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Copolymers containing diethylsiloxane and functional siloxane groups of the form RR'SiO (where 
R = phenyl, and R'= ethyl or methyl) were synthesized by equilibrium polymerization of the appropriate 
cyclotrisiloxanes in the presence of KOH. Quantitative 29Si n.m.r, spectroscopy indicated that the 
copolymers possessed random microstructures. Differential scanning calorimetry (d.s.c.) analysis showed 
that both substituents are effective in lowering the crystal melting and low-temperature crystal-crystal 
transitions with respect to the diethylsiloxane homopolymer, and ultimately lead to non-crystalline 
copolymers. 

(Keywords: siloxane copolymers; poly(diethylsiloxane); zgsi n.m.r, spectroscopy) 

INTRODUCTION 

Polysiloxanes are a remarkable class of polymers which 
maintain their properties over a wide temperature range1. 
In particular, they exhibit high thermal stability yet are 
flexible at very low temperatures. Poly(diethylsiloxane) 
(PDES) has the lowest glass transition temperature 
(-138°C) of any known polymer 2, but exists in a rigid 
crystal form at temperatures below -73°C,  and as a 
conformationally disordered (condis) crystal at higher 
temperatures 3'4. Molecular mechanics calculations have 
shown that two families of flat conformations satisfy the 
requirements of extended, straight-chain conformations 
for packing in the crystal and that the transition from 
one to the other, with a resultant 5% increase in volume, 
is responsible for the rigid crystal-condis transition s. 
Although the condis phase melts between - 8  and 0°C, 
a high-temperature 'viscous crystalline phase' has been 
shown to exhibit considerable order up to 4 6 ° C  6-9. 

In a recent paper, we demonstrated that the incorpora- 
tion of bulky groups such as diphenylsiloxane into the 
mainchain successfully disrupted the crystal structures, 
and even at a relatively low aromatic content (8%), 
amorphous copolymers could be obtained ~°. These 
polymers were found to have glass transition temperatures 
as low as -128°C, which represents the lowest value 
reported to date for a non-crystalline polymer. 
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In this present paper, we report the effect, on the 
low temperature flexibility, of the incorporation of 
less bulky substituents, which contain only one phenyl 
group, into the polymer backbone. Thus, the synthesis 
and characterization of poly(diethylsiloxane-co-ethyl- 
phenylsiloxane) and poly(diethylsiloxane-eo-methylphenyl- 
siloxane), denoted by poly(DES-co-EPhS) and poly(DES- 
co-MPhS), respectively, are discussed in this work. 

EXPERIMENTAL 

Preparation of monomers 
2,4,6-Triethyl-2,4,6-triphenylcyclotrisiloxane ((EP)3) was 

prepared according to Young et al. 11. 2,4,6-Trimethyl- 
2,4,6-triphenylcyclotrisiloxane ((MP)3) was obtained 
from Shin-Etsu Co. and was used without further 
purification. 

Synthesis of copolymers 
All copolymers were prepared by the equilibrium 

polymerization of mixtures of the appropriate cyclo- 
trisiloxanes, catalysed by KOH. Since there is a large 
difference in reactivity between the diethyl (E3), and the 
ethylphenyl ((EP)3) and methylphenyl ((MP)3) cyclic 
trimers, reactions were conducted at elevated temperature 
(160°C) for 24 h to allow full equilibration to be achieved. 
In order to control the molecular weight, and also 
sharpen the molecular weight distribution, the copolym- 
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erization reactions were conducted in the presence of 
the difunctional chain stopper, 1,3-divinyl-l,3-diphenyl- 
1,3-dimethyldisiloxane. Molecular weights were kept low 
(< 20 000) in order to facilitate quantitative analysis by 
295i n.m.r, spectroscopy, including the chain ends. 

29Si n.m.r,  spectroscopy 
29Si n.m.r, spectra were obtained on a Bruker AC300 

spectrometer operating at 59.6MHz. Typically, a 
solution of chromium acetylacetonate (Cr(acac)3) (0.1 M) 
was added in order to suppress nuclear Overhauser 
enhancements (n.O.es) and to shorten the T 1 spin-lattice 
relaxation times. The latter were checked by the 
inversion-recovery method and were generally less than 
I s. Therefore, to satisfy the condition for quantitative 
spectra, i.e. pulse interval > 5 T 1, a standard pulse interval 
of 5 s was used. In order to ensure equal suppression of 
the n.O.es, spectra were acquired with gated decoupling 
(decoupler off throughout the pulse interval) in order to 
allow the residual n.O.es to decay. All spectra were 
recorded in benzene-d 6 solution and chemical shifts are 
quoted relative to tetramethylsilane (TMS). Depending 
on the natural line widths, line broadening functions 
between 0.5 and 2 Hz, with single zero-fills, were applied 
to facilitate peak integration. 

Molecular weight measurements 
Apparent molecular weights were obtained via size 

exclusion chromatography (s.e.c.) at 40°C in tetra- 
hydrofuran (THF) with the use of a Tosoh 8020 liquid 
chromatograph equipped with Styragel columns. 

Calorimetry 
D.s.c. measurements were recorded using a Seiko SII 

instrument which had previously been calibrated using 
samples of high-purity indium. In all cases, the sample 
(10 mg) was isotropized at 50°C for 10 min before the 
cooling run was started, in order to remove any thermal 
memory effects. (PDES samples are renown for showing 
d.s.c, behaviour which is dependent on their previous 
thermal history.) Samples were cooled to -180°C at a 
rate of 8°C min-  1, and in all cases an equilibration period 
of 10 min was followed by heating at a rate of 10°C min-  1. 

RESULTS AND DISCUSSION 

The composition and molecular weights of all of the 
copolymers studied in this work are given in Table 1. 
Perusal of these data indicates that the observed 
comonomer contents are similar to the feed ratios, thus 
indicating that equilibrium has been reached. Unlike the 
case with the diphenyl cyclic trimer (P3) 1°, the reaction 
mixtures for both of the alkylphenyl cyclic trimers 
remained homogenous throughout the equilibration 
reaction, and copolymers containing higher levels of the 
functional comonomer were readily prepared. 

The microstructure of the copolymers was examined 
by 29Si n.m.r, spectroscopy. The main chain region of 
the quantitative 29Si n.m.r, spectrum of polymer sample 
EEP5 (Fiyures la and lc) comprises two multiplet signals, 
in the ranges - 1 9  to -21  and - 3 3  to - 3 5 p p m ,  
respectively. Assignment of the downfield signal to the 
diethylsiloxane unit was made by reference to the 
chemical shift of poly(diethylsiloxane) homopolymer. 

If the diethylsiloxane signal is considered first, for a 
random copolymer, the silicon nucleus is affected in three 
different ways according to the triad structures I-III  
(Table 2). Statistically, there are two ways of forming the 
central triad II, so therefore its intensity is doubled and 
the n.m.r, signal assumes the shape of a triplet (for a 1:1 
copolymer). At higher magnetic fields the triad sequences 
are further influenced by the second neighbouring nucleus 
to give rise to pentad sequences (Table 3). The n.m.r. 
spectrum shown in Figure la exhibits three regions at 

- 19, - 2 0  and - 2 1  ppm corresponding to the triads I, 
II and III, respectively. Assignment of the triad sequences 
was based on the assumption that the replacement of an 
ethyl group by ethylphenyl causes a downfieid shift, in 
analogy to poly(dimethylsiloxane-co-diphenylsiloxane) 12. 
These regions can be further resolved into pentad 
sequences and the diethyl-rich pentads tic, l id and IIIc) 
are clearly observed as the upfield signal of each group. 
The signals corresponding to the central pentad 
sequences, lb, lib, IIc and IIIb, are observed at slightly 
higher frequencies, while the diethyl-deficient pentads, Ia, 
IIa and IIIa, are barely discernible due to their low 
abundance. Similarly, the upfield region shows the three 
ethylphenylsiloxane-centred triads, IV-VI (Table 2), and 
analogous pentad structures can be observed. The 2 9 5 i  

Table  1 C o m p o s i t i o n  and  proper t ies  of po ly(DES-co-EPhS)  and  po ly (DES-co-MPhS)  copo lymers  ° 

Feed b F o u n d  c ~ d  @w. 
Po lymer  X b (%) (%) ( x 10 4) ( x l0  4) Mw/M,  ~ 

r, 
¢c) Type 

E E P I  (EP) 3 2.50 2.21 2.21 3.59 1.62 - 135.0 

E E P 2  (EP)3 5.00 4.66 1.89 2.92 1.54 - 132.8 

E E P 3  (EP) 3 7.50 6.70 1.56 2.24 1.44 - 131.8 

E E P 4  (EP) 3 10.00 8.35 1.66 2.59 1.56 - 131.0 

EEP5  (EP) 3 20.00 16.42 1.59 2.71 1.71 - 124.4 

E M P 1  (MP)  3 5.00 4.80 2.20 3.67 1.67 - 134.5 

E M P 2  (MP)  3 10.00 9.13 2.14 3.79 1.77 -- 131.8 

EM P3 (M P)3 20.00 19.65 1.56 2.87 1.84 - 122.5 

Crys ta l l ine  

Crys ta l l ine  

Crys ta l l ine  

Crys ta l l ine  

A m o r p h o u s  

Crys ta l l ine  

Crys ta l l ine  

A m o r p h o u s  

"Mole  ra t io  of m o n o m e r s  ( to ta l ) /ca ta lys t  = 1580/1; mole  ra t io  of m o n o m e r s  ( to ta l ) /cha in  
X = c o m o n o m e r  

' D e t e r m i n e d  by IH n.m.r, spec t roscopy  
De te rmined  by s.e.c. 

s topper  = 110/1 
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Figure 1 295i n.m.r, spectra of the copolymers: (a) diethylsiloxane 
region of sample EEP5; (b) diethylsiloxane region of sample EMP3; 
(c) ethylphenylsiloxane region of sample EEP5; (d) methylphenylsiloxane 
region of sample EMP3 

Table 2 Triad sequences for EEP copolymers 

Triad Sequence 

I a 

II" 
III a 

IW 
V b 
VI b 

-SiEt PhO-SiEt 20-SiEtPhO- 
-SiEt PhO-SiEt 20-SiEt 20 -  
-SiEt 20-SiEt20-SiEt20-  

-SiEt PhO-SiEt PhO-SiEt PhO- 
-SiEt PhO-SiEtPhO-SiEt 20 -  
-SiEt 20-SiEtPhO-SiEt20-  

"E-centred triads 
bEP-centred triads 

n.m.r, spectrum of the copolymer sample EMP3, shown 
in Figures lb and ld is similar to that of sample EEP5. 

The copolymer microstructure of an AB copolymer 
can be expressed in terms of the run number concept ~3, 
where the run number (R) describes the average number 
of monomer sequences (runs) in 100 repeat units of a 
copolymer chain. R is related to the 29Si n.m.r, signal 
intensities by the following relationship: 

R =fAMA =JAMB 

R. Brewer et al. 

Table 3 Diethylsiloxy-centred pentad sequences in EEP copolymers 

Pentad Sequence 

I a  

Ib 
Ic 

Ila 
IIb 
Ilc 
IId 

Ilia 
IIIb 
IIIc 

-SiEtPhO-SiEt PhO-SiEt 20-SiEt PhO-SiEtPhO- 
-SiEt PhO-SiEt PhO-SiEt 20-SiEt PhO-SiEt 2 0 -  
-SiEt20-SiEtPhO-SiEt20-SiEt PhO-SiEt20-  

-SiEtPhO-SiEtPhO-SiEt 20-SiEt 20-SiEtPhO- 
-SiEt20-SiEt PhO-SiEt 20-SiEt 20-SiEtPhO- 
-SiEtPhO-SiEt PhO-SiEt 20-SiEt 20-SiEt20-  
-SiEt20-SiEtPhO-SiEt20-SiEt 20-SiEt20-  

SiEtPhO-SiEt 20-SiEt20-SiEt 20-SiEtPhO- 
-SiEtPhO-SiEt 20-SiEt20-SiEt 20-SiEt20-  
-SiEt20-SiEt20-SiEt 20-SiEt20-SiEt 20 -  

Table 4 Experimental and calculated run numbers of poly(DES-co- 
EPhS) and poly(DES-co-MPHS) 

E content X content 
Polymer X ~ (%) (%) RE b RR ~ 

EEP5 EP 83.58 16.42 26.99 27.46 
EMP3 MP 80.35 19.65 30.74 31.58 

"X = comonomer 
bCalculated from 29Si n.m.r, signal intensities of E-centred triads 
CRun number calculated for a random distribution 

Table 5 Copolymer probability factors and average sequence lengths 
of poly(DES-co-EPhS) and poly(DES-co-MPhS) 

Polymer X" PE E P~x PX-E Px x IE Ix 

EP5 EP 0.84 0.16 0.83 0.18 6.19 1.22 
EF5 MP 0.81 0.19 0.78 0.22 5.22 1.28 

"X = comonomer 

where M A and MB refer to the mole fractions of the 
monomeric units A and B in the copolymer, and fA and 
fB are derived from the signal intensity ratios of the A 
and B triad units in the 298i n.m.r, spectrum: 

fA = 2['I/(I + II + III)] °'5 

fn  = 2[VI/(IV + V + VI)] °'5 

The calculated microstructure parameters for the co- 
polymers EEP5 and EMP3 are,shown in Table 4. These 
values were obtained by using the signal intensities of 
the diethyl-rich pentads of the triads I - I lL Due to the 
absence of triad IV in the spectra, run numbers could 
only be obtained from the diethylsiloxane-centred triad 
region. The experimental R values were close to those 
calculated for a complete random distribution (R,,,d), so 
therefore the microstructures were assumed to be 
random. Further microstructure parameters 13, such as 
the probability factors, PE-E, PE-X, PX-E, and Px x, and 
the average sequence lengths, I E and I x, are given in 
Table 5. 

D.s.c. studies 
PDES has been shown to exhibit d.s.c, behaviour which 

depends strongly on the initial cooling rate of the 
sample TM,  the conditions of annealing (if any) 3, and the 
molecular weight and previous thermal history 14. In our 
studies, we have sought to remove these complications 
by isotropizing all samples at 50°C for 10 min prior to 
cooling (at a rate of 8°C min-  1). Since all the polymers 
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used in this study are of equivalent molecular weights 
this particular aspect can be discounted. 

For purposes of comparison, we have prepared a 
PDES homopolymer (M, = 14 500), which is denoted by 
PDES-1. This polymer exhibited a glass transition (Tg) 
at -137°C, a rigid crystal-condis transition (Td) at 
-73°C and a condis melting transition (Tin) at -8°C, 
all in accordance with the literature 2'3. No evidence for 
the existence of the viscous crystalline phase was found, 
and this is attributed to the rather low molecular weights 
used in this study. Papkov et al. have demonstrated a 
strong molecular weight dependence for the formation 
of this phase 14J 5. 

e \  

d ................... "'"""-,, .. 
~..., ,. .................................... 

b . . . . . . . . . . . . .  .j j 

a ~ ~, / '  . . . . . . . . . . . . . . . .  

~ ~  !' /'~[ _ _  

2' 
I I I I I I i I I I I 

-145 -125 -105 -85 -65 -45 -25 -5 15 35 55 

Temperature (°C) 

Figure 2 Ds.c.  hea t ing  traces of poly(DES-co-EPhS)  copolymers:  
(a) h o m o p o l y m e r  PDES-1;  (b) E E P I ;  (c) EEP2;  (d) EEP4;  (e) EEP5  

D.s.c. heating traces of the homopolymer PDES-1 and 
the copolymers EEP1, 2, 4 and 5 are shown in Figure 2. 
Peak and onset temperatures, and transition heats and 
entropies are given in Table 6. The results clearly show 
that increasing the ethylphenylsiloxane (EP) content 
results in a decrease in the temperatures of both the T d 
and T m transitions. This is accompanied by a reduction 
in both the entropy and heats of transition, indicating 
that the crystallinity is being disrupted. The copolymer 
EEP5, which contained the highest level of EP (16.4%), 
was found to be non-crystalline, with a Tg of -124°C. 
Interestingly, this EP content is approximately double 
the amount of diphenylsiloxane required to produce 
an amorphous poly(diethylsiloxane-co-diphenylsiloxane) 
copolymer. 

Two further phenomena are associated with increasing 
EP content. The first is the appearance of the 
condis melting transition as a doublet, the higher 
temperature peak of which becomes important with 
increasing EP content. This observation has also been 
made in the case of poly(diethylsiloxane-co-diphenyl- 
siloxane) and poly(diethylsiloxane-eo-3,3,3-trifluoropropyl- 
methylsiloxane) 1°. As in the previous case, we infer that 
two condis phases exist in this range of compositions, 
with the higher melting (Tin_,) and lower melting (Tm,) 
forms being favoured by the EP-rich copolymers and 
PDES, respectively. It is of note that the Tm~ transition 
in the copolymer EEP4 appears at about the same 
temperature as the glass transition (-47°C) in the 
poly(ethylphenylsiloxane) homopolymer. 

The second unusual phenomenon is the replacement 
of the To transition by cold crystallization (Tcc) in the 
case of the copolymer EEP4. At this point we have no 
explanation for this; however, it probably arises from an 
intermediate structure lying somewhere between the 
amorphous and crystalline phases. No cold crystallization 
was observed in the case of poly(diethylsiloxane-co- 
diphenylsiloxane) l o. 

T a b l e  6 D.s.c. crystal  t rans i t ion  parameters  for poly(DES-co-EPhS)  and  po ly(DES-co-MPhS)  

E P / ( M P )  To .... Tpeak AH AS 
Polymer  (%) (°C) ( C )  ( ) g - l )  ( 1 0 2 j g  i K l) Ass ignment  

EEP1 2.22 - 17.1 - 11.4~ 11.9 - Tin, 

--22.4 17.8,1 Tin, 
f 

- 8 2 . 7  - 7 9 . 0  10.4 5.4 T d 

EEP2  4.66 - 24.2 19.8~ 9.6 Tin: 

- 3 0 . 9  -26 .8 ,1  Tin, 

-- 89.8 - 84.2 8.2 4.3 T d 

EEP3 6.70 - 35.6 - 30.4~ 7.5 - Tin, 

- 4 4 . 6  - 38.9,1 Tin, 

- 9 7 . 5  - 9 0 . 4  6.3 3.5 T d 

EEP4  8.35 - 57.8 - 4 9 . 0 ~  5.6 - T,,., 

- 65.4 - 59-7'1 Tin, 

- 94.8 - 83.4 - 3.9 - 2.0 Tcc 

E M P 1  (4.80) - 38.2 - 31.8~ 7.5 Tm2 

--46.5 --41.51 Trot 
/ 

- 9 1 . 0  - 8 5 . 5  6.2 3.3 T d 

E M P 2  (9.13) - 57.4 -47.7"~ 4.8 - Tin2 

- 6 4 . 9  -58 .5 ,1  Tin, 
/ 

- 9 3 . 6  - 8 2 . 1  - 3 . 9  - 2 . 0  Tc¢ 
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A T d  

2 0  
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9 

0 2 4 6 8 

% X  
Figure 3 Plot of T d depression v e r s u s  aromatic siloxane content of 
comonomer: (m) x =diphenylsiloxane; (Fq) X=ethylphenylsiloxane 

A T m l  

60 

50 

40 

30 

20 

10 

0 
0 2 4 6 8 10  

%X 
Figure 4 Plot of T~, depression v e r s u s  aromatic siloxane content of 
comonomer: (m) x =diphenylsiloxane; (rq) X =ethylphenylsiloxane 

reasonable glass transition temperatures for the corre- 
sponding alkylphenylsiloxane homopolymers, thereby 
further confirming the random nature of their polymer 
microstructures. 

Finally, the two amorphous polymers EEP5 and 
EMP3 gave changes in heat capacity (ACp) of 0.22 and 
0.29J K -1 g- l ,  respectively. If the copolymers are 
considered to have E I E P o . t 6  and E1MPo.2o repeat units, 
respectively, the former correspond to molar increases in 
heat capacity of 27.38 and 37.45JK -1 mo1-1, re- 
spectively. These compare with a predicted value of 
30 .65JK -1 mo1-1 for the PDES homopolymer 3. 
Recently, a value of 34.48JK -1 mo1-1 has been 
recommended, following a critical review of the literature 2. 

CONCLUSIONS 

The calorimetric data clearly show the effect of a single 
aromatic group in eliminating crystallinity, presumably 

A T m 2  

50 

40 

30 

20 

10 

. . . .  I 

0 2 4 6 8 10 

%X 
Figure 5 Plot of Tin2 depression v e r s u s  aromatic siloxane content of 
comonomer: (m) x =diphenylsiloxane; (El) X=ethylphenylsiloxane 

d \ 

It is not surprising that the incorporation of the 
less bulky ethylphenyl and methylphenylsiloxane groups 
results in a smaller disruption of the crystal structure, 
relative to poly(diethylsiloxane-co-diphenylsiloxane). Thus, 
Td and the two melting transition temperatures suffer a 
smaller shift with respect to the homopolymer (Figures 
3-5). It is also of note that the melting transitions of 
poly(DES-co-EPhS) decrease by as much as 50°C, 
whereas the Td transition is only shifted by up to one 
third of this. This is evidence indicating that the 
perturbation of the conformationally disordered crystal 
lattice, caused by the presence of the phenyl groups, is 
greater than that suffered by the rigid crystal. 

Entirely analogous results were obtained for poly(DES- 
co-MPhS), as manifested by Figure 6 and Table 6. The 
glass transition-composition plots for both copolymers 
(shown in Fioures 7 and 8) are linear, and extrapolate to 

C . . . . . . .  ./"-~" "~ 

b ...... 
'''"'-., /. .............. -. 

I i ",, ,I;,, t' 
'~! " V' 

a ~ ,,/ 

I I I I I I I I I I 

- 1 4 5 - 1 2 5  - I 0 5  -85  -65  -45  -25  -5  15 35 

T e m p e r a t u r e  ( ° C )  

Figure 6 D.s.c. heating traces of poly(DES-co-MPhS) copolymers: 
(a) homopolymer PDES-1; (b) EMP1; (c) EMP2; (d) EMP3 

I 

55 
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- 1 4 0  

/ 

i 
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- 1 2 0  

Tg (°C)  - 1 3 0  

- 1 4 0  i i 

15 20 0 10 20 

Figure 7 Glass transition 
poly(DES-co-EPhS) 

%EP 
temperature-composition 

% M P  

plot for Figure 8 Glass transition temperature composition plot for 
poly(DES-co-MPhS) 

by increasing the distance between the ethyl side groups 
in parallel chains. Moreover, the 298i n.m.r, results 
indicate that a maximum average sequence length of five 
and six E units are required for poly(DES-co-EPhS) and 
poly(DES-co-MPhS) to be amorphous, respectively. 
Increasing the diethylsiloxane sequence length above this 
favours crystallization. 

The extremely low glass transition temperatures 
observed for the copolymers EEP5 and EMP3 are at 
worst equivalent to that of poly(dimethylsiloxane) and 
represent an improvement of some 10°C over commercial 
Silastic elastomers. In view of the relative oxidative 
instability of the ethyl group at higher temperatures, 
potential speciality applications of these copolymers may 
exist in the low-temperature elastomer area. Finally, the 
origin of the two melting transitions Tm, and Tin, is not 
clearly understood, and we are initiating X-ray and 
solid-state n.m.r, investigations in order to clarify this 
aspect. 
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