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ABSTRACT: We present a small-angle neutron scattering study of a series of isomeric dendrimer-like
star copolymers investigated in solution. Each copolymer consists of a highly branched core with linear
partially deuterated polymer chains emanating from the outermost generation to create a starlike
copolymer. By studying the copolymers in solvents contrast matched to the outer starlike chains, we
focus our study on the effects of the core branching architecture. In our dilute solution data analysis we
use models to obtain analytical expressions for the form factor of the copolymer cores. We find the core
radius of gyration and fractal dimension depend on the core branching architecture. From our semidilute
data we obtain experimental structure factors and see evidence of liquidlike structuring in some
copolymers. Thus, the architectural features of these isomeric copolymers have an impact on both the
conformation of and interactions between these molecules in solution.

I. Introduction

The rich variety of polymer architectures created by
both nature and synthetic polymer chemists has enabled
a field of study that explores the complex relationships
between the physical properties of molecules and their
macromolecular topology. Although the effects of branch-
ing in polymers have long been recognized as an
important area of study,?2 the ability to control branch-
ing architecture has only recently been achieved. Over
the past two decades, dramatic advances in polymer
synthesis have provided a means to control polymer
architecture on the molecular length scale, thus allow-
ing the creation of a variety of novel macromolecules
and the opportunity to experimentally investigate the
effects of polymer architecture.

Dendrimers, which are polymer molecules with regu-
larly placed branching junctures cascading in “genera-
tions” from a central core, were first synthesized in the
1980s%~5 and have been gaining the attention of polymer
scientists due to their unique properties.6~8 Both theo-
retical and experimental studies have shown that the
details of these complex architectures, including the
number of generations and the nature of the spacer
group between branching junctures, affect the confor-
mation and characteristic dimensions of dendrimer
molecules in solution.®

In another highly branched architecture, star poly-
mers are characterized by polymer chains emanating
from a central core, but in this case all the branching
occurs near the center of the core. Daoud and Cotton?®
and Birshtein and Zhulinal®1! investigated the unique
architecture of star polymers using scaling approaches
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revealing that a range of concentration regimes exists
within individual molecules, producing more than one
characteristic length scale. The inhomogeneous density
distribution created as a consequence of this architec-
ture leads to an increase of the osmotic pressure inside
a star polymer as the concentration of polymers in
solution is increased.?? This leads to an osmotic repul-
sion, which in turn induces ordering phenomena in star
polymer solutions near the overlap concentration. Or-
dering in star polymer solutions has been experimen-
tally observed using neutron scattering studies.13-18
Furthermore, star polymer solutions have been the
subject of theoretical studies which have allowed an
enriched understanding of the phenomena observed in
scattering studies.’31° These studies show that effective
pair potentials can be used to describe the interactions
that lead to liquidlike ordering, allowing star polymers
to be viewed as “ultrasoft” colloidal particles.'® Thus,
star polymers exhibit a dual nature as they have

characteristics of both polymers and colloidal par-
ticles.14.17.20,21

These polymers of well-defined branched architecture
have given promise to a host of applications once
thought unachievable due to the stochastic nature of
traditional syntheses. Polymer architectures employing
dendrimer structures are attractive candidates for drug
delivery as they have well-defined size and a high
degree of functionality, allowing them to mimic multi-
functional biological molecules.?? In the development of
therapeutics for the treatment for prion disease, den-
dritic molecules were able to stimulate normal cellular
mechanisms to destroy the infectious proteins while
their linear analogues gave no such response.? Various
hyperbranched architectures employing polyester den-
dritic scaffolds are under investigation as carriers for
anticancer drugs based on promising initial results.2425
These studies emphasize the important relationship
between polymer architecture and the ability to deliver
polymeric drugs to a desired site.
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Figure 1. Isomeric PCL—PMMA dendrimer-like star copolymer series is schematically shown. The black lines show the branching
architecture of the PCL core while the red lines show the ds-PMMA arms.

The geometry of hyperbranched polymers has proven
useful in the development of advanced materials. One
unique feature of dendrimer and star architectures is
their ability to encapsulate a functional moiety within
the core of their structures, giving potential for site
isolation.526-29 Fréchet et al. have explored how archi-
tecture impacts the ability to achieve site isolation in
both dendritic and star polymers with porphyrin
cores.?6:2° Using this approach, a chromophore-labeled
dendrimer was prepared for single-layer light-emitting
diode applications.2® In an application for microelectron-
ics, IBM has developed methods to use hyperbranched
molecules as pore generators en route to the formation
of nanoporous ultralow dielectric materials after they
determined that linear molecules of the same composi-
tion gave poor properties.30—32

To exploit the unique features of hyperbranched
molecules, we must gain a deeper understanding of how
their architecture relates to their properties. Only recent
control of polymer branching has permitted studies of
well-defined branched polymers.22:33-40 |n our research
program, we work to elucidate the relationships between
macromolecular architecture and the underlying poly-
mer physics controlling the solution and bulk properties
of materials. Specifically, we focus our efforts on un-
derstanding the effects of macromolecular architecture
on the solution properties of highly branched, novel
hybrid architectures combining linear polymers with
starlike dendrimer cores using small-angle neutron
scattering (SANS).

In the study presented in this paper, we investigate
how architectural features, such as branch juncture
placement and branch length within the core of a star
molecule, affect the behavior of dendrimer-like star
block copolymers in solution. We have the opportunity
to study isomeric molecules having the same degree of
polymerization and composition, thus differing only in
architecture. First we study the dilute solution proper-

ties of the copolymers and consider how core and arm
architecture impact the overall dimensions of the core.
We then characterize their interactions as the concen-
tration is increased in an effort to assess the influence
of the architecture of a branched core on the structure
and properties of the star copolymer emanating from
it.

1. Experimental Section

11.1. Copolymer Materials. Using synthetic procedures
that allow control of macromolecular architecture, both the
placement of branching junctures and the degree of polymer-
ization of the polymer chains that connect these branching
junctures can be designed. This series of dendrimer-like block
star copolymers was prepared using a combination of ring-
opening polymerization (ROP) of poly(e-caprolactone) ((CHz)s-
OCO, PCL) and atom transfer radical polymerization (ATRP)
of poly(methyl methacrylate) (PMMA) as described previ-
ously.* ROP provides the means to make highly uniform star
and dendrimer-like star structures having oligomeric or
polymeric chains between each branching junction with well-
defined end group functionality that can be readily transferred
into an initiator for ATRP. The PMMA is partially deuterated
(CD,C(CD3)(COOCHj3), ds-PMMA) to allow for contrast match-
ing in neutron scattering experiments. These copolymers each
have nearly the same overall molecular weight and composi-
tion with PCL polymer chains emanating from a central core
and ds-PMMA chains attached to the outermost PCL chains.
As schematically shown in Figure 1, branching junctures are
placed in different locations within the PCL core to create
generation 1 (G1) (i.e., star architecture), generation 2 (G2),
or generation 3 (G3) architecture cores as presented before.®
The ds-PMMA chains are attached by one end to the outermost
chains of these cores to create a star copolymer.

Multifunctional initiators create the templates for the core
of the molecules and the first generation of the “living” ROP
of the PCL monomers. In this series of polymers, 6, 12, or 24
PCL chains were grown from these central core initiators. To
create the G2 and G3 core architectures, branching junctures
were introduced by derivatizing the chain ends with an AB,
moiety followed by ROP of PCL in successive steps to achieve
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Table 1. Characteristics of PCL—PMMA Dendrimer-like Star Copolymers

PCL core architecture

PMMA arm architecture copolymer properties

copolymer generation DP2 branch® Mn¢ (g/mol) Mu/Mpd fe DP2 armP Mu/Mpd Mn¢ (g/mol) Mw/Mpd
G1-12 Gl 50 69 700 1.04 12 69 1.26 156 000 1.13
G2-12 G2 33 69 800 1.15 12 69 1.08 150 000 1.42
G1-24 Gl 25 71100 1.08 24 34 1.32 180 000 1.20
G2-24 G2 17 71 400 1.12 24 34 1.10 145 000 1.27
G3-24 G3 14 71 500 1.19 24 34 1.19 145 000 1.45

aDegree of polymerization. P Target values. ¢ As determined by 'H NMR end group analysis. 9 As determined by size exclusion

chromatography. ¢ Functionality or number of arms.

the desired number of generations. The degree of polymeri-
zation of the PCL chains was controlled so that each core
contained a total of ~600 PCL units. This synthetic technique
results in structures with target molecular weights and narrow
polydispersities (1.04—1.19). Further details regarding the
synthesis and characterization of these cores can be found in
the literature.®%42-45 Confirmation of the desired architectures
and molecular weights was achieved using NMR investiga-
tions. In these NMR studies, end group analysis of the
synthetic intermediates and final products verified that the
target structures were achieved.

This PCL core design allows us to focus on the effects of
the architectural variations in branch placement and length
in the core of the copolymer star. The PCL chains of the
outermost generation were capped with functional groups that
act as initiators for the ATRP of the PMMA chains. In this
series either 12 or 24 PMMA chains were grown from the PCL
core with target degree of polymerizations of 69 or 34 to yield
a total of ~820 PMMA repeat units in each molecule, respec-
tively. The synthetic conditions were optimized to prevent the
coupling of PCL cores during the ATRP of the starlike PMMA
chains. To consider the success of the ATRP synthesis, the PCL
cores of these copolymers were degraded according to literature
procedures,** allowing direct study of the PMMA arms. Our
studies show PMMA polydispersities typical of an ATRP
synthesis (1.08—1.32), indicating good initiator efficiency. The
molecular weights for the final copolymer products were
assessed using NMR. The characteristics of this copolymer
series are summarized in Table 1. Further details of the
synthetic procedures and characterization can be found else-
where.*

11.2. Sample Preparation. Copolymer solutions for the
SANS experiments were prepared at concentrations ranging
from 0.2 to 15 wt % in toluene. Hydrogenated toluene (Sigma-
Aldrich, 99.5+% A.C.S. Reagent) and deuterated toluene (Dsg,
Cambridge lIsotopes Laboratories, D 99.6%) were used as
received. The scattering length density (p) of a molecule with
z atoms is calculated from the following expression:

ON, 2

p=—— bz

v ()

Here, o is the partial specific density of the molecule in the
chosen solvent, Na is Avogadro’s constant, M is the molecular
weight, and b; is the coherent neutron scattering length of the
nucleus z. For neutron scattering, the contrast between the
components of a system is defined as the square of the
difference of the scattering length densities of these compo-
nents. For example, the contrast for a system comprising
components A and B is given as (Ap)? = (pa — ps)?. A solvent
mixture of hydrogenated and deuterated toluene was prepared
such that the scattering length density of the solvent matched
that of the partially deuterated ds-PMMA polymer, leaving the
observed neutron scattering signal from the PCL cores alone.*8
The ds-PMMA contrast matched toluene mixture was prepared
by mass and thoroughly mixed. This toluene mixture was then
used to prepare the copolymer samples by mass. Shortly after
preparation, samples were transferred to the sample cells for
the SANS experiments.

11.3. SANS: Data Collection and Reduction. Scattering
experiments were performed on the 30 m instrument (NG3)

at the National Institute of Standards and Technology (NIST)
Center for Cold Neutron Research (Gaithersburg, MD) and on
the 80 m instrument (D11) at Institut Laue-Langevin (ILL)
(Grenoble, France). For each experiment, the sample-to-
detector distance was chosen in order to obtain the desired
range of the momentum transfer, q, defined as q = (4a/1) sin-
(0/2), where 6 is the scattering angle. For all SANS experi-
ments the temperature was maintained at 25 °C.

SANS experiments on copolymers G1-12, G1-24, G2-12, and
G2-24 were performed at NIST at a wavelength of A = 0.6 nm
with a wavelength spread of A1/4 = 0.150. The detector was
offset 20 cm to give a larger g range. A sample to detector
distance of 530 cm was used for copolymers G1-12, G2-12, and
G2-24, giving a q range of 0.07—1.00 nm~*. For copolymer G1-
24 the sample-to-detector distance of 310 cm gave a q range
of 0.13—2.00 nm~. Samples contained in 1 mm cells with
quartz windows provided by NIST had transmissions of about
0.80. The two-dimensional intensity data were corrected and
radially averaged to obtain one-dimensional scattering data
on an absolute scale using correction and reduction routines
developed at NIST.#’

SANS experiments on copolymer G3-24 were performed at
ILL with a wavelength of A = 0.6 nm with a wavelength spread
of AA/A = 0.09. Two sample-to-detector distances of 250 and
1000 cm were used, giving a q range of 0.06—1.50 nm™.
Samples were contained in 1 mm quartz cells (Hellma, 404-
QS) with Teflon caps to prevent loss of solvent with transmis-
sion values comparable to those at NIST (0.85—0.88). Again,
the two-dimensional intensity data were corrected, and radial
averaging was performed to obtain one-dimensional scattering
data on an absolute scale using data correction and reduction
routines developed at ILL.4®

11.4. Small-Angle Neutron Scattering: Data Analysis.
The contribution to the scattering due to the sample cell is
removed from the one-dimensional data obtained using the
reduction procedures provided by the scattering facilities.
Solvent scattering is subtracted on a volume fraction basis.
For a solution of identical particles, the coherent scattering
intensity, 1(q), can be expressed as follows:

NA dECOh
oy do @

I(@) = ¢V P(a) S(a) = ()

@)

In this expression, ¢ is the polymer volume fraction, V is the
weight-average polymer molar volume, P(q) and S(q) are the
form and structure factors, respectively, (Ap)? is the neutron
contrast, and d=*°"/dQ (q) is the coherent macroscopic dif-
ferential scattering cross section. The form factor, P(q),
contains contributions to the scattering intensity due to
interference effects within an individual scattering center and
therefore gives information about the size and shape of the
scattering centers. Analytical expressions have been developed
for many common shapes and will be discussed further in
section 111.2. The structure factor, S(qg), arises from interfer-
ence effects between different scattering centers and provides
information about the interaction potential and local organiza-
tion of scattering centers. To decompose the total scattering
intensity into the form factor and structure factor, we make
use of the decoupling approximation® and assume that the
particles are centrosymmetric and that the intra- and inter-
particle effects can be separated.*® These approximations have
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Figure 2. SANS profiles are shown for dendrimer-like star
copolymers: (a) G1-24, (b) G2-24, and (c) G3-24.

been successfully applied for other hyperbranched and star
systems.18:34

I11. Results and Discussion

I11.1. Qualitative Scattering Data. In Figure 2 we
display the scattering data for three copolymers, G1-
24, G2-24, and G3-24, each studied at concentrations
ranging from dilute to semidilute. All three copolymers
have 24 [ds-PMMA]z, arms emanating from the chain
ends of the outermost generation of the PCL cores and
therefore differ only in their core architecture. The
scattering profile arises from the PCL core, as the
solvent was matched to the ds-PMMA chains; however,
although the ds-PMMA do not contribute to the scat-
tering intensity, their presence affects the shape of the
scattering profile as they interact with one another and
the PCL cores. It is immediately evident the differences
in core architecture have a pronounced effect on the
features of the scattering profile. In all cases, the
increase in polymer concentration leads to either an
inflection or a peak in the scattering profile, indicating
that more structure is developing in the solution as the
polymers begin to interact.

In the case of copolymer G1-24, all the polymer chains
emanate from the central core like a star molecule.

Macromolecules, Vol. 36, No. 15, 2003
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Figure 3. SANS profiles for copolymer G1-12 normalized by
polymer volume fraction are shown. The copolymer concentra-
tions of the data sets are 15.0 wt % (closed circles), 9.1 wt %
(open circles), 5.0 wt % (closed triangles), 0.5 wt % (open
triangles), and 0.2 wt % (closed squares) from top to bottom,
respectively. Each data set is offset by a multiple of 10.

Scaling theory predicts that this architecture results in
a very inhomogeneous distribution of the polymer
segments within the molecule with a high density at
the core of the molecule due to the connectivity of the
chains to the central branching point.° Consequently,
the polymer chains in a star architecture are subjected
to two competing forces: the osmotic pressure within
the polymer and the elastic free energy of chain stretch-
ing. In other words, chains stretch in order to relieve
the internal osmotic pressure created by the high
concentration of segments connected to the core, yet
there is a free energy penalty for this chain stretching
as this results in deviation from the random coil state.
As investigated theoretically by Witten and co-work-
ers,®0 the steep rise in the osmotic pressure within star
polymers near the overlap concentration causes a soft
repulsion between stars. Looking at the series of mol-
ecules containing 24 arms of ds-PMMA, we see the effect
of core architecture. In our star branched copolymer, G1-
24, this osmotic repulsion is indicated by a peak in the
scattering profile. In the case of copolymer G3-24, the
branching junctures creating the G3 core allow the
polymer chains to be more uniformly distributed within
the core, hence relaxing the osmotic repulsion and
leading to a weaker repulsion and only an inflection in
the scattering profiles. The intermediate G2 core archi-
tecture of copolymer G2-24 still has sufficient osmotic
repulsion to develop a peak in the scattering profile. To
further elucidate the effect of core architecture on the
interactions between the copolymers, we will decouple
the shape and interactions of the different PCL cores
in section 111.3. The upturn in the scattering at low q is
not fully understood, although it does indicate the
presence of larger structures, most likely some ag-
gregates or imperfect single molecules. This phenom-
enon has been seen for dendritic structures and has
been attributed to weak attractive interactions between
molecules with imperfect structures.®® They reported
that, by eliminating the lowest q values showing the
upturn, the analysis could be successfully performed on
the remaining data. We have used this same approach
with our data and have not used these first few points
in our analysis when the upturn was present.

To better illustrate the different scattering regimes,
we show the scattering profile normalized by volume
fraction for copolymer G1-12 in Figure 3. From Figure
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Table 2. PCL Core Parameters from Dilute Solution Data

Analyses
Rg (nm) root g-factors
copolymer v P  Guinier Beaucage? (gs)'?2 (gs)*2
G1-12 052 1.92 7.5 8.9 0.49
G2-12 0.69 1.45 8.0 8.5 0.67 0.74
G1-24 0.60 1.67 6.6 7.8 0.35
G2-24 0.67 1.49 8.0 8.7 0.49 0.65
G3-24 0.65 154 12.7 9.8 0.67 0.60

a Fit performed without the polymeric constraint.

3 we see that the normalized scattering profiles depend
on constants and Vy (which should be fixed for a given
copolymer), the form factor, and the structure factor (d%/
dQ(q)/¢ = (Ap)/Na)Vw(P(9)S(q)). In dilute solutions, the
interactions between the polymers will be negligible,
leading to a structure factor of unity over the entire q
range and therefore a profile dominated by the form
factor as shown for the dilute solution of copolymer G1-
12. In this profile, the low-q regime, or Guinier regime,
gives information about the overall size of the cores. As
the concentration is increased, the structure factor will
show its effect on the profile in the g range over which
interactions are relevant. These effects are seen in the
low-q regime and in the crossover regime. It should be
noted that the intermediate-q scattering, reflecting
contributions from scattering due to monomer correla-
tions (essentially a semidilute polymer solution), is
independent of the polymer concentration and exhibits
the characteristic power law decay related to the fractal
dimension (P) and Flory scaling exponent (v ~ P~1) of
the polymers within the core.

111.2. Dilute Solution Analysis. We can learn more
about the effects of architecture by quantitative analysis
of the key features of the scattering profiles. We consider
the dilute solution data in the intermediate- and low-q
regimes. By looking at the intermediate-q (7Ry™* < q <
Io"1, where |, is the persistence length of polymer) dilute
solution scattering data, we assess the conformation of
the polymer chains that comprise the copolymer cores.
This scattering regime contains information that can
yield the Flory exponent and fractal dimension of the
system, which are two important parameters to consider
when studying hyperbranched architectures.525 The
power law behavior is indicated by the linear region at
intermediate-g scattering in a double-logarithmic rep-
resentation of the data as shown for G1-12 in Figure 3.
A least-squares fit to this power law behavior provides
the fractal dimensions P or 1/v, given in Table 2.

The values we obtained for v between 0.52 and 0.69
are near the ® and good solvent limits (0.50 and 0.60,
respectively), with those exceeding the good solvent
value indicating chain stretching. The G1-12 star poly-
mer architecture shows a v value of 0.52, indicating the
crowding of the chains at the central core results in a
Flory exponent typical of a semidilute polymer solution.
Thus, the connectivity in the core of this architecture
leads to ideal chain configurations. When the star arm
functionality increases to 24 as for G1-24, the core
chains become stretched from their ideal conformation
due to the high connectivity of chains to the central
branching juncture, resulting in a higher Flory exponent
of 0.60 as predicted by scaling analysis.® The architec-
tures of G2-12, G2-24, and G3-24 contain branching
junctures outside of the central juncture at the core and
all show similar v values of 0.69, 0.67, and 0.65,
respectively. These values are higher than the antici-
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pated value for polymer chains swollen in a good
solvent, indicating that the branching junctures play an
important role in the Flory exponent of these architec-
tures.

Investigations of hyperbranched structures have shown
that the Flory exponent is related to branching archi-
tecture. In dendrimeric structures with high branching
density, the Flory exponent was found to be 0.33,
indicating a compact space-filling structure with a
fractal dimension of 3.52 A hyperbranched system
prepared in a one-step polymerization of AB, monomeric
units showed a fractal dimension of 2.2 (v of 0.45).53
Finally, for a randomly branched system a fractal
dimension of 2.28 (v of 0.44) is anticipated.>* While our
structures have successive branching junctures emanat-
ing from a core in a well-defined dendrimer-like fashion,
they also have polymeric chains connecting these branch-
ing junctures unlike typical dendrimers. In this way,
the cores of our systems are analogous to polymer
networks or swollen gels rather than typical dendrimers
or randomly branched structures.

The conformation of polymer chains in a network or
swollen gel is a classical problem in polymer physics?5%
that has still not been fully resolved. Recent modeling®—58
has challenged the classical picture of the swelling in
polymer gels given by the Flory—Rehner theory? and
deGennes’ ¢* theorem.%® While each of these studies
predicts slightly different values of the Flory exponent,
they all predict v greater than or equal to the swollen
polymer chain value of 0.60. Our values of 0.65—0.69
lie in the range of v values predicted by the theories of
0.60—0.72, indicating that the PCL cores show proper-
ties similar to those predicted for network and swollen
gel structures. While we anticipate that most of the
polymer chains between junctures behave as typical
swollen chains, the junctures create topological con-
straints and thus prohibit this behavior from persisting
throughout the entire structure. Thus, confining the
junctures to the center of the core (G1) creates a more
star branched structure, while distributing the junc-
tures throughout the core more closely resembles a
swollen gel.

To assess the overall dimensions of the PCL cores of
the dendrimer-like star copolymer series, we apply the
Guinier approximation to the low-q regime of the dilute
solution data. In this approximation in the limit of small
gRg, the data should follow the expression given for the
form factor of a sphere based on a series expansion:5°

2R 2
@)~ Vi exp(— e ) @

Hence, a plot of In[I(g)] vs g2 is linear at small q with
a slope directly related to the radius of gyration, Ry, of
the cores of the copolymer molecules. We perform linear
least-squares fits to (3) to obtain the PCL core Ry values
as presented in Table 2. The Guinier fits show good
linearity, indicating the chosen scattering regime is well
approximated by (3). However, the results obtained from
this analysis must be carefully considered, as they are
sensitive to the number of data points included in the
fit and assume that the scattering data can be repre-
sented by a spherical form factor. To ensure we have
accurate measures of the core sizes, we will additionally
apply a model form factor to validate our Ry measure-
ments.
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To verify our Guinier results and to allow us to
decompose the total scattering intensity into the form
factor, P(q), and structure factor, S(q), we fit model form
factor functions to our dilute solution data that will in
turn be used to calculate the structure factor in section
111.3. Fitting SANS data with model form factor expres-
sions has shown to be a valuable analysis technique and
has been the subject of recent reviews.®0-62 While many
form factor expressions have been derived for common
shapes, such as spheres and rods,® starlike polymers
present a complex shape with multiple length scales.
One characteristic length scale in these systems is the
overall dimension of the individual molecules given by
Ry. As theoretically described by Daoud and Cotton,®
there are also length scales that describe the inhomo-
geneous blob structure within the star arms. Since the
architecture of these molecules produces repulsive
interactions, there is yet another imposed length scale
in the system that describes the range of these interac-
tions.

By employing a model form factor, we can fit our
dilute solution data over the entire g range rather than
being limited to only the low-gq data applicable to the
Guinier analysis. We apply an analytical form factor
developed for scattering from polymeric mass fractals
developed by Beaucage.®47% This model combines the
low-q Guinier regime described by (3) with an interme-
diate-q power law regime where scattering is from a
semidilute polymer solution. As our data show the
Guinier regime at low g and the power law regime at
intermediate q, the difficulty in modeling our data arises
in the reproduction of the crossover regime between
these two limits. In this crossover regime the subtleties
of the polymer architecture become apparent, and
therefore, it is important to obtain an accurate model
for this regime. Beyond the intermediate-q regime
showing the power law scaling of the polymeric chains,
the data show the expected high-q power law scaling of
g%, indicating the local rigidity of the polymer back-
bones. As we are not interested in this regime, we
truncate the data before q reaches the inverse of the
persistence length, with I, ~ 1 nm for typical carbon
backbone polymer chains.

In modeling of star polymer scattering data, a form
factor given by Dozier and co-workers has been em-
ployed extensively.'” This model has been used in star
polymer studies to examine both the dilute solution
properties and the scaling relationships involving the
star arm length and functionality (i.e., number of star
arms).16-18.67 In this form factor, they propose that the
Guinier scattering of spherical stars in the low-q regime
and the Fourier transform of the mass—mass correlation
function in the intermediate-q regime can be summed
to obtain the form factor.

o sin [u tan"(q)]
a5 L+ @H"

qZR 2
VyP(@) = Vi exp(— Tg) + 4)

In this expression, u is equal to 1/v — 1, £ is an average
blob size, and «a is a fitting parameter. Typically, v is
fixed and Vw, Rg, o, and & are left as adjustable
parameters. In this functional form, the second term
describing the intermediate-q regime does not vanish
as g goes to zero, resulting in underestimation of Vy.1*
Thus, the relative magnitudes of the two terms in (4)
must be analyzed when considering the V parameters
obtained by fitting data to this expression. Furthermore,
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Figure 4. Form factor for copolymer G1-12 at 0.2 wt % (open
circles) is shown along with the model fits obtained from the
Beaucage expression (solid line).

the interpretation of the parameters o and ¢ is difficult.
When we applied fits of our data to (4), we found
satisfactory recreation of the features of the scattering
profile; however, the known problems regarding the
form of the intermediate-q region and the difficulties
in interpreting the parameters obtained using this
model prevent us from presenting these results.

The Beaucage form factor uses the same functional
form to describe the low-q scattering as in the Dozier
expression, but a different expression employing the
error function and gamma function is used for the
intermediate-q scattering.

2 2 P
'R, 1

VuP@) =G exp(— 3 ) + B($) (5)
In this expression g* is equal to g/[erf(kqRy/6Y2)]3. In
the definition of g*, the empirical constant k takes into
account the approximations used to describe the low-q
power law limit and is set to the value for polymeric
mass fractals of 1.06.6 The values of B and G weigh
the magnitudes of the two terms in (5) and can be
related to one another using the polymeric constraint
assumption where B = (GP/Rg")I'(P/2). We perform fits
to this model function with P fixed to the values
obtained in our analysis of the intermediate-g regime
and with the adjustable parameters G and Ryg. When
we fit the data using the polymeric constraint assump-
tion to relate G and B, we find poor results for some of
the copolymers in the crossover regime as indicated by
nonrandom trends in the residuals. In particular, the
polymer architectures with 24 arms (G1-24, G2-24, and
G3-24) showed poor results, perhaps due to the fact that
the short chains between branching junctures within
the PCL cores may not be long enough to behave as
polymeric segments. By relaxing the polymeric con-
straint condition and including B as an additional fitting
parameter, we obtain good fits for all the copolymers
as indicated by the low magnitude and randomness of
the residuals. Thus, we present only the parameters
obtained from the Beaucage model without the poly-
meric constraint. A representative fit of the Beaucage
model is shown in Figure 4 along with the data for
copolymer G1-12.

We consider the information gained from the Guinier
and Beaucage model form factor analyses. We compare
the values for the PCL core Ry calculated by these
techniques. The Guinier and Beaucage results are
consistent with one another, with the exception of G3-
24. In this case, the Guinier results predicted a much
larger Ry than the Beaucage fit. Generally, the Beau-
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cage results show larger radii and a smaller variation
in the Ry values of the PCL cores through the copolymer
series versus the Guinier results. This could be due to
the effects of the second term in (5) even in the low-q
regime. Although we find that the first several points
are dominated by the Guinier term in the Beaucage fits,
the crossover to the power law regime is quite sharp
and may extend into points of the Guinier regime. Thus,
the two models truncate the Guinier regime at different
points, causing the slight discrepancies in the results
obtained.

We consider the effects of the core branching archi-
tecture PCL core radii. We anticipate that increasing
the number of branching junctures in a system will
result in more compact structures. In our copolymer
series for a given arm architecture, the number of
branching junctures in each copolymer is identical, as
shown in Figure 1. Thus, it is the placement of the
junctures within the structures that impacts the size
of these cores. Generally, we find that the effects are
more apparent for more constrained structures. We
expect that the 24-arm copolymers will be more compact
than their 12-arm analogues. This is the case for the
G1 star cores while the G2 cores show nearly the same
size. A comparison of the two 12-arm copolymers (G1-
12 and G2-12) shows they essentially have the same core
Rg, indicating branch juncture placement within struc-
tures of low branching density does not strongly impact
the resulting Ry. The effect of branch juncture distribu-
tion is clearly seen in the 24-arm copolymers. For these
copolymers, we see that having branches confined to the
central core results in more compact structures. Thus,
the architecture of G1-24 with 24 PCL chains centrally
connected results in the most compact architecture of
the series as indicated by the smallest PCL core Ry of
the series. Conversely, moving the branching away from
the center of the core causes it to expand. With the most
distributed branching junctures in the series, only six
chains emanate from the central core of G3-24 and then
branch twice to create 24 arms, resulting in the largest
PCL core Ry of the series.

We can interpret these results further by considering
the classical Zimm and Stockmayer analysis defining
the g-factor (or contraction factor) of branched struc-
tures.!

9=—— (6)

glin [m

Here, the g-factor relates the radii of gyration of a
polymer of molecular weight M in a branched (b)
architecture versus its isomeric linear analogue (lin).
Generally speaking, by introducing branching into a
system, the Ry of the polymer will be reduced. The
nature of the branching will determine the magnitude
of this reduction, and analytical expressions have been
developed to predict the g-factor for different branching
architectures. One key parameter in determining the
g-factor is the functionality of the branching in a system
(i.e., the number of chains connected at each juncture).
Other parameters impacting the g-factor include the
branch density (i.e., the number of branch junctures in
the system) and the length of the polymeric chains
between branches. Star polymer architectures exhibit
one limit of branching functionality, with all of the
branching functionalized at a single juncture. For
regular star polymers with f arms, the branching
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Table 3. g-factor Analysis for PCL Cores

copolymer fe m t Os O3
G1-12 12 50 12 0.24
G2-12 6 33 18 0.44 0.55
G1-24 24 25 24 0.12
G2-24 12 17 36 0.24 0.43
G3-24 6 14 42 0.44 0.36

functionality is f and the g-factor, gs, can be predicted.4°

_3f-2
s f2

(7)

In the opposite limit, trifunctional branching (like that
in many dendrimers) creates a very different branching
geometry. In the analytical prediction of the g-factor for
a randomly branched system with trifunctional branch-
ing, the only parameter is the number of branches,
denoted as n. Hence, a branched polymer comprised of
n branches each of m monomer units in length will have
an overall degree of polymerization x given by x =m x
n and a g-factor, gs:4°

n 1/2 4n —-1/2
93:[(1+7) T 9 (8)

Our G2 and G3 PCL cores are intermediate between
star and trifunctionally branched architectures and thus
should have g-factors that reflect the presence of these
two different branching architectures. The g-factors
predicted by (7) and (8) can be considered as limits for
these hybrid systems. We denote the total number of
branching units emanating from the center of the core
fe, and thus, the PCL cores have an f; functional starlike
central core. Each of the f; branches emanating from
this core then exhibits trifunctional branching at one
or two successive junctures to create the G2 or G3
structure. The number of trifunctional branches in the
system (i.e., branches not connected directly to the
central core), denoted nz, can be calculated as the total
number of branches, t, minus those exhibiting starlike
branching, f.. Thus, we can evaluate (7) and (8) with
the parameters f. and ns, respectively, to obtain the
g-factors shown in Table 3.

Because of the low-q limits of SANS, it is not feasible
to measure the Ry of a PCL linear chain of the same
molecular weight as the PCL cores to obtain absolute
g-factors. From (6) we can see that Ry for a branched
structure should be equal to the square root of the
g-factor. Thus, we can compare the root g-factors to the
Ry data as shown in Table 2 to consider the ability of
(7) and (8) to predict the contraction in the hybrid
branched PCL cores. The root g-factor values obtained
for the star architectures predict G1-24 to be the most
compact structure and G1-12 to be the second smallest
as consistent with the Guinier results. Because of the
hybrid nature of the G2 and G3 cores, the actual root
g-factor should be between the values predicted for star
and trifunctional branching. The root g-factor values
predict G2-12 to be larger than we observe. However,
the root g-factors accurately predict the large radii of
G3-24. In fact, the root g-factor values of the 24-arm
copolymers are in excellent quantitative agreement with
the trends in the Beaucage radii. To explore quantitative
relationships for hybrid architectures in detail, a broader
range of architectures would be desired. However, we
find g-factors to be valuable tools in qualitatively
predicting the effects of branching in copolymer systems
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using analytically predicted values for relevant branch-
ing geometries.

111.3. Experimental Structure Factors. Using the
results from the model form factor fits, we can obtain
experimental structure factors by dividing out the form
factor, volume fractions, and other necessary constants.

1 1(q)
VwP@)\ ¢
()]

To apply this analysis, we must make the decoupling
approximation and assume centrosymmetry as dis-
cussed above.*® Additionally, we assume that the form
factor for these cores does not change with increasing
concentration.1” Although we do anticipate changes to
the form factor as the overlap concentration is exceeded,
we assume that the PCL cores will not change shape
much within these concentration regimes and that the
first bracketed term in (9) remains constant for the
concentration regime that we are studying.l” This
approach has been successfully applied for many star
polymer systems to obtain experimental structure
factors.14-16.18 The approximation of the dilute solution
form factor is fairly robust when the copolymer solutions
are below the overlap concentration, which is the
certainly the case for the 0.5 and 1 wt % solutions. Once
the overlap concentration is exceeded, we would expect
deviations from the dilute solution form factor to arise
due to shrinkage of the cores; slight isotropic osmotic
compression would not change the overall shape of the
structure factor profile significantly.® Studies of 12-arm
stars with relatively low molecular weight arms com-
parable to our structures have shown no deviation in
the form factor even well above the overlap concentra-
tion.%8 We are cautious in our quantitative analysis of
the structure factor intensity data due to concerns
regarding the use of the dilute solution form factor to
obtain the structure factor.

The structure factor data required some treatment
to quantitatively recover the correct asymptote of unity
at high q. The scattering due to the solvent was
subtracted on a volume fraction basis; however, incoher-
ent scattering due to the copolymer must also be
eliminated from the scattering profiles. The incoherent
scattering from each copolymer sample is difficult to
predict as there are contributions due to both the
disorder of the nuclei and the uncorrelated spins of the
neutrons and the nuclei of the copolymer.63 We deter-
mine the incoherent scattering corrections by ensuring
the structure factor reaches a plateau at high g. We find
the incoherent scattering only attributes to a small
fraction of the total scattering intensity. A second
multiplicative correction factor is used to ensure that
the structure factor reaches the correct asymptote at
high g. As the solutions we are studying are in some
cases quite dilute, this factor allows for us to account
for deviations in the actual solution concentration from
those measured during sample preparation. As these
correction factors are close to unity (0.3—1.4), this
treatment is not a concern for our qualitative analysis
of the structure factor intensities. The experimental
structure factors are shown for copolymers G1-12, G1-
24, G2-12, and G2-24 in Figure 5.

The presence of a structure factor peak near the
overlap concentration occurs for star polymers of a
critical functionality, although this critical functionality

NA
Vi P(a)(Ap)?

l dZCOh/

S(a) =
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cannot be accurately predicted.5° The absence of higher
order structure factor peaks indicates that only short-
range liquidlike structure exists. In our systems, the
experimental structure factors show evidence of liquid-
like structuring. The structure factor peak is absent or
weak at the lowest concentrations studied. As the
concentration is increased, the peak develops and
becomes more pronounced to a point beyond which
further increase in concentration causes the peak to
decay. While not all of the copolymers show a prominent
peak in their structure factor with concentration, they
all exhibit a correlation hole in their structure factors
at low g with increasing concentration. The presence of
a correlation hole at low q unaccompanied by a structure
factor peak is consistent with other studies of star and
dendrimer polymers.17:6% This phenomenon is attributed
to the soft-core nature of the repulsions between mol-
ecules,” indicating that the effective pair potential
between the molecules depends only weakly on their
separation.® Hence, the polymer chains comprising
these molecules may interpenetrate or contract in
response to crowding by neighboring molecules as they
are “soft”.

In our system we have two architectural variables
contributing to the interactions of the molecules that
lead to structure. The star arm length dictates the
length scales over which the interactions are present
between molecules, and the core architecture (i.e.,
functionality and branching) determines the osmotic
pressure within the individual molecules which in turn
leads to structuring. The magnitude of the structure
factor peak indicates the degree of structure occurring
in a system. Because of our data correction treatment,
we must be cautious in any quantitatively analysis the
peak heights. For star polymers it is predicted that the
peak height in the structure factor will scale with the
arm functionality raised to the 3/, power.1® While we
only have two arm functionalities and cannot test this
scaling, we do see that greater functionality leads to
greater peak heights as found in other low-functionality
star systems.1® The onset of crystalline order is seen
when the magnitude of the structure factor peak exceeds
a value of 2.85.70 The structure factor peaks in our
systems do not approach the crystalline limit nor do we
see higher order peaks, indicating that the system
remains in the liquid state. We do see that that the
constraint of the star core of copolymers G1-12 and G1-
24 leads to enhanced structuring as compared to the
G2 and G3 cores. While there is still some evidence of
liguidlike structuring of the G2 cores, the G3 core
exhibited no structure factor peak at all, again reinforc-
ing that core constraint causes the structuring phenom-
ena in these systems.

The positions of the peaks in the structure factor
reveal the characteristic spacing between the scattering
centers. We can estimate this spacing, d, from the
position of the structure factor peak, gmax, using the
simple relation d ~ 27/Qmax, assuming no specific
arrangement of the molecules. We can then see how the
molecules pack as we increase the volume fraction of
copolymer in the solution. In Figure 6 we compare this
spacing to that arising from a uniform distribution of
scattering centers in space, duni = (Np)~Y® where N, is
the copolymer number density.”®

First we consider the results for the low-concentration

structure factor data. At these dilute concentrations, the
copolymers are not in contact with one another, and
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Figure 5. Experimental structure factors are shown for (a) G1-12, (b) G1-24, (c) G2-12, and (d) G2-24. The copolymer concentrations
in each plot are approximately 0.5 wt % (closed circles), 1 wt % (open circles), 5 wt % (closed triangles), 10 wt % (open triangles),
and 15 wt % (closed squares) and are shown with the highest concentration at the top of each plot. The plots in each graph are
offset by the following constants: 0.5 wt % (0), 1 wt % (1), 5 wt % (2), 10 wt % (3), and 15 wt % (4). The gray triangle indicates
the g value corresponding to the characteristic spacing for a uniform distribution for each data set.

hence the structure factor data show only minor, broad
peaks. These peaks indicate that there are weak inter-
actions between the copolymers and poor localization
of the copolymers. The shape of these peaks precludes
accurate determination the peak positions; however, the
g value that would correspond to the characteristic
spacing for a uniform distribution of molecules is located
just after the steep rise out of the correlation hole at
low g in these structure factors in copolymers G1-12,
G1-24, G2-12, and G2-24, as indicated in Figure 5.
Since the concentrations of the copolymer solutions
are near the overlap concentration, they all yield
structure factor peak locations obeying the uniform
distribution characteristic spacing. This behavior for the
peak positions of the structure factor continues regard-
less of copolymer architecture through the entire con-

centration regime studied; however, in the high-
concentration regime the presence of a peak in the
structure factor remains only for the copolymers with
the most constrained cores, G1-12 and G1-24. Hence,
the copolymer architecture controls the degree of lig-
uidlike structure and the concentration regimes over
which this structuring will occur while the nature of the
packing of the copolymers is independent of copolymer
architecture.

1V. Conclusions

Dilute solution analyses of these dendrimer-like star
copolymers in shell match solvent show that the branch-
ing within the core of the molecule impacts its overall
size and the Flory exponent of the chains comprising
the core. We find that the branching architecture creates
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Figure 6. Characteristic spacing, d, is shown for copolymers
G1-12 (closed circles), G1-24 (open circles), G2-12 (closed
triangles), and G2-24 (open triangles) as a function of volume
fraction copolymer, ¢. The line indicates the behavior for
uniformly distributed molecules.

starlike chain conformations in the G1 cores while chain
behavior analogous to that in networks and swollen gels
is found for the G2 and G3 cores. A g-factor analysis
indicates the nature of the branching can be used to
qualitatively predict the contraction of a branched
architecture versus its linear isomer. At higher concen-
trations, the copolymer cores exhibit liquidlike structure
when the core density distribution is inhomogeneous.
This structure appears to be enhanced with increasing
star arm functionality; however, a distribution of the
branching junctures within the core allows for a more
homogeneous density distribution of the polymer seg-
ments over a larger core, relieving the osmotic repulsion
and weakening the structuring tendency. Although the
effect of star functionality on solution structuring has
been explored,1618 the effect of core architecture on the
structure of otherwise identical star molecules has not
been explicitly investigated. Our findings are consistent
with an ordering phenomenon driven by inhomogeneous
distribution of polymer segments created by the distri-
bution of branching points in these copolymer architec-
tures. In other more complex hyperbranched architec-
tures, we expect that additional factors such as steric
packing constraints and specific interactions (e.g., elec-
trostatic repulsions, H-bonding) may also contribute to
their solution structure. The presence of both architec-
ture dependent and independent properties within a
series of molecules creates an interesting system with
great versatility for technological applications. These
molecules can have very similar properties in some
regards while simultaneously possessing other features
dependent on architecture that could be invoked as
necessary for a particular application. By creating a
deeper fundamental understanding of the relationships
between the architecture of hyperbranched systems and
their properties, we come one step closer to exploiting
these molecules for advanced technologies.
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