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ABSTRACT: Small-angle neutron scattering (SANS) was used to measure the size and shape of styrene-
based arborescent polymers blended with linear deuterated polystyrene (d-PS) and linear deuterated
poly(vinyl methyl ether) (d-PVME). For generation 0, 1, and 2 arborescent polymers, the Ry were essentially
equivalent in going from d-PVME to d-PS as the matrix material while for generation 3 (G3) the Ry in
d-PS was found to be smaller than in d-PVME. For comparison, the Ry of a sphere was calculated assuming
the size of the sphere was equivalent to a G3 molecule collapsed to bulk density. The Ry obtained was
162 A, which is quite close to the Ry of the G3 polymer in d-PS (Ry = 164 A). This indicates that the G3
molecules should behave as essentially noninterpenetrating spheres with the linear d-PS matrix chains
being largely excluded from the interior of the arborescent molecules. In the single phase region of the
phase diagram it was difficult to establish a clear temperature dependence of the Ry for the generation
0, 1, and 2 molecules in d-PVME. For the G3 molecules in d-PVME a small decrease in Ry with increasing
temperature was observed in the single phase region with an abrupt decrease of 21% on phase separation
between 110 and 115 °C. The single particle form factor of arborescent polymers in blends was studied
using a power law model for the density profile. In comparison with a hard sphere or a shell model, the
scattering function calculated from the power law function for the density profile provided the best fit to
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the experimental scattering data.

Introduction

Various types of dendritic polymers with controlled
architecture such as dendrimers, hyperbranched poly-
mers, and arborescent polymers have been developed
recently.! 12 This special class of branched polymers has
gained increasing interest from both theoretical and
practical points of view. For example, they can be used
as cross-linking agents, sensors, catalysts, size stan-
dards, and drug release systems.21415 For many ap-
plications it is necessary to have detailed information
on the intramolecular density profile, molecular size,
and shape in solution and in mixtures with other
polymers.

Arborescent polymers are branched macromolecules
synthesized by successive cycles of functionalization and
grafting reactions.””1® The structure of arborescent
polymers is represented schematically in Figure 1. The
structure of arborescent polymers has features distinct
from the classical dendrimer molecules. The building
blocks used in the synthesis of arborescent polymers are
polymer chains rather than small molecules. The graft-
ing sites in arborescent polymer molecules are randomly
distributed, rather than strictly controlled like in den-
drimer molecules. In our previous paper the size of
arborescent polystyrenes in solution was measured as
a function of temperature and molecular mass using
small-angle neutron scattering (SANS).16 In this paper
small-angle neutron scattering is used to study arbores-
cent polystyrenes in blends with linear polymers for
comparison to the results obtained in solutions. Deu-
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Figure 1. Schematic representation of the growth of arbores-
cent polymers by successive grafting reactions.

terated polystyrene (d-PS) and deuterated PVYME (d-
PVME) are used as matrix polymers to study arbores-
cent polymer blends as a function of molecular mass and
temperature.

According to classical Flory theory for a linear poly-
mer chain in a good and a ® solvent, the scaling
exponent for Ry ~ M" is 0.6 and 0.5, respectively, where
Ry is the radius of gyration and M is the molecular mass
(or chain length). Linear polymer chains are fractal
objects, which means that as the molecular mass of a
linear polymer chain increases, the average density of
the linear chain decreases. The density is taken as an
average coil density estimated as p ~ M/Rg%.Y7 In the
work by Zimm and Stockmayer, who studied this scaling
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relation for branched polymers, the scaling exponent
was found to be 0.25 for a Cayley tree in the limit of
large molecular mass. This value of the scaling exponent
is smaller than the value of /3 for a constant density
object, which means that as the size of a (highly)
branched polymers increases, the (average coil) density
of the branched polymer increases.!’® de Gennes and
Hervet studied the scaling relation for dendrimers using
an analytical calculation, and the scaling exponent was
found to be 0.2.1° Stauffer et al. studied the scaling
relation for branched polymers taking into account the
excluded-volume effect and compared their results with
the classical theory given by Flory and Stockmayer.20-22
They showed that the limiting exponent for the size of
the gel particles with molecular weight has to be at least
1/; based on density considerations. According to numer-
ous computer simulations and limited experimental
work on dendrimers, the values of this scaling exponent
have been reported in the range of 0.2—0.4.23727 |t
should be noted that any value of the scaling exponent
less than /3 has physical limitations and cannot be
maintained as M — o, due to density constraints. In
our previous work on arborescent polymers in solution,
the scaling exponent was found to be v = 0.25 + 0.01 in
deuterated cyclohexane and v = 0.32 £+ 0.01 in deuter-
ated toluene.’® These values of v are less than /3,
indicating again that the average segment density in
the polymer coil is increasing with increasing molecular
weight. This creates a self-limiting condition where the
coil density approaches bulk density, and arborescent
polymers of higher generations can no longer be syn-
thesized with a constant branching density.

The intramolecular radial density profile of dendrimer
molecules proposed by de Gennes and Hervet has a
minimum density at the center of the molecule.®
However, a number of computer simulations?*~27 and
theoretical work by Boris and Rubinstein?® predict a
maximum in the radial density profile at the center of
the molecule and a decreasing density gradient to the
outer edge of the molecule. According to recent small-
angle X-ray scattering (SAXS) work, generation 10
polyamidoamine (PAMAM) dendrimers in solution do
not exhibit any sizable minimum in density near the
core.?® More recent results by Prosa et al. show that the
dendrimers exhibit spherelike characteristics.3° Accord-
ing to recent small-angle neutron scattering (SANS)
work by Potschke et al., the density for a dendrimer in
solution has a maximum at the center of the mol-
ecules.3! In our previous work on arborescent polymer
in solutions, a power law model for the radial density
profile which has a maximum density at the center of
molecule was used to successfully model the single
particle form factor.’® This function has a relatively
constant interior density and an outer zone of transition
that is dependent on the solvent used.

Experimental Section

The arborescent polymers used in this study were synthe-
sized by successive grafting reactions of polystyryl anions onto
a linear polystyrene substrate.'? The molecular mass of the
branches used for grafting for each generation was determined
by gel permeation chromatography (GPC). The molecular mass
of the arborescent polymers was not determined by GPC but
was measured in this work as part of the SANS analysis. The
characteristics of the arborescent polymers used in the study
and the branches are given in Table 1. Molecular mass of the
branches from GPC is £10% as is typical of this technique.
The core and the side chains used in the synthesis of each
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Table 1. Characteristics of Arborescent Polymers with
5000 g mol~! Branches

branches graft polymer
Mn/108 Mw/ branching
generation gmoll My/M, gmoll fu(tot) density
0 4.3 1.03 5.7 x 10% 12 0.25
1 4.6 1.03 5.7 x 10° 120 0.20
2 4.2 1.04 3.2 x 108 720 0.11
3 4.4 1.05 2.4 x 107 5200 0.15

Table 2. Characteristics of Deuterated Polystyrene and
Deuterated Poly(vinyl methyl ether) g mol—t

Mw/Mp My Mn
d-PS 1.03 4 300 4170
1.03 26 600 25 800
1.51 102 900 68 100
1.04 244 000 235 000
1.05 424 900 404 700
d-PVME 2.05 8 280 4040

generation had a molecular mass of around 5000 g/mol. The
total number of branches in a given generation G polymer was
calculated using eq 1:

; _ 1 MW(G) - MW(G - 1) 1
w(tot) =f,(G — 1) + M,,(branch) @

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

M, (G) — M, (linear core)
M,,(branch)

f,(tot) = (2

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

branching density =
no. of branches added per molecule in a grafting reaction
total no. of repeat units of previous generation

©)

Blends of the arborescent and linear polymers were pre-
pared using deuterated linear polystyrene or deuterated linear
poly(vinyl methyl ether). The deuterated linear polystyrene
samples were either purchased or synthesized, depending on
the molecular mass. Deuterated styrene purchased from
Cambridge Isotope Laboratories, Inc., and a tetramethylpip-
eridinyloxy (TEMPO)-based unimolecular initiator obtained
from Dr. C. Hawker at the IBM Almaden Research Center
were used to synthesize deuterated linear polystyrene by living
free radical polymerization.®?3 Deuterated linear PVME was
synthesized by cationic polymerization of ds-vinyl methyl
ether, CH,=CHOCDj3, in toluene using the boron trifluoride—
ethyl ether complex as the initiator.343> The molecular masses
of deuterated polystyrene and deuterated PVME were deter-
mined using GPC, and the mass average molecular masses
were found to be 102 900 and 8280 g/mol, respectively.
Universal calibration was used with the Mark—Houwink—
Sakurada parameters a = 0.739 and k = 1.35 x 10* for
d-PVME in tetrahydrofuran (THF) at 30 °C.%43% In addition
to the deuterated polystyrene synthesized by living free radical
polymerization, several anionically polymerized deuterated
polystyrenes of different molecular masses were purchased
from Polymer Laboratories, Ltd. The characteristics of the
linear polymers are summarized in Table 2. Samples for
neutron scattering were prepared by dissolving the appropriate
deuterated linear polymer and the arborescent polymer in
toluene and then allowing the solution to evaporate in a Teflon
Petri dish to form a thin film. The film was then dried in a
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Figure 2. SANS curves for all arborescent polymer genera-
tions in d-polystyrene at 120 °C.

vacuum to remove any remaining toluene. The film was
pressed into a disk of 1.4 cm in diameter and 0.05 cm in
thickness for the SANS experiments using a hot press at
approximately 150 °C. The concentration range of the blends
studied was ¢ = 0.5—2%, mass fraction of the arborescent
polymer.

Small-angle neutron scattering experiments were carried
out using the 30 m NIST-NG3 instrument at the Center for
Neutron Research of the National Institute of Standards and
Technology.3%37 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 1(q) versus g plots where 1(q)
is the scattered intensity and q is the scattering vector. The q
range was from 0.0046 to 0.0520 A1 with a neutron wave-
length, 2 = 6 A, and a wavelength spread, AJ/A = 0.15.

The uncertainties reported are calculated as the estimated
standard deviation of the mean. The total combined uncer-
tainty is not given, as comparisons are made only 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 fit to the data giving an average and a standard
deviation to the fit. All temperatures reported are within £1
°C as determined by previous calibration.

Results and Discussion

A typical set of SANS data for all generations (T =
120 °C, ¢ = 1% in deuterated polystyrene) is shown in
Figure 2. The radii of gyration were measured using
Guinier plots at small g as given by eq 4:

R 2 2
I@) = 100 exp(— . ) @

where Ry is the radius of gyration of the object.383% A
typical Guinier plot of In 1(q) versus g? for a generation
3 (G3) polymer is displayed as an inset in Figure 2. The
Ry of the arborescent polymer molecules in blends was
plotted as a function of generation number (molecular
mass) and compared with data from solutions measured
previously in Figure 3.16 The error bars in Figure 3
represent one standard deviation calculated from the
linear least-squares fit of the Guinier plot data. The Ry
decreases in going from solutions to blends, and the
observed Ry is smaller in linear deuterated polystyrene
than in deuterated PVME. (Note that the molecular
masses of the two linear polymers are quite different
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Figure 3. Ry of arborescent polymers in solutions and in
blends as a function of generation number.
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Figure 4. Temperature dependence of Ry for arborescent
polymers in d-PVME.

at 103K and 8.2K, respectively.) As will be discussed in
detail later in the paper, the Ry of the G3 polymer was
also studied as a function of the molecular mass of the
d-PS matrix polymer. The Ry of the G3 polymer in d-PS
with N = 38 (My = 4.3K) and N = 238 (M, = 27K) was
found to be 206 and 182 A, respectively, while Ry in
d-PVME with N = 131 (M,, = 8.2K) was 205 A (N is the
average number of monomer units in the chains).
Although the d-PVME chain length falls between the
two d-PS molecular massess studied, it appears that for
equivalent chain lengths the Ry would be smaller with
d-PS as the matrix.

The radii of gyration for the arborescent polymers in
d-PVME are plotted as a function of temperature in
Figure 4. Polystyrene/poly(vinyl methyl ether) blends
are well-known to exhibit a lower critical solution
temperature (LCST) type phase diagram with a critical
point between 110 and 160 °C depending on molecular
mass and deuteration effects.*°-42 The polystyrene/poly-
(vinyl methyl ether) blends studied in this work contain
deuterated PVME. All previous neutron scattering work
on PS/PVME blends used polystyrene as the deuterated
component. All the data in Figure 4 are from blends in
the single phase region of the phase diagram. It is
difficult to interpret the data in Figure 4 in terms of
any systematic temperature dependence of Ry in the
single phase region of the phase diagram. The temper-
ature dependence of Ry for arborescent polymers in d-PS
was not studied.
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Figure 5. (a) Rq versus molecular mass for arborescent poly-
mers in d-PVME. (b) Ry versus molecular mass for arborescent
polymers in d-polystyrene.

A scaling relation given by Ry = kM"” exists between
the Rqy and the molecular mass, My, where v is the
scaling factor and k is a constant. The log—log plots of
Ry versus M for the arborescent polymers in d-PVME
and d-PS are shown in Figure 5a,b. Two dashed lines
are shown in Figure 5a,b: one calculated for a Gaussian
linear polystyrene chain and the other for a sphere with
the bulk density of polystyrene, assuming the chain is
completely collapsed. As observed in previous work on
arborescent polymers in solution, the arborescent poly-
mers exhibit a crossover between a Gaussian linear
chain (v = /;) and an object with constant density (v =
1/3).16 The exponent of v for the arborescent polymers
in d-PVME and d-PS was found to be v = 0.28 + 0.02
and v = 0.26 + 0.06, respectively, which indicates that
the average polymer segment density inside the sphere
defined by the Ry increases with increasing genera-
tion.

A power law function for the radial density was used
to calculate the expected scattering and fit to the SANS
data for the G3 polymer. The fitting procedures and
uncertainties are reported elsewhere.*® The fit was
optimized by varying the value of a. The power law
function is given by

o) =1- (Rr ) (5)

max

where Rmax corresponds to the hydrodynamic radius.
The scattering was calculated using eq 6.4144

(qr) ]

I(q) O [fdr p(r) 2590 (6)
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Figure 6. (@) Scattering functions for power law model com-
pared with G3 polymer in d-PVME. (b) Scattering functions
for power law model compared with G3 polymer in d-polysty-
rene.

The best fit to the SANS data for the G3 molecule was
found when oo = 12 and o = 18 for d-PVME and d-PS,
respectively, and the fits to the scattering data are
shown in Figure 6a,b. The fits to the data in Figure 6a,b
include a 9% polydispersity of the polymer and the effect
of instrumental smearing with 1(0), Rmax, and a baseline
as floating parameters.*>=48 The values of Rmax = 260
+ 4 A and Rmnax = 221 + 4 A were obtained from the fit
to the scattering data in Figure 6a,b for the G3 polymer
in d-PVME and d-PS, respectively. The error bars for
the values of Rmax were calculated from the errors in g
based on the SANS instrument configuration. A com-
parison of the radial density profiles in blends with
those obtained from previous work on G3 arborescent
polystyrenes in solutions is shown in Figure 7.16 The
density profile for arborescent polymers in blends with
linear chains decreases more rapidly at the outside edge
of molecules in comparison with that in solutions (o =
4). The density profile of arborescent polymers in d-PS
is close to that of a hard sphere. Using the power law
density function given by eq 5, the radius of gyration
can be calculated from eq 7.

4
R7 Jdr p(r)r .
Jdr p(r)r?

The relation between Ry and Rmax for arborescent
polymers in d-PS was found to be Ry = (63/115)*?Rmax

(for o = 18), and the calculated Ry was 164 A. For
comparison, the Ry of a sphere was calculated assuming
that the G3 molecules were collapsed to the bulk
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°C to the phase separation temperature.

density. The Ry obtained was approximately 162 A,
which is close to the Ry of the G3 polymer in d-PS. This
indicates that the G3 molecules in d-PS should be
noninterpenetrating, and the linear d-PS is largely
excluded from the interior of the arborescent molecules.

The measured scattering from the G3 in deuterated
poly(vinyl methyl ether) (PVME) was essentially con-
stant as the temperature was changed from 80 to 105
°C. No increase in the concentration fluctuation scat-
tering was observed as the phase separation was ap-
proached, as is typically observed for polymer blends.*8-50
Phase separation occurs above 110 °C, and two peaks
develop as shown in Figure 8. Upon phase separation,
the single particle form factor peak (the second peak
located at g = 0.023 A-1) shifts to higher g, indicating
that the size of the molecules decreased. The size of the
molecules after phase separation was estimated from
the position of the second form factor peak using the
power law model and plotted as a function of temper-
ature in Figure 9. As noted previously, there is no
appreciable temperature dependence of Ry in the single
phase region, but a collapse of the G3 molecules by
about 21% is observed with phase separation. The
collapse transition has long been of interest and has
generated much theoretical and experimental work,
because of its relevance to local polymer structure,
fractionation, and biological applications such as protein
folding.5152 To the authors’ best knowledge, this is the
first direct observation of a collapse transition observed
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in polymer blends, although it has been predicted in
simulations®® and theoretically.>* It should also be noted
that d-PVME is of quite low molecular mass. The
variation in the size of a linear polystyrene chain in
cyclohexane as a function of temperature near the ©
temperature has been studied by many authors, and the
collapse transition for a linear chain in deuterated
cyclohexane has been observed below the ® tempera-
ture.51:5255-59 |n our previous experiments on arbores-
cent polymers in deuterated cyclohexane, the radius of
gyration decreased by 15% when phase separation
occurred.1® At 115 °C two peaks are found in the 1(q)
versus g data for the G3 in deuterated poly(vinyl methyl
ether). The first peak is due to the interference between
molecules, while the second peak arises from the single
particle form factor. The scattering intensity for a
particulate system can be expressed as?9:41.60

1(@) = k,NP(q) S(a) (8)

where k, is the contrast factor for neutrons, N is the
concentration of the scatterers (arborescent polymer
molecules), P(q) is the single particle form factor (in-
traparticle interference), and S(q) is the structure factor
(interparticle interference). In the single phase blends,
the molecules are in the dilute concentration range and
noninteracting, and only P(q) is observed. For the phase-
separated G3 arborescent polymers in d-PVME at high
temperature, it is expected that S(q) should play a role.
The first peak observed in the scattering curve from the
phase separated solution is due to the first neighbor
interference (i.e., S(q)), as observed in many systems
such as latex spheres and spherical block copolymers.50-64
The second peak in the scattering curve has the same
general shape and is in the same general g range as
the peak observed in P(q) for the non-phase-separated
samples. The interpretation of this peak as being assoc-
iated with P(q) is also consistent with previous work
on latex spheres and block copolymer systems.37.60.65-67
From the position of the first peak the center-to-center
distance between nearest-neighbor molecules was esti-
mated using the relation d = (1.23 x 2x)/q, which is
valid for a structure controlled by two-body (noncrystal-
line) correlations.®83° This distance was found to be 505
+ 14 A. From the position of the second peak, the
diameter of a single molecule was estimated using the
single particle scattering function derived from the
power law function density profile (eq 5). The data in
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the range q = 0.018—0.05 A~ were fitted to the
scattering function calculated using the power law
model with o = 12. Rmax Was found to be 232 + 4 A,
and the calculated density profile for phase-separated
G3 polymer in d-PVME is shown in Figure 7. The error
on the value of Rmax was calculated from the errors in
g based on the SANS instrument configuration. The
diameter of a single molecule is dmax = 2Rmax = 464 +
8 A, which is smaller than the distance between nearest
neighbors, indicating that the molecules are not quite
in contact with each other. Using the power law density
function given by eq 5, the radius of gyration was
calculated from eq 7 and found to be Rq = (9/17)Y?Rmax
(for o = 12). The Ry for a G3 arborescent polymer in
d-PVME at 115 °C (which is slightly inside the two-
phase region of the phase diagram) calculated using this
relation is 169 + 3 A. This is close to the Ry calculated
for a sphere assuming the G3 molecule is collapsed to
bulk density. This indicates that d-PVME is largely
excluded from the interior of the arborescent molecules
after phase separation occurs.

The Ry of G3 arborescent polymer molecules was
studied as a function of the molecular mass of the linear
d-PS matrix. The matrix molecular mass was varied
from 4300 to 430 000 g/mol. The Ry, obtained using
Guinier analysis, is plotted as a function of the molec-
ular mass of the matrix polymer in Figure 10. Figure
10 shows that as the molecular mass of the matrix
polymer increases, the Ry of the G3 polymer decreases.
The largest decrease in Ry is observed when the matrix
molecular mass increases from 4300 to 26 600 g/mol.
There appears to be additional small decreases in Ry
with further increases with molecular mass of the
matrix polymer, but the magnitude is close to the errors
of the measurements. The larger Ry observed for the
lowest molecular mass matrix polymer indicates that
the regions within the volume of the G3 arborescent
polymer are limited in size and shape and only acces-
sible to the shortest chains. The configurational entropy
penalty for higher molecular mass polymers to penetrate
the coil of the arborescent polymer is too great compared
to the (relatively small) gain in mixing energy.

Conclusions

The radius of gyration of arborescent polymers de-
creases in going from solutions to polymer blends. The
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size of arborescent polymers in deuterated polystyrene
is smaller than in deuterated poly(vinyl methyl ether).
The scaling exponent for Ry ~ M is found to be v =
0.28 + 0.02 in d-PVME and v = 0.26 + 0.06 in d-PS,
which indicates that arborescent segment density is
increasing as a function of generation. The scattering
curve calculated using a power law model is in reason-
able agreement with the measured scattering. The value
of a in the power law model is largest for arborescent
polymers in deuterated polystyrene, and the sequential
density calculated from the molecular mass divided by
the volume of coil of the arborescent polymer in deu-
terated polystyrene is found to be close to bulk density.
This indicates that the molecules are essentially non-
interpenetrating and exclude the linear matrix chains.
For G3 polymer in deuterated poly(vinyl methyl ether),
two peaks in the I(q) versus SANS data are observed
above the phase separation temperature (105 °C), and
the Ry of the phase-separated sample decreases by about
21% upon phase separation. In the two phase blends,
G3 polymer molecules are found to be not in contact
with each other.
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