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X-Ray Scattering Studies on Molecular Structures of Star and Dendritic Polymers
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Abstract: We studied the molecular shapes and structural characteristics of a 33-armed, star polystyrene (PS-33A) and
two 3"-generation, dendrimer-like, star-branched poly(methyl methacrylate)s with different architectures (PMMA-G3a
and PMMA-3Gb) and 32 end-branches under good solvent and theta () solvent conditions by using synchrotron
small angle X-ray scattering (SAXS). The SAXS analyses were used to determine the structural details of the star
PS and dendrimer-like, star-branched PMMA polymers. PS-33A had a fuzzy-spherical shape, whereas PMMA-G3a
and PMMA-G3b had fuzzy-ellipsoidal shapes of similar size, despite their different chemical architectures. The star
PS polymer’s arms were more extended than those of linear polystyrene. Furthermore, the branches of the den-
drimer-like, star-branched polymers were more extended than those of the star PS polymer, despite having almost
the same number of branches as PS-33A. The differences between the internal chain structures of these materials
was attributed to their different chemical architectures.
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Introduction

Branched polymers, including brush, star and dendritic
polymers have many branches that give them high connec-
tivity and functionality, and thus they are of significant
interest to academia and industry."" In particular, star poly-
mers and dendrimer-like star-branched polymers belong to
the class of well-defined hyperbranched macromolecules.
Much research effort has been expended over the last three
decades in the synthesis of star and dendritic polymers and
the characterization of their structures and properties. As a
result, various star and dendritic polymers have been
described with reports of their structures and properties.'*!?
However, these studies were limited to star and dendritic
polymers with relatively low numbers of arms and branches
until the early 1990s, because of difficulties in their
synthesis.'>"* Moreover, their structural analyses have been
limited to determinations of their molecular sizes.

*Corresponding Authors. E-mails: ree@postech.edu or
ahirao@polymer.titech.ac.jp
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Dendrimer-like star-branched polymers, which consist of
an integrated system of star and dendritic polymers, have
recently been introduced.” These polymers can have vari-
ous architectures and functionalities even though they are in
the same generation,”'® and have thus attracted significant
attention as a new class of dendrimers. However, their
molecular shapes and structural properties have not yet been
studied in detail.

In the present study, we synthesized a 33-armed star
polystyrene (PS-33A) and two 3"-generation dendrimer-
like star-branched poly(methyl methacrylate)s with 32 end-
branches and different architectures (PMMA-G3a and
PMMA-3Gb) (see Figure 1), and characterized them in
under good solvent and theta (&) solvent conditions by
using synchrotron small angle X-ray scattering (SAXS).
The measured SAXS profiles were quantitatively analyzed
by using various structural model techniques and a
structural model free method. The SAXS analyses were
used to determine the structural details (size, shape, and
internal structure) of the star and dendrimer-like star-
branched polymers. In particular, under both good and @
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(a) PS-33A

(b) PMMA-G3a

(¢) PMMA-G3b

Figure 1. Structures of the 33-armed star PS (PS-33A) and the
two 3"-generation dendrimer-like star-branched PMMAs (PMMA-
G3a and PMMA-G3b).

solvent conditions, PS-33A was determined to have a fuzzy-
spherical shape whereas both PMMA-G3a and PMMA-
3Gb were surprisingly found to have a fuzzy-ellipsoidal
shape rather than a spherical shape, even though they have
almost the same number of branches as PS-33A.

Experimental

PS-33A was synthesized by coupling reaction of polymer
anions consisting of two polymer chains with chain-end-
multifunctionalized polystyrenes with benzyl bromide moi-
eties as reported previously in the literature.” PMMA-G3a
and PMMA-G3a were synthesized by repeating the two
reactions involving a linking reaction of pre-made living
anionic PMMA with either two or four 3-fert-butyldimeth-
ylsilyloxymethylphenyl groups with chain-end-functionalized
PMMAGS.>"*"* In addition, a linear PS was purchased from
Varian Inc. All other chemicals were supplied from Aldrich
Chemical Co. The weight- and number-average molecular
weights (M, and M,) of all the polymers were measured by
using vapor pressure osmometry and static light scatter-
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Table 1. Weight- and Number-Average Molecular Weights of
the Linear, Star, and Dendrimer-Like Star-Branched Polymers
Investigated in this Study

Sample Type M, M,/ M,
Linear PS Linear 43,900 1.01
PS-33A Star 186,000 1.03
PMMA-G3a Dendrimer: (A-Ax-Ag),“ 514,000 1.02

PMMA-G3b  Dendrimer: (A-Ay-Ag), 568,000 1.03

“The symbol ‘A’ denotes a linear type of polymer chain component
in the 3™-generation dendrimer.

ing 551 The M, and M, results are summarized in Table I.
For each polymer sample, 1.0 wt% solutions were prepared
in a good and a @ solvent conditions: tetrahydrofuran
(THF) at 25 °C was chosen as a good solvent condition for
all the polymers while cyclohexane at 35 °C was used as a
O solvent condition for the linear and star PS polymers and
4-heptanone at 25 °C was chosen as a @ solvent condition
for the PMMA-G3a and PMMA-G3a polymers.

SAXS measurements were carried out at the 4C1 SAXS
beamline (BL)*% of the Pohang Accelerator Laboratory at
the Pohang University of Science and Technology.* At the
4C1 BL, a light source from a bending magnet of the Pohang
Light Source storage ring was focused with a toroidal
silicon mirror coated with platinum and monochromatized
with a W/B,C double multiplayer monochromator, giving
an X-ray beam of wavelength 1.608 A. The X-ray beam size
at the sample stage was 0.6x0.6 mm’. A two-dimensional
(2D) charge-coupled detector (CCD) (Mar USA, Inc.) was
employed. The sample-to-detector distances of 1.0, 2.0 and
3.0 m were used. The scattering angle was calibrated with
linear polyethylene, collagen (chicken tendon), and polysty-
rene-b-polyethylene-b-polybutadiene-b-polystyrene stand-
ards. We used solution sample cells with 10 zm thick mica
windows and an X-ray beam path length of 0.7 mm. Each
2D SAXS pattern was circular averaged from the beam
center, then normalized to the transmitted X-ray beam
intensity, which was monitored with a scintillation counter
placed behind the sample, and corrected for the scattering
due to the used solvent.

Results and Discussion

The scattering intensity /(g) from globular particles in a
solvent medium can be expressed in the following:'8#3%>%

I(q) = kNP(¢)S(q) 1)

where k is a constant, N is the number of particles, P(g) is
the form factor of single particle, and S(g) is the structure
factor: here ¢ is the magnitude of scattering vector which is
defined by g = 47zsin@/A where 26 is the scattering angle.
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The term P(g) provides information on the particle shape
and size while the term S(g) provides the inter-particle dis-
tances in the solution. In general, for dilute solutions the
term S(g) can be approximated to unity over the entire g
range, and indeed the term P(q) can be directly obtained
from the scattering intensity Xg), providing the particle shape
and size. Taking these facts into account, the scattering
profiles were obtained in dilute conditions for each case,
and analyzed quantitatively to determine the exact molecular
shapes and polymeric segmental behaviors of the polymers.

Linear PS. The scattering profiles measured for the linear
PS in both the solvent conditions are presented in Figure 2.
For the linear PS in a given solution condition, the average
radius of gyration (R, ) is determined from the scattering
intensity profile in the low ¢ region satisfying a condition
gR, < 1.0 by using the Guinier analysis;'#*2%2%%

Ini(g) = InZ,(q)-R, ¢*/3 2)
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Figure 2. X-ray scattering profiles of the star PS and the 3"-gen-
eration dendrimer-like star-branched PMMAs obtained under (a)
good and (b) @solvent conditions. The symbols are the measured
data, and the solid lines were obtained by fitting the data with a
fuzzy-sphere for the star PS and a fuzzy-ellipsoid for the den-
drimer-like star-branched PMMAs.
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where I(q) and I,(g) are the scattering intensity and the inci-
dent beam intensity respectively. o

The Guinier analysis found that the linear PS reveals R, =
59 A in the good solvent condition and R,=50 A in the @
solvent condition (Table II) as commonly observed for
flexible linear polymers. Furthermore, the scattering profile
measured in the good solvent condition follows a g™° power
law in the intermediate g region as well as in the high ¢
region. On the other hand, the scattering profile measured in
the @ solvent condition follows a ¢ power law in the
intermediate and in the high g region. Collectively these
scattering characteristics indicate that the linear PS has a
Gaussian spherical shape. Furthermore, the scattering
characteristics indicate that the linear PS in the good solvent
condition is a worm-like polymer chain undergoing a self-
avoiding random walk while that in the @ solvent is a
Gaussian polymer chain revealing an excluded volume
effect.” These results are in good agreement with those
previously reported in the literature.

Star PS. The scattering profiles of PS-33A obtained for
both solvent conditions are displayed in Figure 2. We found
with a Guinier analysis of the scattering profiles that the star
PS polymer exhibits R,=45.0 A under good solvent
conditions and R,=39.6 A under © solvent conditions
(Table II). Thus this star polymer expands in the good
solvent but contracts in the @ solvent, as observed for
flexible, linear PS. As shown in Figure 2, these scattering
profiles are quite different from those of linear PS. In the
intermediate ¢ region, the scattering profiles decay more
rapidly than those of linear PS. In the intermediate ¢ region,
the scattering profiles for PS-33A in both solvents contain a
decay that nearly follows a ¢* power law, rather than the
g~>"* and ¢ power laws observed for linear PS under good
and @ solvent conditions. However, in the high g region, the
scattering profile measured under the good solvent conditions
follows a g™ power law, whereas that for the @ solvent
conditions obeys a ¢~ power law, as observed for linear PS.
These results indicate that the molecular shape of PS-33A is
close to spherical, quite different from that of linear PS,
which exhibits a Gaussian spherical shape. However, the star
PS polymer still exhibits the same segmental characteristics
as observed for flexible, linear PS. Moreover, the star PS
polymer does not have as sharp an interface with the solvent
as observed for hard sphere particles. Thus the PS-33A
polymer has a spherical shape with “fuzziness”.

Cyclohexane at 35 °C was used in our study as the &
solvent conditions; note however that these are the @
solvent conditions for linear PS rather than the star PS
polymer. In general, the & temperature of dendritic polymers
can be lower or higher than that of the corresponding linear
polymer, depending on the number and length of the
branches.*® Thus the chosen @ solvent conditions might be
somewhat different from those of the PS-33A polymer.
Nevertheless the @ solvent conditions chosen in this study
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Table IL Structural Parameters Obtained from the Analyses of the X-ray Scattering Data by Using Fuzzy-Sphere and Ellipsoid
Models

Good Solvent Condition (@ Solvent Condition)

Sample @ Fuzzy-Spheij F uzzy-EOl-lipsoid

’ Rl 2008) g FA) RJA) 2058 g & I
Linear PS 59.0 (50.0)
PS-33A 45.0(39.6) 34.9(30.7)21.6(18.4) 0.31(0.30) 23(21)
PMMA-G3a 127.6 (90.4) 118.4 (85.7) 73.4 (51.4) 0.31(0.30) 0.54(0.49) 71 (56)
PMMA-G3b  124.7 (94.6) 117.9(89.1) 70.4 (53.5) 0.30(0.30) 0.55(0.49) 71(57)

“Average radius of gyration obtained from the Guinier fits. *Radius of gyration of the spherical core obtained from the analysis of the measured
scattering data with a fuzzy-sphere model. “Thickness of the soft shell part obtained from the analysis of the measured scattering data with a
fuzzy-sphere model. “Fuzziness, which is the ratio of the half thickness o;, of soft shell region and the radius of gyration R, . of the sphere core.
°Z is the average correlation length of density fluctuation. /Radius of gyration of the ellipsoidal core obtained from the analysis of the measured
scattering data with a fuzzy-ellipsoid model. #Thickness of the soft shell part obtained from the analysis of the measured scattering data with a
fuzzy-ellipsoid model. "Fuzziness, which is the ratio of the half thickness oy, of soft shell region and the radius of gyration R, of the ellipsoid

core. ‘Aspect ratio, which is the ratio of the long axis and the short axis in the fuzzy-ellipsoidal dendrimer.

are likely to approximate the @ solvent conditions of PS-33A.

The scattering profiles were further analyzed by using
indirect Fourier transform (IFT) method because this technique
has some great advantages as follows. The IFT method does
not need any scattering model for analyzing the scattering
data and is further able to minimize the effects of missing
data. Thus, this technique accurately provides both the pair
distance distribution function p(r) and the radial electron
density distribution function o(r) where 7 is the distance
between the paired scattering elements in the polymer
molecule.”***!' The molecular shape in each solvent condition
can be obtainable from the pair correlation function p(r)
related to the radial electron density distribution function

or):
) =7 [ plr)ple—ryd ©)

As can be seen in Figure 3, in both the solvent conditions
the p(r) functions show a symmetrical shape and their
maximum approaches to r/lz,: 1.36. In general, a homo-
geneous sphere reveals a P(r) in a symmetrical shape and its
p(r) shows a maximum value at r/R,~1.36." Taking this
fact into account, the IFT analysis results confirm that the
PS-33A reveals a spherical molecular shape in the solvent
condition as well as in the @ solvent condition.

In general, the scattering form factor of a polymer chain
in the intermediate ¢ region is dominated by its molecular
shape, while its scattering form factor in the high ¢ region is
dominated by density fluctuations on length scales smaller
than its dimension (namely, its internal chain structure).
Taking this fact into account, the scattering profile in the
high g region of PS-33A is attributed to its internal chain
structures. The internal chain structures can be described as
a specific chain consisting of “blobs”:* the blob is a spheri-
cal volume with a radius & where &£ is the correlation length
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Figure 3. Pair distance distribution functions p(r) of star PS and
the 3"-generation dendrimer-like star-branched PMMASs under
(a) good and (b) @ solvent conditions determined from the analy-
sis of the measured X-ray scattering data using the IFT method.
The x-axis is normalized to the 3}2 value determined from the
Guinier analysis of the measured scattering data.

of density fluctuation. Therefore, the scattering form factor
P(q) of PS-33A can be described by a functional description
of the form factor that is just the sum of two terms in the
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following equation:*
P(g) = Py q) +4mac[ Py 224 gy @
o qr

where the first term Py,,(g) is the form factor from the
overall shape of PS-33A and the second term [i.e., Pys(g)]
is the Fourier transform of the correlation function y(r) of
density fluctuations on length scales (#) smaller than the
blob’ radius, ¢ is the amplitude of the blob scattering contri-
bution, and & is the average correlation length. #(r) is equal
to zero for » > £, but not equal to zero for r < &. For r < &,
#(r) can be expressed by

Hryer? (52)
p=v'- (5b)

where v is the Flory-Huggins parameter, which equals 3/5
for the good solvent condition, 1/2 for the & solvent condi-
tion, and 2/3 in the case that the molecules are stretched.™
In eq. (4), a sphere with a fuzziness (i.e., fuzzy-sphere) is
applied for the form factor Pg,.{q) of PS-33A; here, the
fuzzy-sphere is consisted of two different parts, namely
spherical core and soft shell region. For the fuzzy-sphere,
Pop(q) can be replaced by the following equation:™

PFq.R, 0p) = A7"(q, R, 03,)° (62)
where
sph _ qzo.f;.s‘
Af (q’ Rfa 07;5) - Asphere(qa Rf)exp - 4 (6b)

Here, Ry is the radius of spherical core, which is relative
with the radius of gyration of the spherical core by
Rese = MR/, 205, 15 a measure of the width of the soft
shell region (i.e., soft shell thickness), and 4., is the scat-
tering amplitude of the hard sphere with the same mass and
core density. Further, the fuzziness of the sphere is defined
by the ratio of &z, and R, .. The scattering amplitude of the
hard sphere can be described by the following equation:”

A nerd4, R) = ——[sin(qR) - greos(qRy)] (1)

(4R))

Using the above fuzzy-sphere model, we attempted to
analyze the measured scattering profiles. The analysis was
also attempted with various other structural models. As
shown in Figure 2, the scattering data measured under both
solvent conditions are satisfactorily fitted with the fuzzy-
sphere model. The structural parameters determined from
this analysis are summarized in Table I, The analysis
results confirm that PS-33A has a fuzzy-spherical shape that
consists of a spherical core and a shell under both good and
© solvent conditions. As listed in Table I, the fizzy-spherical
PS-33A was determined under good solvent conditions to
have a core radius R, . of 34.9 A and a shell thickness 20,
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of 21.6 A. The fuzzy-sphere polymer is estimated from
these values to have a radius of gyration of 56.5 A. This
radius of gyration value is larger than that obtained from the
Guinier analysis of the scattering profile. The radius of
gyration obtained with the Guinier analysis is almost equal
to the sum of the R, . and ¢, values; this result suggests that
only half of the fuzzy portion (i.e., the soft shell region) of
the PS-33A polymer, which has an electron density greater
than the other region, is taken into account by the Guinier
analysis of the scattering data. Similar results and trends
were observed for the star PS polymer under @ solvent
conditions (Table II). However, all the structural parameters
for the @ solvent conditions are slightly smaller than those
obtained for the good solvent conditions.

We now discuss the internal structure characteristics of
the star PS polymer. The average correlation length £, which is
the average radius of the blobs in the PS-33A polymer (i.e.,
a measure of the internal structure characteristics of PS-
33A), was found to be 23 A for the good solvent conditions
and 21 A for the @ solvent conditions (Table II). These &
values are approximately four times larger than those
(which correspond to 3 to 4 statistical segments) measured for
linear PS polymers under good and @ solvent conditions.”

(a) PS-33A

(b) PMMA-G3a

(¢) PMMA-G3a

Figure 4. Three-dimensional molecular shapes of the star PS and
the dendrimer-like star-branched PMMAs under good solvent
conditions; the structural parameters were determined from the
analysis of the X-ray scattering data: {a) PS-33A; (b) PMMA-G3a;
(¢) PMMA-G3b. Here, oy, is the half thickness of the soft shell
region in the fuzzy-sphere while oy, is the half thickness of the
soft shell region in the fuzzy-ellipsoid.

Macromol, Res., Vol. 16, No. 8, 2008
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These results indicate that under good and @ solvent
conditions the individual polymer chains of the PS-33A
polymer are in a more extended form than is the case for the
linear PS chain. The extended chain characteristics of the star
polymer might be due to the crowding of the molecular
volume with 33 polymer chains.

The three-dimensional (3D) molecular shape of PS-33A
under good solvent conditions was determined from the
analysis results and is shown in Figure 4. For the @ solvent
conditions, the molecular shape is similar to that for the
good solvent conditions although the molecular size is smaller.

Dendrimer-Like Star-Branched PMMAs. The scattering
profiles of PMMA-G3a and PMMA-G3b, which were
measured under good solvent and @ solvent conditions, are
shown in Figure 2. As can be seen in the figure, the
scattering of PMMA-G3a is very similar to that of PMMA-
G3b, suggesting that they have similar molecular shapes
and sizes even though their branch architectures and
molecular weights are different. Moreover, the scattering
profiles contain smoother decays and shifis to low ¢ region
than found for the star PS (i.e., PS-33A) (Figure 2). These
results show that for given solvent conditions (i.e., good or
© solvent conditions) PMMA-G3a and PMMA-G3b have
larger molecular sizes than PS-33A, but that their molecular
shapes are somewhat different from the spherical form of
PS-33A. In the high ¢ region, the scattering profiles for the
good solvent conditions follow a ¢™° power law, whereas
those obtained under the @solvent conditions obey a ¢ power
law. These results show that both PMMA-G3a and PMMA-
G3b have a molecular shape somewhat deviated from a
spherical form, but still exhibit segmental characteristics
similar to those observed for flexible, linear polymers.
Further, they exhibit no sharp interface with the solvent
molecules, as is observed for the flexible, linear PS and the
star PS. Thus both. the PMMA-G3a and PMMA-G3b
polymers have a fuzzy molecular shape. The molecular
sizes were determined from the scattering profiles with
Guinier analysis. The molecular sizes of the PMMA-G3a
and PMMA-G3b polymers are larger under good solvent
conditions than under @ solvent conditions, as observed for
flexible, linear PS, and the star PS. These results are
summarized in Table II.

4-Heptanone at 25 °C was used in our study as the @
solvent conditions; note however that these are the @
solvent conditions for flexible, linear PMMA rather than for
dendrimer-like branched PMMA polymers.® Nevertheless
the @ solvent conditions chosen in this study probably
approximate the @ solvent conditions of PMMA-G3a and
PMMA-G3b.

To obtain more information about the molecular shapes of
these polymers, the scattering profiles were further analyzed
with the IFT method. The obtained p(r) profiles are presented
in Figure 3. The p(r) profiles of PMMA-G3a under good
and @ solvent conditions are similar to those of PMMA-

Macromol. Res., Vol. 16, No. 8, 2008

G3b, again confirming that the dendrimer-like PMMA
polymers have similar molecular shapes. For both solvent
conditions, the p(r) functions have a slightly asymmetrical
shape and their maxima appear at r/I—QZ, values that are
slightly deviated from the value for a sphere of /R, = 1.36.”
These IFT analyses confirm that the PMMA-G3a and
PMMA-G3b polymers have molecular shapes that are slightly
deviated from a spherical form.

Taking these results into account, we attempted to further
analyze the measured scattering profiles by using a fuzzy-
ellipsoidal model. For a fuzzy-ellipsoid consisting of a core
and a soft shell, Py.,.(q) in eq. (4) can be expressed by an
ellipsoidal form factor. The form factor of a rotational
ellipsoidal core with the main axes R,, (i.., a long axis) and
&R, (i.e., a short axis; € is the aspect ratio) can be expressed
by35

P‘Z‘fllf‘t‘(q7 g’ RHZ) - J'T/z P.&‘/?here(Qv r) Sin ada (83')
0
where

r =R, sin’a+ geos (8b)

In eq. (8a), the Py,,.(g, ) can be expressed by

P(q, &R, 0..) = 47(q, &R, 07.) (92)
where
2 2
o e G'e
Aq.6R,0 0 = Al 6 R yesp(-L) o)

Here Af,ff,,e is the scattering amplitude of the ellipsoidal
core: A% (g,&R,) =P (q,&R,). The radius of gyra-
tion of the rotational ellipsoidal core (R,..) is defined by
Rye= R, N(2+E)/S

Using the above fuzzy-ellipsoid model, we attempted to
analyze the measured scattering profiles. The analysis was
also attempted with various other structural models. As
shown in Figure 2, the scattering data measured under both
solvent conditions were found to be satisfactorily fitted with
a fuzzy-ellipsoid model. The structural parameters we
obtained are summarized in Table II. The analysis results
confirm that under good and @ solvent conditions both
PMMA-G3a and PMMA-G3b have a fuzzy-ellipsoidal shape
that consists of an ellipsoidal core and a soft shell. As listed
in Table 11, the fuzzy-ellipsoid structure of PMMA-G3a has
an aspect ratio ¢ of 0.54 under good solvent conditions,
indicating that the molecular shape of PMMA-G3a is far
from spherical. The fuzzy-ellipsoid structure was determined
under good solvent conditions to have a core radius R, . of
118.4 A and a shell thickness 20y, of 73.4 A (Table II). The
fuzzy-ellipsoid polymer was estimated from these values to
have a radius of gyration of 191.8 A. This radius of gyration
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is larger than that (E =127.6 A) obtained from the > Guinier
analysis of the scattering profile. Furthermore, the R, value
is smaller than the sum of the R, and oy, values; this result
suggests that only a small portion of the fuzzy region (i.e.,
the soft shell region) of the PMMA-G3a polymer is taken
into account in molecular size determination with the
Guinier analysis of the scattering data. Similar results and
trends were observed for the dendrimer-like star-branched
PMMA polymers under @ solvent conditions (Table II).
However, all the structural parameters obtained for the @
solvent conditions are slightly smaller than those obtained
for the good solvent conditions, PMMA-G3b has a molecular
shape and structural characteristics that are very similar to
those observed for PMMA-G3a, even though their chemical
architectures are different. The 3D molecular shapes of the
dendrimer-like star branched PMMAs were determined
from the analysis results and are shown in Figure 4.

For PMMA-G3a, the average correlation length & was
determined to be 71 A under good solvent conditions and
56 A under @ solvent conditions (Table II). Similar & values
were obtained for the PMMA-G3b polymer (Table II).
These & values are nine and twelve times larger than those
(which correspond to 3 to 4 statistical segments) obtained
for linear PMMA polymers under good and & solvent
conditions respectively.”® Furthermore, these & values are
approximately three times larger than those of the star PS
polymer. These results indicate that under good and @ sol-
vent conditions the individual polymer chains of both the
PMMA-G3a and PMMA-G3b polymers are in a more
extended form than found for linear PMMA chains or the
star PS polymer. The extended chain characteristics of the
dendrimer-like star-branched polymers might be due to the
crowding of the molecular volume with 32 branches and
their branch architecture.

As can be seen in Figure 1 and Table I, PMMA-G3a and
PMMA-G3b have different branch architectures as well as
slightly different molecular weights. Thus some differences
in molecular shape and size are expected. On the other
hand, they are expected to have spherical shapes. However,
our X-ray scattering study found that they have almost iden-
tical molecular shapes and molecular sizes, as discussed above.
Moreover, their molecular shapes are surprisingly fuzzy-
ellipsoidal rather than spherical. These molecular shapes are
quite different from the fuzzy-spherical shape of the star PS
polymer. The ellipsoidal molecular shapes might be due to
their branch architecture and internal chain structure and
some degree of deficiency in the molecular volume filling
by the branches. The radii of gyration are two to three times
larger than that of the PS-33A polymer. However, their
number of branches is only 32, which is almost the same as
that of the star PS polymer. Taking these structural parame-
ters into account, we conclude that the molecular volumes
of both PMMA-G3a and PMMA-G3b, which only have 32
branches, are not densely filled. In comparison, the star PS
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polymer has a relatively small radius of gyration and 33
polymer chains and densely fills its molecular volume. More-
over, the PMMA-G3a and PMMA-G3b polymers exhibit
highly extended chain characteristics (i.e., relatively rigid
chain characteristics), compared to those of the star PS
polymer. It is possible that these factors operate coopera-
tively and result in the ellipsoidal molecular shape of the
dendrimer-like star-branched PMMA polymers.

Conclusions

We prepared PS-33A as a model star polymer with a high
chain number and PMMA-G3a and PMMA-G3b as model
dendrimer-like star-branched polymers, and quantitatively
investigated their molecular structure under good and &
solvent conditions by using the SAXS technique with a
synchrotron radiation source. The SAXS analyses were
used to determine the molecular shape, size, and internal
structure of the star PS and dendrimer-like star-branched
PMMA polymers. PS-33A was determined to have a fuzzy-
spherical shape consisting of core and soft shell regions.
The star PS polymer’s arms were found to be more extended
than linear PS. Both PMMA-G3a and PMMA-G3b were
found to have a fuzzy-ellipsoidal shape composed of core
and soft shell regions, even though they have different
chemical architectures. The branches of the dendrimer-like
star-branched polymers are more extended than those of the
star PS polymer, even though they have almost the same
number of branches. The differences between the internal
chain structures of these polymers might be due to their
different chemical architectures.
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