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Nanoscale Morphology of Polyanhydride Copolymers
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ABSTRACT: The microphase separation in polyanhydride random copolymers composed of 1,6-bis(p-
carboxyphenoxy)hexane and sebacic acid is described. Though the copolymers are random, the monomers
are sufficiently long and the segment—segment interaction parameter is sufficiently high to promote
microphase separation when the copolymer is rich in one component. Solid-state NMR spin diffusion
experiments and synchrotron small-angle X-ray scattering are used to discern the length scales of the
microphase separation. Both techniques reveal a nanostructure with domain sizes less than 25 A. This
nanostructure is compared to approximate calculations of chain dimensions based on a random coil model
and discussed in the context of the rational design of these materials for drug delivery applications.

Introduction

Polyanhydrides are a class of surface-erodible poly-
mers that have been investigated as potential vehicles
for drug delivery and other biomedical applications.!~6
The erosion kinetics of polyanhydride copolymers can
be modulated by altering the copolymer composition,
when the two constituent polymers have different
erosion rates.®” This strategy has proven effective for
controlled release applications. In our previous work,
we have demonstrated that some polyanhydride copoly-
mers exhibit microphase separation and that this mi-
crophase separation affects the mechanism of erosion
and drug release kinetics when the relative erosion rates
of the two constituent phases are different.””1! The
rational design of controlled release formulations re-
quires a detailed description of polymer microstructure
in order to predict drug release kinetics.

We have focused on copolymers based on 1,6-bis(p-
carboxyphenoxy)hexane (CPH) and sebacic acid (SA).
These monomers are shown in Figure 1. Previously, we
have described the crystallinity and crystallization
kinetics of these copolymers by wide-angle X-ray scat-
tering (WAXS), differential scanning calorimetry (DSC),
and small-angle X-ray scattering (SAXS).812 We have
quantitatively studied the phase behavior of the poly-
(CPH)/poly(SA) blend system by SAXS, atomic force
microscopy (AFM), optical microscopy, and molecular
simulations in order to determine the segmental inter-
action parameter (y) as a function of temperature.!3 This
is shown in eq 1.

4= —2.04+ % )

Here T'is in K. We have also qualitatively described the
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Figure 1. CPH monomer (top) and SA monomer (bottom).

microphase separation in CPH:SA copolymers by AFM
and demonstrated its effects on drug release kinet-
ics.79.11

We note that the copolymers described in this study
are random copolymers, with reactivity ratios close to
unity.!* Thus, copolymer compositions rich in one
monomer, for instance, SA, will contain more SA—SA
bonds than SA—CPH or CPH—CPH bonds. Additionally,
because the monomers have different hydrophobicity,
the copolymers, when containing one type of monomer
in excess, exhibit microphase separation.

The molecular architecture has been previously stud-
ied by 'H NMR.”!415 Since the monomer units are
sufficiently long, and the segment—segment interaction
parameter is sufficiently high, even relatively short
sequence lengths (<15) promote microphase separation
at the nanometer length scale. Thus, we refer to these
copolymers as “weakly segregated, blocklike copoly-
mers”. Not all compositions of these copolymers exhibit
such behavior. The melt polycondensation route used
here for the synthesis of the polymers results in high
polydispersity in chain length and presumably in se-
quence length. Thus, copolymer compositions containing
nearly equal amounts of the two constituent monomers
(e.g., poly(CPH:SA) (50:50)) do not demonstrate mi-
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crophase separation. However, compositions relatively
rich in one component (e.g., poly(CPH:SA) (80:20) and
poly(CPH:SA) (20:80)) have molecular architectures
characterized by relatively long segments (10—15) of the
majority monomer punctuated by short sequences (2—
4) of the minority monomer.” A sequence of 10 SA
monomers contains 110 backbone bonds, and a sequence
of 10 CPH monomers contains 190 backbone bonds.
Our hypothesis of the microphase separation is predi-
cated upon detailed studies of the erosion and drug
release kinetics from these copolymers and upon char-
acterization of the copolymer microstructure by atomic
force microscopy”® and solution NMR. In these studies
we noted that as the polymer degrades, the two mono-
mers are not released at the same rate. Additionally,
in drug-loaded copolymers, the drug release kinetics is
highly correlated to one of the individual monomer
release profiles, depending on the monomer—drug com-
patibility. We concluded from these observations that
the copolymers have a microphase-separated structure
that permits partitioning of the drug between the two
phases. We have successfully modeled the erosion and
drug release kinetics by assuming a microphase-
separated structure, but we have not described the
structure in detail.1%11 We further hypothesize that the
microphase-separated domains are very small—on the
order of a few nanometers in size—based on the average
sequence lengths. In the current study, we use two
experimental techniques that provide nanometer length
scale resolution, solid-state NMR, and small-angle X-ray
scattering (SAXS) to explore the morphology of these
blocklike copolymers. Previously, McCann et al.’6 and
Heatley et al.!® have used solid-state NMR to investigate
the relative degradation rates of the constituent mono-
mers of a similar polyanhydride copolymer system;
however, to our knowledge, the work presented here
provides the first direct experimental evidence of the
microphase separation in these copolymers.

Experimental Section

Polymer Synthesis and Characterization. Details of the
polymer synthesis and characterization are reported else-
where.!? The poly(CPH:SA) (20:80) has an M, of 9600 and a
polydispersity index (PDI) of 2.2. The poly(CPH:SA) (80:20)
has an M, of 9700 and a PDI of 2.1. The degrees of polymer-
ization are 45 and 31 for the 20:80 and 80:20 copolymers,
respectively. 'TH NMR of the copolymers revealed that the
actual compositions were 17:83 and 78:22, but we refer to them
here by their nominal compositions, 20:80 and 80:20, respec-
tively. The homopolymers were also synthesized and charac-
terized as controls. The characterization of these materials is
also reported elsewhere.!?

Solid-State NMR. Solid-state NMR spin diffusion experi-
ments for probing microphase separation in copolymers are
conducted by first establishing a 'H magnetization gradient
that is based on some difference between the characteristic
spectra of the two phases. Next a series of spectra at different
mixing times, ¢,, are taken that permits observation of the
return to a homogeneous distribution of magnetization. In our
experiments a chemical shift filter is used to suppress the
magnetization of the aliphatic protons, thus removing all
magnetization in the SA monomers.'”!® Magnetization of the
aromatic protons in the CPH monomers is passed to the
aliphatic protons via 'H “spin diffusion”. After cross-polariza-
tion from H to 3C, the magnetization level in the various
segments is detected with the superior site resolution of 13C
NMR with TOSS (total suppression of sidebands). The kinetics
of spin diffusion reveals the characteristic length scale of the
microstructure. Specifically, the time, ¢, required to reach
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equilibrium in the initial-rate regime is related to the domain
size by!81°

dpxag = é4/4Dt;/n (2)

Here, danumr is the characteristic diameter of the minority
(dispersed) phase A, f3' is the fraction of the matrix phase B,
D is the spin diffusion coefficient, and ¢ is a “dimensionality”
parameter determined by the geometry. In this study, cylin-
drical domains are assumed (¢ = 2). The most reliable domain
size information is obtained by going beyond the initial-rate
analysis of eq 2 and simulating the full spin diffusion curve,
for instance by calculating the magnetization evolution of
protons on a lattice using the discretized form of the diffusion
equation.’ The da xur in eq 2 is the diameter of the dispersed
phase. The spacing between the dispersed domains can then
be calculated from the estimated volume fractions of the two
constituent phases and knowledge of the geometry (.e.,
cylindrical domains).

Small-Angle X-ray Scattering (SAXS). Samples were
prepared for SAXS by melting the polymer into DSC aluminum
sample pans (Perkin-Elmer, Shelton, CT). As we have reported
previously,'? these make ideal sample holders because the
aluminum is fairly transparent to the high-energy X-rays used
in this study, and they allow us to use the DSC to control the
thermal history of the samples prior to the SAXS experiments.
The thickness of each sample was accurately determined using
a micrometer and the values were between 700 and 800 um.
Prior to the SAXS measurement, the samples were annealed
in a DSC (DSC7, Perkin-Elmer) by heating above the melting
temperature for 5 min and then rapidly quenched to below
the T,. The SAXS experiments were conducted at Beamline
12-ID at the synchrotron beam source at Argonne National
Laboratory.?’ The incident beam energy was 12 keV (1 = 1.035
A). A 15 cm x 15 cm CCD detector, at a distance of 0.805 m
from the sample, was used to measure the scattering data,
and the transmitted beam intensity was measured using a
photodiode on the beam stop. The scattering data were
appropriately corrected and azimuthally averaged to obtain
the one-dimensional intensity data, I(g), as a function of
scattering vector, q (¢ = 4 sin(6/2)/; 0 = scattering angle;
A = incident radiation wavelength). Five sets of data were
collected and averaged for each sample. The resulting data
were corrected for the scattering from the blank aluminum
sample pan.

Results and Discussion

Solid-State NMR. A series of 13C NMR spectra as a
function of the 'H spin diffusion time, ¢,,, are shown in
Figure 2 for the poly(CPH:SA) (80:20) and (20:80). In
(a), transfer of magnetization from the aromatic rings
in CPH, selected by the chemical shift filter, to the
aliphatic sites is clearly seen. In poly(CPH:SA) (20:80),
signals of crystalline SA prevented us from observing
the broader SA signals in the noncrystalline regions of
interest. Therefore, we suppressed the 13C signals of
rigid (i.e., crystalline) CH,, groups by dipolar dephasing
(gated decoupling) of 40 us before detection. The signals
of the partially mobile noncrystalline aliphatic segments
with their reduced C—H dipolar couplings are retained.
As a result of the double filtering, the signal-to-noise
ratio in the poly(CPH:SA) (20:80) spectra is significantly
reduced.

The peak intensity at 34 ppm representing aliphatic
sites in the SA is used to analyze the spin diffusion
quantitatively. After correction for the 7; relaxation
during ¢, the normalized intensities as a function of
mixing time (¢,,) are plotted in Figure 3, along with a
fit obtained using a spin diffusion coefficient of 0.15 nm?/
ms. This is lower than the value of 0.8 nm?ms deter-
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Figure 2. Series of 13C NMR spectra after aromatic proton selection and 'H spin diffusion times (¢,) as indicated: (a) poly-
(CPH:SA) (80:20), (b) poly(CPH:SA) (20:80). Gated decoupling (dipolar dephasing) of 40 us was applied before detection in (b).
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Figure 3. Normalized intensities at 34 ppm from spin
diffusion spectra in Figure 2: (a) poly(CPH:SA) (80:20) and
(b) poly(CPH:SA) (20:80). The line represents the fit of a
diffusion model'® to the data.

Table 1. Domain Sizes Obtained from Solid-State NMR?®

and SAXS
dcpENMR  dsaNMR  dcPHSAXS  dSASAXS
polymer A) (A) A) (A)
poly(CPH:SA) (20:80) 11° (10) 10.0
poly(CPH:SA) (80:20) (14) 7° 9.1

¢ The numbers in parentheses represent the “domain size” of
the majority (i.e., matrix) component. They have been calculated
from the measured diameters of the minority (i.e., dispersed) phase
and the volume fractions of the two phases. ® The uncertainty in
the measurement is +4 A.

mined on the 10 nm scale in rigid block copolymers!8
because we have found that on the 1 nm scale D values
of ~0.25 nm?ms are more appropriate.?! Furthermore,
it takes into account some motional averaging of TH—
H couplings due to the mobility in the noncrystalline
aliphatic segments. Use of this relatively low D value
also prevents us from overestimating the domain sizes.
Note that the length scales derived from the data do
not depend linearly on D, but only on D2, Assuming
cylindrical domains (¢ = 2), we obtain the characteristic
“domain” diameters shown in Table 1. The main uncer-
tainty in the measurement arises from the diffusion
coefficient, and the unknown or assumed geometry and
is +4 A.

SAXS. The SAXS data in the region of interest, shown
in Figure 4, exhibit a sharp peak corresponding to the
domain size of the minority component. The domain size
is calculated from

_2x

dq>l<

3

Here, ¢* is the position of the peak. The domain size
from the SAXS profiles is also given in Table 1. This
sharp peak appears at a much higher ¢ than the peak
positions associated with the crystallinity,'? which occur
at ¢ < 0.05 A~1. The lack of higher order reflections
indicates that there is no correlated periodic structure
and is consistent with the aforementioned polydispersity
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Figure 4. SAXS intensity profiles for poly(CPH:SA) (20:80)
(O) and poly(CPH:SA) (80:20) (O).

Table 2. Number-Average Sequence Lengths Computed
from 'H NMR and the Calculated Radius of Gyration for
the Longer Blocklike Sequence for the Copolymers Used

in This Study

polymer Lcpu Lsa Rg1 (A) nly (A)
poly(CPH:SA) (20:80) 2.3 12.0 15.1 24.6
poly(CPH:SA) (80:20) 10.4 1.7 22.7 15.1

of these polymers. Thus, we cannot attribute this peak
to a long period in the microphase separation. Rather,
we associate these peaks with a dispersed phase that
has a very uniform length scale, but no long-range
periodic correlations. This interpretation is confirmed
by comparing the domain sizes obtained from the solid-
state NMR experiments to those obtained from the
SAXS experiments (Table 1).

We interpret the significance of these results by
comparison to calculations of random coil chain confor-
mations. Table 2 shows the number-average sequence
lengths obtained from solution state NMR and reported
previously and the radius of gyration of the longer
blocklike sequence, Ry.

C._nl?\%®
o - ()

Here, C, is the characteristic ratio, n is the number of
bonds in the blocklike sequence, and [ is the average
bond length. We have previously estimated the charac-
teristic ratios for poly(CPH) and poly(SA) as 6.8 and 4.8,
respectively, from molecular dynamics simulations.3
The values of nl?/mer for poly(CPH) and poly(SA) (where
the mer units are defined by the structures in Figure
1) were obtained in the same studies as 43.7 and 23.8
A2, respectively. The radius of gyration of a block can
be used to estimate the size of a domain of the majority
component. For the minority component, the random
coil approximation is not valid because of the relatively
small number of bonds, so an estimate of the length
scale associated with the minority component can be
obtained by considering the contour length of a mono-
mer, nl. Figure 5 is a schematic of our molecular
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N~ Minority component monomer
"\——  Majority component monomer

Figure 5. Schematic of microphase separation in a weakly
segregated blocklike copolymer. The dimensions of the mi-
crophase-separated domains can be approximated by the
radius of gyration for the majority component, R, 1 (black), and
the monomer contour length for the minority phase, nls (gray).

description of the microphase separation in these weakly
segregated blocklike copolymers.

These computed radii of gyration are on the same
order of magnitude as the domain sizes computed from
the solid-state NMR and the SAXS (Table 1). The simple
random coil model used here to estimate the domain
sizes does not account for such effects as an interphase
thickness or enthalpic effects that force the two phases
to separate and may put further restrictions on chain
conformations. Because of these approximations, the
domain sizes are slightly overestimated by the random
coil calculations. However, these data support our
hypothesis of a weakly segregated blocklike nanostruc-
ture in these copolymers. The structure results from the
blocklike nature of the random copolymers coupled with
the propensity of these materials to phase separate.
Comparing the radii of gyration approximated from the
random coil approximation to the domain sizes com-
puted from SAXS and solid-state NMR, we are led to
the conclusion that in the bulk polymer the blocks of
CPH and SA can segregate to form the nanostructure
without conformational entropic penalties. This work
shows, for the first time, the nanometer length scale of
the weakly segregated domains, directly measured and
independently confirmed by two methods.

A detailed knowledge of the length scale of mi-
crophase separation in these copolymers is important
for rational design of drug delivery vehicles based on
these polymers. This is because when small molecular
weight drug molecules are loaded into these copolymers,
they will attempt to distribute themselves into compat-
ible regions until saturation is reached. Knowing the
length scale of the domains will enable rational choice
of the drug loading if the drug solubility in the polymer
is known. If the solubility limit is exceeded, the drug
will be forced to disperse itself into less compatible
regions, leading to a pronounced burst effect. Thus, drug
release profiles can be accurately programmed with a
detailed knowledge of the polymer microstructure.
Another important aspect of interest is that the use of
microphase-separated polymers permits the incorpora-
tion of multiple drugs into the same device. This concept
has important implications for rational design of vaccine
delivery systems.
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Conclusions

The solid-state NMR and SAXS experiments offer
nanoscale resolution of the microphase separation in
weakly segregated blocklike polyanhydride copolymers.
These concentration fluctuations are characterized by
length scales smaller than 25 A. On the basis of the
relatively large sizes of the monomers in these polymers,
we conclude that the microphase-separated domains
contain very few monomers and may be formed from a
single block or a small number of blocks. This knowledge
of the copolymer microstructure, coupled with accurate
erosion and drug release models, will help guide the
rational design of these materials for drug delivery as
we pursue the synthesis of polyanhydride block copoly-
mers.
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