8948 Macromolecules 1996, 29, 8948—8953
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ABSTRACT: The chain conformation of a series of polydisperse polyesters and poly(p-phenylenes) has
been investigated by means of depolarized Rayleigh scattering in solution. By considering polydisperse
worm-like chains, using a Schultz—Zimm distribution, the persistence length, g, was determined from
the specific depolarized Rayleigh ratio at infinite dilution and the weight average chain contour length,
without involving optical anisotropies or the internal field problem. This general analysis showed that
the effect of polymer nonuniformity is nearly negligible. For the polyester, g was found to be approximately
19 nm, whereas for the poly(p-phenylene) it was about 28 nm; these values exhibit the correct trend, but
are higher than the corresponding ones from other techniques. Deviations are mainly attributed to the
limited range of molecular weights available; this restricts the polyesters near the coil limit and the
poly(p-phenylenes) near the rod limit. Using optical anisotropy data of the monomers and various
oligomers, the validity of Flory's addivity scheme is verified for these systems.

I. Introduction

It is well-known that rigid-rod polymers are charac-
terized by a large persistence length, which is a direct
measure of the chain stiffness and is intimately related
to the type and stability of the mesophases formed.!
Accurate knowledge of this property is essential in
understanding the mechanical behavior of the rigid-rod
polymers, as well as the coupling between translation
and rotation, and other features of the dynamic behavior
near the isotropic to nematic transition.?

Several techniques have been used for the determi-
nation of the conformational properties of polymers and
oligomers in solution. Among them are magnetic bire-
fringence (Cotton—Mouton effect),? polarized dynamic
light scattering,* viscosimetry (Bohdanecky method),>
electric birefringence (Kerr effect),® flow birefringence,”
scattering by X-rays or neutrons,® intrinsic dynamic
viscoelastic moduli,® whereas for very long biological
polymeric filaments, fluorescence microscopy appears
to be very effectively.’® Of special interest is the
technique of depolarized Rayleigh scattering (DRS),
which has been successfully utilized for the measure-
ment of the optical anisotropy of low-molecular weight
nematogenic compounds,!! as well as polymeric sys-
tems.1?

Recently, a general approach was presented, which
relates magnetic birefringence measurements to the
conformational properties of polydisperse polymers in
solution;2 it accounts for the important characteristics
of the polymers investigated, i.e. chain flexibility (worm-
like) and polydispersity. The present investigation
applies essentially the same general analysis of the
conformation of semiflexible chains to the depolarized
Rayleigh spectra from polymers of different stiffness.
The technique used was Fabry—Perot interferometry
(FPI), which produced spectra that were appropriately
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analyzed in order to reveal the specific depolarized
Rayleigh ratio at infinite dilution and eventually de-
termine the persistence length. When compared to the
polarized light scattering, DRS is more efficient in
measuring low molecular weight samples as well. The
reason is the fact that the depolarized intensity is
related to

cos’ 6;; — 1D

L) 2

for all elements i and j along the chain, and thus when
applying the worm-like model, we are led to a quantity
which varies in a very similar way to the radius of
gyration, but with an apparent persistence length 3
times smaller.

The paper is organized as follows: section Il presents
the analysis of DRS from semiflexible polydisperse
polymer chains. The experimental procedure is outlined
in section 111, and the ultimate determination of the
persistence length is discussed in section IV. Finally,
section V summarizes the main findings and conclu-
sions.

Il. Depolarized Rayleigh Scattering from
Semiflexible Polymer Chains

Depolarized Rayleigh scattering is already established
as a reliable experimental technique for the measure-
ment of the mean square optical anisotropy (F?0) of
nematogenic oligomeric compounds.!! The scattering of
laser light in the depolarized mode (VH) is induced by
orientation fluctuations, which cause fluctuation of the
anisotropic part of the polarizability tensor. In addition
to the intrinsic molecular anistropy, the collision-
induced anisotropy contributes to the total depolarized
Rayleigh intensity. For a system of symmetric top
molecules, the integrated depolarized intensity at zero
scattering wavevector is given by!!
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where A is a constant, f(n) is the local field correction,
1/n2 is a geometrical factor (n being the refractive index
of the medium), p is the number density of the aniso-
tropic scatterers, [20is the mean square optical ani-
sotropy (averaged over all possible molecular conforma-
tions), and I¢; is the collision-induced contribution to
the scattering intensity. The term (1 + pF¢) represents
the intermolecular interactions, directly connected with
the fluid structure; F. is a measure of the orientational
pair correlations, which is concentration-dependent
(when no orientational correlation exists, F. = 0). The
molecular optical anisotropy is defined from the trace-
less part of the polarizability tensor, ag, by

Y2 = g trace(a,a,) with 4,=a,— % trace(ay) E
)

where E = diag(1,1,1). If we further consider cylindrical
symmetry around the main axis x of the molecule, then

V= (Mag) +3 (Aag'y’ ®)

with Aap = axx — (ayy + az;)/2 being the cylindrical term,
and Aap™ = ayy — a; the acylindrical term, in which &g
decomposes

a,=Aa,J + AagJt (4)

where J = diag(2/3, —1/3, —1/3) and J* = diag(0,1/2,—
1/2). In order to deduce the molecular contribution to
the depolarized intensity (or the intrinsic molecular
anisotropy 0] direclty connected with it), the contribu-
tion of the collision-induced anisotropy, Ic;, should be
subtracted from the measured lyy. The characteristic
time associated with the collisions between solvent
molecules or solvent and polymer molecules is much
smaller than the reorientational time of both solvent
molecules and polymer molecules; this allows a clear
distinction between the two relevant dynamic processes
in a DRS experiment.

Concerning the internal field problem (IFP), which
is still open in DRS, we used the second power correc-
tion, which has been demonstrated experimentally to
work reasonably well 11121315 Thys,

f(n) = (”2; 2)2

which is consistent with the use of Flory’s additivity
approximation,'® which is actually the additivity of the
bond polarizability tensor, as well. Whereas a rigorous
approach apparently favors the fourth-power correc-
tion,” the choice of the appropriate power can be
essentially bypassed in the actual analysis of chain
conformation from DRS, as discussed below.

For the determination of the optical anisotropy, we
assume that the molecule consists of symmetric top
repeating units, each having anisotropy 0?00 Further-
more, by assuming the applicability of Flory’'s group
additivity approximation, and by utilizing the worm-
like model prediction for
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with 6; the angle between the axes of the optical
ellipsoids associated with segments i and j, the following
estimation of the polymer’s average optical anisotropy
is obtained!* (where only the cylindrical terms are taken
into account):

3= 5wF 03 ©

where q is the persistence length and |y the contour
length of the repeating unit, L the contour length, and
N the number of monomers in the chain, and F(L) is
given by

F(L) = (1 — 3% [1-e —3L/q]) (6)

In the limit of zero concentration, the depolarized
intensity due to the intrinsic anisotropy is proportional
to the average molecular anisotropy of the polymer:

Rl 1 (27)*(n?+ 2)?
(T)M—E(T)( Zos o

Iva) [ n 2
Ryp = (I_) (n_ Ry, tol
tol tol

being the contribution of the polymer to the VH scat-
tering. Rvnhio is the depolarization ratio of toluene,
which was used as reference in this work; 4 is the
wavelength of the laser light. It is now straightforward
from the above analysis to use eq 7 in order to deduce
an expression for the depolarization ratio at infinite
dilution (normalized by the weight concentration, c, in
g/cm?3), which is the quantity directly measured with the
DRS technique:

with

Run

(T)c—»O = KprsdF(L) (8)

where Kprs is a constant associated with the DRS
technique, given by

_ 2_:14(n2+2)2£ Na 5
KDRS - (/1 ) 3 45 IOMOWOD (9)

where N, is the Avogadro number and Mg the molecular
weight of the repeating unit.

When accounting for the effects of polydispersity, the
guantitative treatment of the DRS data follows es-
sentially the magnetic birefringence data analysis;!?
actually, the basic physics behind the two techniques
is the same, and both treatments converge to the same
scaling predictions. It is noted that, when dealing with
the light scattering intensity Ryn, we have to weight
the contributions of the respective species of a nonuni-
form polymer with their weight fraction. This follows
from the fact that eq 8 also can be written as Ryy =
(Kprs/Na)MpF(L)g and for polydisperse samples as Ryy
~ IMp(M)F(M) dM = fLp(L) F(L) dL = jw(L) F(L) dL,
where p(M) is the number fraction of species with mass
M and w(L) the weight fraction of species of length L
(contour length distribution). Hence, in the generalized
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analysis of the DRS data for nonuniform polymers, the
specific depolarized light intensity can be written as

R 00
[% o = Korsd fy W(L) F(L) dL (10)

By using the Schultz-Zimm distribution,
Lm
w(L) =y = exp(—yL) (11)
where y = (m + 1)Ly, m = (Lu/Ln, — 1)1 is the
polydispersity index, and Ly, and L, are the weight and

number average contour lengths, respectively. The
integration of eq 10 leads to

Ryn m+l( ( Xw )_m)
[T O_KDRSqll_ mx, = \P T mr

c— w 12)

where x, = 3L/q is the reduced contour length. The
two limiting cases of interest are the high and the low
molecular weights, corresponding to the coil and rod
limits, respectively:

. Run
(i) x,, > 1. < Kbrsd (13)
. Rw 3
(i) x, < 1: < EKDRSLW (14)

As in the Cotton—Mouton case, this result suggests that,
in both limits, the depolarized light scattering intensity
(and thus the average optical anisotropy) is indepenent
of the width of the molecular weight distribution.
Additionally, for very long chains, it is also independent
of molecular weight (coil-like behavior), while for short
chains, it is directly proportional to L, (rigid-rod-like
behavior). It is easy to show from eq 12 that in the
intermediate region the influence of the polydispersity
index m is rather limited. Thus, by using in general
the most probable distribution (m = 1), we end-up with:

Kbrsa 2
DR 4= 15
[RVH/C]CﬁO Xw ( )

Equation 15 suggests that it is possible to determine
the persistence length of a polydisperse polymer by
simply plotting c/Ryy (at ¢ — 0) against 1/L,,. Thus, the
persistence length can be determined from DRS without
invoking the IFP (which is incorporated into Kpgs).
Further, the effect of the typically high polymer non-
uniformity turns out to be nearly insignificant.

I11. Experimental Section

Materials. The polyester TPPE (shown in Chart 1, together
with its trimer, a 2',5'-di-n-hexyl-p-terphenyl-4,4'"-diol) and
the poly(p-phenylene) PPP (shown in Chart 2, together with
its oligomers) used in this work, were synthesized by polycon-
densation. A range of molecular weights M,, from 11 300 to
130 000 and from 31 680 to 47 850 were obtained for the TPPE
and the PPP, respectively. Details for the TPPE and PPP
synthesis can be found elsewhere.’®1° The solvent used in this
study was HPLC-grade chloroform, and dust-free samples were
obtained by filtration through a 0.22-um Teflon Millipore filter
directly into the dust-free light scattering cells (1 x 1 x 4 cm
rectangular cells from Hellma). The DRS measurements were
carried out at concentrations ranging from 0.03% per weight
to 4.4% per weight. The upper bound was determined by the
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Chart 1. Polyester TPPE with hexyl side chains and

its trimer
TPPE
CeHi3
0\ O£
/C o
CéHys 0 n
Trimer
CHO c/0 -
O%0-3-0 e O ocn
/C 3
CéHys o]

Chart 2. Poly(p-phenylene) PPP with dodecyl side
chains and its oligomers 2:0 (no side chains), 3:0 (no
side chains), 3:6 (hexyl side chains), and 3:12 (dodecyl
side chains)

PPP
Ci2Has
{.ﬂ OOt
Ci2Has
2:0 3:0

O~O~O

w
[=))
9
—
18]

CeHi3 Ci2Has

CeHis Ci2Has

Table 1. Molecular and Optical Characteristics of the
Polyester TPPE Series and the Trimer

RVH/C x 108 E/ZMN

sample Mw Ly(m) ma (cm?/g) (A8
trimer 699 30 o 62 1601 (N =1)
TPPE-1 11300 44.4  (1.67)° 205 5597
TPPE-2 20400 80.2 1.43 224 6115
TPPE-3 31100 122 1.67 249 6798
TPPE-4 47200 185 1.11 251 6853
TPPE-5 130000 511 0.48 256 6990

a Polydispersity index: m = (Lw/Ln — 1)L P The value in
parentheses is an estimation based on the m's and Ly,'s of the other
polymers of the series.

solubility of each sample.?® Molecular and optical character-
istics of the various TPPE polyesters and trimer are shown in
Table 1, whereas those of the various PPP poly(p-phenylenes)
and oligomers are in Table 2. The biphenyl (2:0) and terphenyl
(3:0) samples were obtained from Aldrich.

Apparatus and Measurements. A detailed description
of the experimental system used has been presented else-
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Table 2. Molecular and Optical Characteristics of the
Poly(p-phenylene) PPP-12 Series and the Oligomers 2:0,
3:0, 3:6, and 3:12

RVH/C x 106 E/ZMN
sample Mw Ly (nm) ma (cm?/g) (A®)
2:0 154 0.84 o 24.64 185 (N =1)
3:0 230  1.33 o 4523 529 (N =1)
3:6 398 133 w 16.5 319 (N =1)
3:12 566  1.33 o 16 441 (N =1)
PPP monomer 564 148 o 24.9 686 (N =1)
PPP-1 31680 82.2 (0.45)° 241 6650
PPP-2 39060 101.1 0.48 308 8499
PPP-3 43200 117.2 0.45 307 8472
PPP-4 47850 123.2 0.43 342 9438

a Polydispersity index: m = (Lw/Ln — 1)71. P The value in
parentheses is an estimation based on the m's and L,/’s of the other
polymers of the series.

2~

I (aw)

°  solvent

-166 0
f (GHz)

Figure 1. Typical depolarized Rayleigh spectrum of a poly-
ester TPPE-3 solution in chloroform (0.1% by weight), at a
scattering angle of 90°, and the corresponding spectrum of the
solvent.

where.!* Briefly, the light source used was an argon ion laser
(Spectra Physics Model 2020), operating at 488 nm with
stabilized power of 300 mW. The spectrum of the scattered,
at 90° angle, depolarized light (a typical example is depicted
in Figure 1) was taken using a planar Fabry-Perot interfer-
ometer (Spectra Physics Model 381) with a free spectral range
of 983 GHz (40 cm™1); the sample was stabilized at a temper-
ature of 25 °C. In the depolarized geometry, the incident beam
is polarized vertical and the scattered horizontal, relative to
the scattering plane, by using Glan-Thomson polarizers (ex-
tinction coefficients 107¢ and 1077, respectively).

The accurate and reproducible measurement of lvy required
proper consideration of the important factors already men-
tioned above, namely the I¢;, F¢, and the dependence on the
wavevector . The utilization of a Fabry-Perot interferometer
enables us to subtract the contribution of Ic,, since it appears
as a broad background in the Rayleigh spectrum dominated
by the Rayleigh peak due to the significantly slower molecular
reorientation. The obtained intensity spectrum lyn(w) was
integrated in order to get the actual intensity lyn. Figure 1
depicts a typical depolarized Rayleigh spectrum for the
polymer solution and solvent (TPPE-3 in chloroform, concen-
tration 0.1% by weight), along with the corresponding spec-
trum from pure chloroform. The VH component of the
scattered intensity of the polymer can be isolated from the
solvent background and calculated from lssjute = lsotution — (1 —
d)lsovent, ¢ being the percent concentration of the solute.
Further, the g-independence of the intensity lyy was always
preserved; this guaranteed the validity of eq 1 above. Finally,
in order to avoid intermolecular interactions, the specific
depolarization ratio Ryn/c was determined at the infinite
dilution limit, using Ryp(tol) = 4.88 x 1078 cm™1!! To
accomplish this, it was necessary to undertake numerous
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Figure 2. Depolarized Rayleigh ratio of the polyester TPPE
samples (TPPE-1, TPPE-2, TPPE-3, TPPE-4, and TPPE-5) and
the trimer, as a function of concentration, and corresponding
nonlinear fits.

careful measurements in a wide range of concentrations, as
discussed below.

IV. Results and Discussion

Since the analysis presented above is valid for neg-
ligible molecular interactions, and even at low concen-
trations our data exhibit a clear deviation from linearity,
we used a nonlinear fitting procedure in order to extract
the limiting value of c/Ryn at ¢ — 0. Figure 2 shows
the depolarized Rayleigh ratio as a function of concen-
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Figure 3. Determination of the persistence length of the
polyester TPPE, using the linear equation 15, expressing (c/
Rvh)e—o a@s a function of L, 1. The solid line represents the
least-squares fit.

tration for all five TPPE polyester samples and the
trimer. Itis clear that, as the concentration increases,
molecular interactions come into play. A reasonably
good nonlinear fitting is obtained for all samples; it
should be noted, however, that the slope at vanishing
concentration, (Ryn/C)c—o, differs only slightly from
sample to sample, and this is explained by the fact that
due to the limited range of molecular weights used,
there was not much difference in scattering power from
the low to the high molecular weight. A closer look at
the data, however, reveals an additional interesting
feature: as the molecular weight increases, the second
derivative of Ryy versus ¢ changes sign. To explain this
behavior, we argue that short chains (trimer and maybe
TPPE-1) are near the rod limit, whereas the longer
chains (TPPE-2, TPPE-3, TPPE-4, and TPPE-5) are
near the coil limit. Thus, we expect that in the former
case intermolecular interactions dominate at relatively
high concentrations, while in the latter one intramo-
lecular interactions might be also involved; these inter-
actions may lead to a slight change in the average
segmental pair orientation, expressed by the second
Legendre polynomial, from positive (average orientation
angle below 55°) to negative (average orientation angle
above 55°), which eventually results to the observed
change in curvature. Negative curvatures have been
reported in the past, with flexible polymers.1221.22 |n
the case of the poly(p-phenylene) series, the concentra-
tions used were below 1.2% by weight, and thus the Ryy
versus c plots were linear, for all samples PPP-1, PPP-
2, PPP-3, and PPP-4, with reasonably good statistics.

Figures 3 and 4 represent the use of eq 15 in order to
determine the average conformation of the polyester and
poly(p-phenylene) chains. First of all, it is also noted
that the approximate value of m for the polymers
investigated in this work varies from 0.4 to 1.7, as
determined by GPC (Tables 1 and 2). Using this
information, it is easy to calculate the relative errors
from applying eq 15 to polyesters and poly(p-phen-
ylenes). For the polyester samples TPPE-5, TPPE-4,
TPPE-3, TPPE-2, and TPPE-1, the maximum error
ranges from 1% to 6%. For the poly(p-phenylene)
samples PPP-1, PPP-2, PPP-3, and PPP-4, with an
average m = 0.45, the calculated error is around 5%.
The least squares line fits the experimental data, with
some uncertainty, but given the difficulties and limita-
tions, we argue that Figures 3 and 4 demonstrate the
applicability of eq 15 in determining the persistence
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Figure 4. Determination of the persistence length of the poly-
(p-phenylene) PPP, from the developed linear equation 15,
expressing (¢/Rvn)c—o as a function of L, %. For clarify, only
the four PPP data points are presented, whereas the monomer
is included in the inset which demonstrates the importance
of having a wide range of molecular weights available. Solid
lines represent the least-squares fit (notice the scale of L, ™).

length of a stiff polymer. The result from the slope and
intercept of Figure 3 is approximately g = 19 nm.
Furthermore, from the intercept, the value of the DRS
constant was determined as Kprs = 133 4+ 20 cm/g. This
value of g is clearly higher than the corresponding
values on the same polyester, measured with different
techniques (11.0 nm with magnetic birefringence!3 and
9.0—11.0 nm with viscosimetry8). It should be noted
that the difference in the values of the persistence
lengths obtained from different techniques, reported in
the literature, is usually high, much higher than the
ones reported here.®2 A wider range of molecular
weights would lead to a more certain best fit line, and
thus g. This is especially true for low molecular
weights, as concluded from Figure 3 (where actually all
data points but one are in the coil limit).

As already mentioned, the use of the worm-like model
in the calculation of the optical anisotropy is based on
the validity of the additivity of the monomer anisotropy.
Hence, it is imperative to check this assumption by
utilizing Kpgrs from eq 15. For TPPE, by using eq 9 and
the value of Kprs determined experimentally, as well
as lp = 22 A, my = 560, and f(n) = 1.859, the effective
optical anisotropy of the monomer was estimated to be
1196 + 180 AS. By considering only the cylindrical
contribution to the optical anisotropy (20~ Aa?), the
measured Aa of the monomer is 34.6 & 2.5 A3, whereas
the calculated one is 32 A3, corresponding to a relative
error of 8%. This calculation was based on the experi-
mentally determined value of [;°0of the oligomer 3:6
(from the measured Ryy/c), which amounts to 319 A6
(Aa. = 17.86 A3), and on the use of Flory’s additivity
scheme, based on the measured optical anisotropy of
various groups composing the trimer. These are as
follows:1214 Aa(OCHs) = 0.072 A3, Aa(phenyl) = 7.97
A3, Aa(OCO) = 1.02 A3, and a change of the A« of the
phenyls in the 3:6, when they are substituted in the
trimer (0.097 A3). In addition to the above, the trimer
was directly measured, yielding a value of [32C= 1601
A8 (Table 1), and thus Ao = 40.01 A3, whereas the
estimated anisotropy according to Flory's group addi-
tivity scheme, based on the above values for various
groups, is Ao = 37.92 A3, This corresponds to a small
relative error of 5%. These results, the direct measure-
ment of the trimer anisotropy and the measurement of
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monomer anisotropy deduced from the DRS analysis of
the polydisperse polymer, confirm the validity of the
Flory's incremental scheme, with a small error. Fur-
ther, they support the physical basis for the use of the
worme-like model to account for the conformation of such
stiff polymers.

The persistence length of the PPP poly(p-phenylene)
series was determined to be approximately 28 nm,
whereas Kprs was found to be 120 cm/g, with similar
remarks concerning experimental uncertainty as in the
TPPE case. As seen in Figure 4, the monomer 3:12 was
also used for extracting this value, based on the validity
of Flory's incremental scheme discussed above; further
it served as the low molecular weight limit (all samples
appeared to be in the rod limit anyway; thus, the q
determined was a low bound). It is noted that the value
of the specific depolarization ratio for the monomer used
in Figure 4 was determined from the measurements of
the oligomer 3:12 by adding the contribution of substi-
tuted phenyls at the ends; the latter is estimated from
the 2:0 and 3:0 oligomers. The result is Ryp/c = 24.9 x
1076 cm?/g. The above results indicate that PPP is a
stiffer polymer than TPPE; this is considered reason-
able, since due to the differences in the chemical
structure of these polymers, as revealed in Charts 1 and
2, in the PPP case the phenyl groups are directly
connected in the polymer backbone, resulting in a stiffer
molecule. It should also be mentioned that recent
computer simulations with such materials (PPP) con-
firm their large stiffness (compared to polyesters),
predicting a persistence length of about 22.0 nm.23

V. Conclusions

A general method has been presented for the analysis
of the average conformation of stiff polymer chains, by
using depolarized Rayleigh scattering data in solution.
It invokes the worm-like chain model and accounts for
the polymer polydispersity. The persistence length, g,
is determined by a simple universal plot of the reciprocal
of the specific depolarization ratio versus the reciprocal
of the weight average chain length. Results for the
polyester series TPPE (g = 19 nm) and the poly(p-
phenylene) series PPP (q = 28 nm) confirm that poly-
(p-phenylenes) are stiffer molecules than polyesters, but
are higher than the ones obtained with different tech-
niques, due to the errors associated with the limited
range of molecular weights available. Finally, by
determining the effective anisotropy of oligomers, using
the second-power correction to the internal field, and
comparing against the calculated values of the substitu-
ent units, it is shown that Flory’'s group additivity
approximation works well for these systems.
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