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ABSTRACT: Dynamic light scattering and sedimentation velocity measurements were performed on dilute
benzene solutions of poly(macromonomer) with poly(methyl methacrylate) (PMMA) as the backbone chain
and polystyrene (PS) as branches to obtain the diffusion coefficient D and the sedimentation coefficient
s, respectively. Dependences of D and s at infinite dilution on the backbone chain length as well as the
branch length were found to be quantitatively described by the prolate ellipsoid model with values of the
main and the minor axis calculated from the planar zigzag PMMA backbone and the gaussian PS branched
chains, respectively. Application of the wormlike cylinder model gave the Kuhn’s statistical length A1
~ 90 nm, which is substantially larger than 2! = 3.2 nm of homo-PMMA. The concentration coefficient
of D and s also showed unique dependences on the backbone chain length as well as the branch length.

Introduction

Effects of branching on polymer chain dynamics in
dilute solution have been studied so far using branched
polymer with three different types of branched struc-
tures such as randomly-branched, star-shaped, and
comb-shaped polymers.!=® In the latter two systems,
attention was focused on the effect of high monomer
density in the vicinity of the branching point(s) on
hydrodynamic properties such as steady viscosity and
diffusion coefficient. On the other hand, novel new
types of multibranched polymers such as poly(macro-
monomer) and dendrimer have recently become avail-
able due to advancement of polymerization techniques,
and their characterization has just started.’16

The poly(macromonomer) with the number of branches
the same as its degree of polymerization has the
following characteristic features: (1) the branch length
can be made fairly uniform using the anionic polymer-
ization technique, (2) branching regularly occurs along
the chain backbone, for example, every two carbon
atoms for vinyl types of polymers, and, consequently,
(3) monomer density is very high around the chain
backbone. The effect of this unique multibranched
structure on hydrodynamic properties has been dis-
cussed in terms of intrinsic viscosity by Tsukahara and
his co-workers.!7

In order to get more information on chain dynamics
of the poly(macromonomer), we performed dynamic light
scattering and sedimentation velocity measurements on
dilute benzene solutions of two series of poly(mac-
romonomer) with poly(methyl methacrylate) (PMMA)
as the backbone and polystyrene (PS) as branches.
Analysis of diffusion and sedimentation data with a
couple of models indicates that the PMMA backbone is
quite stiff as is given by Kuhn'’s statistical length 171 ~
90 nm, while the PS branches take a conformation close
to that of a Gaussian chain. When we had almost
finished the measurements, we became aware of the fact
that Schmidt and his group made static and dynamic
light scattering experiments on the same system.!8 It
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Figure 1. Chemical formula of the poly(macromonomer) used.

is gratifying that their conclusions are in good agree-
ment with ours.

Experimental Section

Materials. The poly(macromonomer) used in this study is
a gift of Prof. Tsukahara of Kyoto Institute of Technology. As
the chemical formula in Figure 1 shows, the macromonomer
is [w-(methacryloyloxy)ethyllpolystyrene synthesized by living
anionic polymerization. The macromonomers were polymer-
ized using AIBN as an initiator in benzene at 60 °C for 24 h,
and the products were then purified by precipitation—extrac-
tion procedures to remove unreacted macromonomers.? In
order to study the effects of the backbone chain length and
the branch length on polymer dynamics, two series of samples
were prepared. For one series of samples, the molecular
weight of the PS branch was fixed at 2900 with a ratio of the
weight- to number-average molecular weight of 1.06, and the
degree of polymerization, DPpyma, of the PMMA backbone was
varied from 5.7 to 1019 for six samples tested. For a second
series of samples, DPpyma was kept at around 20 and the
weight-average molecular weight of the PS branch was varied
from 800 to 14 000. Table 1 gives the sample code, weight-
average molecular weight of the macromonomer, the total
weight-average molecular weight, My, and M, of the poly-
(macromonomer) samples used.

Dilute solutions of the poly(macromonomer) in benzene were
prepared by mixing a prescribed amount of the pure solvent
and of a polymer solution of known concentration and made
optically clean by filtration with Millipore filters (nominal pore
size, 0.22 pm).

Methods. Dynamic light scattering (DLS) measurements
were performed using the apparatus described in detail
elsewhere.!® A vertically polarized single-frequency 488 nm
line of an argon ion laser (Spectra Physics, Beamlock 2060)
was used as a light source with an output power of 600 mW.
The normalized time correlation function Ayt) of the vertical
component of the light intensity scattered from solutions was
measured using the digital correlators (Otsuka Electronics and

© 1995 American Chemical Society



Macromolecules, Vol. 28, No. 11, 1995

Table 1. Characteristics of Poly(macromonomer)

Samples
M, of
sample code M, of poly(macro-
(XandY) macromonomer DPpyya monomer)y104 M./M,
PM2900-X Series
-6 3100 5.7 1.76 1.35
-20 3100 20.2 6.27 1.86
-81 3100 81.0 25.1 1.30
-171 3100 171 52.9 2.52
-212 3100 212 65.7 1.68
-1019 3100 1019 316 1.18
PM Y-20 Series®
800—22 890 21.9 1.95 1.27
5500—23 6100 22.8 13.9
14000-19 14600 19.2 28.0 1.75

@ The second sample of the PM2900-X series was also used for
a study of the branch-length effect.
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Figure 2. Examples of time profiles of the normalized time
correlation function of Ay(¢) for the poly(macromonomer)
sample PM14000-19 in benzene with C =2.0mgem=3 at T =
25.0 °C. The scattering angles 6 are (1) 20°, (2) 55°, and (3)
150°, respectively.

ALV 5000) at 12 scattering angles ranging from 10.4° to 150°
at 25 + 0.05 °C.
Sedimentation velocity (SV) experiments were made at 25

+ 0.05 °C using an analytical ultracentrifuge (Beckman Spinco
Model E).

Results

Dynamic Light Scattering (DLS). Time profiles
of Ay(t) obtained with an Otsuka correlator showed that
distributions of the decay rate T were unimodal in the
delay time range of 1 us to 10 ms for all poly(macro-
monomer) solutions tested at all scattering angles 6.
Figure 2 shows an example of Ay(¢) for the benzene
solution of the PM14000-19 sample at § = 20, 55, and
150°. The unimodal nature of the I distributions was
confirmed using the ALV correlator which covers a
much wider range of the delay time from 0.1 us to 10 s.
Cumulant analysis was then applied for an estimate of
the first cumulant I, as a quantity characteristic of the
diffusion behavior of the poly(macromonomer) in dilute
solution.

Backbone Chain-Length Dependence of the
Translational Diffusion Coefficient Dy. Figure 3
gives a plot of I'/q? against ¢ for two polymer samples,
where g (=(47/1) sin(6/2); 4, the wavelength of light in
the medium) represents the magnitude of the scattering
vector q. As Figure 3a shows, I'/g? of the highest
molecular weight sample PM2900-1019 tends to in-
crease with an increase in q. The increase may be
attributable to the characteristic geometrical shape of
the poly(macromonomer) as will be described later.
Though I'./g? appears almost independent of g at low g,
the data were linearly extrapolated to obtain the mutual
diffusion coefficient D(C) defined as D(C) = (Te/g?)g—o.
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Figure 3. Scattering vector g dependence of the first cumu-
lant T in the form of T'.q~2 vs g plot for (a) the highest
molecular weight sample PM2900-1019 and (b) the sample
PM2900-171.
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Figure 4. Extrapolation of the mutual diffusion coefficient
D(C) to obtain the diffusion coefficient at infinite dilution D,
and the concentration coefficient kp for the PM2900 series of
samples.

On the other hand, I'./q2 of other lower molecular weight
samples was found to be independent of ¢ as exemplified
in Figure 3b. Thus, D(C) was easily estimated as an
averaged value of T's/g2.

The dependence of D(C) on polymer concentration
C is shown in Figure 4 for six samples. The concen-
tration dependence of D(C) is weak, and the data
are well fitted with the linear eq 1, from which the
translational diffusion coefficient Dy at infinite
dilution and concentration coefficient kp are obtained
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Figure 5. Dependence of Dy on the PMMA backbone chain
length shown as a plot of D¢ against the total weight-average
molecular weight M., of the poly(macromonomer) (DPpyma =
M,/3100) and compared with three curves calculated using
three models: (1-1) prolate ellipsoid model 1, (1-2) prolate
ellipsoid model 2, and (2) the Gaussian coil model.

Table 2. Experimental Results for Dy, so, kp, and ks

Dy1077 kp/cm? s¢/10713 ks/em3
sample code cm2s7! gt 8 gt
PM2900-6 9.39 —24+4 1.73 5x1
PM2900-20 7.61 -12+4 3.98 4+1
PM2900-81 5.45 -21 %7 104 8§+3
PM2900-171 3.45 0+5 13.3 8§+2
PM2900-212 2.59 12+5 17.1 12+ 3
PM2900-1019 1.25 0+5 32.6 70 £ 20
PM8&00-22 8.45 01 2.14 10+ 2
PM5500-23 5.78 5+2 5.3 50 £ 10
PM14000-19 3.61 17+3 7.7 100 + 20
and listed in Table 2.
D(C)=Dy1 + kp0O) (1)

The kp changes the sign from a negative to a positive
one with increasing M,,. Benzene is a good solvent to
both of the PMMA and PS chains which constitute the
poly(macromonomer). Therefore, respective homopoly-
mer chains are expanded in benzene due to the excluded-
volume effect and give the large second virial coefficient
Aj, resulting in large positive kp values. On the other
hand, kp remains small even at the highest molecular
weight sample. The weak C dependence may be related
to the unique multibranched structure of the poly-
{macromonomer) as will be briefly discussed later.

The dependence of Dy on the backbone chain length
is shown as a plot of Dy against the total weight-average
molecular weight M, of the poly(macromonomer)
(DPpyma = M«/3100) in Figure 5. In the low-M,, region,
Dy only slightly decreases with increasing My, while its
M, dependence becomes appreciable in the high-My
region to an extent similar to that found for linear
flexible polymers.20-23 In taking into account very high
monomer density around the backbone, it seems rea-
sonable to consider that the above PMMA backbone
length dependence of Dy may be closely related to chain
expansion of either the PMMA backbone or the PS
branch, or of both, which determines the shape and the
size of the poly(macromonomer) molecule as a whole.
We here adopted the prolate ellipsoid model for data
analysis, since the model needs only two parameter
values of the semimajor and the semiminor axes, ¢ and
b, for calculation of Dy to be compared with experimental
values.

D, = kgT/f, = kyT/671,0G(0) (2)
Glo) =1 — 0H"In[(1 + (1 — H"®]  (3)
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where fp is the translational friction coefficient of the
molecule, 70 is the solvent viscosity, ¢ = b/a is the axial
ratio, and kg7 has its usual meaning. Whena =5 =
R, G(g) becomes unity; hence, eq 2 reduces to the
Stokes—Einstein equation for a rigid sphere of radius
R.

Dy = kTVf, = kgT/6an,R 4)

The following three extreme cases were considered as
a possible conformation of PMMA and PS chains ten-
tatively.

The prolate ellipsoid model 1-1: the PMMA backbone
chain and the PS branches both take a planar zigzag
conformation, and a and b are calculated as 2a = Lpyma
-+ 2Lps and b = Lpg with eq 5.

L; = 0.252DP, nm (i = PMMA, PS) (5)

The prolate ellipsoid model 1-2: the PMMA backbone
chain takes a similar planar zigzag conformation as the
model 1-1, while the PS branch is the Gaussian coil.
With this model, dimensions of the ellipsoid are calcu-
lated as 2a¢ = Lpmma + 2(Lps?)Y2 and b = {Lps®)'? using
eq 5 for Lpyma and eq 6, a relationship between the root-
mean-square end-to-end distance of linear PS in the ®
state, for (Lps?)1/2, respectively.?’

(LpsH? = 7.00 x 1072Mpg"* nm (6)

The Gaussian coil model 2: the PMMA backbone
chain and the PS branches both take a Gaussian coil
form, and the radius of the sphere may be estimated as
the sum of the radius of gyration of PMMA R with eq
7 and (Lps®)'? with eq 6.

R = 2.66 x 10 *Mpya"? nm )

Three curves in the figure are ones calculated with eqs
2~17 for these models. As is clear from the figure, the
prolate ellipsoid model 1-2 successfully predicts the
backbone chain-length dependence of D over the whole
range of M,, in comparison with the other models. It
also seems amazing that this simple model could
reproduce the absolute magnitude of Dy.

Branch-Length Dependence of Dy. Dynamic light
scattering measurements were performed on another
series of dilute benzene solutions of poly(macromono-
mer) samples with DPpyuma ~ 20 and Mps ranging from
800 to 14 000. The first cumulant I'; obtained from the
cumulant analysis of the A,(¢) data was proportional to
g2 over the whole range of ¢ examined, and the mutual
diffusion coefficient D(C) was estimated as an average
of T'/g?. The concentration dependence of D(C) was
accurately represented by eq 1, from which Dy and %p
were estimated as listed in Table 2.

Figure 6 gives a logarithmic plot of Dy (O) against M.,
which are compared with the solid and dashed curves
calculated based on the two prolate ellipsoid models
with DPpyma = 20, respectively. The branch-length
depedence of Dy as a whole is obviously better repre-
sented by the model 1-2 which was successful in
describing the backbone chain-length dependence of Dy.
However, Dy of the lowest M, sample (Mps = 800)
significantly deviates from the solid curve by about 25%.
We recalculated Dy using DPpyy4 values given in Table
1 through eqs2—6 and show the results (®) in the same
figure. Deviation was not reduced by this procedure.
On the other hand, we see that Dy of the lowest M.,
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Figure 8. Dependence of D, (O) on the PS branch length
compared with calculated results using two ellipsoid models,
1-1 and 1-2. Calculated results using true DPpuma values
given in Table 1 are shown by symbols @.
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Figure 7. Plot of s(C)™! against C to obtain the sedimentation
coefficient at infinite dilution s¢ and the concentration coef-
ficient k&, for the PM2900 series of samples.

sample is pretty close to the dashed curve which was
obtained by assuming that the PS branch takes the
planar zigzag conformation. This may suggest that
several styrene monomer units sprouting from the
branching points are forced to be fairly extended,
probably vertically to the backbone, owing to very high
monomer density in the vicinity of the PMMA backbone
characteristic of the poly(mmacromonomer).

Sedimentation Velocity (SV). Sedimentation ve-
locity experiments were made mostly on the same
solutions after being used for DLS measurements. A
single peak due to the sedimentation of poly(mac-
romonomer) molecules was observed in photographs of
the sedimentation patterns. Therefore, s(C) was esti-
mated by the standard procedure to an accuracy of 5%.
Both the pressure effect and the concentration effect
were found to be negligible. The plot of s(C)~! against
the polymer concentration C was fitted to the linear
equation (8) as exemplified in Figure 7 for a series of
poly(macromonomer) samples with a constant PS branch
molecular weight of 2900, from which values of s at
infinite dilution, sy, and the concentration coefficient k.
were estimated and are given in Table 2.

s(C) ' =s,"'1+%,0) (8

Backbone Chain-Length Dependence of the Sedi-
mentation Coefficient so. Figure 8 shows the My
dependence of sy obtained from Figure 7. sy monotoni-
cally increases with M., while the slope tends to
decrease with increasing My. so is related to the
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Figure 8. Dependence of so on the PMMA backbone chain
length. The solid curve is a calculated result using the prolate
ellipsoid model 1-2.
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Figure 9. Dependence of sy on the PS branch length. The
solid curve is a calculated result using the prolate ellipsoid

model 1-2. The symbol ® has the same meaning as in Figure
6.

translational friction coefficient f; as given by the well-
known formula eq 9.

8o = (1 — Dog)M/N,f, (9

where g¢ and ¥ are the solvent density and the specific
volume of the poly(macromonomer) in benzene, respec-
tively. The molecular weight dependence of s¢ is, aside
from the term M in the numerator of the right-hand side
of eq 9, essentially determined by the hydrodynamical
variable fy, just as Dy is. Nevertheless, it should be
pointed out that DLS measures the frictional property
of the molecule at short time in the spatial scale of the
wavelength of light, i.e., gives the short time diffusion
coefficient, whereas SV proves the same property at long
time in the macroscopic spatial scale to be related to
the long time diffusion coefficient. Also, s¢ is a quantity
independently obtained from the completely different
experiment, Therefore, it seems worthwhile to examine
the applicability of the prolate ellipsoid model 1-2 to the
so behavior using eqs 2, 3, and 9. Assuming the
additivity of the specific volume as ¥ = (0.9176Mps +
0.8689Mpuma)(Mps + Mpyma) where Mpyma is the
molecular weight of the backbone, we obtain the solid
curve in Figure 8. The agreement between experiment
and model calculation looks gratifying, though data
scattering around the curve is a little bit larger than
that for Do.

Branch-Length Dependence of so. The s¢ data of
four poly(macromonomer) samples with DPpyma ~ 20
and varying Mpg from 800 to 14 000 are shown in Figure
9. The solid curve is a calculated result based on the
prolate ellipsoid model 1-2. Once again we can recon-
firm that the model gives sg values coincident with
experimental values within an error of 10%. Good
agreement for the lowest molecular weight sample is
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in contrast with the disagreement observed for the Dy
behavior of the same sample and may cast a doubt about
our supposition that the low molecular weight PS
branch takes a fairly extended structure. Nevertheless,
the Dj and s¢ data clearly indicate that the whole shape
of the poly(macromonomer) can be, to very good ap-
proximation, depicted as the prolate ellipsoid in which
the PMMA backbone chain is extended so as to create
space as wide as possible for accommodation of many
PS branched chains. In a thermodynamic term, gain
in entropy due to a Gaussian coil form of many PS
chains is much larger than loss in entropy due to
extension of one PMMA chain. This may give rise to
an anisotropic structure of the poly(macromonomer) in
dilute solution. The enthalpic interaction between
styrene and methyl methacrylate monomers affects
chain conformation in the vicinity of the backbone, but
such a correlation in short spatial scale cannot be proved
by either DLS or SV.

Discussion

Data Analysis in Terms of the Wormlike Cylin-
der Model. In previous sections, we showed that
hydrodynamical properties of the poly(macromonomer)
were well described by the prolate ellipsoid model 1-2
with extended PMMA chains. Objection may be raised
to this conclusion, since PMMA is known as a flexible
coil. In order to settle this issue, we attempted to
estimate Kuhn’s statistical length A~ by applying the
wormlike cylinder model.

A theory developed by Norisuye et al.? is used here
for data analysis. Their model is the wormlike cylinder
capped with hemispheres at both ends, which is a
refined one of the original model proposed by Yamakawa
and Fujii.?” The final expression for the translational
friction coefficient f; reads as eq 10 with a form
expanded in powers of d/L where L and d are the
contour length and the diameter of the cylinder, respec-
tively, and coefficients C; i = 1—7) are given as a
function of d/L (eq 23 in ref 27).

3anL/fy = C, In(L/d) + C, + Cy(LA) + C(LAY +
C5(LA® + C(LA)* + C,LAY + ... (10)

Equation 10 allows calculation of 1 when L, d, and fj
are known. We put L = 2a and d = 2b to be consistent
with the prolate ellipsoid model. We used the D value
of the highest molecular weight sample PM2900-1019
for an estimate of fy from the relation f; = ks7/Dy, taking
into account that the effect of chain flexibility becomes
appreciable in the high molecular weight region. Sub-
stituting those values into eq 10, we found A7! = 55 nm
to parameter values used for the ellipsoid model 1-1 and
84 nm for the model 1-2, respectively.

Once 47! is known, dependences of Dy as well as of sq
on the backbone chain length become calculable over
the whole range of molecular weight studied. Figures
10 and 11 show comparisons of two theoretical curves
with experimental data of Do and s¢, respectively.
Obviously, the solid curve based on the parameter
values of the model 1-2 reproduces the experimental
findings much better than the dashed one, which once
again supports the coiled form of the PS branches. 17!
= 84 nm is about 25 times larger than that of syndio-
tactic homo-PMMA reported as 3.3 nm.2® Therefore, we
may be allowed to conclude that the PMMA backbone
of the poly(macromonomer) is forced to take only an
extended and pretty rigid conformation owing to the
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Figure 10. Wormlike cylinder model applied to the diffusion
data shown in Figure 5 for an estimate of Kuhn’s statistical
length A71. See text for values of parameters L, d, and 47!
used for calculation of the three curves.
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Figure 11, Applicability of the wormlike cylinder model to
the sedimentation data shown in Figure 8 using the same

parameter values used for the calculation of the three curves
in Figure 10.

unique multibranched structure. This conclusion seems
in harmony with the result of the Schmidt group, who
reported A~! = 100 nm from the radius of gyration as
well as DLS measurements on the same type of poly-
(macromonomer).18

In Figure 1a, we observed that I'/g? of the highest
molecular weight sample PM2900-1019 increased with
increasing scattering angle. The product of the contour
length L and the scattering vector g becomes larger than
unity above 6 = 35° for this sample. Therefore, the
intramolecular motion of the wormlike cylinder, prob-
ably the bending motion, contributes to a time profile
of Ay(¢) at higher scattering angles in addition to the
translational diffusion motion, resulting in the ¢ de-
pendence of T'/g%2. The product gL is shown to be less
than unity for other samples so that I's/g? must be
independent of g as observed.

We now examine the effect of the cylinder diameter
on A71. Inthe calculation of the diameter d in the model
1-2, the unperturbed dimension of PS given by eq 6 was
used considering that the excluded-volume effect is
small compared to that of the low molecular weight
chain and also that PS branches are in the congested
state. On the other hand, the ratic of Rg to the
hydrodynamic radius Ry is 1.27 + 0.03 for linear
macromolecules in the © state.20-23:29-31 If the hydro-
dynamic interaction would not be completely screened
near the surface of the cylinder, the effective diameter
of the cylinder might be smaller than 2(Lps?)2. Using
its minimum value of 2(Lps?)12/1.3 as d, we recalculated
Dy and sg, which are shown as the dash—dot curve with
A71 =119 nm in Figures 10 and 11, respectively. The
dash—dot curve appears to describe the diffusion be-
havior successfully to the same extent as the solid curve
with 47! = 84 nm does, but agreement is less satisfac-
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tory for the sedimentation behavior. Though the above
calculation corresponds to the extreme case, we had
better to summarize that A~! is estimated as 90 nm
within an uncertainty of 10 nm from our hydrodynamic
measurements. Data of other hydrodynamical variables
such as intrinsic viscosity are surely needed not only
for a more accurate determination of L, d, and A1 but
also for examination of the applicability of the model
proposed here.

Concentration Coefficients kp and k,. Owing to
the large experimental uncertainty of kp and k., only a
qualitative discussion will be given below. The second
virial coefficient As is related to kp and ks by eq 11.32

kp+k, + 0= 24,M (11)

Since T is as small as about 1 cm® g1, the sign and
magnitude of Ay are determined by a sum of kp and k..
In substituting kp and k, values tabulated in Table 2
into eq 11, we find that A; of the PM2900 series
increases from a negative value in the low molecular
weight region to a positive one at higher molecular
weights. On the other hand, A; of the samples with
fixed DPpyma takes a minimum with increasing DPpg
at DPps ~ DPpyma and then sharply increases compared
with the former series. These properties should be
considered as one of the characteristics of the poly-
(macromonomer) and await more detailed theoretical
analysis.

The coefficient ks of linear polymers is often discussed
in terms of the hydrodynamic volume vy as eq 12.33-45

k, = BNwu/M, (12)

The numerical coefficient B ranges from 6.55 to 7.19 in
a good solvent and from 1.0 to 2.23 in a © state. We
estimated B of the poly(macromonomer), applying the
prolate ellipsoid model for which vy = (47/3)ab?. For
the PM-2900 series, B was found to remain less than 3
in the low-My, region and then increased up to 25 (this
value is subject to large experimental error). For
another series, B looked to take a minimum at DPpg ~
DPpyma and then increased to 11. Thus the behavior
is quite different from that found for linear polymers.
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