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ABSTRACT: Small-angle neutron scattering was used to measure the size and shape of arborescent
graft polymers as a function of generation in solution. The radius of gyration of arborescent graft polymers
was found to be almost independent of temperature in both deuterated cyclohexane (above the cloud
point) and deuterated toluene. For dilute deuterated cyclohexane solutions the optically measured cloud
point was found to be 15 ( 1 °C. Two peaks were observed in the SANS data for the phase-separated
(below the cloud point) deuterated cyclohexane solutions of the largest polymers (generation 3). The first
peak (at smaller scattering vector) is attributed to the interference between molecules while the second
peak arises from the single particle form factor which was also observed at temperatures above the cloud
point. In deuterated cyclohexane the position of the form factor peak was constant at temperatures above
15 °C. In the phase-separated deuterated cyclohexane solutions the form factor peak shifted to higher q,
indicating a fractional decrease in molecular diameter of about 15% upon phase separation. The spacing
of the interference peak (at low q) in the phase-separated solutions was consistent with the molecules
aggregating in clusters with little interpenetration of the molecules. A power law function was used to
model the real space density profile from which scattering curves were calculated and compared to the
experimental data. This power law functional form for the density profile gave fits with smaller deviations
from the experimental data when compared to either a hard or hollow sphere model.
Introduction

Arborescent graft polymers are a general class of
controlled architecture dendritic polymers such as den-
drimers and hyperbranched polymers that have been
developed by chemists in recent years.1-13 Dendrimers
are generally synthesized using stepwise, repetitive
reaction sequences resulting in molecules with a highly
regular shape, while hyperbranched polymers are syn-
thesized in a single step by polycondensation and
generally have an irregular shape. Arborescent graft
polymers are branched macromolecules synthesized by
successive cycles of functionalization and grafting
reactions.7-13 The molecules discussed here are synthe-
sized from polystyrene grafted onto a polystyrene back-
bone, but the process is not restricted to one type of
polymer and has also been demonstrated for a polysty-
rene core and a poly(ethylene oxide) shell.9 Grafting
linear polystyryl anions onto a partially chloromethyl-
ated linear polystyrene yields a generation 0 polymer
as shown in Figure 1.7,8,12 By repetition of the chloro-
methylation and anionic grafting reactions, higher
generation polymers are synthesized. The grafting sites
are believed to be distributed randomly throughout the
molecule.7 The structure of arborescent graft polymers
is related to dendrimer molecules, but since the building
blocks are polymer chains rather than monomers,
arborescent graft polymers with very high molecular
mass can be obtained within a few generations.7 In
10.1021/ma990185y CCC: $18.00 ©
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addition, the grafting reaction in arborescent polymer
molecules occurs randomly, as opposed to dendrimer
molecules where the branching occurs at regular inter-
vals throughout the structure. Since the branching in
arborescent polymers is very dense, the distribution of
graft sites becomes uniform throughout the molecule.
The arborescent polymers should show spherical sym-
metry when the initial backbone molecular mass is
comparable to the side chain molecular mass. An
interesting characteristic of these systems is the pos-
sibility to synthesize well-defined macromolecules with
a wide range of molecular mass and controlled shapes
such as spheres, ellipsoids, and rods by varying the

Figure 1. Schematic representation of the growth of arbores-
cent graft polymers by successive cycles of chloromethylation
and anionic grafting reactions.
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branching density and/or the molecular weight of the
initial backbone and/or the side chains.

There is little work in the literature on the intramo-
lecular radial density profile of arborescent graft poly-
mers, but there have been a number of both theore-
tical and computer simulation papers studying den-
drimers.14-21 For many of the proposed applications
such as monomolecular micelles, flow modifiers, and
drug delivery systems, the shape and internal structure
of both arborescent graft polymers and dendrimers will
play an important role. The first work on this topic was
an analytical calculation by de Gennes and Hervet, who
proposed a model with a minimum density at the center
of the dendrimer molecule assuming long flexible spac-
ers between the trifunctional monomer units.14 Lescanec
and Muthukumar have simulated the behavior of den-
drimers by a kinetic growth method.15 They found that
dendrimer molecules with flexible branches exhibited
a maximum density at the center of the molecule. Using
a Monte Carlo simulation, Mansfield and Klushin16 also
found a maximum in the radial density profile at the
center of the molecule with a density gradient to the
outside edge of the molecule for smaller dendrimers,
which is qualitatively similar to the result of Lescanec
and Muthukumar. The larger generation dendrimers
(generation 7) exhibited a weak local minimum at the
center of the molecule.16 Murat and Grest have inves-
tigated the effect of solvent quality on the density profile
and size of dendrimers in solution using a molecular
dynamics simulation.18 The density profile of dendrim-
ers under all solvent conditions revealed a high-density
region near the core, a local minimum, and a constant
density plateau followed by a transition zone in which
the density decreased gradually.18 They found that the
average mean-squared radius of gyration increased as
solvent quality increased. For example, the Rg of a
generation 8 dendrimer increased by a factor of 1.5 in
going from a poor solvent to a good solvent. Stechemess-
er and Eimer studied the influence of solvent quality
on the size of dendrimers in solutions using holographic
relaxation spectroscopy and found that the size of the
molecules was not significantly different in various
quality solvents for low generation dendrimers while
solvent quality strongly influenced the size of high
generation dendrimers.23 Recent SANS, however, showed
a less than 10% variation of the Rg of a generation 8
dendrimer in this range of solvents.24 Stechemesser and
Eimer suggested that for low generation dendrimers the
configuration of the molecules was determined largely
by the entropic part of the free energy, while the
excluded-volume interaction between monomers gave
only a minor contribution. According to the work of
Naylor et al., the surface and internal volume accessible
to the solvent increased with increasing generation
number.20,21 Thus, swelling is expected to increase with
increasing solvent quality.23 Another recent study by
Boris and Rubinstein using a self-consistent mean-field
calculation showed that the density is greatest at the
core of the dendrimer and decays monotonically to the
edge of the molecules.19 Their result is in qualitative
agreement with the density profile predicted by Les-
canec and Muthukumar. Recently, Prosa et al. studied
the internal structure of dendritic polymers using small-
angle X-ray scattering (SAXS). By comparison of SAXS
data with the scattering function calculated for various
electron density distributions such as either a smooth
or a rough sphere, they found that the density profile
for a generation 10 polyamidoamine (PAMAM) den-
drimer does not exhibit any sizable minimum in density
near the core.22 More recent results by Prosa et al.25

showed that large PAMAM dendrimers are spherical
with a very uniform interior and a very narrow transi-
tion zone at the outside. Even dendrimers as small as
a generation 4 dendrimer show spherelike characteris-
tics.

The scaling relation for the size of branched polymers
with molecular weight (Rg ∼ Mν) was first studied by
Zimm and Stockmayer.26 They found that for branched
polymers the radius of gyration increased less rapidly
with molecular mass than linear chains. They showed
that, for a Cayley tree in which the chain lengths are
randomly distributed, Rg ∼M0.5 for small values of the
molecular mass and Rg ∼ M0.25 for large values of the
molecular mass. According to de Gennes and Hervet,14

a perfect dendrimer can be grown up to a limiting
generation number, ml = 2.88(ln P + 1.5) where P is
the spacer length and the resultant scaling relation was
given by Rg ∼ M0.2. Above this limit the growth of the
dendrimers is imperfect, and compact structures with
a constant density were expected (Rg ∼ M0.33). Numer-
ous computer simulations have been performed on
dendrimers, and values of the scaling exponent reported
have been in the range 0.2-0.4.15,17,18 According to the
computer simulations by Lescanec and Muthukumar,
the scaling relation for a dendrimer with low molecular
mass was Rg ∼ M0.5 where Rg is the radius of gyration
and M is the molecular mass.15 For dendrimers with
higher molecular mass (generations 5-7) the value of
a scaling exponent was 0.22 ( 0.02, which is close to
0.25, the scaling exponent for a Cayley tree as calculated
by Zimm and Stockmayer. Thus, their results indicated
that as the dendrimers grow, the values of scaling
exponent smoothly decrease with molecular mass, ul-
timately exhibiting Cayley treelike behavior. In the
computer simulations by Mansfield and Klushin the
value obtained was ν ) 0.4 for dendrimers in a good
solvent while Murat and Grest found that the Rg of
dendrimers increases roughly as N1/3 under all solvent
conditions (N being the number of monomer units).17,18

Stechemesser and Eimer compared the scaling exponent
of the dendrimers obtained from their experiments
using holographic relaxation spectroscopy with the
results from computer simulations.23 The scaling expo-
nent was in better agreement with the results given by
Murat and Grest in comparison with the scaling behav-
ior by Lescanec and Muthukumar. Star polymers in
solution have been studied using intrinsic viscosity and
SANS by Roovers et al.27-33 In this work the range of
functionality of the star polymers was from 8 to 128.
The scaling exponent of a star polymer in a good solvent
was measured using the Daoud-Cotton scaling model,
Rg

2 ∼ N2νf1-ν where N is the number of monomers per
arm and f is the functionality. From these experiments
ν was found to be about 0.6.28,31,34 Using viscosity
measurements, Roovers et al. measured the ratio of
hydrodynamic radius to the radius of gyration and found
it to be close to (5/3)1/2, the value for uniform density
hard sphere, when f > 64.29,33 Using SANS, Roovers et
al. also compared the single particle form factor of star
polymers with 128 arms with the scattering function
for a hard sphere and argued that star polymer with
128 arms behaves as a hard sphere.31

Sheiko et al. studied the shape of arborescent graft
polystyrenes in monomolecular films using scanning



atomic force microscopy (AFM) and found that the shape
is dependent on the molecular mass and branching
density.10 A highly branched third generation arbores-
cent polymer built from linear chains with a molecular
mass of 5000 g/mol had a spherical shape discernible
in the dry film, which was indicative of little interpen-
etration of the molecules. The density and diffusional
properties of arborescent polymers were investigated
using fluorescence quenching techniques by Frank et
al.11 They found that the segmental density of arbores-
cent polymers in solution was significantly higher than
for linear polystyrene. The diffusional properties of
arborescent polymers indicated an increase in segmen-
tal density with increasing generation number.

The physical properties of branched polymers are
significantly different from those of linear polymers. For
example, the viscosity-molecular mass relation of den-
drimers does not obey the Mark-Houwink-Sakurada
equation. The intrinsic viscosity varies relatively slowly
as a function of molecular mass compared to that of
linear polymers, and a maximum is generally observed
around generations 3-5.3,4 On the other hand, the
viscosity-molecular mass relation of hyperbranched
polymers does obey the Mark-Houwink-Sakurada
equation, but the viscosity is anomalously low compared
to that of linear polymers.6 The variation in the intrinsic
viscosity as a function of molecular mass (generation
number) for arborescent graft polymers is relatively
small, similar to the trend for dendrimers.12 Gauthier
et al. found that the hydrodynamic radii calculated from
the intrinsic viscosity measurements for arborescent
polymers synthesized from side chains with a molecular
mass of 5000 g/mol were essentially identical in a Θ
solvent (cyclohexane) and a good solvent (toluene). But
for arborescent polymers with a higher molecular mass
side chains (30 000 g/mol), significant expansion was
observed in toluene, and the increase was largest for
the higher generation molecules.

In this paper small-angle neutron scattering (SANS)
was used to determine the size and the density profile
of arborescent graft polymers in solution as a function
of temperature and molecular mass (generation num-
ber). Deuterated cyclohexane and deuterated toluene
were used as solvents. Deuterated cyclohexane is a Θ
solvent for the linear polystyrene with a Θ temperature
of 40 °C.35 Deuterated toluene is a good solvent for the
linear polystyrene. In previous light scattering studies
by Gauthier et al., the second virial coefficient, A2, for
arborescent graft polymers in cyclohexane was found
to be close to zero with negligible variation as a function
of temperature, indicating that cyclohexane was ef-
fectively a Θ solvent at all temperatures studied.13

Experimental Section
The synthesis of the arborescent graft polymers used in this

study has been discussed elsewhere.12 The molecular mass of
the individual branches grafted for each generation was
determined by gel permeation chromatography. The mass
average molecular mass, Mw, of the arborescent polymers was
determined as part of the SANS experiments described in this
paper. The characteristics of the arborescent graft polymers
are given in Table 1. These polymers have a linear core and
side chains with a molecular mass of 5000 g/mol. The total
number of branches in a generation G polymer was calculated
using eq 1:

where Mw(G), Mw(G-1), and Mw(branch) are the molar masses
of generation G, the previous generation, and the grafted side
chains, respectively. If the molecular mass of the branches for
each generation is the same, eq 1 can be reduced to a simpler
form:

The branching density of the core portion of a generation G
polymer is given by eq 3:

Deuterated cyclohexane and deuterated toluene used as
solvents for the arborescent polymers were purchased from
Cambridge Isotope Laboratories, Inc.36 The concentration
range of the solutions studied was φ ) 0.005-0.015 mass
fraction. Before performing small-angle neutron scattering
experiments, the optical cloud point was measured for 0.0025
mass fraction solutions. Since arborescent polymer solutions
in deuterated cyclohexane exhibit an upper critical solution
temperature (UCST), phase separation is expected on cooling
below the Θ temperature (40 °C). The cloud point for genera-
tion 3 was found to be about 15 °C by cooling the sample in
an oil bath and observing the temperature when the solution
became cloudy. Phase separation could not be observed by this
method for solutions of generation 0, 1, and 2 polymers down
to 10 °C, which is close to the freezing point of deuterated
cyclohexane. The temperature was varied from 60 to 10 °C in
the SANS experiments.

Small-angle neutron scattering experiments were carried
out at the Center for Neutron Research at the National
Institute of Standards and Technology on the 30 m NIST-NG3
instrument.37,38 The raw data were corrected for scattering
from the empty cell, incoherent scattering, detector dark
current, detector sensitivity, sample transmission, and thick-
ness. Following these corrections the data were placed on an
absolute scale using a calibrated secondary standard and
circularly averaged to produce I(q) versus q plots where I(q)
is the scattered intensity and q is the scattering vector. The q
range was varied from 0.0046 to 0.0520 Å-1 with a neutron
wavelength of λ ) 6 Å and a wavelength spread of ∆λ/λ ) 0.15.

The uncertainties are calculated as the estimated standard
deviation of the mean, and the total combined uncertainty is
not given as comparisons are made with data obtained under
the same conditions. In cases where the limits are smaller than
the plotted symbols, the limits are left out for clarity. Fits of
the scattering data are made by a least squares, giving an
average and a standard deviation to the fit. All temperatures
reported are within (1 °C as determined by previous experi-
ence.

Results and Discussion
A typical set of SANS data for all arborescent polymer

generations (T ) 30 °C, φ ) 0.005 mass fraction in
deuterated cyclohexane) is shown in Figure 2. The radii
of gyration were measured using Guinier plots at small

Table 1. Characteristics of Arborescent Graft Polymers
with 5000 g mol-1 Branches

branches graft polymer

generation
Mn/103

g mol-1 Mw/Mn

Mw/
g mol-1 fw(tot)

branching
density

0 4.3 1.03 5.7 × 104 12 0.25
1 4.6 1.03 5.7 × 105 120 0.20
2 4.2 1.04 3.2 × 106 720 0.11
3 4.4 1.05 2.4 × 107 5200 0.15

fw(tot) ) fw(G - 1) +
Mw(G) - Mw(G-1)

Mw(branch)
(1)

fw(tot) )
Mw(G) - Mw(linear core)

Mw(branch)
(2)

branching density )

no. of branches added per molecule in a grafting reaction

total no. of repeat units of previous generation

(3)
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q. For dilute noninteracting particles the scattering
intensity is expected to obey Guinier’s law:

where Rg is the radius of gyration of the object.39,40 A
typical Guinier plot of ln I(q) versus q2 for a generation
3 polymer is displayed as an inset in Figure 2. The
variations in Rg obtained from Guinier plots as a
function of temperature are shown for the different
generation polymers in deuterated cyclohexane in Fig-
ure 3 and in deuterated toluene in Figure 4. The error
bars represent standard deviation calculated from the
linear least-squares fit from the Guinier plots. As can
be seen from Figures 3 and 4, the size of arborescent
polymers in both solvents is essentially independent of
temperature in the range investigated. For generations
0 and 1 the size of the molecules is equivalent in the
two solvents, while for generations 2 and 3 the mol-
ecules are significantly expanded (particularly for gen-
eration 3) in deuterated toluene. This result differs from
the hydrodynamic radius values obtained from intrinsic
viscosity by Gauthier et al., who found that the hydro-
dynamic radius values were essentially identical in
toluene and cyclohexane for polymers with 5000 g/mol
side chains.12 They did observe significant expansion in
toluene for arborescent polymers with a 30 000 g/mol
branches, however. It is reasonable to assume that for

low generation arborescent polymers the entropic part
of the free energy dominates the configuration of the
molecules, while for higher generation polymers the
interaction energy between segments is dominant. For
generation 3 the Rg ratio of the polymer in deuterated
toluene to that in deuterated cyclohexane is about 1.2.

By taking the limit as q f 0 for the Zimm equation,
one obtains41-45

where I(q) is the measured scattered intensity, φa is the
mass fraction of the dilute polymer, 〈Na〉w is the mass
average degree of polymerization of the polymer, va is
its specific volume, A2 is the second virial coefficient and
kn is the contrast factor for neutrons. The mass average
molecular mass and the second virial coefficient can be
thus determined from a plot of φa/I(0) versus φa using
the φ/I(0) values obtained from Guinier plots at q ) 0.
Values for 〈Na〉w were obtained from the intercept of the
line with the y-axis using eq 5, and the second virial
coefficients were calculated from the slope of the line.
Previous SANS experiments have demonstrated that
measurements of this nature have a standard uncer-
tainty of (5%. The second virial coefficients determined
in this manner are plotted as a function of inverse
temperature in Figure 5. Since generation 0 has a low
branching functionality, it is reasonable that A2 de-
creases as a function of temperature from 60 to 20 °C
as deuterated cyclohexane becomes a Θ solvent for
polystyrene. For generation 1 and above, A2 is es-
sentially zero for all temperatures between 20 and 60
°C. The second virial coefficient in deuterated toluene
was not studied since only one concentration (mass
fraction, φ ) 1%) was prepared for the SANS experi-
ments. Gauthier et al. have studied the temperature
dependence of the second virial coefficient for arbores-
cent polystyrenes in solution using light scattering and
found that A2 is more strongly influenced by the
branching functionality than by the overall molecular
mass of the polymers.13 According to their study of
arborescent polymers in cyclohexane, A2 was dependent
on temperature only for the generation 0 polymer with
5000 g/mol side chains while A2 was close to zero with
negligible variation for the generation 1 polymer, which
indicates the polymer is essentially at Θ conditions
(based on A2) for all measured temperatures in cyclo-

Figure 2. SANS curves for all generations at 30 °C. Inset
shows a typical Guinier plot used to obtain Rg.

Figure 3. Rg for arborescent graft polymers in d-cyclohexane
versus temperature.

Figure 4. Rg for arborescent graft polymers in d-toluene
versus temperature.

knφa

I(0)
) 1

〈Na〉wva
+ 2A2φa (5)

I(q) ) I(0) exp(-
Rg

2q2

3 ) (4)
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hexane. A generation 0 polymer with 30 000 g/mol side
chains which had a comparable molecular mass but
lower branching functionality than the generation 1
polymer with 5000 g/mol side chains was found to have
a significant temperature dependence of A2. This indi-
cated that the branching functionality has more influ-
ence on the temperature dependence of A2 than the side
chain molecular mass. The temperature dependence of
A2 for higher generation polymers was not studied by
Gauthier et al.

A log-log plot of Mw versus Rg for the arborescent
polymers in deuterated cyclohexane is shown in Figure
6a. A scaling relation given by Rg ) kMν exists between
Rg and the molecular mass, Mw, where ν is the scaling
factor and k is a constant. One can expect two limiting
cases in Figure 6a. A Gaussian linear polymer chain
should have an exponent of ν ) 1/2 under Θ conditions.
For an object with constant density (such as a hard
sphere) a scaling exponent of ν ) 1/3 is expected.
Arborescent polymers should probably exhibit a cross-
over between these two behaviors, with the low genera-
tion materials behaving (relatively) as a linear Gaussian
polymer but becoming more dense as the branching
functionality increases with increasing generations. The
ultimate limit would be attained if the molecules reach
constant density (ν ) 1/3), although this exponent
probably would not be expected to be observed for
arborescent polymers dispersed in solution. Two lines
are shown in Figure 6a, one calculated for linear
Gaussian polystyrene chains under Θ conditions (ν )
1/2) and one for spheres with the bulk density of
polystyrene, assuming the chains are completely col-
lapsed. For the generation 0 polymer the observed Rg
in deuterated cyclohexane is somewhat smaller than
expected for a linear chain. For the largest polymer
(generation 3) the molecular mass is much higher than
expected for a linear Gaussian coil of equivalent Rg,
resulting in a significantly higher polymer segment
density within the effective sphere defined by the radius
of gyration. Although the data in Figure 6a appear to
fall on a straight line and yield a exponent of ν ) 0.25
( 0.01, it should be pointed out that the chain archi-
tecture is changing dramatically with increasing gen-
eration. The standard uncertainties are calculated from
the goodness of the fit and are not plotted in Figure 6
for clarity. The exponent of ν ) 0.25 indicates that the
average polymer segment density inside the coil is
increasing, which is a naturally self-limiting process as

bulk density is approached. The line through the data
in Figure 6a should probably be considered crossover
behavior with the exponent of ν ) 0.25 depending on
the details of the arborescent polymer architecture
(branch length, branching density, etc.). A log-log plot
of Mw versus Rg for the arborescent polymers in deu-
terated toluene is shown in Figure 6b. The line for linear
polystyrene in toluene was obtained by a linear least-
squares fit to the data for polystyrene in toluene
obtained using small-angle X-ray scattering (SAXS) and
light scattering by Abe et al.46-48 For arborescent
polymers in deuterated toluene a crossover behavior
between a linear chain (ν ) 3/5) and dense object (ν )
1/3) is expected. For the low generation polymers the
observed Rg in deuterated toluene is expected to ap-
proach that of a linear chain in a good solvent, while
the behavior of the high generation polymers ap-
proaches that of an object of constant density. The
scaling exponent of 0.32 ( 0.01 indicates that the
polymer segment density of arborescent polymers dis-
solved in deuterated toluene relatively increases slowly
as a function of generation in comparison with the same
polymer dissolved in deuterated cyclohexane.

The SANS data for generation 3 polymers clearly
show a Guinier region and a second interference peak
at higher q. This second peak is characteristic of single
particles with a relatively uniform size distribution.
Attempts to fit the data for generation 3 in both
deuterated cyclohexane and deuterated toluene using
a simple model such as a hard sphere were not success-
ful. Scattering curves calculated for various core/shell
models (with a lower density in the interior of the
molecule as suggested by de Gennes and Hervet) actu-

Figure 5. A2 versus inverse temperature for all generations
of arborescent graft polymers in d-cyclohexane.

Figure 6. (a) Rg versus molecular mass for arborescent graft
polymer in d-cyclohexane. (b) Rg versus molecular mass for
arborescent graft polymer in d-toluene.
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ally fit the data worse than that for a hard sphere model.
As an alternative model, a power law density function
was used to fit the data as suggested by Neese et al. for
polystyrene microgels.49 The function used is given by

where Rmax corresponds to the hydrodynamic radius.
When R goes to infinity, this model is equivalent to a
hard sphere model. The fit to the data was optimized
by varying the value of R and calculating the scattering
using eq 7.50,51

The scattering calculated using the power law model
with R > 4 was found to lie significantly above the
experimental scattering data while the calculated scat-
tering with R < 4 was found to lie below the data. The
power law model with R ) 4 gave a fit with the smallest
deviation from the experimental data and is shown for
the generation 3 polymer in deuterated cyclohexane and
deuterated toluene in Figure 7a,b. The fit of the data
in Figure 7a,b includes a 9% polydispersity in size for
the polymer and the effect of instrumental smearing (see
Appendix) with I(0), Rmax, and a baseline as floating
parameters. The values of Rmax ) 310 ( 6 Å and Rmax
) 350 ( 8 Å were obtained from the fit of the scattering
data in Figure 7a,b for the generation 3 polymer in

deuterated cyclohexane and deuterated toluene, respec-
tively. The errors were calculated from the errors in q
based on the SANS instrument configuration. A com-
parison of the radial density profile calculated with R
) 4 with that of a hard sphere in bulk density is shown
in Figure 8. Each density function in Figure 8 was
normalized to have equal molecular mass of the genera-
tion 3 polymer. Thus, integration of the density profiles
with respect to volume shown in Figure 8 gives the same
value for the mass of a molecule.

For the arborescent graft polymers in deuterated
toluene the samples were not phase-separated at 10 °C
(which is the lowest temperature studied in this work),
and the scattering was almost unchanged between 40
and 10 °C. Phase separation for the generation 3
polymer in deuterated cyclohexane was observed opti-
cally at 15 °C. The dense polymer rich phase was
allowed to settle to the bottom of the sample cell, and
the scattering measured from this phase is shown in
Figure 9. Two peaks were found in the I(q) versus q
data. The first peak is due to the interference between
molecules, while the second peak arises from the single
particle form factor. From the position of the first peak
the center-to-center distance between nearest-neighbor
molecules was estimated using the relation d ) (1.23
× 2π)/q, for a structure controlled by two body noncrys-
talline correlations.39,40 This distance was found to be
518 ( 14 Å. From the position of the second peak, the
diameter of a single molecule was estimated using the

Figure 7. (a) Scattering calculated using the power law model
compared experimentally measured scattering for generation
3 polymer in d-cyclohexane. (b) Scattering calculated using the
power law model compared with experimentally measured
scattering for generation 3 polymer in d-toluene.

Figure 8. Radial density profile for the power law model and
hard sphere model (for comparison).

Figure 9. I(q) versus q for phase separated generation 3
polymer in d-cyclohexane (T ) 15 °C).

F(r) ) 1 - ( r
Rmax

)R
(6)

I(q) ∝ [∫ dr F(r)
sin(qr)

qr
r2]2

(7)
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single particle scattering function derived from the
density profile (eq 6). The data in the range of q )
0.018-0.05 Å-1 were fit to the scattering function
calculated using the power law model (R ) 4). Rmax was
found to be 262 ( 5 Å, and the calculated density profile
for phase-separated generation 3 polymer in deuterated
cyclohexane is shown in Figure 8. The errors for the
value of Rmax were calculated from the errors in q based
on the SANS instrument configuration. The diameter
of a single molecule is dmax ) 2Rmax ) 524 ( 10 Å, which
is very close to the distance between nearest neighbors,
indicating that the molecules are just in contact with
each other with very little interpenetration. The position
of the second peak in the I(q) versus q plots from the
single molecule scattering form factor was used to
monitor the radius of the molecule, Rmax as a function
of temperature. Using the power law density function
given by eq 6, the radius of gyration was calculated from
eq 8 and was found to be Rg ) (7/15)1/2Rmax (for R ) 4)
as compared to Rg ) (3/5)1/2Rmax for a hard sphere.

Table 2 shows Rmax and Rg calculated for the polymers
in d-cyclohexane as a function of temperature.

For comparison, the Rg of a sphere was calculated
assuming that the generation 3 molecules were col-
lapsed to bulk density. The Rg obtained was approxi-
mately 162 Å, which is close to the Rg of the generation
3 polymer in deuterated cyclohexane at 15 °C in Table
2. This indicates that the generation 3 molecules should
be essentially noninterpenetrating after phase separa-
tion, and deuterated cyclohexane is largely excluded
from the arborescent polymer molecules.

The first observation of the collapse transition in a
linear polystyrene chain in cyclohexane has been re-
ported by Swislow et al.52 They found that the hydro-
dynamic radius of a polystyrene chain in cyclohexane
decreases sharply by a factor of 60% as the temperature
is lowered below the Θ temperature. Chu et al. have
investigated the polystyrene/cyclohexane system exten-
sively using light scattering.53-55 According to their
study, the collapsed state observed on the basis of Rg
values corresponds to a relative contraction of about
15%. Bauer and Ullman studied the contraction of
polystyrene in cyclohexane below Θ temperature as a
function of molecular mass.56 For low molecular mass
polystyrene they observed a gradual decrease in the
expansion coefficient with decreasing temperature and
sharp decrease for high molecular mass polystyrene. To
follow the change in size of the generation 3 polymer in
deuterated cyclohexane, the Rg was measured at 2 °C
intervals between 30 and 7 °C, and the data obtained
are shown in Figure 10. A collapse of the generation 3
molecules by about 15% was observed over the temper-
ature range of 14-9 °C.

Conclusions
The radius of gyration of arborescent graft polymers

in solution was measured by SANS and found to
increase with increasing generation (molecular mass).
In going from deuterated toluene (a good solvent) to
deuterated cyclohexane (a Θ solvent), the Rg of the
largest molecules (generations 2 and 3) was observed
to decrease. No significant change in size was observed
for the smaller generations. The scaling exponent for
Rg ∼ Mν was found to be ν ) 0.25 ( 0.01 in deuterated
cyclohexane and ν ) 0.32 ( 0.01 in deuterated toluene.
This value of ν is less than that for both a hard sphere
and a Gaussian linear polymer chain and indicates that
the arborescent polymer segment density is increasing
as a function of generation. This exponent probably
represents crossover behavior and is presumably de-
pendent on the specific architecture of the arborescent
polymers. A power law model for the radial density
function was used to fit the data, and reasonable
agreement with the experimental scattering was ob-
tained. The size of arborescent polymer molecules in
deuterated toluene was essentially independent of tem-
perature down to 10 °C. The radius of gyration of
arborescent polymers in deuterated cyclohexane was
found to be almost independent of temperature down
to the phase separation temperature (15 °C) where
precipitation was observed, with a concomitant abrupt
fractional decrease in Rg by about 15%. In the two-phase
solution the polymer molecules were observed to ag-
gregate in the polymer-rich phase, and the scattering
from this phase indicated that the molecules are es-
sentially noninterpenetrating and close packed with
liquid type ordering.
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Table 2. Rmax and Rg of Generation 3 as a Function of
Temperature in d-Cyclohexane Obtained by Fitting the
Peak Using a Single Particle Scattering Function Which

Is Derived from Density Profile, G ) 1 - (r/Rmax)4

temperature (°C) Rmax (Å) Rg (Å)

40 310 ( 6 212 ( 5
30 317 ( 6 217 ( 5
20 306 ( 5 209 ( 4
15 262 ( 5 179 ( 4

Rg
2 )
∫dr F(r)r4

∫dr F(r)r2
(8)

Figure 10. Rg for generation 3 polymer in d-cyclohexane
versus temperature showing the collapse of the molecule upon
phase separation.
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Appendix
The instrumental smearing due to scattering such as

the geometry and wavelength spread alters the mea-
sured intensity from the true scattering intensity.57-59

The resolution function can be approximated by Gauss-
ian function57,58

where the variance, Vq, and the mean scattering vector,
qj, are a function of q0, which corresponds to the
instrument configuration. The scattering vector, q0, is
defined as

where λ0 is the wavelength of the incident neutrons. The
scattering angle, θ0, is given by

where r0 is the distance between the center of the beam
and the center of the detector element in the detector
plane and L is the sample-to-detector distance. Vq is
given by

Vr is related to the distance variance from the beam
divergence, the distance variance from the detector
resolution, and the distance variance from gravity. Vλ
is related to the wavelength spread, ∆λ0/λ0. By consider-
ing the distribution of scattering vectors with length,
q, which contribute to q0, the smeared intensity is
calculated as

where I(q) is the absolute scattering intensity.
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R(q,qj) ) (2πVq)
-1/2 exp[(q - qj)2/2Vq] (9)

q0 ) 4π sin(θ0/2)/λ0 (10)

θ0 ) tan-1(r0/L) (11)

Vq = q0
2[(Vr/r0

2) + (Vλ/λ0
2)] (12)

Is(q0) ) ∫0∞
dq R(q,q0) I(q) (13)
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