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ABSTRACT: Simultaneous static and dynamic light scattering measurements were performed on poly(y-benzyl
glutamate) (PBG) in dimethylformamide (DMF) over a wide molecular weight range (37000 < M,, < 560000).
The measurements independently demonstrate that the pitch of the helix formed by PBG in DMF is h =
1.5 A, which coincides with the value found by Pauling and Corey for the a-helical structure in the solid state.
The helix in solution cannot be described by a rigid rod but rather by a wormlike chain with considerable
flexibility. By accounting in particular for the polydispersity of the samples the Kuhn statistical segment
length was determined to be A\™! = 1400 + 100 A, which is smaller than reported in the literature. Theoretical
calculations of the radius of gyration and of the hydrodynamic radius reveal that the neglect of polydispersity

effects leads to an overestimate of the chain stiffness.

Introduction

Some time ago, Doty, Blout, and co-workers!™ found
that under certain conditions, e.g., with slight variation of
temperature or solvent composition, some polypeptides
undergo a remarkably sharp transition from flexible or
coiled structures to more or less rigid helices. Among these,
PBG is one of the most thoroughly investigated polymers,
and numerous publications deal with the cooperative
phenomena of the helix—coil transition.>*? Others are
concerned with the structure and the chain stiffness of the
helix in solution.'®* The helix parameters have been
explored for the solid state by means of X-ray diffrac-
tion*% and still serve as helpful guides also for the helical
structure in solution. However, it is still unclear whether
the helical structure of PBG in solution is identical with
the solid-state helix.

In solution long helical chains cannot be expected to
show the behavior of completely rigid rods, but the helix
will undergo bending motions which eventually will lead
to a coiled structure in the limit of very large molecules.
Commonly the chain stiffness is characterized by either
the Kuhn preferential statistical length A or the Krat-
ky-Porod persistence length a. In the Kuhn model? the
segments of length A™! are considered as rigid rods linked
together by flexible joints, whereas Kratky and Porod®
considered a “limiting continuous chain”, 2 which nowadays
is commonly called the “wormlike” chain model. Kratky
and Porod showed that in the limit of very long chains i.e.,
many Kuhn segments per chain, the Kuhn length is just

tThis paper is dedicated to Prof. W. H. Stockmayer on the occa-
sion of his 70th birthday, to whom I owe thanks for a wonderful time
at Dartmouth College during the period 1980-1981.

twice the persistence length A™! = 2a. The persistence
length is defined by the condition that the average scalar
product of the two tangent vectors b; and b;,, at the chain
positions j and j + n has decayed to 1/e, i.e., {(b;b;sn)) =
1/e, which corresponds to an average angle between the
two ends of a persistence unit of 9 = 68.4°.

The purpose of the present paper is to demonstrate that
a highly accurate determination of the persistence length
is obtained if the measurements of static (or frequency
integrated) (ILS) and of dynamic (or quasi-elastic) (QLS)
light scattering are performed simultaneously.

Static light scattering has been frequently applied to
study the rigidity of polymers in solution. Based on the
Kratky-Porod wormlike chain model, the radius of gyra-
tion?®3° and the particle scattering factor®' -3 were calcu-
lated for monodisperse and polydisperse systems. Un-
fortunately, uncertainties in the mass per unit length, M;,
and mostly unknown polydispersities of the samples made
the interpretation of the static light scattering data
somewhat ambiguous.

Theoretical investigations of flexible polymers sug-
gested® that a combination of static and dynamic light
scattering should allow a precise and extensive charac-
terization of polymers in solution. The first simultaneously
measured ILS and QLS results® confirmed these expec-
tations, and it appeared natural to apply this combination
of light scattering techniques also to stiff polymers. The
main advantage of recording ILS and QLS simultaneously
is the fact that the same set of photons is averaged (ILS)
and correlated (QLS). Thus, the ILS and QLS data ori-
ginate from the same source of scatterers.

Until recently,?7 there has been no adequate theoretical
treatment of the influence of chain stiffness on QLS.

0024-9297/84/2217-0553801.50/0 © 1984 American Chemical Society
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Preliminary attempts have been undertaken by Fujime3¥%
and by Kubota and Chu,***? who tried to interpret their
QLS data on the basis of the free-draining model of Harris
and Hearst (HH).# In general, the applicability of the HH
model is restricted to rather low degrees of stiffness, since
the normal coordinate approach cannot correctly describe
a system, where the motion of the chain segments is
strongly reduced, with a few degrees of freedom. Recently,
it was estimated that for AL < 4 the HH model yields
reasonable results”” if the nondraining approach of Hearst,
Beals, and Harris (HBH)* is used instead of the free-
draining approximation. For the present purpose we shall
not use the HBH model because first, the HBH model
employs the approximation of preaveraging the hydrody-
namic interaction and second, because it seems difficult
to include polydispersity effects.

Since the investigated PBG exhibit a nonnegligible
molecular weight distribution, other model calculations for
monodisperse systems were extended to polydisperse
chains which obey a Schulz~Zimm** length distribution.
These calculations do not differ from those published
previously®” and required some mostly numerical inte-
grations. For details the reader is referred to the earlier
paper.” Thus, only the theoretical results are given in the
next section, which subsequently will be used for the in-
terpretation of the combined ILS and QLS data.

Theory

ILS. An analytical expression is obtained for the radius
of gyration for polydisperse, wormlike chains when a
Schulz~Zimm-type distribution is assumed for the chain
length. The weight distribution W(L) is given by

W(L) = L—":y’"“ exp(-yL) 1)
m.

with y = (m + 1)/L,, and L,, the weight-average contour
length of the polymer. The experimentally obtained
quantity is the z-average mean square radius of gyration,
(S?),, which in terms of the contour length L is defined
as

(5, = { WWLIL(S? dL/ Swora @

The radius of gyration of a monodisperse, wormlike chain
was first calculated by Benoit and Doty?®

L 1 1 1

sy=2_-L, 1 _
U= e e e

with A™! the Kuhn length. Substitution of eq 3 into (2)
yields

(1 — exp(-2AL)) 3)

+
m21+ Y

BYA  4N2 4(m + DA

(8%, =

1 ym+2
y?- 4)
8m(m + 1)A* (y + 227

The well-known limiting behavior for a Gaussian coil and
for a rigid rod are recovered for AL > 1 and AL « 1,
respectively.

. o, s, _m+2Ls
Gaussian coil: (8%, 16 (4a)
m+3 +2) L2
rigid rod: (8%, = w — (4b)

(m + 1)? 12

QLS. In dynamic light scattering the intensity time
correlation function (TCF) G,(t) = (i(0)i(t)) is measured
with i(0) and i(¢), the scattering intensities at time ¢t = 0
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and ¢ = ¢, respectively. For dilute solutions the electric
field correlation function, g,(t), is obtained from the
equation®’

E(0)E*(t) G,(t) - A 1?
gl(t)_u) (>_[2 ] .

" (E(0Q)E*0)) A

where A is the experimentally determined base line of the
intensity TCF. g,(t) decays like a single exponential for
narrow distributions of small scatterers and for mono-
disperse, rigidly spherical, optically isotropic particles of
any size. In general, however, the TCF does not decay
single exponentially, particularly, if the particle dimensions
exceed A,/20, with A, the wavelength of the scattered light
in the solution (A, = A\y/n). In such cases, commonly a
cumulant fit of the logarithmic TCF g,(t) is carried out*
to describe the TCF at short delay times as

In (g,(t)) = ~Tt + uo(Tt)?/2 - us(Tt)3/6 + ... (8)

I' = ~{d In (g,(t))/dt},— is the first cumulant and p, and
3 are dimensionless quantities which depend on the po-
lydispersity and on the internal flexibility of the chain. For
large particles the reduced first cumulant, T'/¢? depends
on the scattering vector ¢ = (4= /),) sin (8/2), and can be
written in the low-g limit as364%-5!

I'/¢*=D,(1+ C(S%),q°+ ..) 7

Ineq 7, D, is the z-average translational diffusion coeffi-
cient and C a dimensionless quantity depending on the
structure and polydispersity of the sample. C has been
calculated for mono- and polydisperse linear and branched
flexible polymers*#*5! and for monodisperse rigid rods®?8
and wormlike chains.%3%" According to Stokes and Ein-
stein, a hydrodynamic radius (HR) can be obtained from
the diffusion coefficient D,

(1/Ry); = KT/ (67noD,) ®)

with ET the thermal energy and 7, the solvent viscosity.
The HR contains information on both the structure and
the polydispersity, but in a different way from the radius
of gyration. Thus the HR furnishes extra information to
the radius of gyration. A few aspects of the HR and of C
should be discussed to illustrate how in particular they
could provide information about stiff polymers in solution.

Hydrodynamic Radius. The HR for polydisperse
chains is given by

@ ® -1
1= -1
/R = [ T waiLrany T waLa]t @
Inserting the flexible-coil limit for the HR according to
Kirkwood®
Ry, = b(6m)'/2P/2/16 (10)
with b the effective bond length and P the degree of po-
lymerization, we obtain in the Gaussian limit
(1/Ry), " =
61/2(m + DI2™HbP,Y2/[16(2(m + 1) — D!I(m + 1)1/2))
(11)
which leads for m = 1 to the well-known result
(1/Rp),t = bP,Y/?%/12%/2 (11a)
Replacing Ry, in eq 9 by its rigid rod limit due to Broers-
ma54
Ry,=L/@2(n (L/d) - ~)) (12)
with v a numerical constant and d the hydrodynamically

effective diameter of the polymer, we obtain for polydis-
perse rigid rods
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2 m -1
(1/Ry), ! = [ - i 1(}.‘,1"1 - Cg-1n(yvd) + 7)] (13)

i=1

with Cg the Euler constant and y = (m + 1)/L,. Sur-
prisingly, as long as the logarithmic term in eq 13 domi-
nates, the HR for a rigid rod is virtually independent of
polydispersity.

In recent years the HR for a Kratky-Porod chain was
calculated by employing various approximations for the
moments of the segment distribution function.?”5% Here
we follow the procedure given in ref 37, where Koyama’s®
expression for the segment distribution function was used,
which yields

Ry = [A(2 /LY j; (L - 5B erf(B/24) ds]'1 (14)

with A2 = (R?)(1 - 1)/6 and B = n(R?), where 27? = 5 -
3(R*)/(R%*)2. (R") denotes the nth moment of the Krat-
ky-Porod distribution function. Inserting eq 14 into (9)
we obtain a double integral, which has been solved nu-
merically with the IMSL library program DCADRE.

Quantity C. For flexible structures the quantity C can
be expressed in terms of the first three moments of the
segment distribution®’

1 (S)
= 15
3 5(S2)(S 1) (15)
with
L
(Sny = L2 f (L - s)(R(s)") ds (15a)
0
and

(R(s)") = J; "W(R,9)R"47R?) AR (15b)

In eq 15, W(R,s) represents the radial distribution function
of the chain segments. For polydisperse systems

me(L)L<S) demW(L)L aL
C = 0 0

ot

% ® @ (16)
2 —
j; W(L)L(S?) dLj; W(L)L(S™y dL

Inserting into eq 16 the moments of the segment distri-

bution for a Gaussian coil, we arrive at the result derived
previously®%5!

C=1/3-(2/25(2~(m + 2)%) (17

As discussed in ref 37, eq 15 cannot be applied to a rigid
rod without removing the physical significance of the dy-
namic structure factor measured by QLS. Alternatively,
it was proposed®” that Pecora’s formulation® of the dy-
namic structure factor of rigid rods be applied. Within
th;; framework C was derived for the monodisperse case
as

C=(1/90)(L%/D) —~ 0.1 (thin rods)  (18)

Here, O stands for the rotational diffusion coefficient.

Taking into account the rotation—translation coupling for

a rigid rod, Rallison and Leal®® modified Pecora’s ex-

pression for the dynamic structure factor. This results in
a considerably lower value for C

oL? 2u 1 )

= 565 - ']-:g — % (thin rods) (19)

where y measures the anisotropy in translational diffusion,

w=2D-D,)/{D,+ D,). Dyand D, are the diffusion
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Figure 1. Calculated reduced quantities RG = (S?),/%/
(S?)1/%(g,m) (g = Gaussian and m = monodisperse) (curves A and
B) and RH = (1/R}),”!/R,(g,m) (curves C + D) plotted against
(ALy)Y/? for different polydispersities as attached to the curves.
The ratio L, /d = 10* is kept constant.
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coefficients in directions parallel and perpendicular to the
rod axis, respectively.

The slope C for polydisperse rigid rods is derived in the
Appendix and is given by (the constants in D and 6
omitted)

m+2

1-Cg-In(d
C__1._7+4“m+1i§:ll 5~ In(dy) 20)
3 30 m+3 m»
207 - Cg - In (dy)
i=1

According to eq 20, C depends strongly on the polydis-
persity for the case of rigid rods. In the limiting cases m
= 1 (Schulz-Flory distribution) and m — « (monodis-
perse), eq 20 yields C = 1/, and C = !/, respectively,
for infinitely thin rods.

Up to now we have not been able to derive a theoretical
expression for the first cumulant of a wormlike chain which
covers the whole region from a Gaussian coil to a rigid rod.
In ref 37 it was suggested that the wormlike region be
described by two approximations: (i) In the first ap-
proximation the moments (S") for a Kratky—Porod dis-
tribution function (in a form given by Koyama) are in-
serted into eq 15. This yields an approximate value for
C which is correct in the Gaussian coil limit but becomes
increasingly poor as the rigid rod limit is approached. It
is believed that this procedure yields suitable results for
AL > 4-10. (ii) In the other approximation eq 19 for a rigid
rod is assumed to be essentially correct also for a weakly
bending rod. This approach neglects the influence of
bending modes (which indeed are most likely not observ-
able on the experimental time scale of the present QLS
instruments, at least not in the very stiff limit) but takes
into account the change in the rotational diffusion coef-
ficient with increasing chain flexibility suggested by the
Monte Carlo study by Hagerman and Zimm.® These re-
sults are meaningful for AL < 2.5. For monodisperse
wormlike chains a rather reliable interpolation between
the approximations i and ii could be obtained.?” Subse-
quent numerical integration over the Schulz-Zimm chain
length distribution is easily performed, and the results are
shown in Figures 1-3 together with the other relevant
quantities concerning the hydrodynamic radius and the
radius of gyration.

Figure 1 shows the effect of polydispersity and of chain
stiffness on the radius of gyration and on the HR, re-
spectively. For convenience, reduced quantities i.e., nor-
malized by their monodisperse, Gaussian values, are
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Figure 2. Calculated ratio p = (§%),Y/2(1/Ry,), for different
polydispersities as a function of (\L,)"/2. Curves A-C, L,,/d =
10% curve D, L, /d = 10'2,

-
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Figure 3. Calculated dimensionless quantity C plotted against
AL, for L,,/d = 108, Curve A shows a monodisperse (m = =) and
curve B a Schulz-Flory (m = 1) distribution. The full curves are
calculated by employing the approximations for the stiff and the
flexible limits, respectively, as described in the text. The shaded
area represents the author’s estimate for an interpolation between
the two approaches.

plotted against the square root of the reduced length AL
on a double-logarithmic scale. The influence of polydis-
persity on the radius of gyration (curves A and B) is larger
than on the HR (curves C and D). The magnitude of the
latter effect (i.e., at most 6.4% in the flexible limit) is
almost within the experimental error of current light
scattering instruments. The sensitivity of the radius of
gyration to polydispersity increases as the chain stiffness
increases. For polymers smaller than 30 Kuhn lengths the
HR is only slightly affected by increasing the persistence
length, keeping the contour length of the molecule con-
stant.

The ratio p of both quantities, p = (S2),1/%/(1/Ry),™
shows qualitatively the same behavior. Curves C and D
in Figure 2 demonstrate the effect of the hydrodynamically
effective cross section d of a polymer, which changes the
HR and accordingly p remarkably. In contrast to flexible
chains, where the chain cross section has only little effect
on the hydrodynamic behavior, it is particularly this cross
section, or more precisely the geometric anisotropy, which
increasingly governs the hydrodynamic behavior when the
structure becomes more rigid.

The dimensionless quantity C is plotted in Figure 3 for
monodisperse (curve A) and for polydisperse (curve B)
structures. The full curves correspond to the two ap-
proximations near the Gaussian limit and near the rod
limit, as mentioned earlier. The shaded area represents
the author’s estimate for a reasonable interpolation be-
tween the two approaches. This estimate becomes in-
creasingly indefinite as the polydispersity increases.
However, the existence of a maximum is evident, the

Macromolecules, Vol. 17, No. 4, 1984

height of which becomes more pronounced as the ratio
L,/d increases. Unfortunately, neither the position nor
the height of this maximum is exactly known.

This theoretical outline demonstrates that each of the
introduced four quantities ({S?),, (1/Ry),%, p, and C)
depends both on the polydispersity and on the chain
stiffness, The exact knowledge of these parameters
characterizes a polymer structure fairly comprehensively.

Experimental Section

The PBG samples were prepared at the chemical laboratory
of the CNRS, Strasbourg, according to standard procedures® and
were kindly provided by Dr. E. Marchal. The unfractionated
samples exhibited a molecular weight distribution, usually with
polydispersities of 1.6 < M, /M, < 2. The highest molecular
weight, however, had a broader distribution (M,,/M, =~ 3). The
number-average molecular weight, M, was determined by mem-
brane osmometry and the weight-average molecular weight, M,
by light scattering. These polydispersities agree qualitatively with
earlier estimates based on dielectric dispersion measurements.?

Osmometry. Osmotic pressure measurements were performed
with a Hewlett-Packard membrane osmometer HP 505 in DMF
at 30 °C. Regenerated cellulose membranes were used (Type P400,
Fa. Kalle, Wiesbaden). The reduced osmotic pressure w/c was
extrapolated to zero concentration. For this, four different
concentrations ranging from 3 to 15 mg/mL were employed.

Light Scattering. ILS and QLS measurements were per-
formed with a Malvern K7023 96-channel correlator connected
to a light scattering spectrometer,® which allows the simultaneous
recording of the scattering intensity and of the correlation function.
A krypton ion laser (Spectra Physics, Model Kr 164-11) was used
as light source operating at 647.1-nm wavelength.

For the light scattering measurements PBG was dissolved in
dried and freshly distilled DMF at least 48 h prior to measure-
ment. The concentration ranged from 3 to 15 mg/mL for the
smallest molecular weight down to 0.6 to 7 mg/mL for the highest
molecular weight. All samples were clarified by using a Beckman
ultracentrifuge L.50 with a swinging bucket rotor (Model SW 25.1),
applying a special floating technique®? with cesium chloride as
the density agent. The centrifugation time was varied from 1 to
2.5 h at 15000 rpm (=22000g), depending on the molecular weight.

Data Analysis. As mentioned earlier the TCF was analyzed
according to the method of cumulants (eq 6). In most cases a
two-cumulant fit described the data satisfactorily and a third
cumulant did usually not improve the variance significantly. For
the lower molecular weights (M,, < 10%) a sample time r was
selected which fulfilled the condition I't,, = Iy, =~ 5, with
Mgy the last channel in the correlator. Although our correlator
is equipped with 96 channels only, for the present measurements
Nmax €quals 348, because a delay of 2567 occurs after the first 80
channels (four channels are lost for this delay); the last 12 channels
from 3377 to 3487 are used to monitor the base line. For long
enough sample times the measured and the statistically caleculated
base line coincided better than 1%.. Reduction of the sample time
by a factor of 2 did not cause a significant change of the first
cumulant, i.e., within the experimental error of 2 or 3%. This
was no longer true for the three highest molecular weight samples.
Upon reduction of the sample time the first cumulant increased
significantly. In addition, a very slow relaxation process (much
slower than the translational diffusion) became detectable. This
long relaxation time is not caused by dust or other artifacts and
could not be neglected. Analysis of the full TCF in terms of a
relaxation time distribution using numerical Laplace inversion
is in progress with the CONTIN program by Provencher.83% The
results will be published separately elsewhere. The present paper
is confined solely to the evaluation of the first cumulant, which
contains contributions of the translational diffusion coefficient
and of the internal modes of motion. To this end, measurements
were made with decreasing sample times until the first cumulant
did not change on further reduction of the sample time. Usually
for Tt . < 0.5 the first cumulant remained constant, and these
data were taken for the interpretation of the chain stiffness. (For
the shortest sample times the TCF did not reach the base line,
in spite of the 256-channel delay. Then we always normalized
G,(t) by the statistically measured base line, i.e., employing the
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Table I

Experimental Results for PBG in DMF

My x 1073,
dalton

M, x1073,
dalton

Ry,° A

A,,
8,72, A (cm® mol)/g?

(e}
8
S
[ -}

kfo,b (4

38
73
80
95
200
210
560

29
43
48
55
101
128
190

46
77
82
97
167
175
360

183
197
240
483
500
1010

@ Ry =(1/Rp;" = kT/(6nn,D,). b Asdefined by eq 25.

monitor channels.) Such a fitting procedure appears somewhat
artificial and actually needs theoretical justification. At the
present time it can be argued qualitatively, only, that as the time
scale (i.e., the sample time) of the correlator is reduced, faster
processes (i.e., relaxation times) can be detected, which surely
exist in a wormlike chain. This suggests that for the present
system “bending modes” become observable for molecules larger
than one Kuhn length AL, Accordingly, the theoretical “rigid rod”
approach to the slope C (which only accounts for rotational
diffusion) underestimates C, as will be discussed later (see Figure
6). Moreover, a time-dependent slope C(t) should be observed,
which at very small times reaches the limit of the zero time slope
C calculated in the theoretical section for the “unconstrained”
approximation. Unfortunately, as the sample time is reduced,
the noise in the TCF increases significantly and a cumulant fit
becomes increasingly inaccurate. Further investigation of this
problem is in progress.

The ILS data were plotted in Zimm plots, which allow the
evaluation of the weight-average molecular weight, M, of the
z-average mean square radius of gyration, (S?),, and of the second
virial coefficient A,, as usual. A similar “dynamic” Zimm plot
was suggested® for the reduced first cumulant where I'/¢? replaces
the reduced scattering intensity Kc/R, in the “static” Zimm plot.
One example for Zimm plots of simultaneously measured ILS and
QLS data is given in Figure 4. The “dynamic” Zimm plot yields
the infinite-dilution value of D, as the concentration and the
magnitude of the scattering vector, ¢, approaches zero. This
procedure is analogous to the determination of the molecular
weight in the static Zimm plot. The slope against ¢° extrapolated
to zero concentration yields C(S?),, with C the structure-de-
pendent, dimensionless quantity discussed in the theoretical
section. The slope against ¢ for ¢ — 0 gives k4D,, where kg4
describes the concentration dependence of the translational
diffusion coefficient according to

D,(c) = D,(0)(1 + kye) (21)

Results and Discussion

The measured data of all PBG’s are listed in Table 1.
In Figure 5 the radius of gyration and the HR are plotted
against the molecular weight M, on a double-logarithmic
scale. The data fall on a slightly bent curve and cannot
be described by simple power laws. We fitted therefore
the data according to eq 4 and 9 given in the theoretical
section. As mentioned in the Introduction, uncertainties
in the length per monomeric residue, h, make the analysis
of the radius of gyration somewhat ambiguous, since slight
variation in h can easily be compensated by a change of
the Kuhn length A or of the polydispersity of the samples.
This is no longer true for the HR, which, at least in the
AL region investigated here, depends essentially on the
contour length L, = hP, (P, is the degree of polymeriza-
tion) and on the hydrodynamically effective cross section
of the polymer. The HR changes only slightly with poly-
dispersity and hardly at all with chain stiffness. A good
fit to the hydrodynamic data was achieved with h = 1.5
A, precisely the value found by Pauling and Corey?+% for
the a-helix, and with the diameter of the helix d = 30 A.
The latter value appears a little high and it seems possible
to reduce d by increasing h. Indeed, reducing d to 25 A
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Figure 4. “Dynamic” (a) and “static” (b) Zimm plots for the
sample of M, = 210000. For the dynamic Zimm plot the usual
zero-concentration extrapolation of the data at finite scattering

angles could not be performed because the data scatter too much
due to the extended scale of I'/q>.

10° 4
4

M, /g-mol™
Figure 5. Experimental data and theoretical curves for the radius
of gyration, (S2?),'/2 (upper data, curves A—C) and for the hy-
drodynamic radius, (1/Ry),™ (lower data, curves D and E) plotted
against the molecular weight, M,. (0) (8%),'/2, this work; (+)
(52),172 from ref 42; (A) (1/Ry),”, this work; (O) (1/Ry),™ from
ref 42. The theoretical curves represent different polydispersities:
curves Aand D,m = 1;curves Band E, m = 2; curve C, m = =,

and increasing h to 1.6 A yield a similar curve with a
slightly different curvature. Smaller values than h = 1.5
A cannot fit the data satisfactorily, irrespectively of the
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0.34

.

Figure 6. Experimental data for the quantity C are plotted
against AL,. For comparison the calculated quantity C is given
usingm =1, d = 30 A, and X! = 1400 A. Full curves and the
shaded area are described in Figure 3.

value for d. We now obtain the Kuhn length and a good
approximation for the polydispersity from the fit of the
radius of gyration by eq 4. This is shown in Figure 5 for
h = 1.5 A, where three theoretical curves are plotted for
the radius of gyration for the monodisperse case (curve C),
for a Schulz-Zimm distribution (m = 2, M,/M, = 1.5,
curve B), and for a Schulz-Flory distribution (m = 1,
M,/M, = 2, curve A). The Kuhn length is A™* = 1400 A.
It is clearly seen that the highest molecular weight samples
are well described by the theoretical curve A, whereas the
small molecular weights are better fitted by curve B. This
behavior is in qualitative agreement with the polydisper-
sities given in Table I. The value of A™! = 1400 A found
from the analysis appears to be too small compared to
literature values of A1 = 1700-2800 A. Although A\~ could
still vary by £100 A within experimental error, this cannot
explain the difference from the literature values. It follows
from curve C in Figure 5 for monodisperse samples that
the neglect of polydispersity effects would lead to a serious
overéstimate of the chain stiffness. Of course, the radius
of gyration can be fitted to the data by employing a larger
value for the pitch of the helix of & = 1.6 A. This results
in an even smaller Kuhn length of A™! = 1200 A.
Recently, Kubota and Chu*? published ILS and QLS
data for two PGB samples also measured in DMF but at
a slightly higher temperature (25 °C). For comparison
these data are included in Figure 5. The radius of gyration
of the higher molecular weight sample is significantly
smaller as compared to the present measurements. The
HR, however, lies, within experimental error, on the same
curve as our values, thus supporting our method of data
evaluation. Again, this can be explained by a smaller
polydispersity of the sample measured by Kubota and Chu.
Indeed, a fit of the radius of gyration according to eq 4 is
possible, if M/M, = 1.33 (corresponding to m = 3) is
assumed, which is very close to the value of M, /M, = 1.26
evaluated by Kubota and Chu. The HR of the smaller
molecular weight sample deviates strongly from our mea-
surements. However, since only approximate values were
reported for this sample, the discrepancy is not serious.
As discussed in the theoretical part the angular depen-
dence of the reduced first cumulant contains additional
information about the chain stiffness. The quantity C can
be measured if u? = ¢2(S?), > 1. For the investigated PBG
samples this condition is fulfilled for the three highest
molecular weight samples only. Two examples for the
determination of C are shown in Figures 7 and 8. In
Figure 7, I'/q?D, . is plotted against u, = ¢%(S?),,, where
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Figure 7. Reduced first cumulant I'/(¢%D,) plotted against u, >
= q?(§?%),, for the sample of M,, = 210000 at four concentrations:
() ¢g; (@) 3¢o/4, (O) ¢o/2; (A) co/4 (co = 5.88 mg/mL). The slope
is equal to C.

Plg);

Figure 8. Reduced first cumulant T'/(¢?D,.) vs. the inverse
particle scattering factor, P(g),™%, for the sample of M,, = 560000
at five concentrations: (X) co; (@) ¢o/2; (O) 3¢o/10; (A) co/5; (D)
¢/ 10 (cq 6.34 mg/mL). The slope equals 3C.
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Figure 9. Translational diffusion coefficient, D,, plotted against
the concentration ¢ for the sample of M, = 560000. The slope
yields kg = 33.5 cm®/g.

the index ¢ marks the data measured at finite concentra-
tion ¢. Within experimental error no concentration de-
pendence of C was detectable. Especially for large poly-
mers it has been suggested® that C be determined from
a double-logarithmic plot of I'/q2D, , against the inverse
particle scattering factor 1/P(g).. Such a plot should ex-
hibit an extended linear region, the slope of which equals
3C. Figure 8 shows the plot for the sample of M, =
560000. Again, no concentration dependence of C is ob-
served.

Of course, two experimental values of C are not sufficient
to make any interpretation in terms of chain stiffness. As
shown in Figure 6 both values of C lie slightly below the
theoretical estimates. The deviation might be due to the
fact that within the experimental time scale of the corre-
lator the zero-time value of C is not yet reached. This
point needs further theoretical and experimental inves-
tigation.

Figure 9 shows the concentration dependence of the
translational diffusion coefficient D, for the sample of M.,
= 560000. The absolute linearity of the data suggests that
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the measured concentrations are below the overlap con-
centration c*, which may be defined for a wormlike chain
via the hydrodynamic volume V},

c* = M, /(VyNy) (22)
with N, the Avogadro number and
Vh = (47(/3)Rh3 (23)

The slope, kg4, of D, against ¢ contains information about
the solvent quality and is directly related to the second
virial coefficient, A,, and to the concentration dependence,
k;, of the friction coefficient (i.e., f(c) = f(0)(1 + k«)) ac-
cording to

kf + kd = 2A2M + Vo (24)

with v, the partial specific volume of the polymer. k; may
be expressed as®5°

ke = Ny Vi/M (25)

with V, as defined in eq 23. kg is the interpenetration
parameter which has been calculated by various authors
for soft and hard spheres simulating a © and a good solvent
for Gaussian coils, respectively. The kg values were
evaluated according to eq 23-25 by employing the exper-
imentally determined data for M, A,, and R,. The low
molecular weight samples exhibit a kg value which lies
below the theoretical soft-sphere value of 2.23.8%8 With
increasing chain length kg increases to 4.4. This value
ought to be compared to the theoretical calculation for a
hard sphere of kg = 7.14.8 Since kg has not yet been
calculated for rigid rods or wormlike chains, the presented
experimental values are given without further comment.

Summary and Conclusion

Combined ILS and QLS measurements are demon-
strated to be a powerful technique for the characterization
of stiff polymers in solution. The analysis of the molecular
weight dependence of the HR and of the radius of gyration
allowed the molecular parameters of the helix to vary
within experimental error between h = 1.5 A, d = 30 A,
and N1 =1400Aand h =16 4A,d =254, and X\ = 1200
A, respectively. We tend to favor the first set of param-
eters because, first, the hydrodynamically effective cross
section, d, of polymers in solution is expected to be larger
than the geometric diameter in the solid state. This ori-
ginates from the fact that solvent molecules stick to the
helix surface, thus contributing to the friction of the
polymer. Second, the determined Kuhn length A = 1400
A is already much smaller than reported in the literature
so that A = 1200 A appears to be too low. However,
theoretical calculations of the HR and of the radius of
gyration reveal that the neglect of polydispersity effects
leads to a serious overestimate of the chain stiffness.

The angular dependence of the reduced first cumulant
T'/q? or the slope C could be calculated approximately only.
The experimentally determined values for C are smaller
than the theoretical estimates. The deviation is explained
by the limited time resolution of current correlators, which
do not measure the zero-time value C(t = 0) = C but rather
a quantity C(t), which approaches zero as t — «. At
present it seems highly improbable that the angular de-
pendence of I'/g? can be utilized to determine chain
stiffness. It rather appears that further theoretical and
experimental effort is needed for the understanding of the
dynamic behavior of wormlike chains in solution.
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Appendix

The dynamic structure factor S{g,t) for rigid rods in-
cluding translation-rotation coupling is given by®"%

S(q,t) = exp(-¢*Dt) X
{ag exp(+q*utD? /300) + a, exp(—66t) exp(-2q*uDt /T)}
(A1)

ag=1-¢2L?/36 + q*L*/32400 (Ala)
a, = q*L*/6480 - ¢*L%uD /5400 + ¢*u2D?/1800% (Alh)

For polydisperse systems the integral [ W(L)LS(q,t) dL
has to be evaluated; W(L) is defined by eq 1 in the main
text. The reduced first cumulant, I'/¢? is then calculated
as

/e = f. "W(L)L dL{ay(D - q%uD?/300) + ay(D +

69/ + 24D /7)) / [ f. "WL)L(a, + o) dL] (A2)

Inserting Broersma’s expression for D and 0, one can easily
evaluate the integrals involved in eq A2. Neglecting all
0(g*), one can eventually generate the coefficient C of the
g® term given in the main text.

Registry No. Poly(y-benzyl glutamate) (homopolymer),
25014-27-1; poly(y-benzyl glutamate) (SRU), 25038-53-3.
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Rotational Motion of the Ester Methyl Group in Stereoregular
Poly(methyl methacrylate): A Neutron Scattering Study

Barbara Gabrys,* Julia S. Higgins, Karen T. Ma, and Jaan E. Roots

Department of Chemical Engineering and Chemical Technology, Imperial College,
London SW7 2BY, England. Received August 2, 1983

ABSTRACT: Quasi-elastic neutron scattering data are reported for two stereoisomers of poly(methyl me-
thacrylate) in which all but the ester methyl hydrogens have been replaced with deuterium. For syndio- and
isotactic forms the observed motion is dominantly a threefold symmetric rotation about the O-CH; bond
but the behavior in both cases is non-Arrhenius, with an apparent activation energy reducing from 7 kJ mol™
above room temperature to 1 kJ mol™ at 150 K. This behavior is explained by the inclusion of higher terms
in the Fourier series expansion of the potential function for the methyl group rotation. Differences observed
at lower temperatures in the absolute magnitude of the rotational rates for the stereoisomers are explained
in terms of the relative angular phase of the threefold and higher Fourier terms in the potential.

1. Introduction

The intramolecular motion in polymers is manifested,
for instance, in their dynamical-mechanical behavior.!
Large-scale conformational rearrangements arising from
rotations about backbone bonds are frozen in at the glass
transition temperature, but even at lower temperatures
there remain subsidiary loss mechanisms arising from the
motion of side groups attached to the main chain. These
latter motions have been identified not only in dynamic
mechanical relaxation but also in dielectric relaxation,!
NMR,?* and neutron scattering.’

The barriers to rotation of methyl groups are relatively
low compared to those of other side groups allowing a fairly
fast rotational motion between sites, and the corresponding
relaxation “peaks” are often difficult to observe in me-
chanical or NMR experiments because they occur as broad
peaks at very low temperatures. The rather higher ob-
servation frequency of neutron scattering experiments
together with the use of deuterium labeling has led to
successful identification of methyl group libration within
a potential well for a number of polymers via inelastic
scattering,® and barrier heights to rotation have been
calculated. Furthermore, the observation of rotational
“hopping” over the barriers has been achieved via quasi-
elastic scattering.’®

The predominant effect on the rotational barriers of
methyl side groups has been shown to be the chemical
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structure of the monomer unit, but in a few cases the
stereoregularity produces a variation of 50% or more.” In
the case of poly(methyl methacrylate) (PMMA) (Figure
1) the barrier height to rotation for the a-methyl group
has been evaluated from inelastic neutron scattering (as-
suming that the observed frequency mainly corresponds
to the 1-0 torsional transition within a threefold symmetric
potential, V;) and shown to vary from 28 kJ mol™ for the
isotactic form to 32 kJ mol™ for the syndiotactic form.”
Furthermore, activation energies as determined by NMR*
vary from 15.5 to 22.6 kJ mol™ for the two stereoisomers,
respectively. If this increase is due to the nonbonded
interactions between the a-methyl and the ester groups
which are nearest neighbors in the syndiotactic PMMA
(conformations of the two stereoisomeric forms of PMMA
are shown in Figure 1), then a similar effect of stere-
oregularity might be expected also for the ester methyl
group motions.

The torsional motion of the ester methyl group is ob-
served in the inelastic neutron scattering spectrum to occur
at a lower frequency than that for the a-methyl group,?’
indicating a lower barrier to rotation. The rotational
hopping motion over this low barrier is correspondingly
fast, allowing the motion to be well resolved in quasi-elastic
neutron scattering experiments at low temperatures where
all the other molecular motion has been frozen out. A
measure of the barrier height may then be inferred from

© 1984 American Chemical Society



