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Morphological Characterization of Bioerodible Polymers. 1.
Crystallinity of Polyanhydride Copolymers
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ABSTRACT: The composition of polyanhydrides has been a critical determinant in enabling different
erosion rates of these polymers. Since crystallinity is an important factor in controlling polymer erosion
rates, an in-depth analysis of the effect of polymer composition on crystallinity was undertaken using a
variety of polyanhydrides. Polyanhydride homopolymers and copolymers made of sebacic acid (SA), (car-
boxyphenoxy)propane (CPP), (carboxyphenoxy)hexane (CPH), and fumaric acid (FA) were studied. Crys-
tallinity was analyzed by the following: (1) X-ray diffraction, (2) a combination of X-ray diffraction and
differential scanning calorimetry (DSC), and (3) data generated from 'H NMR spectroscopy and Flory’s
equilibrium theory. Homopolymers such as poly(sebacic anhydride), poly(fumaric anhydride), and poly(1,3-
bis(p-carboxyphenoxy)propane anhydride) were crystalline, and each displayed a typical powder diffrac-
tion. In copolymers, diffraction patterns were determined, in most cases, by the monomer of highest con-
centration. Copolymers with high ratios of SA or CPP had a high crystallinity while copolymers with
almost equal ratios of SA and CPP or SA and CPH were amorphous. The poly(SA-FA) series displayed
high crystallinity regardless of monomer concentration.

Introduction

Bioerodible polymers have been used in a number of
applications including biomaterials and drug carriers. The
degradation process in these polymers is generally clas-
sified as either bulk or surface erosion. Surface erosion
is achieved when the degradation occurs at the surface
of the device and approaches the center in a predictable
way. In contrast, bulk erosion is characterized by deg-
radation that occurs simultaneously throughout the device.
The type of erosion obtained is influenced by the intrin-
sic chemical properties of the polymer such as hydropho-
bicity and bond stability. Morphological characteristics
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of the polymer are also important factors in controlling
erosion rates. Crystalline regions erode more slowly than
amorphous regions,!? and the type of crystals that form
the crystalline region may affect the erosion rate. In poly-
anhydrides, the model polymer for this study, chemical
properties such as bond stability, hydrophobicity, and
degradation rate have been previously examined only to
a limited extent.3* A guantitative correlation between
polyanhydride copolymer composition and device mor-
phology has yet to be established.

In this paper we report the effect of copolymer com-
position on certain aspects of polyanhydride morphol-
ogy. Polymers were characterized by differential scan-
ning calorimetry (DSC) to yield thermal parameters such
as glass transition temperature (T}) and the melting point
(Tw). Crystallinity was characterized with three differ-
ent methods: (1) X-ray diffraction, (2) a combination of

© 1990 American Chemical Society
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X-ray diffraction and DSC, and (3) *H NMR spectroscopy.
X-ray diffraction alone requires a clear separation of the
amorphous halo from the crystalline pattern and could
not be used to measure percent crystallinity for all the
polymers that were studied. In cases where this defined
separation did not exist, the second method provided an
alternative way to determine percent crystallinity. The
third method used 'H NMR spectroscopy data com-
bined with Flory’s equilibrium theory® to determine the
theoretical minimum sequence length, £, which is needed
for crystallization of specific copolymers. The results of
crystallinity characterization as well as thermal analysis
were then compared with sequence length distributions
previously measured by !H NMR.®> As a consequence, a
more complete picture relating polymer sequence distri-
bution to morphological parameters such as percent crys-
tallinity, Ty, T, and type of crystal within the crystal-
line region was obtained.

Materials and Methods

Polymer Synthesis. Sebacic acid (SA), fumaric acid (FA),
4-hydroxybenzoic acid, 1,3-dibromopropane, and 5-bromova-
leric acid were all purchased from Aldrich Chemical Co. The
polyanhydrides were synthesized by melt polycondensation of
mixed anhydrides of diacids and acetic acid. Poly(sebacic anhy-
dride) (poly(SA)), poly[1,3-bis(p-carboxyphenoxy)propane]
(poly(CPP)), poly(CPP-SA), poly[1,3-bis(p-carboxyphenoxy)-
hexane] (poly(CPH)), poly(CPH-SA), and poly(fumaric anhy-
dride) (poly(FA)) and copolymers of FA and SA were prepared
according to the literature.”8

Experimental Procedures. Infrared spectroscopy was per-
formed on a FTIR spectrophotometer (Perkin-Elmer). Poly-
meric samples were film cast onto NaCl plates from a solution
of the polymer in chloroform. The melting points of prepoly-
mers were determined on a Fisher-Johns melting point appa-
ratus. The molecular weights of polymers were estimated on a
gel permeation chromatography (GPC) system (Perkin-Elmer)
consisting of the Series 10 pump and the 3600 Data Station
with the LKB 214 rapid spectral detector at 254 nm. Samples
were eluted in chloroform (alcohol free) through a PLGel 5-um
mixed column (Polymer Laboratories) at a flow rate of 0.9
mL/min at 23 °C. Molecular weights of polymers were deter-
mined relative to polystyrene standards (Polysciences, molecu-
lar weight between 500 and 160 000) using CHROM 2 and GPC
4 computer programs (Perkin-Elmer). 'H NMR spectra were
obtained on a Varian 270-MHz spectrophotometer using chlo-
roform-d; as a solvent and tetramethylsilane (TMS) as an inter-
nal reference. Wide-angle X-ray powder diffraction of poly-
mers in the form of pressed disks (1 mm thick) was recorded
on a Rigaku RU300 Philips X-ray diffractometer using a nick-
el-filtered Cu Ka source. The thermal properties of the poly-
mers were determined on a DSC-7 differential scanning calo-
rimeter (Perkin-Elmer) employing heating and cooling rates of
10 °C/min. Each sample was run at least twice. Heats of fusion
were determined from the first run and the T, from the second
run. Allsamples of soluble copolymers, for 'H NMR, were puri-
fied by dissolving in methylene chloride and quenching in n-hex-
ane.

Insoluble polymers (homopolymers containing aromatic moi-
eties and copolymers with a high percent of aromatic mono-
mers) were cooled slowly from the melt and used without fur-
ther purification. The same samples were used for both the
X-ray powder diffraction and the DSC studies.

Theoretical Background

Determination of Polymer Compeositions. Copoly-
mer composition was determined by 'H NMR spectros-
copy by analyzing the ratio of the integration peaks at
1.3 ppm (8 H, sebacic) and those at 6.9-8.2 ppm (8 H,
CPP or CPH). Mole fraction, Fa, was calculated from
these integration curves.

Copolymer Distribution and Average Sequence
Length As Determined by NMR Spectroscopy. 'H
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NMR spectra of poly(CPP-SA) or poly(CPH-SA) revealed
two doublets at 8.1 and 8.0 ppm (/ = 8.7 Hz) and two
triplets at 2.6 and 2.4 ppm (J = 7.4 Hz).5 For the
homopolymers, poly(SA) has only one triplet at 2.4 ppm
and poly(CPP) has only one doublet at 8.1 ppm. The
downfield doublet, at 8.1 ppm, was the diad CPP-CPP,
and the doublet at 8.0 ppm was the diad CPP-SA. Sim-
ilarly, the upfield triplet, at 2.6 ppm, was the diad SA-CPP
and the triplet at 2.4 ppm was SA-SA. By integration
of the 'TH NMR spectra, the following were calculated:
(1) The unconditional probabilities, Psa and Pcpp, that
a randomly selected monomer unit in the polymeric chain
was either SA or CPP, which were determined by the
overall integration ratio SA/CPP; (2) the probabilities,
Psa_sa, Psa-cpp, and Pcpp-cpp, that a randomly selected
diad was either SA-SA, SA-CPP, or CPP-CPP, which
were determined from the integration ratios of the diads:
SA-SA/SA-CPP (peaks at 2.4 and 2.6 ppm, respec-
tively) and CPP-CPP/CPP-SA (peaks at 8.1 and 8.0 ppm,
respectively). From these probabilities and the feed ratios
we were able to calculate the following:® (1) the condi-
tional probability of a chain ending with SA (or CPP)
to add SA (or CPP) and (2) the number-average sequence
length (Ly).5

Calculation of Degree of Crystallinity.

Crystallinity was determined from (a) X-ray powder
diffraction and (b) the combination of both X-ray dif-
fraction and DSC measurements.

For X-ray diffraction, the crystallinity is given by the
equation

X', = AJ(4,+A) (1)

where X', is the percent crystailinity of the homopoly-
mers, A, is the area under the amorphous hump, and A.
is the area remaining under the crystalline peaks.®19 This
was calculated for the poly(CPP-SA), poly(CPH-SA), and
poly(FA-SA) series.

When X-ray diffraction and DSC measurements were
used, the relative degree of crystallinity of the copoly-
mers was calculated from the crystallinity of the homopoly-
mers. The fraction of crystallites estimated from X-ray
diffraction is 61% for poly(CPP) and 67% for poly(SA).
For each copolymer (with m1 and m2 the monomers in
each copolymer), the degree of crystallinity is defined as

Xc = AI_Iobs,/(Vle AI-Iml,pure + Wm2 AHmZ,pure) (2)

where X, is the percent crystallinity of the copolymers,
AH,ps is the heat of fusion in calories per gram for each
copolymer, Wi, and Wy, are the weight fractions of the
monomers in each copolymer and

AH, e = AH, 3/ X', 1=ml,m2.. 3

where X’; . was determined for each homopolymer from
eq 1. Molar weights for the monomer units were 192,
410, 454, and 198 g/mol for SA, CPP, CPH, and FA, respec-
tively. AHpue was 52.9 and 43.6 cal/g for poly(SA) and
poly(CPP), respectively. This type of calculation was cho-
sen since the two monomers form crystalline homopoly-
mers. For general applications the maximum crystalliz-
ability is referred to as 100% crystallinity of one the
homopolymers. In the calculations, the denominator of
eq 2 expresses the crystallizability for each copolymer.
This crystallizability is determined by the chemical struc-
ture of the polymer and in practice may never be achieved
since the entire polymer may not be 100% crystalliz-
able. The crystallinity, which is given by eqs 1 and 2, is
a property of the physical conditions of crystallization,
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details for which were presented in Experimental Proce-
dures.

Equilibrium Theory of Crystallization. Flory® dem-
onstrated that near the melting point, polymer crystals
and amorphous material should exist in thermodynamic
equilibrium. A complete theoretical treatment has been
made on those cases of A-B copolymers in which only
the A unit is capable of entering into the crystalline lat-
tice. This is not the case in all of our copolymers, but
this treatment is still valid within certain limits as dis-
cussed below. In the molten state, crystallizable A units
occur in a defined distribution of sequence lengths deter-
mined by copolymer composition. In a crystallized poly-
mer there will also be a distribution of crystal lengths
determined by the copolymer composition. Therefore,
in a crystallized polymer, there will be a distribution of
crystalline lengths, £, of repeating A units in a single chain
running from one end of the crystallite to the other. Lon-
gitudinal growth of crystallites will be restricted by the
presence of B units, which occur at the crystallites. Lat-
eral growth is restricted by the availability of A units in
the amorphous region. In order to use Flory's model, it
is assumed that, as CPP monomer is added to the SA
monomer, it restricts the growth of the SA units. Simi-
larly, when SA is added to the CPP monomer it restricts
the growth of CPP units. In the case of SA and CPH
the system fits the model since poly(CPH) displays an
amorphous structure (as discussed later). Prior to devel-
opment of any crystallinity, the distribution of A sequences
in the melt is determined by®

= §(Fp/Pan) (1= Ppy)*Past (4)

where W.° is the weight fraction of sequences present
that are exactly £a units long, Paa (this is Pga-ga or
Pcpp-cpp according to the NMR model) is the probabil-
ity that an A unit is followed immediately by another A
unit, independent of the number of preceding A units in
the chain, and Fa is the mole fraction of A units in the
copolymer. Fj is also the maximum crystallizability for
each copolymer. As the temperature is lowered the long-
est sequences tend to crystallize first followed by the short-
est ones. If £* is the minimum sequence length that melts
at temperature T, the maximum crystallinity at this tem-
perature is achieved when all £* are longer crystallized.
The crystallizability, W, is

W, = (Fy/Paa) Ppp*[E¥(1 = Pyy) + Pyy] (5)

Equation 6 is used in order to determine £*, using W.
that was calculated according to eq 1; Fa and Paa are
calculated from the 'H NMR results as described ear-
lier.

Calculation of Crystallite Size from Broadening
of the Diffraction Pattern. When the Scherrer and
Bragg approximation!! was used, the size of crystallites
was determined as

8 =K\/(t cos ©) (6)

where 3 is the half-width of the diffraction function, A is
the wavelength of the X-ray, ¢ is the crystallite size, O is
the Bragg angle, and K is the Scherrer constant and has
a value of 0.94.11

Results and Discussion

Polymer Characterization. All the polyanhydrides
were analyzed by GPC. Molecular weights (W.A.) for
the poly(CPP-SA), poly(PCH-SA), and poly(FA-SA)
series were 50 000—100 000, 20 000-40 000, and 4000-
25 000, respectively. IR spectral analysis of poly(CPP-
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Figure 1. X-ray powder diffraction of the P(CPP-SA) series.
(20 indicates the diffraction angle).

SA) and poly(CPH-SA) copolymers revealed typical anhy-
dride absorbances at 1720 and 1780 cm™!. IR spectra of
poly(FA) revealed bonds at 1780 and 1740 cm™1, charac-
teristic for conjugated noncyclic anhydrides, and an ole-
finic stretch at 3080 cm™1.12

X-ray Diffraction Patterns of Homo- and Copoly-
mers. The propensity of a copolymer to crystallize
depends on whether the monomer units are three-
dimensional, similar in shape and size, and on the dif-
ferences between the lateral dimensions of the molecule
chains. A good example of two monomers of similar size
are styrene and o-fluorostyrene.’® There are a variety of
diffraction patterns displayed by their homo- and
copolymers:1? (1) The crystalline diffraction pattern of
the homopolymer of one component may be very dis-
tinct, (2) the diffraction pattern of a homopolymer of A
and B may be superimposed, (3) a new diffraction pat-
tern, distinct from the homopolymer of either compo-
nent, may appear, and (4) the crystallinity may disap-
pear, whereupon the pattern will consist entirely of amor-
phous diffraction halos.

Crystallinity is strongly affected by other factors includ-
ing the properties of monomers A and B, the mutual affin-
ities of the monomer units of A and B (mutual solubili-
ties), in any differences in the crystallinities of the
homopolymers A and B, and in the incidence of blocks
of either A and B. In the following discussion we will
address all of these points while characterizing three types
of copolymers.

(a) Poly(CPP-SA) Copolymers. Figure 1 displays
the X-ray powder diffraction of the poly(SA) and poly-
(CPP) homopolymers and the poly(CPP-SA) copolymer
series. At the top of the figure the distinct structure related
to the poly(SA) homopolymer is revealed. It is charac-
terized by four peaks at 4.41, 4.10, 3.72, and 3.42 A; their
respective crystallite sizes are 6.8, 10.4, 13.6, and 3.7 A.
Crystal size was determined from eq 7 (see also Table
TA). Powder diffraction of the poiy(CPP) homopolymer
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Table I
A. X-ray Diffraction and Crystallite Size of Poly(CPP-SA)
Copolymers®
X-ray diffractions in decreasing order
polymer ¥
poly(SA), 441 (6.8) 4.1(10.4) 3.72(13.6) 3.42(3.7)
100%
poly(CPP-  4.66 (5.9) 4.3 (7.2) 3.89 (9.4) 3.55 (8.4)
SA), 4:96
poly(CPP-  4.62 (5.8) 4.28(5.9) 3.88(7.9) 3.55 (0.2)
SA), 9:91
poly(CPP-  4.66 (3.4) 4.3 (4.9)  3.89 (6.43) 3.57 (6.2)
SA), 87:13
poly(CPP- 4,64 (4.9) 4.33 (4.81) 3.89 (4.2) 3.57(6.2)
SA), 17:83
poly(CPP),  4.64 (7.9) 4.15(9.4) 4.0(9.4) 3.58 3.24
100%
B. Heat of Fusion and Crystallinity of Poly(CPP-SA)?
heat of  Crystallinity
T, T,  fusion, X, Ww.,
polymer °C °C cal/g % %
poly(SA), 100% 86.0  60.1 36.6 66.0
poly(CPP-SA), 4:96 76.0 41.7 24.9 46.5 58.7
poly(CPP-SA), 9:91 78.0 25.7 485 478

poly(CPP-8A), 13:87 75.0 47.0 20.7 39.5 40.5
poly(CPP-SA), 17:83  72.0 47.0 19.3 37.0 40.2
poly(CPP-8SA), 22:78  66.0 47.0 15.3 30.0 35.0
poly(CPP-SA), 27:73  66.0 44.0 10.2 20.0 16.2
poly(CPP-SA), 31:69 66.0 40.0 51 10.6 14.5
poly(CPP-SA), 41:59 1780 4.2 2.0 4.0 16.2
poly(CPP-SA), 46:54 185.0 1.8 3.1 6.1 14.2
poly(CPP-SA), 60:40 2000 0.2 6.0 139 150
poly(CPP-SA), 80:20 2050 150 8.2 176 195
poly(CPP), 100% 240.0 96.0 26.5 61.4

C. Comparison between the Number-Average Sequence Length
(L) and the Minimum Sequence Length (£*) for the
Poly(CPP~SA) Series

Fa, Ppa, L

n
polymer mol % mol % (SA) £
P(CPP-SA), 96:4 0.96 0.86 12.3 9.10
P(CPP-8A), 91:9 0.91 0.77 8.6 6.65
P(CPP-SA), 87:13 0.87 0.68 6.8 5.28
P(CPP-SA), 83:17 0.83 0.61 5.6 5.20
P(CPP-SA), 78:22 0.78 0.64 5.1 4.69
P(CPP-SA), 59:41 0.59 0.35 2.5 3.03
P(CPP-SA), 56:44 0.56 0.29 2.3 1.90

a Diffraction given in angstroms; numbers in parentheses indi-
cate the crystal size corresponding to the specific diffraction.  In a
fe;v cases it was difficult to determine the T, and blank spaces are

eft.

is shown at the bottom right of Figure 1. Again it is char-
acterized by a well-defined pattern at 4.64, 4.15, 4.0, 3.58,
and 3.24 A; crystal sizes of 7.9 and 9.4 A were found for
the first two diffractions (the other peaks were too wide
to be determined by eq 7) (Table IA). As the percent of
CPP is increased, there is a change in the diffraction pat-
tern, especially near a 30:70 ratio of CPP/SA in the copol-
ymer. Up to this concentration the defined structures
corresponding to the poly(SA) crystallites are easily rec-
ognized (Figure 1). Above 30% CPP, the crystalline struc-
ture disappears and the pattern consists entirely of an
amorphous structure. As the concentration of the CPP
is further increased, the typical structure of the poly-
(CPP) homopolymer appears again (above 70% CPP).
From this study it seems that crystallite structures are
determined mostly by the monomer with the highest con-
centration in the copolymer. This property is of great
importance, especially in studying erosion phenomena in
polymers; crystalline regions will erode more slowly than
amorphous regions,? and the type of crystals that form
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Figure 2. Percent crystallinity of P(CPP-SA), P(CPH-SA),
and P(FA-SA) polymers.

the crystalline region may determine the erosion rate.
Table IB summarizes some physical properties of the
poly(CPP-SA) copolymers. By DSC the melting point,
Twm, and the glass transition, T, of the copolymer series
were detected. Copolymers display a typical melting point
behavior, as also predicted by Flory.¢ The melting point
of poly(SA) was 86 °C, and the T was 60 °C. As CPP
monomer was increased, the melting point decreased to
a minimum around 30% CPP and gradually increased
to 240 °C for the poly(CPP) homopolymer (Table IB).
The T of poly(CPP) was 96 °C as was found by others.!3
However, as can be seen from Table IB, there was a con-
cave relation between T and percent sebacic acid with
a minimum in Ty near a 50:50 monomer ratio of CPP/
SA. This behavior deviates from the linear relation pre-
dicted by the DiMarzio-Gibbs equation.!4 Similar devi-
ations were obtained with other polymer systems.15
Heat of fusion values for the polymers demonstrate a
dramatic decrease as CPP is added to SA, or vice versa.
Heat of fusion was minimal for the 50:50 copolymers.
Flory® demonstrated that when a noncrystallizable unit
is introduced into a crystallizable monomer, a decrease
in crystallinity will occur. In our case, the decrease of
crystallinity is a direct result of the random presence of
these units in the polymer chain.? This randomness makes
crystallization more difficult, especially when the lateral
and three-dimensional sizes of the two monomers, CPP
and SA, are very different. Table IB and Figure 2 sum-
marize the crystallinities of the homo- and copolymer series
as determined by X-ray powder diffraction and eq 1. Since
this method is useful only for cases where the diffraction
patterns are well-defined, we developed a second method
(see eq 2 in Theoretical Background) using both DSC
and X-ray powder diffraction for the determination of
crystallinity (X.). The trend of decreasing crystallinity,
as one of the monomers is added, appeared by using both
of these methods. The two methods give similar results,
except for the more amorphous polymers, where deter-
mination of the amorphous area is more difficult. How-
ever, for the more amorphous polymers the method using
both DSC and X-ray diffraction is probably more reli-
able. This is true as long as AH . is easily determined
for both homopolymers. As we shall see, this is not always
the case with some of the polyanhydrides. At this point
it is important to notice the correlation between an ear-
lier study® made with tH NMR and the present study.
It was recognized by 'H NMR that, up to a 25:75 ratio
of either CPP/SA or SA/CPP, the polymer had a block-
like distribution. The number-average sequence length
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Figure 3. X-ray powder diffraction of the P(CPH-SA) series.
(26 indicates the diffraction angle).

(Lsa) of sebacic acid decreased from 8 to 2 for the poly-
(CPP-SA) series starting with a CPP/SA ratio of 5:95
and progressing to a CPP/SA ratio of 50:50.3

In order to further study this correlation, we solved eq
6 (graphically). By using the probabilities (Fa and Paa),
which were obtained by NMR,3 and the degrees of crys-
tallinity, which were obtained by the X-ray diffraction,
we could determine £*, the minimum sequence length,
which melts at the temperature T (for details see Theo-
retical Background). Results are summarized in Table
IC. The values that were obtained for £* are similar to
L, (the average sequence length) values, which were
obtained by 'H NMRS? (Table IC), except for the high
concentration of SA where £* was slightly smaller than
L, that was obtained by ‘*H NMR. At higher SA con-
centrations, the polymer does not behave like a random
copolymer.5 The use of 'tH NMR probabilities to obtain
£* was possible only for those polymers that were solu-
ble in organic solvents (since polymers made from CPP/SA
with mole ratios higher than 50:50 are not soluble in organic
solvents, they were not studied by NMR).

(b) Poly(CPH-SA) Copolymers. Figure 3 displays
powder diffraction of the poly(SA) and poly(CPH)
homopolymers and the poly(CPH-SA) copolymers. At
the top of the figure the distinct structure related to
poly(SA) is seen again. At the bottom, the amorphous
halo of the poly(CPH) polymer is displayed. In this case
we actually have two homopolymers: one is crystalline
(poly(SA)); the other is not (poly(CPH)). The general
tendency of the defined structure of the poly(SA) to dis-
appear, as the amount of CPH is added, is repeated. Again,
after 30% CPH is added, a broad halo appears, on the
top of which some fine diffraction still persists. Crystal
size was not determined for the series, since the peaks
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were too broad for eq 6 to apply.

Table ITA displays the melting points and the glass
transition temperatures of the poly(CPH-SA) series. The
melting point of poly(CPH) is lower than poly(CPP), which
is consistent with previous studies.!® This low melting
point of the homopolymer enables copolymers to be
obtained with decreasing melting points, to a minimum
of 43-49 °C around 50:50 and 60:40 CPH/SA ratios (see
Table ITA). This fact is of great practical importance,
particularly because these polymers are subjected to dif-
ferent formulation procedures (e.g., for use inn biomate-
rials or controlled release systems) in the vicinity of the
melting points (e.g., injection molding or hot melt
encapsulation®18). Obtaining polymers with low melt-
ing points is important for successful formulation using
these procedures, since they may enable the develop-
ment of procedures in which polymer-drug systems are
fabricated at temperatures that are low enough to pre-
vent drug decomposition or polymer—drug interaction dur-
ing fabrication. The glass transition is around 60 °C for
poly(SA) and decreases as CPH is added. For instance,
a 50:50 copolymer has a Ty of 11.5 °C, which means that
at room temperature the polymer is in its rubbery state.
The same concave relation (as in the P(CPP-SA) series)
between T, and percent sebacic acid in the P(CPH-SA)
series was obtained.

The heat of fusion decreases from 36.6 cal/g for poly(SA)
to 2.5 cal/g for the 50:50 copolymer. A slight increase
in heat of fusion was observed when the ratio of CPH
was increased (Table IIA). The heat of fusion for poly-
(CPH) was very low (1.7 cal/g) and with its halo diffrac-
tion, it was difficult to obtain its AH, pure. For this rea-
son, crystallinity was determined only by X-ray powder
diffraction. There was a decrease in crystallinity as the
concentration of CPH increased, but in contrast to the
poly(CPP-SA) series, the crystallinity was much higher
for the poly(CPH-SA) copolymers between mole ratios
of CPH/SA 30:70 to 70:30 (Table IIA).

The polymers in the poly(CPH-SA) series were more
soluble in common NMR solvents, and this is why it was
possible to study the entire series.> Table IIB summa-
rizes the data obtained from NMR. Up to a ratio of 25:75
of either CPH/SA or SA/CPH, the polymer had a block-
type distribution. The number-average sequence length
(Lsa) decreased from 6 to 2 for the poly(CPH-SA) series
(from 10:90 to 50:50), Using the unconditional probabil-
ities Psa-ga for high ratios of SA (up to 50:50 ratios) and
Pcpu-cpy for higher concentrations of CPH, £* was cal-
culated using eq 5. The numbers for £*, which are listed
in Table IIB, closely correlate with Lga and Lcpp obtained
by tH NMR. The correlation that was obtained for both
the CPP-SA and CPH—-SA series enabled the use of eq
5 in order to predict crystallinity of polyanhydrides using
just NMR spectra. That is by obtaining L, and Psa-sa
from ‘H NMR and solving eq 5, one can obtain a good
estimation of the degree of crystallinity.

(c) Poly(FA-SA) Series. The last series studied,
poly(FA-SA), revealed an interesting powder diffraction
(Figure 4). The crystalline poly(SA} and its four typical
diffractions are presented at the top left side. The three
diffractions of poly(FA) at 4.09, 3.70, and 3.14 A with
crystal sizes of 10.37, 9.10, and 20.47 A, respectively, are
shown in the lower right side (see also Table IIIA). In
this particular case, both homopolymers are crystalline.
The copolymers display a typical poly(SA) diffraction up
to 20:80 FA/SA ratios. Above ratios of 30:70 SA/FA, a
new diffraction appears at 4.28, 3.98, and 3.64 A. The
biggest crystal sizes were found for the poly(FA-SA) series,
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Table I
A. Heat of Fusion and Crystallinity of Poly(CPH-SA)

polymer T, °C T,, °C heat of fusion, cal/g crystallinity W., %

poly(SA), 100% 86.0 60 36.6 66.0
poly(CPH-SA), 10:90 74.4 58.3 17.8 49.4
poly(CPH-SA), 18:82 66.4 13.1

poly(CPH-SA), 27:73 57.2 45.0 9.3 30.2
poly(CPH-SA), 44:56 52.7 6.1 7.2 34.5
poly(CPH-SA), 55:45 49.5 115 3.2 34.4
poly(CPH-SA), 64:36 43.3 11.8 2.5 32.1
poly(CPH-8A), 70:30 110.5 14.5 3.0 31.2
poly(CPH-SA), 80:20 133.1 34.8 7.3

poly(CPH-SA), 90:10 136.2 26.0 18.7 28.8
poly(CPH), 100% 143.1 47 1.7 20.0

B. Comparison between the Number-Average Sequence Length (L,) and Minimum Sequence Length (£*) for the Poly(CPH-SA) Series®

Ly
polymer Fa Fs Paa Pgr SA CPP & A
poly(CPH-SA), 18:82 0.82 0.68 5.6 5.53
poly(CPH-SA), 27:73 0.73 0.53 3.7 3.77
poly(CPH-SA), 37:63 0.63 0.40 2.7 2.35
poly(CPH-SA), 44:56 0.56 0.32 2.3 2.11
poly(CPH-SA), 55:45 0.45 0.29 1.8 1.72
poly(CPH-SA), 64:36 0.64 0.39 2.6 9.44
poly(CPH-SA), 80:20 0.83 0.67 5.0 6.25
poly(CPH-SA), 85:15 0.85 0.70 5.7 6.38
o Fy, Fp, Paa, and Pgpg are given in mole fraction.
Table III
A. X-ray Diffraction and Crystallite Size of P(CPP-SA) Copolymers®
X-ray diffractions in decreasing order
polymer
PFA, 100% 4.09 (10.37) 3.709.1) 3.14 (2047)
P(FA-SA), 90:10 4.11 (7.76) 3.86 (78.6) 3.14 (19.6)
P(FA-SA), 80:20 4.33 4,11 3.89 3.67 3.62 3.30
P(FA-SA), 70:30 4.32 4.10 3.89
P(FA-SA), 60:40 4.26 (3.47) 3.88 (4.2) 3.55 (7.2)
P(FA-SA), 50:50 4.28 (3.3) 3.95 (5.4) 3.6 (14.2)
P(FA-SA), 40:60 4.33 (4) 3.98 (7.9) 3.64 (12.13)
P(FA-SA), 30:70 448 4.18 3.95 3.55 (5.9)
P(FA-SA), 20:80 4.41 (5.4) 4.14 (5.25) 3.73 (7.62) 3.41 (7.33)
P(FA-SA), 10:90 4.39 (5410 4.11 (4.5) 3.57 (2.8) 3.39 (3.3)
P(SA), 100% 4.43 (6.8) 4.15 (10.4) 3.75 (13.56) 3.45 (3.7)

B. Heat of Fusion and Crystallinity of Poly(FA-SA)*

polymer Tm1, °C T2, °C Tg °C fusion cal/g crystallinity W, %

PFA, 100% 246.2 41.2 16.00 60

P(FA-SA), 90:10 213 56.0 13.8 44.5
P(FA-SA), 80:20 185.7 58 22.78 40.7
P(FA-SA), 70:30 106 157.8 46 5.7 (4.5) 39.2
P(FA-SA), 60:40 94.7 144 4.7 (4.9) 41.7
P(FA-SA), 50:50 69 100 12.5 (7.0) 41.6
P(FA-SA), 40:60 68 91 47 9.0 (8.4) 41.6
P(FA-SA), 30:70 67 91 46 7.9 (13.8) 37.6
P(FA-SA), 20:80 73.9 86 21.9 50.6
P(FA-SA), 10:90 83 55 25.8 65.8
P(SA), 100% 86 60 36.6 66.0

s Diffraction is given in angstroms; numbers in parentheses indicate the crystallite size corresponding to the specific diffraction. ® Blanks

indicate cases where T or Tr, was not observed.

with sizes ranging from 4 to 20 A (Table IIIA). As the
FA concentration increased above 80% fumaric acid, the
defined structure of poly(FA) reappears. Crystal type is
again determined by the monomer with the higher con-
centration in the copolymer. However, at a 50:50 ratio
of FA/SA the copolymers display a very crystalline struc-
ture, and new diffractions at 4.28, 3.95, and 3.6 A appeared.
This structure can be attributed to the type of copoly-
mer that was formed. In earlier studies, we described5:8
that the 50:50 copolymers were actually arranged in an
alternating dimer structure. By using 'H NMR spectros-

copy data, it was possible to show that the following order
FA-FA-SA-SA-FA-FA..8 actually exists. These orga-
nized alternating dimers may lead to the new diffraction
pattern. The results here are different than what was
shown for the previous copolymers, poly(CPP-SA) and
poly(CPH-SA), at the same mole ratio. Since the two
monomers, FA and SA, are quite similar in size, they do
not interfere with crystallite formation. In contrast, in
both copolymers of poly(CPP-SA) 50:50 and poly(CPH-
SA) 50:50, amorphous structures appear in spite of the
same alternating structure that was found by '1H NMR
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Figure 4. X-ray powder diffraction of the P(FA-SA) series.
(26 indicates the diffraction angle).

studies.® The reason for this behavior could be the dif-
ferences between the sizes of the SA and CPP and the
SA and CPH monomers.

Table IIIB summarizes the physical properties of the
polymers. The melting point decreases as SA is added
to poly(FA) from 246.2 to 86 °C. The T, for most of the
polymers was between 40 and 56 °C, which means that
at room temperature the polymers are in their glassy state.
Copolymers made of 70:30 FA-SA and higher concentra-
tions of FA revealed two melts (Table IIIB). This phe-
nomenon is under investigation and may be attributed
to two types of crystals that exist in the melt. The fact
that we have two melts introduces a slight difficulty in
calculating the crystallinity using both DSC and X-ray
diffraction. In this case, the crystallinity was deter-
mined by the X-ray diffraction pattern only. The change
in crystallinity throughout the series was not so extreme
and no dramatic decrease was obtained near a 50:50 mono-
mer ratio of FA-SA; actually, between a 90:10 and 30:70
mole ratio of FA-SA, the crystallinity remained almost
the same (~40%) (the crystallinity of the CPP/SA or
CPH/SA series close to a 50:50 monomer ratio, dis-
played a decrease in crystallinity as compared to the
homopolymers). This high degree of crystallinity may
be one of the reasons for achieving good surface erosion
with these particular polymers.1?

P(FA-SA) 20:80

INTENSITY {( CNTS/SEC)

Macromolecules, Vol. 23, No. 13, 1990

Several papers have been published on polyanhy-
drides in an attempt to correlate physicochemical prop-
erties of polyanhydrides to their erosion rates.!'>16.17 This
is the first such study to examine crystallinity, one of
the most important properties that contributes to ero-
sion processes.

In the current study a series of polyanhydrides were
characterized in terms of crystallinity via DSC, X-ray pow-
der diffraction, and 'H NMR. The methods used enabled
the determination of the crystallinity of a variety of poly-
anhydride copolymers and the correlation of these results
with sequence length distributions as measured by NMR.
It was found that crystallinity is predominantly deter-
mined by the monomer with the higher percentage in
the copolymers. At higher ratios of SA in both poly(CPP~
SA) and poly(CPH-SA) copolymers, 'TH NMR revealed
long sequence lengths and a block-type structure. X-ray
results revealed that crystallinity is determined by the
SA units. In addition, calculating the minimum sequence
length needed for crystallization, by using Flory’s the-
ory, yields similar results to the sequence length distri-
bution, which was calculated independently by tH NMR.
As a result, 'H NMR data can be used to calculate degree
of crystallinity without the use of X-ray diffraction.
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