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ABSTRACT: Bacterial copolymers from Alcaligenes eutrophus containing 0-hydroxybutyrate and 0-hy- 
droxyvalerate monomer units were characterized by X-ray diffraction, differential scanning calorimetry, solution 
NMR, and solid-state 13C NMR. The copolyesters were shown to be statistically random and of high crystallinity 
(>60%) throughout a range of compositions varying from 0 to 47 mol % P-hydroxyvalerate units. A minimum 
in the melting point vs. composition curve was found a t  approximately 30 mol % P-hydroxyvalerate. Only 
two crystal forms were detected: the P-hydroxybutyrate crystalline phase on one side of the melting point 
minimum and the p-hydroxyvalerate crystalline phase on the other. Solid-state 13C NMR spectra support 
the conclusion that  the poly(P-hydroxyhutyrate-co-P-hydroxyvalerate) system is isodimorphic with each 
crystalline phase accommodating the repeating unit of the other monomer as part of its organized structure. 

Introduction 
This study involves the characterization of optically 

active copolyesters (Figure 1) of P-hydroxybutyrate (HB)  
and P-hydroxyvalerate (HV) as well as the reference hom- 
opolyester, poly(@-hydroxybutyrate) ( P H B ) .  These ma- 
terials have recently been introduced by Imperial Chemical 
Industries (ICI) as biotechnology products with thermo- 
plastic properties.' This is the first time that PHB has 
been available in commercial quantities. 

Recently some of us reported2 on the physical properties 
of chiral PHB and poly(@-hydroxyvalerate) ( P H V )  derived 
from sewage sludgee3 In that case, it was concluded that 
the isolated polymeric material was a physical mixture of 
the two homopolymers. In the present study, X-ray dif- 
fraction, differential scanning calorimetry, solution NMR, 
and solid-state 13C NMR were used to characterize a series 
of P ( H B - c o - H V )  samples, which had been obtained from 
homogeneous bacterial cultures by a patented p r~cedure .~  
These copolyesters have a statistically random distribution 
of comonomer units and approximately the same high 
degree of crystallinity, while exhibiting a minimum in their 
melting point vs. composition curve. The phenomenon 
explaining this behavior is called is~dimorphism.~ In this 
paper data are presented to substantiate the hypothesis 
of P(HB-co-HV) isodimorphism. 

Experimental Section 
Materials. The PHB and P(HB-co-HV) samples used in this 

work were obtained from Dr. P. A. Holmes, IC1 Agricultural 
Division, Billingham, UK. Similar materials are commercially 
available from IC1 under the trade name Biopol. As received, 
the samples were semicrystalline powders that had been isolated 
from Alcaligenes eutrophus cultures and precipitated from 
chloroform solution by the addition of methanol! The range of 
P(HB-co-HV) compositions, as measured by 'H NMR spectros- 
copy: was 0-47 mol % HV. 

NMR Spectroscopy. Solution 'H and 13C NMR spectra were 
recorded on a Bruker WM-250 spectrometer operating a t  250.13 
MHz for 'H and 62.9 MHz for 13C. Samples were prepared in 
chloroform-d (10-20 mg/mL for 'H, 40-50 mg/mL for 13C) 
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containing tetramethylsilane (Me&, 6 = 0) as an internal chemical 
shift standard. Proton spectra were recorded a t  ambient tem- 
perature (23 "C) with a spectrum width of 2500 Hz, 32K data 
points, a 45' pulse (2 ps) ,  and 16-128 transients. Proton-decoupled 
13C spectra were obtained at 32 "C with a 12500-Hz spectral width, 
32K data points, a 45" pulse (12.5 ks),  and typically 15000-30000 
transients. The 13C FID was zero-filled three times before Fourier 
transformation to provide adequate digital resolution (0.095 
Hz/point) to accurately define the peak line shape. Resolu- 
tion-enhanced spectra were obtained by a Lorentz-Gauss 
transformation of the FID7 using a line broadening of -1 to -1.5 
Hz and a Gaussian multiplication factor of 0.3-0.4. Peak areas 
were determined from unenhanced spectra by spectrometer in- 
tegration and/or by curve fitting. The latter procedure utilized 
LINESIM,~ an interactive Pascal program for the Bruker Aspect 
2000 computer. A sum of Lorentzian lines of equal but variable 
line width was visually fit to the experimental bandshape by using 
the residual sum of squares as a goodness-of-fit criterion. In- 
dividual peak areas were calculated from the height and width 
values for the optimized fit. 

Solid-state 13C cross-polarization magic-angle-spinning (CP/  
MAS) NMR spectra were recorded a t  22.6 MHz on a Bruker 
CXP-100 spectrometer using a home-built probe and room-tem- 
perature spinning apparatus. Measurements were made for as- 
received powder samples and films cast from chloroform solution. 
Stretched films were prepared by extension to break and annealed 
samples by heating at 20 "C below the melting point for 1 h after 
stretching. CP/MAS spectra were obtained with spin locking and 
decoupling fields of -10 G and spinning rates of -2.5 kHz. A 
1-ms contact time and 1-s recycle delay were used, yielding sem- 
iquantitative results? Chemical shifts were referenced to external 
hexamethyldisiloxane (by substitution) and converted to the Me,Si 
scale by adding 2.1 ppm to the measured values. 

T h e r m a l  Analysis. Thermal data were recorded on a Per- 
kin-Elmer DSC-2C instrument previously calibrated with an 
indium standard. Samples were annealed by heating at 20 "C/min 
to within 20 "C of the melting point and then cooling a t  20 OC/min 
to room temperature. DSC traces were recorded a t  20, 10, and 
5 "C/min; slower heating rates were not used to avoid thermal 
degradation of the polyester sample. Melting points were de- 
termined by extrapolation to zero heating rate. Where multiple 
endotherms were observed, the melting point from the higher 
temperature endotherm was taken as the true melting point. 
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lyzer. Nickel-filtered Cu Ka radiation ( A  = 0.1542 nm) was used. 
Crystallinities were measured for as-received powder samples and 
for films that had been cast from chloroform solution and allowed 
to stand for several weeks. The percentage of crystallinity was 
calculated from diffracted intensity data in the range 28 = 6-40' 
by using Ruland's method as modified by Vonk.lo The amorphous 
contribution to the X-ray scattering was estimated by computer 
fitting a series of linear functions connecting the diffraction peak 
minima. X-ray fiber diagrams were also recorded for all P(HB- 
co-HV) compositions with a Warhus camera. The films were 
calibrated with NaF. 

Results and Discussion 
Comonomer Sequence Distribution. The 13C NMR 

spectrum of P(HB-co-20% HV) in CDC13 solution is shown 
in Figure 2. The indicated peak assignments are 
straightforward, with the chemical shifts for HB and HV 
units of the copolymer in close agreement with values 
previously reported1' for the homopolymers PHB and 
PHV. As shown in Figure 3, each peak in the P(HB-co- 
HV) spectrum is split into multiplets due to comonomer 
sequence effects. The carbonyl region (Vl, Bl ) ,  for ex- 
ample, comprises four peaks, two singlets flanking a poorly 
resolved doublet; from left to right, these four peaks can 
be readily assigned4J1 to VV, (VB, BV) and BB diad se- 
quences (see Figure 4, where B and V refer to 0-hydrox- 
ybutyrate and P-hydroxyvalerate units, respectively). Of 
the remaining resonances, most show a lower chemical shift 
sensitivity to the comonomer sequence. However, the 
main- arid side-chain methylene carbon resonances of HV, 
V2 and V4, are split into four peaks. As shown in Figure 
4, the V2 and V4 multiplets can be assigned to the V- 
centered triad sequences VVV, VVB, BVV, and BVB. 
Peak assignments for VVV and BVB triads are unequiv- 
ocal, but those for VVB and BVV sequences are less cer- 
tain. For the V2 multiplet it is assumed that the incre- 
mental chemical shift due to an asymmetric center three 
bonds removed is greater than that for one five bonds 
removed, and assignments are made accordingly. For V4, 
the VVB and B W  assignments are ambiguous. It should 
be noted, however, that the assignment of VVB and BVV 
triads (or VB and BV diads) is not critical to the statistical 
argument which follows. 

Assuming the simplest model, a Bernoullian or random 
statistical process for HB/HV bacterial copolymerization, 
the diad fractions [VV], [VB], [BV], and [BB] can be 
calculated from Fv, the mole fraction of HV units in the 
polymer:12 

[VV] = Fv2 (1) 

(2) 

(3) 

[VB] = [BV] = Fv( l  - F,) 

[BB] = (1 - F V ) '  

BVB BVB 

'i;- WLH -;H~- C- o 

HB HV 
Figure 1. Schematic structure of poly(8-hydroxybutyrate-co-P- 
hydroxyvalerate). 
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Figure 2. 62.9-MHz 13C NMR spectrum of bacterial P(HB-co- 
20% HV) in CDCl, at 23 "C. B and V refer to @-hydroxybutyrate 
and P-hydroxyvalerate units, respectively; numbering scheme from 
Figure 1. Chemical shifts are in ppm from internal Me&. 

v 2  v 4  
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Figure 3. Expanded resolution-enhanced 62.9-MHz 13C NMR 
spectra of P(HB-co-20% HV). Peak heights are not to scale. For 
numbering scheme see Figure 1. 

X-ray Diffraction. X-ray diffraction measurements were 
made on a Philips powder diffractometer Model PW 1050/80 
equipped with a graphite monochrometer and pulse height ana- 
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Figure 4. Experimental and calculated 13C NMR spectra for the V1, B1, V2, and V4 resonances of P(HB-co-20% HV): (a) experimental 
spectrum; (b) LINESIM~ curve-fit spectrum; (c) component Lorentzian peaks of curve-fit spectrum. 
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Table I 
Experimental and Calculated Diad and V-Centered Triad Fractions (Relative Intensities) for P(HB-co-20% HV) and 

P(HB-co-47% HV) Samples from Alcaligenes eutrophus 
relative intensities 

P(HB-co-PO% HV) P(HB-co-47% HV) 
carbon chemical shift, ppm sequence obsd' calcdb obsd' calcdb 
B1, V1 169.12 BB 0.62 (0.64) 0.64 0.29 (0.28) 0.28 

0.16 0.24 0.25 
0.16 0.25 1 (0'48) 0.25 169.29 BV' 0'17 l(0.31) 169.32 VB' 0.16 

169.49 VV 0.05 (0.05) 0.04 0.22 (0.24) 0.22 
v2 38.88 BVB 0.63 0.64 0.30 0.28 

38.75 BVV 0.17 0.16 0.24 0.25 
38.85 VVB 0.15 0.16 0.23 0.25 
38.73 vvv 0.05 0.04 0.23 0.22 

v 4  26.91 BVB 0.61 0.64 0.29 0.28 
26.88 BVV' 0.17 0.16 0.24 0.25 
26.85 VVB' 0.17 0.16 0.22 0.25 
26.81 vvv 0.05 0.04 0.25 0.22 

' Relative peak areas from LINESIM~ curve fit; values in parentheses from integration. Calculated values from eq 1-3. 'Assignments 
uncertain; may be interchanged. 
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Figure 5. Melting point vs. composition curve for bacterial 
P(HB-co-HV). The open circle represents a racemic PHV sample. 
Closed circles were measured at 20 OC/min and the squares 
determined by extrapolation to zero heating rate. Samples with 
compositions in the region marked A produce X-ray diagrams 
showing only the PHB crystalline phase, and samples with com- 
positions in the region marked B show only the PHV crystalline 
phase. 

If the sum of the V-centered triad fractions is normalized 
to one, rather than to Fv, then the triad fractions [WV] ,  
[VVB], [BVV], and [BVB] are given by similar expres- 
sions; i.e., [VVV] = Fv2, etc. Although all peaks in the 
P(HB-co-HV) spectrum could be fit to the Bernoullian 
model, the present analysis is confined to the carbonyl 
diads and the V2 and V4 V-centered triads. Table I lists 
the diad and normalized triad fractions calculated from 
Fv (determined by lH NMR spectroscopy)6 for two rep- 
resentative P(HB-co-HV) samples containing 20 and 47 
mol % HV, respectively. Also listed are the corresponding 
measured distributions. For the carbonyl resonances (Vl, 
B1) the diad fractions were determined both by spec- 
trometer integration and curve fitting; for V2 and V4, 
where peak overlap is severe, only the latter procedure was 
used. Curve-fitting results for P(HB-co-20% HV) are 
shown in Figure 4. Within the experimental uncertainty 
in the measured diad and triad fractions (f0.02-0.03) there 

5t  
0- o 20 40 60 80 . 

MOLE % HV 

0 

Figure 6. Enthalpy of fusion (AH) vs. composition curve for 
~(HB-CO-HV). 

is good agreement between the observed values and cal- 
culated distributions based on the Bernoullian model. 
Thus, it  may be concluded that the comonomer distribu- 
tion in P(HB/HV) copolymers produced by Alcaligenes 
eutrophus is statistically random. 

Thermal Analysis. As shown in Figure 5, the melting 
point vs. composition curve for P(HB-co-HV) shows eu- 
tectic-like behavior. The melting point of pure PHB is 179 
"C, while that of pure PHV, from the literature, is 105-108 
"C.13 However, the latter value corresponds to the melting 
point of a racemic polymer and is therefore lower than that 
expected for chiral PHV. For example, the melting point 
for racemic PHB has been reported to be 167-169 "C,14 
10 "C lower than that of the chiral material. The melting 
point at  the minimum of Figure 5 is approximately 84 "C. 

Heats of fusion measured from the thermograms show 
a similar trend with the values of AHu being lowest in the 
composition range near 30 mol % HV units (Figure 6). 
The type of behavior observed here is typical of statistically 
random copolymers where both monomers can crystallize 
and the monomer units of one type are included in the 
crystal lattice of the other and vice versa, i.e., the behavior 
of an isodimorphic ~ y s t e m . ~  

In most copolymer systems where both homopolymers 
crystallize, a melting point minimum is not observed unless 
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PHB 2% H V Table I1 
X-ray Crystallinities of As-Received P(HB-co -HV) 

Powder Samples 
mol % HV 7'0 crystallinity mol 70 HV % crystallinity 

0 64 f 5 20 62 f 5 
2 64 f 5 29 68 f 5 

10 61 f 5 47 74 f 5 
18 66 f 5 

there is a similarity in the crystalline conformations of 
each. For PHB and PHV this is indeed the case since both 
polymer chains crystallize as 2' helices with 0.596- and 
0.556-nm fiber repeats, r e s p e c t i ~ e l y . ~ ~ ' ~ - ~ ~  

The observed melting points of the copolyesters with 
compositions containing less than 30 mol 7'0 HV can be 
predicted by using the Flory equation for melting point 
depressionI6 

(4) 

where AH,, is the enthalpy of fusion per mole of repeating 
units, R is the universal gas constant in appropriate units, 
Tm is the melting point of the copolymer, Tmo is the 
melting point of the homopolymer (PHB), and XB is the 
mole fraction of HB units in the copolymer. The value 
of AH,, derived from the classical Flory plot of l /Tm vs. 
-In (XB) was 1592 cal mol-I. This value was significantly 
smaller than W, observed for pure PHB from a DSC 
measurement (2797 cal mol-') after correction for the de- 
gree of crystallinity (from X-ray measurements). Higher 
values of AH,, than those derived from the Flory plct are 
quite common. 

Measured melting points and heats of fusion for as-re- 
ceived powders and annealed samples were practically 
identical. These observations iqdicate that the copolymers 
readily crystallize during precipitation with methanol from 
chloroform solution since this was the process used to 
prepare the as-received samples4 This behavior was first 
reported by Lundgren et al.," who considered the lamellar 
appearance of the precipitate in electron micrographs to 
be diagnostic for PHB. However, melt- and solution-cast 
films (especially of P(HB/HV) copolyesters) tend to 
crystallize much more slowly and may require several 
weeks to reach equilibrium crystallinity.6,'8 

X-ray Diffraction Analysis. X-ray diffraction traces 
recorded for P(HB-co-HV) films cast from chloroform 
solution showed the presence of only one crystalline phase 
a t  all compositions between 0 and 47 mol 70 HV. The 
phase present a t  compositions up to the melting point 
minimum was that of pure PHB (fiber repeat, 0.596 
nm) ,14J5 while after the minimum, all observed X-ray 
diffraction lines could be accounted for by invoking the 
PHV lattice (fiber repeat, 0.556 nm).zJ,3 At no composition 
studied were X-ray reflections due to mixed crystalline 
forms of PHB and PHV observed (Figure 7 ) .  X-ray 
measurements of the degree of crystallinity gave highly 
reproducible values ranging from 61 to 74% (Table 11). It 
is important to note that the crystallinity measurements 
were made on samples which had been aged for at least 
several weeks. This was necessary because the rate of 
crystallization is variable and extremely slow in these co- 
polyesters. If the measurements are made before equi- 
librium crystallization is reached, the degree of crystallinity 
may appear to be composition dependent, as has recently 
been reported e1se~here.l~ These observations along with 
the knowledge that the comonomer sequence distribution 
in P(HB-co-HV) is statistically random are in keeping with 
the hypothesis of isodimorphism. 

Measurements of d spacings from X-ray diffraction 
diagrams indicate an expansion of the (110) plane of the 

l /Tm - l /Tmo = -R In (XB)/AHu 

10% H V  18% HV 

38 34 30 26 22 18 14 10 6 38 34 30 26 22 18 14 10 6 
28 28 

Figure 7. X-ray powder diffraction traces of as-received PHB 
and P(HB-co-HV) with increasing HV contents. Samples with 
HV contents between 0 and 29 mol 7'0 crystallize in the PHB 
lattice, while P(HB-ro-47% HV) crystallizes in the PHV lattice. 
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Figure 8. X-ray diffraction d spacings of the (110), (020), and 
(002) reflections measured from fiber diagrams for the PHB lattice 
as a function of P(HB-co-HV) composition. Also shown is the 
a lattice parameter calculated from the (110) d spacing. 

PHB lattice as the HV content of the polymer increases 
(Figure 8). Figure 8 also shows that the (020) and (002) 
d spacings are invariant, leading to the conclusion that only 
the a parameter of the unit cell is changing. The calculated 
linear increase in a runs from 0.576 nm for PHB to 0.605 
nm for P(HB-co-29% HV). Thus, for HV contents up to 
29 mol 70, HV units are accomodated in the PHB crystal 
lattice by a small lateral expansion of the unit cell, while 
the fiber repeat remains unchanged. 

I3C CP/MAS NMR Spectroscopy. The techniques of 
I3C CP/MAS NMR spectroscopy yield moderately high 
resolution spectra in the solid state.20 The chemical shifts 
obtained from these spectra represent the isotropic values 
for the solid state. Although 13C CP/MAS NMR yields 
isotropic shifts as in solution, l e  solid-state spectra can 
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Table I11 
13C CP/MAS NMR Chemical Shifts for P(HB-co-HV) 

13C chemical shift,b ppm 

carbon" HB unit HV unit 
C=O (B1, V l )  170.6 (0.4) 170.6 (0.4) 
CH (B3, V3) 69.6 (0.4) 71.4 (0.3) 
CH2 (B2, V2) 43.9 (0.4) 41.6 (0.3) 
CHz (V4) 29.5 (0.3) 
CH, (B4, V5) 21.9 (0.5) 11.1 (0.3) 

=Carbon numbering scheme from Figure 1. bChemical shifts ace 
average values for well-ordered carbon sites in all samples (films 
and powders). The values in parentheses are standard deviations 
of the observed shifts from the average. 

be more complex due to inequivalences that may be in- 
duced between chemically equivalent nuclei by solid-state 
effects. The interpretation of these complex spectra, es- 
pecially in conjunction with X-ray diffraction data, has 
yielded much information on the crystalline structure of 
both natural and synthetic polymers, as shown by recent 
work on cellulose,21 starch,22 and p o l y p r ~ p y l e n e . ~ ~  

The line widths in 13C CP/MAS spectra are dependent 
on the short-range order about the carbon atom whose 
resonance is observed. In general the sharpest resonances 
(i.e,, a narrow distribution of chemical shifts) will be ob- 
served for carbon atoms in highly ordered environments. 
Carbon atoms in poorly ordered environments, amorphous 
or imperfect crystalline regions, will have a wider distri- 
bution of chemical shifts and give rise to broad resonances. 

Solid-state I3C NMR spectra of a series of P(HB-co-HV) 
film samples of increasing HV content are shown in Figure 
9. The assignments for resonances due to H B  and HV 
monomer units are listed in Table 111. 

For comonomer compositions up to 30 mol % HV (Le., 
up to the melting point minimum) the HV methyl reso- 
nance is broad, indicating that these carbon atoms are in 
a poorly ordered environment. Above 30 mol % HV a 
sharp resonance is superimposed on the broad one, indi- 
cating that some HV methyl carbon atoms are now in a 
well-ordered environment. Similar behavior is observed 
for the HV side-chain methylene carbon resonance. With 
increasing HV content the backbone methylene and 
methine carbon resonances of the HV monomer units in- 
crease in intensity, as expected. Resonances from these 
carbons in both monomer units are relatively sharp, in- 
dicating that the disorder of the HV repeating units below 
the composition at  the melting point minimum is mainly 
in the ethyl side chain, not the polymer backbone. 

In the solid-state 13C NMR spectrum of P(HB-co-HV) 
containing 47 mol '?& HV (the only sample studied that 
crystallizes in the PHV lattice) each carbon in the HV 
repeating unit gives rise to both broad and sharp reso- 
nances. Thus, there are HV repeating units that are 
well-ordered and some that are much less so. In addition, 
there is a definite chemical shift difference between carbon 
atoms in these two environments; this suggests that the 
two environments must be considerably different. In 
contrast, all carbons in the HB repeating unit show sharp 
resonances which occur a t  the same chemical shifts ob- 
served for copolyesters that crystallize in the PHB lattice 
(cf. P(HB-co-29% HV) in Figure 9). Thus, the HB carbons 
must be in very similar environments in both lattices. The 
only exception is the HB methyl side-chain carbon of 
P(HB-co-47% HV), which gives rise to both broad and 
narrow resonances. This indicates that some, but not all, 
of the HB methyl groups are poorly ordered in the PHV 
lattice. 

In summary, it appears that the transformation from the 
PHB lattice to the PHV lattice results in little change of 

I 
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Figure 9. 22.6-MHz 13C CP/MAS NMR spectra of P(HB-co-HV) 
solution-cast films with increasing HV content. All spectra are 
the accumulation of -20000 scans, except for the P(HB-co-47% 
HV) spectrum, which is the accumulation of 40000 scans. Peaks 
marked s are due to spinning sidebands; numbering scheme from 
Figure 1. 

the well-ordered environment of the HB repeating units, 
with the exception that some of the HB methyl groups 
become less ordered in the PHV lattice. For compositions 
below 30 mol % HV, the HV repeating units are poorly 
ordered in the PHB lattice. Above the lattice-transition 
point some HV units become well-ordered in a different 
environment in the PHV lattice while the rest remain 
disordered. 

Figure 10 shows 13C CP/MAS spectra of P(HB-co-47% 
HV) after different sample treatments and of P(HB-co- 
29% HV), which is included for reference. From a com- 
parison of spectra of the 47 mol 70 HV copolyester as a 
powder and as a film, it is apparent that  the resonances 
of the two monomer units show opposite behaviors. The 
film has a higher ratio of the less-ordered to well-ordered 
resonances for HV repeating units, while the less-ordered 
resonance of the H B  methyl carbon nearly disappears. 
When the film is stretched, this trend continues; the ratio 
of the less-ordered resonances for HV repeating units in- 
creases further, and the less-ordered resonance of the HB 
methyl carbon totally disappears. On annealing, the be- 
havior of the comonomers is reversed; the broad resonance 
due to the HB methyl carbon reappears, while the broad 
resonances for the HV ethyl group carbons disappear. The 
sharp resonances for the other HV carbons increase at  the 
expense of the broad resonances. 

Conclusions 
All physical evidence obtained in this study supports the 

isodimorphism hypothesis. As stated by Allegra,5 the re- 
quirements for isomorphism (which also apply to isodi- 
morphism in a more specific sense) are (a) that the two 
different monomer units must have approximately the 
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in the melt but immiscible in the crystalline phase”. This 
description fails to account for isodimorphism. Aside from 
the scientific interest of an isodimorphic system, there is 
an important technical advantage in being able to maintain 
crystallinity while the melting point changes over a range 
of almost 100 “C. Most copolymer systems where both 
homopolymers crystallize become amorphous over the 
entire middle range of compositions. This is due to in- 
compatibility of the crystal lattices. In the present case, 
the comonomers are clearly chemically and geometrically 
similar, yet there is a large decrease in the enthalpy of 
fusion at  intermediate copolymer compositions. The de- 
crease in the melting point is almost entirely due to the 
AH, term of the classical equation relating melting point, 
AH,, and AS,. This suggests that the crystal packing is 
disturbed by the inclusion of HV units in the PHB lattice 
and vice versa. 
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Figure 10. 22.6-MHz I3C C P / M A S  NMR spectra of solid P- 
(HB-co-HV). T h e  carbonyl resonance is not shown in this ex- 
pansion. The spectra of P(HB-co-29% HV) and the P(HB-co-47% 
HV) powder sample are the accumulation of 20000 scans; the rest 
are the accumulation of 40 000 scans. Peaks marked s are due 
to spinning sidebands; numbering scheme from Figure 1. 

same shape and occupy the same volume and (b) that the 
chain conformation of both homopolymers must be com- 
patible with either crystal lattice. Thus, copolymers are 
isomorphic when one crystalline phase containing both 
monomer types is detected at all compositions; in the ideal 
case a melting point minimum is not observed. Co- 
polymers are isodimorphic when two crystalline phases 
containing both monomer types are detected. Each phase 
is found at  compositions on opposite sides of a melting 
point minimum. This is the case for the P(HB-co-HV) 
system, and it results from the fact that  the crystalline 
structures of PHB and PHV have remarkably similar chain 
conformations; Le., both exist as 2, helices with advances 
per monomer unit of 0.298 and 0.278 nm, re~pec t ive ly .~~’~-~~ 
From unit cell data, the volumes of the two monomer units 
are 0.11 nm3 (PHB) and 0.13 nm3 (PHV). We have also 
argued above that small changes in the d spacings for the 
(110) plane of PHB do not constitute a significant change 
in the lattice. The P(HB-co-HV) system is remarkable for 
its high crystallinity throughout the 0-47 mol 70 HV 
composition range, a fact consistent with isodimorphic 
behavior and in keeping with the observation of a mini- 
mum in the melting point curve. 

While the Flory copolymer equation can be empirically 
modified to predict melting points for a system such as 
P(HB-co-HV), there is clearly a theoretical deficiency in 
this area. A recent attempt to  cover this deficiency2* re- 
lates to the case where “the crystallizable units are miscible 
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