav- 
ing different T o  contributions. The exception to this  would, be co- 

polymers containing such a srnall amount of rnocorner A that cycliza- 
tion would utilize all of the A monomer and yeld a y-butyrolactone/B 
monomer copolymer. To predict sequence distribution-T effects in 

cyclized copolymers,  the extent of cyclization as predicted by Eq. ( 1) 
as well as the T of the various sequence distributions in the terpolymer 

g 
must be taken into consideration. 

cyclized monomer units. X M* (MMA) unit of a M/'V (MNLA/VCl) 
copclymer centered in a IVlVMVM pentad may after cyclization be in 
a MVM'VM pentad where MV is the r-butyrolactone unit. The effect 
of having two rigid M V  neighbors r a the r  than two V neightlors may be 
to change the M' T contribution t o  the polymer. This  s a m e  type of 
effect may be found in MM'Vhl te t rads  where after cyclizatiori there  is 
approximately a 50% chance M?vl*V~l  may be formed and Id* may have 

Li 

3 

E; 

Cyclization can a l s o  change the s ter ic /polar  environment of the un- 

il L U 

U 

g 

a differect T than it would have in NM'M, in W * V ,  o r  in hlVM'VM. 
g L J U  

T o  take these factors into consideration we have made the assumption 
that the T contribution of M' in LIM'VX would be equal to that of M' 
in hlM'M and that &I* in MVM'VM would have a Tv equal to hl' in 

VM'V. The  T of M* in VM'V Qr of BMA in VCl-kvIA-VCl was 

g U 

u u  
6 
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338 JOHNSTON 

, W and W = B ca!culated using Eq. i 3 ) ,  T = T , To = T 
ZP S.X3 2.4 SPVC -' 

weight fraction o i  A and B in xn XB dyad, and TP = Tm of an isolated 

alkyl methacylate group. Based on these approximations, Eq. ( 7 )  was 
derived: 

=B = 

1 AWCP BWCP IBWCP OVCP 
+ ( 7 )  - Z - - - &  

T T T T T 
PCP s - 4  SBB JOIB gcxa 

T 

of -4 units left in the cYc!ized j o l y n e r ,  BWCP is the :veight fraction of 
B units in the cpclized 2olymer that have not been reacted o r  isolated, 
IBWCP is the weight fraction of isolated B units not cgcli ted,  C?VCP 
is the weight fraction of y-butgrolactone units in the cgclized pol'.'mer, 

is the TJ of the c~rciized poil;mer, .lWC? is the *reight i r ic t ion 
gc P 3 

T = Tv of PVC, T = TY of alkgl methacrylate homopolymer, 
giL4 J JOBB = 
T = Tu of an isolated alkyl methacrylate group, and T is the Tu 

afB = SCAB 
of a cyclized AB dyad o r  the Tm of the r-butyrolactoce group. ?ha 

various neight fractions involved in Eq. ( 7 )  a r e  calculated from Eq. ( li 
and the appropriate seqiience distribLtion predictions. These cal- 
culations and ail other calculations in this work a r e  car r ied  out using 
computer programs written for this purpose and an IBM 1130 computer. 

3 

R E S U L T S  A N D  D I S C C ' S S I O N  

S e q u e n c e  D i s t r i b u t i o n .  T r  V a l u e s  
J 

T values havo been determined by several  techniques. One 
gAB 

technique is to prepare an AB copolymer with a low B content. This  
copolymer would have most  B units centered in -4BA t r iads  and a very 
lo; o r  negligible probability of BB. An experimental To t,T ) vould 

3 s p  
then be obtained and Eq. (6) used to solve for T . -4 second 

tec.hnique is to use the T ' s  of a ser ies  of copolymers, Eq. (61, and a 
JOAB 

z 
computerized multiple rggression anaiysis progxun  to solve f o r  T 

gAB' 
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SEQUESCE DISTRIBLTIOIV-GLASS TRASSITION EFFECTS.  TI 539 

Using both of these techniques a T value fo r  BMA-VC1 of 1 2 6 ° C  

and a T value for hIMA-VC1 of 49.6'C were found. These values 

are lower than those e.upected from an additive relationship such as 

g.4 B 

~ A B  

Eq. (3 ) .  
The T values for  MXA/VCl and BMA/VCl are used, as dis- 

. ~ A B  
cussed in the previous section, to calculate T . T is used in 

gJ.B gIB 
Eq. ( 7 )  and is the T of an isolated alkyl methacrylate g o u p .  T 

g %B 
f o r  MM.4 is 34.6'C and T for  BMA is -8.7"C. 

'IB 
To find the T r  of the y-butyrolactone unit, we used much the s a m e  

techniques. Copolymer A-2 contains 5.8 mole %J MMA and would on 
cyclication form a y-butyrolactone/VCl copolymer. Knowing the T 

g 
of the cyclized polymer, the T of PVC, and the polymer composition, 

an equation s imi l a r  t o  Eq. ( 3 )  was solved to  yield T - T  is 

148.9'C and is the T of 3 cyclized XMA-VC1 dyad or  the T of the y- s g 
butyrolactone Wit. Mdt ip l e  regression analysis of the T 

the cyclized MMA/VCl copolymers yields much the same  ralue. These 
values and the other sequence dis t r ibuion-T values a r e  l isted in 

J 

g 

 CAB &CAB 

data of all 
g 

Table 3. g 

C o u o ! y m e r  G l a s s  T r a n s i t i o n s  

Table  4 compares  experimental  T ' s of ?;IMA/VCl copolymers 
g 

with those predicred using Eq. ( 61, the sequence distribution Tr 
relationship, and the appropriate values f rom Table 3. Ta.ble 5 re- 
peats  the To dara shown in ou r  previous work for BMA/VCl co- 
polymers [ 21 .  For al! copolymers bet ter  agreement  between ex- 
perimental and predicted Tof s was found using the sequence 

distribution-glass transit ion relationship. The Fox relationship, 
Eq. ( 3 ) ,  predicted T ' s  up to 14'C higher for  the BMA/VC:l co- P 
polymers and up to 24'C higher for the MMA/VCl copolyniers than 
those experimentally found  

D 

3 

D 
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540 JOHNST ON 

TABLE 3. Sequence Distribution, T- Values 
" 

Unit Symbol Tq ('C) 
D 

41 MA-MSIX 

BLMA-BMA 

vc1-vc1 

vc1-MM.1 

VC1-BMA 

-CH, -C-CHz-CCH- 

o=c- 0 
1 I 

B- V- BMA- V- B u w 

T 
~ B B  

TgBB 

T%B 

T 
%AB 

T m  "IB 

105.0 

20.0 

77.0 

49.6 

12.6 

148.9 

34.6 

- 8.7 

C y c l i z e d  C o p o l y m e r  G l a s s  T r a n s i t i o n s  

Tab le  6 compares  the exper imenta l  T ' s  of the  cyclized MMA/VCl s 
copolymers  with those predicted using Eq. ( 7 )  and the  appropr ia te  
values from Table  3. The  ag reemen t  between predicted and  exper i -  
mental  values is good considering the approximations involved in 
Eq. ( 7 ) .  

We obtained a value of T o r  a T for the pbu ty ro lac tone  
'CAB g 

unit of 148.9 C in the study of the cyclized ?iIMA/VCl copolymer 
system. As the s a m e  r-butyyrolactone unit is formed in the cyciiza- 
tion of BMA/VCl copolymers  as in Y?,IA/'VCl copolymers,  we 
should be ab le  to use the s a m e  T v  in both systems. Table  7 

"CAB 
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TABLE 4. MMA/VCl Copolymer Glass Transitions 

Tg ('C) 

Predicted 
Sample a b 
:v0. XIMA (mole s) Expt Sequence distribution FOX 

.A- 1 0. oc 77 - - 

.4- 2 5.8 74 73 79 
A- 3 25.1 65 65 86 
A-4 37.2 66 64 90 
A- 5 44.6 68 66 93 
.\-6 61.4 7 3  72 97 
.4-7 69.8 73 77 99 
.\-a 76.3 82 82 100 
44- 9 100.0 105 - - 

Predicted using Eq. ( 6J. a 

bpredicted u s i i g  Eq. i 31. 
CPVC. 

TABLE 5. SMA/VCl Copolymer Glass Traqsit ions 

~ ~~ 

Predicted 
b Sample 

:s 0. BMP. (mole %) Expt Sequence distributiona Fox 

'U- 1 
u- 2 
u- 3 
LT- 4 
'3- 5 
'U- 6 
'F-7 
U-8 

0. oc 
13.9 
28.3 
45.7 
50.2 
60.1 
72.8 

100.0 

77 - 
51 51 
36 35 
24 24 
2 1  22 
18 20 
2 1  19 
20 - 

- 
60 
48  
37 
35 
31 
27 - 

Predicted using Eq. ( 6). a 
SPreaicted using Eq. i 3). 
CPVC. 
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34 2 JOHXSTON 

TABLE 6. Cyclized MMX/VCl Glas s  Transitions 

T, ( 'C) 
M3L4 in original 3 

Sample No. copolymer (mole 3 Expt Predicted' 

A-2-c 5. a 
A-3-C 25.1 
A-4-C 37.2 
A- 5-c 44.6 
A-6-C 61.4 
A-7-c  69.8 
A-8-C 76.3 

84 84 
106 106 
114 117 
118 123 
113 115 

106 109 
116 i i a  

aPredic ted  using Eq. ( 7 ) .  
I 

TABLE 7. Cyclized BivIX/VCl Glass  Transitiofis 

Tg ( ' C )  
BMA in Original 

Sample No. Copolymer ( mole '5) Expt P red ic t  eda 

u - 2 - c  13.9 
u - 3 - c  28.3 

51  91  
100 10 1 

U-4-C 45.7 91 92 
u - 5 - c  50.2 8 5  83  
U-6-C 60.1 68 65  
u - 7 - c  72.8 49 4a - 

Predicted using Eq. ( 7 ) .  3 

compares  the exper imenta l  Tb's  of cyclized BMX//VCl copolymers 
with those predicted u s L ~ g  Eq. ( 7 ) )  the T value from cyclized 

MLMA/VCl, and o ther  appropr ia te  values f rom Table  3. 
F i p r e  1 shows a plot or' the MLI.A/VCl and cyclized MMA/VCl T 

data from Tables 4 and 6 v s  [he vt% methyl merhacrylate in the un- 
c yclized copolymer. 

Figure 2 shows a plot of the BMA/'VC1 and cj-clized BMA/VC1 Tb 
data from Tables  5 and 7 vs the wt'% butyl methacrylate in the 
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CYCLIZED COPOLYMER 

I 20- 

/ 

COPOLYMER 

1 , 1 1 1 1 . I  

20 40 60 80 
W T . %  MMA 

FIG. 1. The esperimental  and sequence distribution predicted T ' s 
4 

of MMA/VCl cpclized and uncyc!ized copolymers and the Fox equation 
predicted copolymer T g t  s vs the wts 3 N - A  in the uncyclized copolymer. 

D 

uncyclized copolymer. The T of BMA/'VCl copolymers increase up to 

70°C upon cyclization and formation of the high T y-butyrolactone unit. 

A!though our fhal resul ts  indicate that the T r '  s studied in this work 
g 

D 

a r e  influenced by the sequence distribution of polymers,  we were con- 
cerned at  the be@nning of this program that we 'Rere measuring a 
molecular weight-Tr depression effect. This  concern developed be- 
cause,  as shown in Tables 2 and 3, the intrinsic viscosit ies of all of 
the copolymers prepared by solution polymerization were lower than 
the homopolymer intrinsic viscosities. X BhlA/VC1 copolymer ( U- 5)  
was prepared by emulsion polymerization to  provide a sample with a n  
intrinsic viscosity in the same  range as the homopolpmer values. The 
high molecular weiphr BM-A,.'VCl copolymer experinental  'rg agrees  
very well with values predicted from the sequence distributtion-To 

relationship and falls in line with the other T o  values in the copolymer 
series. The experimental  Tg' s of the three homopolymeris also agree 
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I CYCLIZED COPOLYMER 

""1 \ 

COPCLYMER \ 1 

I .  
20 40 60 80 

WT. % B M A  

FIG. 2. The experimental and sequence distribution predicted T ' s 
of BMA/VCl cyclized and uncyclized copolymers and the Fox equation 
predicted copolymer T 

g 

s v s  the wt% BMA in the uncyclized copolymer. 
g 

well with l i terature values [ lo ] .  This indicates the solution polymeriza- 
tion prepared polymers do not e x e n  a noticeable molecular weight 
depression effect on the T ' 5. 

g 

C O N C L U S I O N S  

A definite correlation exists in some copolymers and terpolymer 
systems between sequence distribution and $ass transition tempera- 
tures. The results obtained indicate that glass transition temperatures 
may be accurately predicted by tairing into consideration the prob- 
abilities of having adjacent unlike monomer units and the glass 
transitions that they contribute to a polymer. 

work are not confined to alkyl methacrylate-vinyl halide type systems. 
The sequence distribution-glass transition effects reporred in this 
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These types of effects are found in a large number of copolymer and 
terpolymer sys t ems ,  s eve ra l  of which we plan reporting on in the nea r  
future . 
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