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ABSTRACT

Based on relations between the limiting viscosity number, the translational diffusion coefficient
and the molecular weight, the shape of polyphenylsilsesquioxane (PPSQ) in dilute solution was
simulated with different models. It is found that the oblate ellipsoid of revolution and free—draining
random coil are two suitable models, showing that PPSQ is a polymer with rigid chains, and its shape

is closer to sphere due to chain branching rather than flexibility.

INTRODUCTION '

As aladder polymer, the conformation of polyphenylsilsesquioxane (PPSQ) in dilute solution
has been studied by several authors!' ~5). The wormlike chain model is often adopted and the
assumption that the mass per unit contour length equals the molar mass per contour length of a
chain repeat unit is frequently made. However the assumption seems not very appropriate for
polymers with branches. In the previous paper!), we reported studies on molecular structure and
shape of PPSQ through the investigation of its dilute solution properties. In this study some
models were used to simulate PPSQ’s conformation in dilute solution on the basis of relations
between translational diffusion coefficient and My, and between limiting viscosity number and
My. Results from simulation were also informative for the elucidation of PPSQ’s structure.

THEORY .
Many different models wre proposed to link polymer solution properties and the molecular
weight, size and shape. Brief notes to models used in this study are given below.
For ellipsoid model, the whole molecule is taken as an ellipsoid regardless of its microstruc-
ture. Simhal”! and Perrin'®! derived expressions for its limiting vicosity number, [%], and transl-
ational diffusion coefficient, D, respectively. '

[n] = (4nN 4% /3Mp?)¥p) (1)
D = (ksT/6mn5A)G(p) @)

where N, kg, M and T are in turn the Avogadro constant, Boltzmann constant, molecular weight
and temperature. A4 is the halflength of the rotation axis. The other two axes have the same
halflength of axis, B. p is the axes ratio and equals to B/4. Combining equations (1) and (2) yields

MInID? = (4nN ./ 3p*)V(p)lksTC(p) / 67ns)> (3)
where V[p) and G(p) are both functions of the axes ratio. Obviously, for spherical molecules, p = 1,
V(p)=1, G(p)=1. For oblate ellipsoids, p >1, there are relations
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V(p) =16p/15tan™*p @
6(p) = (p* — )*ptan~[(p — 1)*/?)] . (5)
For prolate ellipsoids, p <1 and one has
Vo) = 14/15 + {15p*[ ~In(p/2) — 3/2]} ~*
+{5p*[~In(p/2) — 1/2]} 7 (6)
Gp) = (L = p?)**In{[1 + (1 — p?)'2]/ p} (7

M, [11] and D are all measurable parameters so that 4 and p can thus be calculated. Then its radius
of gyration can be finally obtained according to equation (8).

R, = A[@ + p) /5] ®)

For the random coil model, Kirkwood and Riseman!®! developed the theory of the limiting
viscosity number and translational diffusion coefficients of flexible macromolecules on the Basis of
random coil with the hydrodynamic interaction of the monomer units of the molecule and of
inhibited flow through the chain. The following expressions were given

[n] = (N (b)zF(x)/ 36nsM, ©)
D = kyT(1 + 8x/3)/2( (10)
where
Ao = L/ (6% 2nsh
z=M/M,
x ="Agz'?

Rx) = {6/7%) 3 (K + h~122)] "1
k=1

where 1 is the viscosity of the solvent. My, b and { are mass, length and friction coefficient for an
equivalent segment, respectively. Multiplication of equations (9) and (10) yfelds

M[n1D = N 4kpTzb*(1 + 8x/3)F(x)/ 36ns (11)

thus
R, = (zb%/6)'* = [on4(1 + 8% /3)F(x)M[n]1D/ N 4ksT]'/* (12)

The value of the parameter x depends on the hydrodynamic interaction between the solute
and the solvent. For free—draining random coils, the velocities of the motion of solvent molecules
inside and outside the random coil are the same, i.e., independent of the velocity of the random
coil, namely, { approaches to zero. Th_ereforé, both x and xF{x) approach to zero and Hx) to unity.
Equation (12) becomes

Ry = (6nsM[n1D/ N 4kpT)'/? (13)
For non—draining random coils, the solvent molecules inside the random coil move in the same

velocity as their neighbouring polymer segments, namely { comes near to infinite. Therefore x
comes near to infinite, F{x) equals zero and xF(x) approaches to 1.588. Then equation (12) becomes

R, = (25.47sM[n1D/ N ks T)""* (14)



342 L . CHINESE JOURNAL ©F POLYMER SCIENCE - 1987

Partial-draining mode is in between .the above two extreme ones, and its x value may be
_evaluated by the relation between [#] and M. Comparing equation (9) with [#] = K, M" and with
some simple mathematical operations, equation (15) can be derived

o = 1 + 0.5(dlogFx))/ (dlog#) (15)

From this relation, the value of % can be estimated and finally R, can be calculated.
The third model used in this study is the wormlike cylinder. Based on the wormlike chain
.model, Yamakawa-Fujiil'®! developed a model of wormlike cylinder. This model regards a mole-
cular chain as a continuous, wormlike cylinder. The diameter of its section is d. The contour length
is L. The mass per contour length My, equals M/L. The persisterice length is (24)~!.
~ They obtained the following equations for the translational diffusion coefﬁment and the
limiting viscosity number

for L,>0
D= kBT(3m13L) YA, LM + 4, + A3L U2 4
AL + As L '3/2) S o (a7
-1
[n] =287 x 1023 M! (L/l):‘/z(l - Z BL "/2) (18)
i=1l
for L, <o

D = kT(3nnsL)~'[CyIn(L,/d) + Cy+ C3L, + C,L> +
CsL? + C(d, /L)L, /d;) ‘

+ Cold /L) + Cold, /L + -] 9
[1] = 3N, L3L 4 [(48Min(L, /d))] " (e~ 2r — 1 + 2L, —
2L2+4L3/3){1+ ZD[lnd/L)]“}_ | | (20)

o

where d, = Ad, and L, = AL, are reduced diameter and reduced contour. length. 4;, B;, C;, and D;,
are constants which solely depend on d,. ¢ equals 2.278 and is a parameter introduced during the
deduction of above equations.

The unknown parameters in equations (17) (18), (19) and (20) are d, M|, and (24) "%, which
are parameters relating to molecular shapes, can be obtained by measuring functions of D-M and
[n]-M, and then by fitting those curves to above relations.

RESULTS AND DISCUSSION :

The molecular weight, translatioal diffusion coefficient and limiting viscosity numbér measu-
red with static and dynarhic laser light scattering and viscometry are hsted in Table-1. Models of
wormlike cylinder, ellipsoid and random coil were used to snmulate ‘the shape. of PPSQ ‘
1. Wormlike chain model R :

In papers on PPSQ’s solution property reported s0.far," Elzner*Ptxtsyn 'S wormhke chain
model' ! and Yamakawa—Fujii’s wormlike cyhnder model were two most frequently used models
in simulation. :

A major assumption was made, that is the mass per umt contour length equals to the molar
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. Table 1 Dilute 'sblution..-pararheters' “for 'thit_iens df,‘,PPSQ in benzene (25°C)

. S Ne . 11074My, - - - 107D, - 2
“ Emol™)" -+ fomis™Y) (mlg™")
Y, . L es 637 . . 265

Y P TR 496 ° 395

Y, B UYL 56.6

Y, X B VT 153

Y, 71 105 %)

mass per contour length of a chain repeat unit, i.,‘e.,lM . = 1032 daltons/nm. However this assump-
tion seems only adequate to molecules with perfect ladder structure.

In this study we first calculated the persistence length by combining : relatnons of D-M and
[n]~M without making any assumption on M. But no solut1on could be obtained. Then we
assumed M; = 1032 daltons/nm as others did, to-work out persistence length and the diameter of
wormlike cylinder via two different approaches, i.e., D-Mrelation with equation (17) and [#]-M
relation with equation- (18). Results are listed below, which are far from identical.

(@)1= 280nm,  d=065nm  (from D-M)
(23,)-}_'.—. 7.5nm, d;= 0.40nm . (from [n]—M)

It is also noted that in many author ] sunulatlon, calculatlons are only based on the relation
‘between the limiting viscosity number and the molecular welght without taking account of the
translational diffusion coefficient or equwalently the sedimentaion constant. Based on data D and
M available in their papers we calculated the pe‘rsistence length and then compare them with
reported ones which were calculated accordmg to the relation of [r)]—M It is found that they also
differ remarkable.

The above calculation manifests that no deﬁmte and reliable results can be obtained from this
model. ThlS is consistent with Yamakawa—Fu)u s conclusxon that the wormllke cylinder model is
not ‘a -suitable mode! for PPSQUAL o
2. Elhpsozd R S

3
i

" 'Table 2 Parameters calculated from the model of oblate ellipsoid

No. _ A(nm) " B(nm) o Ra(g;(nn"l) Ryu5(nm)
Y, 10.2 16.4 160 113 77
Y, 128 204 159 1 13.6
Y, T 165 . 245 . 148 - 169 T 247
L, Y S 481 - r4T 33.3 42.6

Ly . 450 62 - 147 - 458 - 529
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In consideration of that ladder polymer PPSQ may curve in the direction perpendicular to the
ladder  plane, a model of oblate ellipsoid of revolution was used.

The halflength of axes A, B and the axes ratio p can be easily calculated by replacing M, D,
and [#]in equations (3), (4) and (5) with data from Table 1. R, can then be calcuated from
equation (8). Results are listed in (able 2. The last column labeled as R, are experimental data
from the wide angle light scattering measurement with a BI2030 light scattering spectrometer.
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Fig. 1 The relationship between R, and My,.

*—  Values calculated with oblate ellipsoid model.

+ — Values calculated with free—draining random coil model.

® —. Valuescalculated with non—draining random coil model.

@ — Values calculated with partial-draining random coil model.

O— Data from the wide angle light scattering measurement.

»— Data from Kovar et al.'? (toluene at 25°C).

> — Data from Helminiak-Berry!"] (THF at 25°C or CHCI; at -20°C)

The values of calculated R, are in reasonable good agreement with the measured ones. In
comparison with the radius of gyration measured by Kovar et al."" 21 and Helminiak-Berry!), it is
found that the calculated data is also in good agreement with their experimentally determined
relation of R, and My, as shown in Figure 1. The solvents used in our experiment and Kovar’s were
benzene and toluene, respectively. However, to PPSQ, both solvents are good solvents and have
the similar effect on chain expansion, so that this comparison is valid. This shows that the model of
oblate ellipsoid of revolution is a suitable model to describe the shape of PPSQ in dilute solution.
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Fig. 2. The relationship between p and My
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Furthermore the relation between the radius of gyration and the molecular weight can be

expressed as

R

9(E) = 0.048 M,/ (nm)

The axes ratios of all samples are around 1.5, indicating that the shape of PPSQ is closer to a
sphere rather than a disk. It can be seen from Figure 2 that p decreases with the increase of M, W
This can be explained with the conclusion that we derived in the previous paper'®). That is, as the
molecular weight increases, PPSQ molecule tends to contract due to the increase of flexibility or
the development of chain branching.

3. Random coil

Results obtained from the ellipsoid model shows that the axes ratio p is rather small so that it
may also proper to simulate with a random coil model by taking account of the hydrodynamic
interaction between solute and solvent.

For free—draining and non-draining, the two extreme cases, the radius of gyration can-be
calculated directly from molecular weight, limiting viscosity number and translational diffusion
coefficient with equations (14) and (13). For partial draining, with equation (15) and the exponent
o in Mark-Houwink equation (given in the previous paper!®)), x and F{x) can first be evaluated.
Then with equation (12) and data of My, Dy, and [#], the radius of gyration can be estimated. All
results are listed in Table 3.

Table 3 Parameters calculated from the model of random coil

No - a« % Flz) Ryp Ryr Rymy Ryus
(nm) (nm) (nm) (nm)
Y¢ 1.12 0 1 12.9 12.9 26.5 7.7
Y 1.05 0 1 16.0 16.0 329 13.6
Y, 0.95 0.14 0.90 21.0 189 39.0 24.7
L, 0.74 1.60 0.45 574 37.3 76.8 42.6
L 0.60 8.27 0.16 98.4 51.2 105.4 529

To compare R,;s) with the calculated ones it can be seen that R, calculated from free—
draining model is in good agreement with the measured ones. Data of Ry Rypyand Ry, are also
plotted in Figure 1. The values of R, and R, deviate from the R, — My, relation greatly,
whereas RQ(F; coincides it well. This shows that PPSQ molecules in benzene can be most suitably
modeled by free—draining molecules. Usually only molecules with rigid chain segments are po-
ssible to meet the requirements for free—draining model in consideration of the hydrodynamic
interaction between solute and solvent. This indicates that, in the molecular weight range studied,
PPSQ molecules appear as rigid chain molecules. In addition the relation between R g, and My,
can be written as '

Rg(F) = 0!056MW1/2

After the simulation with different models, several conclusions can be made. First, the shape
of PPSQ molecules in benzene can be well simulated with the models of the oblate ellipsoid of
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revolution and the free-draining random coil. Second, PPSQ is a polymer with rigid chain
segments. By combining the results investigated with light secttering, viscometry and NMR!®, a
third conclusion can be deduced that it is the chain branching which is responsible for the
contractness of molecular shape at higher. molecular welght rather than the increase of chain
ﬂemblhty
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