
Polymer Bulletin 31,205-211 (1993) Polymer Bulletin 
�9 Springer-Verlag 1993 

An experimental study of the unperturbed chain dimensions of 
poly(tetramethyl-p-silphenylene-siloxane) 
Shuhong Wang and J. E. Mark 

Department of Chemistry and the Polymer Research Center, University of Cincinnati, Cincinnati, 
OH 45221-0172, USA 

Summary 
Experimental  values of the characteristic ratio of the u n p e r t u r b e d  

dimensions  of poly(tetramethyl-p-si lphenylene-si loxane) were obta ined  
f rom intrinsic viscosities and  osmotic pressures.  It was found  that  the 
character is t ic  ratio of this po lymer  is 1.55 • 0.30 when  the p h e n y l e n e  
group is t rea ted  as a virtual bond,  and  4.51 _+ 0.40 when  the individual  
bonds  in the  pheny lene  group are  taken into account  separately.  This 
value is unexpec ted ly  low, considering the usual stiffening effect  of  the 
p -pheny lene  group.  Apparent ly  this group can also have  a "buffering" 
effect  which decreases  stiffness, by  reducing  in terac t ions  among  the  
a toms  or  g roups  p reced ing  it and  succeed ing  it a long the  cha in  
backbone. 

Key words:  Intr insic viscosities, osmotic p r e s su re s ,  u n p e r t u r b e d  
d imens ions ,  character is t ic  ratio, chain  stiffness, po ly ( t e t ramethy l -p -  
silphenylene-siloxane).  

Introduction 
The u n p e r t u r b e d  mean - squa re  end - to - end  l eng th  <r2>o of  a 

po lymer  chain is a convenient  index of its domain  in space. It is usually 
expressed as the characteristic ratio (CR) <r2>o/nl 2, which is the ratio of 
this unpe r tu rbed  mean-square  length to the p roduc t  of  the n u m b e r  n of 
skeletal bonds  and  the square of their  average bond  length 1. The ratio 
converges to a limit for large n, and  this limiting value is widely used as 
a m e a s u r e  of  equ i l ib r ium chain  stiffness. It d e p e n d s  on  (i) b o n d  
geomet ry ,  specif ical ly b o n d  lengths,  bond  angles, a n d  locat ions of  
ro ta t iona l  states, a n d  (ii) conformat iona l  p re fe rences ,  arising f r o m  
in t r ins ic  ro ta t iona l  potent ia ls  a n d  i n t r a m o l e c u l a r  a t t r ac t ions  a n d  
repuls ions .  A grea t  deal  of  work has been  done  in this area,  bo th  
theoret ical ly  and  exper imental ly  (1,2), for a var ie ty  of po lymer  chains 
(3 -5) .  
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Experimental ly,  the unpe r tu rbed  d imens ion  <r2>o can be 
measured in two ways. The first is the direct measurement  of <r2> o by 
light scattering or solution viscometry under  e conditions, where the 
at t ract ive forces between polymer  segments exactly null i fy the 
excluded volume expansion (1,2). Another way is to measure <r2> 
under  non-e conditions and then convert it to <r2> o from knowledge of 
the polymer-solvent interactions (1,2). In the present investigation, the 
second approach was employed. 

The siloxane-type polymer,  poly( te t ramethyl -p-s i lphenylene-  
siloxane) LDoly(TMPS)] 

CH 3 CH 3 

i O  [ - -  i S i - - O ]  x 
I 

CH3 CH 3 

has received considerable attention recently (6-8). This polymer has 
greater thermal stability than poly(dimethylsiloxane), with repeat unit 
[-Si(CH3)20-], and has a much higher melting point (148 oc). 

The main purpose of the present study was to determine values of 
the unperturbed dimensions of these chains, thereby gauging the effects 
of the p-phenylene groups on equilibrium chain stiffness. 

Details of  the E x p e r i m e n t a l  A p p r o a c h  
The determinat ion of chain dimensions by means of solution 

viscometry is based on the well-known relationship (2,5) 

[n] = q'<r2>3/2/M (1) 

where [n] is the intrinsic viscosity of the polymer in a convenient  
solvent, M the molecular weight of the polymer, ~ a hyd rodynamic  

constant (equal to 2.1 x 1021 dl cm-3 mol-1 in a good solvent), and <r2> 
the chain dimension as perturbed by the long-range interactions. The 
unperturbed chain dimension <r2>o is related to <r2> by the expansion 
factor a = [<r2>/<r2>o]1/2. Thus, 

[n] = r (2) 

The required values of a can be obtained from the Flory-Orofino 
expression (9), 

A2M/[q] -- (2 S/2 ~N/3 3 r ~1/2/2)(~2-1)] (3) 
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where  N is Avogadro ' s  number ,  and  A2 the second virial  coeff ic ient  
(which is a measure  of  the extent  of depar tu re  f rom the u n p e r t u r b e d  or  
O system) (1,2). The requi red  values of A2 and M can be  ob ta ined  f rom 
m e m b r a n e  osmometry .  

Experimental Details 
Fractionation. The samples,  which were ob t a ined  f rom Dow C o m i n g  
Corporat ion,  were  f rac t ionated  to decrease  their  polydispers iW. This 
was done  b y  fractional  precipitation, which depends  on the decrease  in 
solubil i ty  with increase in molecular  weight. Specifically, the p o l y m e r  
was d issolved in benzene  to a concent ra t ion  of  approx imate ly  2 wt %, 
and  a mixture  of  99 % methano l  and 1% water  was chosen  as non-  
solvent .  The p e r c e n t  water  e m p l o y e d  was f o u n d  to be  cri t ical  in 
ensuring the separat ion of  an amorphous  polymer-solvent  phase,  ra ther  
than  one  in which the po lymer  is crystall ine (6). The non-so lven t  was 
a d d e d  slowly until  a slight c loudiness  deve loped .  The mix tu re  was 
warmed  until the turbidi ty  disappeared,  and then cooled slowly back to 

the original t empera tu re  (30 • 0.1 ~ A total of  f if teen fract ions were  
thus  col lected.  Port ions of  the fract ions were  cha rac te r i zed  b y  gel 
permeat ion  chromatography  (Waters Model 599), using t e t rahydrofuran  
as solvent,  and  po lys ty rene  as the cal ibrat ion material .  The average  
va lue  thus  ob t a ined  for  the po lyd ispers i ty  rat io  Mw/M n (of  weight-  
average to number -average  molecular  weights) was 1.033. 

Viscometry Measurements. The intrinsic viscosities of the poly(TMPS) 
fract ions in to luene  at several  t empera tu res  were  m e a s u r e d  using an 
U b b e l o h d e  v i scometer  in the usual manne r  (10). The concen t ra t ions  
were  p r e p a r e d  individual ly  by  weight and  the solut ions were  f i l te red  
d i rec t ly  into the  viscometer .  In this way, p r o b l e m s  of  c o m p o u n d e d  
errors  in dilution procedures  were avoided. 

Membrane Osmometry Measurements. Portions of  the fract ions were  
used  here  as well, and  degassed toluene was used as solvent.  Values of  
the  n u m b e r - a v e r a g e  molecu la r  weight  and  second  virial coeff ic ient  
were  ob ta ined  b y  means  of m e m b r a n e  osmomet ry  in the usual  m a n n e r  
(10). Measu remen t s  were  carr ied  out  with a Hewlet t -Packard Model  
501 High Speed  M e m b r a n e  O s m o m e t e r ,  o p e r a t e d  a t  s e v e r a l  
tempera tures .  

Resul t s  a n d  Discuss ion  
The intr insic viscosities of  the po lymer  in to luene  at d i f fe ren t  

t e m p e r a t u r e s  were  ob t a ined  by  ext rapola t ing the v iscos i ty  da t a  to 
infinite dilution, as shown in Figure 1. Values of [n] for the fractions 
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Figure 1. Intrinsic viscosit ies of po ly ( t e t r ame thy l -p -  
silphenylene-siloxane) at several temperatures. 

at various temperatures are given in the third column of Table 1. 
The number -ave rage  molecular  weights and second  virial 

coefficients were obtained from the membrane osmometry data, using 
the equation 

~/c = RT(1/M + A2c) (4) 

where  = = pghh is the osmotic pressure, o is the density,  &his the 
hydrostat ic pressure head, T is the absolute temperature,  and c is the 
concentration. A typical plot is shown in Figure 2. By extrapolation to 
infinite dilution, values of A2 and M were obtained for the fractions 
used in this part  of the study. The results are listed in the fourth and 
the fifth columns of Table 1. 

The known values of M and A2 were used in Equation (3) to 
calculate values of the expansion factor a. Rearranging Equation (1), 
one obtains 

<r.2>o/n12 = [. [~1] ]2,'3 Mo/i 2 
M1/2er 3 

(5) 



Table  1. Exper imen ta l  Data  a n d  Results on 
P o l y  (t  e t r a m e t h y l - p - s i l p h e n y l e n e - s i l o x a n e )  F r a c t i o n s  

Frac t ion  T [*1] 103A2 10 -5 M n ~ CR 
~ dl g-1 cm 3 mol g-2 g mol-1 n r = 3* n r = 7 ** 

A 25.0 2.03 1.18 3.82 1.88 1.63 4.31 
40.0 2.00 1.18 3.82 1.90 1.58 4.18 
55.0 1.97 1.18 3.82 1.91 1.55 4.10 

209 

13 25.0 2.01 1.12 3.60 1.77 1.86 4.92 
32.5 2.00 1.13 3.60 1.79 1.81 4.79 

* Using a vir tual  bond  for the phenylene  group. 
** Using individual  bonds  for the phenylene  group. 
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F i g u r e  2. A t y p i c a l  p l o t  o f  o s m o m e t r y  r e s u l t s .  

w h e r e  1 is  t h e  a v e r a g e  s k e l e t a l  b o n d  l e n g t h ,  a n d  M o is  t h e  a v e r a g e  

m o l e c u l a r  w e i g h t  p e r  b a c k b o n e  b o n d .  T h e  f i r s t  o f  t h e s e  t w o  q u a n t i t i e s  
is  g i v e n  b y  

12 =Y, l i 2 / n  r (6) 
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where  li is a par t icular  bond  length, and  n r  is the n u m b e r  of skeletal 
bonds  in the repeat  unit. Therefore 

M o = Mi/n r (7) 

w h e r e  M i is the  mo lecu l a r  weight  of  the  r e p e a t  unit .  For the  
poly(TMPS) chain,  n r is 3 when  the pheny lene  group is taken  to be a 

v i r tua l  bond;  in this case, M o is 69.3 g /mol ,  and  12 is 16.23 A 2. 
Alternatively,  every  skeletal bond  can be t rea ted  separately,  including 
those in the phenylene  group; in this case, n r is 7, M o is 29.7 g/mol,  and  
12 is 2.63 •2. 

The characteris t ic  ratios thus calculated are  given in the last two 
columns of Table 1. The values obtained range f rom 1.55 to 1.86 for n r 
equal  to 3, a n d  f rom 4.10 to 4.92 for n r equal  to 7. It is no t  v e r y  
rel iable to es t imate  the  t empera tu re  d e p e n d e n c e  of  the  u n p e r t u r b e d  
dimensions f rom data  of  this type, but  it does appear  to be negative. 

The values  obta ined  for the characteris t ic  rat io a re  surpr is ingly 
low, cons ider ing  the  expec ted  stiffening effect  of  the  p - p h e n y l e n e  
group. Apparen t ly  this group can also have a "buffering" effect  which 
decreases  stiffness, by reducing interactions among the atoms or groups 
p reced ing  it and  succeeding it along the chain  backbone  (11). The 
in t roduct ion of rings into the chain backbones of polymers  can increase 
the i r  r igidi ty (12), but  apparen t ly  not  necessar i ly  when  the rings are  
separa ted by  a n u m b e r  of more  flexible skeletal bonds. This conclusion 
seems to be suppor ted  by results repor ted  for several po lymers  having 
this type  of s t ruc tu ra l  unit ,  inc luding p o l y ( p h e n y l e n e  oxide) (13), 
po ly ( e thy l ene  te rephtha la te )  (14), and  2 ,6-d isubs t i tu ted  p h e n y l e n e  
oxide polymers  (15). 
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