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ABSTRACT: High-resolution 13C NMR spectra were obtained for a wide tacticity range of racemic poly- 
[(R,S)-P-hydroxybutyratel samples and interpreted with regard to  several statistical models. None of 
the samples followed Bernoullian statistics, but the syndiotactic and atactic fractions essentially obeyed 
first-order Markov statistics, as derived for racemic monomer. Fitting to a second-order Markovian model 
confirmed previously-held theories regarding the blocky nature of the polymer. An enantiomorphic model 
described the more isotactic samples well but did not adequately describe the atactic and syndiotactic 
ones; a two-site model involving enantiomorphic and first-order Markovian sites was therefore proposed, 
and the parameters necessary to describe each sample were calculated. Average isotactic and syndiotactic 
block lengths were also calculated and used in the interpretation of degradation and single-crystal results. 

Introduction 
Poly(P-hydroxybutyrate) (PHB) is a natural polyester 

whose current notoriety is due to its inherent bio- 
degradability.l+ The method of choice for large-scale 
production is bacterial fermentation; this yields per- 
fectly isotactic polymer, where the chiral center in each 
repeat unit is solely R in absolute configuration. An 
alternative biosynthetic route is currently under devel- 
~ p m e n t , ~ , ~  where the polyester is produced in genetically 
altered plants. Synthetic approaches to optically active 
PHB include the polymerization of optically active 
monomerg and use of stereoselective catalysts with 
racemic monomer.lOJ1 Synthetic methods can also yield 
material not available by biosynthetic methods, such as 
the racemic polyester, poly[(R,S)-/3-hydroxybutyratel, 
which is useful for studies on the effects of stereochem- 
istry on structure, properties, and enzymatic degrad- 
ability and has potential as a blend component. 

A significant discovery in the development of (R,S)- 
PHB was that racemic P-butyrolactone can be ring- 
opened to yield crystalline polymer, the crystalline 
structure of which is identical by X-ray diffraction to 
that of fully isotactic polymer isolated from bacteria.12 
Such results have been reported using a variety of 
aluminoxane c a t a l y ~ t s ; ~ J ~ - ~ ~  the attainment of an iso- 
tactic crystal structure from racemic monomer polym- 
erized with a nonstereospecific catalyst is attributed to 
the existence of a stereoblock structure involving either 
blocks of both enantiomers in the same chain or 
separate chains of ~ ~ c ~ . ~ ~ J ~ J ~ J ~ J ~  Quantitation of the 
level of stereoregularity achieved has been possible by 
13C and lH NMR, where peak expansions reveal fine 
structure due to variation in stereosequence. Although 
this stereosensitivity appears for all peaks, resolution 
is usually best for the isotactic and syndiotactic diad 
components of the carbonyl peak in 13C NMR, making 
this the signal of choice for quantitation. Without 
quantitative information about longer stereosequences, 
questions about the statistics of the polymerization 
mechanism and the exact nature of the stereoblock 
structure have remained unanswered. 

Recently, a predominantly syndiotactic form of crys- 
talline (R,S)-PHB has been r e p ~ r t e d . ~ O - ~ ~  The largest 
yields of this material have been obtained using tin- 
based ~ a t a l y s t s , ~ l - ~ ~  which specifically select for the 
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syndiotactic structure, but small amounts of syndiotactic 
material have also been isolated from the same alumi- 
noxane catalysts as were developed for the isotactic 
polymer.20 Simultaneous improvements in NMR tech- 
nology have improved the resolution attainable in the 
13C NMR spectrum, such that triad sensitivity in the 
methylene region of the spectrum can now be ob- 
~ e r v e d ~ l , ~ ~  and q ~ a n t i f i e d . ~ ~ , ~ ~  This allows more detailed 
analysis of the microstructure of the synthetic polymer 
than was previously possible, which should prove par- 
ticularly interesting for the aluminoxane-catalyzed 
polymer, given the wide tacticity range spanned by a 
single reaction. 

Previous statistical analysis of polymers within the 
PHB family by NMR intensities includes investigation 
of the sequence of butyrate and valerate in poly(P- 
hydroxybutyrate-co-P-hydroxyvalerate) isolated from 
b a ~ t e r i a , ~ ~ - ~ ~  where all asymmetric carbons have an 
absolute R configuration so variation in stereosequence 
cannot occur; as the chemical shift differences between 
butyrate and valerate are greater than those between 
isotactic and syndiotactic PHB, resolution of the varying 
sequences was more attainable. Stereosequences were 
observed in synthetic poly[(R,S)-P-hydroxybutyrate-co- 
(R,S)-P-hydro~yvaleratel,~~~~~ but statistical interpreta- 
tions could not be applied as only diad stereosequences 
were resolved. Until recently, a similar situation 
existed for (R,S)-PHB; preliminary statistical interpre- 
tation of diad and triad intensities for (R,S)-PHB 
involved mainly syndiotactic PHB.23 In another 
diad and triad intensities were measured over a wide 
tacticity range, but statistical interpretation was not 
attempted due to the complications of varying RIS 
monomer ratios. 

Determination of the microstructure of (R,S)-PHB 
takes on a practical as well as theoretical importance 
in aiding in the interpretation of enzymatic degradation 
results. As there is clearly a correlation between 
tacticity and enzymatic degradation rate,24r31-35 the 
question arises as to the minimum isotactic block length 
which can still be cleaved by PHB depolymerases. 
Calculation of the average isotactic block lengths in a 
wide tacticity range of samples, the degradability of 
which has already been t e ~ t e d , ~ ~ , ~ ~  can therefore provide 
an indication as to the dependence of degradation 
behavior on block length. Average block lengths could 
also relate to the formation of single crystals from some 
of these (R,S)-PHB  sample^;^^^^^ the ease with which 
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Table 1. Diad and Triad Designations Relevant for 
(R,S)-PHB 
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account for continuous variation in the composition and 
hence tacticity of the polymer as the composition of the 
unreacted monomer changes. 

The only case in which the composition of unreacted 
monomer remains constant is when the starting mono- 
mer is racemic, so PR = Ps = 0.5. In this case, PRIR = 
PSIS and PRIS = PSIR, which simplifies the relations 
between the conditional probabilities and the stereose- 
quences such that diad and triad intensities can be 
calculated using the single conditional probability, PR/R: 

i = PRIR 
2 s = 1 - PRIR ii = PR/R 

stereosequence designation configuration 
diads isotactic i RR f SS 

syndiotactic S RS + S R  
triads isotactic ii RRR f SSS 

syndiotactic ss RSR f SRS 
heterotactic-1 is RRS + SSR 
heterotactic-2 si RSS + SRR 

such crystals can be formed from the more isotactic 
fractions suggests that the average isotactic block length 
could be comparable to the average lamellar thickness. 

In this study, various fractions of (R,S)-PHB covering 
a wide tacticity range were examined by high-resolution 
solution NMR and examined with regard to  the follow- 
ing statistics. As the statistics for determining the 
microstructure of vinyl  polymer^^^-^^ are not directly 
applicable to PHB, the necessary  modification^^^ to the 
theory are discussed first. Average isotactic and syn- 
diotactic block lengths were also calculated. Proton- 
decoupled 13C NMR was used in preference to IH NMR 
due to the wider chemical shift range (-0-200 ppm, 
instead of -0-10 ppm) and the absence of spin-spin 
coupling. 

Theory 
Differences between PHB and Vinyl Chains. 

Because the symmetry of the connecting group between 
asymmetric carbons is not the same as that in a vinyl 
polymer, PHB diads are not “meso” or “racemic”; they 
are, however, “isotactic” and “syndiotactic” and so can 
be accurately represented by “i” and “s”. The absolute 
stereochemistry of each repeating unit in (R,S)-PHB 
means that there are two possible configurations for 
each stereosequence, as shown in Table 1. Although, 
in the absence of a chiral resolving agent, the two 
configurations for each stereosequence are indistin- 
guishable from each other by NMR, the is and si 
heterotactic triads are distinct structures which should 
appear at different chemical shifts (Figure 1). Such 
differences necessitate modifications in the statistics 
used to describe the polymer. 

Bernoullian Model. Under Bernoullian statistics, 
successive additions of R and S monomer are indepen- 
dent events, so the rates of addition of R and S monomer 
to the growing chain end are not affected by the 
configuration of the last repeating unit. The probability 
of any given stereosequence can then be described by a 
single parameter, PR, where PR is the mole fraction of 
R repeat units in the polymer, which should also equal 
the proportion of R repeat units in the starting mono- 
mer. Ps is then 1 - PR. Relations between sequences 
of different orders in these Bernoullian statistics have 
been described and plotted4, as a function of PR; in the 
case where the starting monomer is racemic, PR = PS 
= 0.50, and the triad intensities are ii = ss = is = si = 
0.25. 

First-Order Markov Model. For first-order Markov 
statistics, the addition of the new monomer to the 
growing chain is influenced by the configuration of the 
last repeating unit of the chain. Thus, as for vinyl 
polymers, first-order Markov statistics involves two 
independent parameters, now PRIS and PSIR, and two 
dependent variables, PRIR = 1 - PSIR and Psis = 1 - 
PRIS, where PRJS is the probability of adding R monomer 
t o  an S chain end. Stereosequence relations involving 
these parameters have been derived42 in the general 
case, valid for every possible PR; care must be taken to  

Given the similarity between these relations and Ber- 
noullian relations for vinyl chains, a modified Bernoul- 
lian test parameteSg can be defined to test for the first- 
order Markov mechanism in PHB, by 

(2) 

where a value close to 1.0 indicates adherence to the 
mechanism. Thus, although tetrad intensities are 
required to test for first-order Markov statistics in a 
vinyl polymer, the mechanism can be tested in racemic 
PHB based on only triad intensities. 

Second-Order Markov Model. For second-order 
Markov statistics, where the addition of new monomer 
is affected by the configuration of the last two units 
of the existing chain, four independent parameters are 
required: PRISS, PRISR, PSIRR, and PSIRS, where PSIRS is 
the probability of adding an S repeating unit t o  an 
existing RS diad. In the case of racemic monomer, PRISS 
= P s m  and PRISR = PSIRS, so the polymer can be 
described42 using only PRISS and PRISR, calculated as 
follows: 

B, = 4(ii)(ss)/(is + si), 

(3) 

As these expressions are remarkably similar to those 
for first-order Markov statistics in vinyl  polymer^,^^-^^ 
other interpretations from vinyl statistics can also be 
applied. Thus, PRISS + P R I ~ R  = 1 indicates adherence 
to a racemic first-order Markov mechanism, and the 
values of the conditional probabilities can be inter- 

as: 

PRISS + ~ R I S R  < 1 

heterotactic-like (alternating): 
PRISS > 0.57 PRISR > 0.5 

PRISS + PRISR > 1 (4)  

isotactic-like: PRISs < 0.5, PRISR > 0.5 

syndiotactic-like: PRIss > 0.5, PR/SR < 0.5 

If a modified persistence ratio39,40r43,44 is defined using 

(5) 

the extent to  which Q Z  is greater than 1.0 indicates the 
tendency to blockiness, and Q Z  = (PRISS -+- P ~ i s ~ 1 - l  for 

e, = 2(i)(s)/(is + si) 
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(ss) = o(a - a2) + (1 - w)[(l - (13) 
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Figure 1. Heterotactic triads of (R,S)-PHB. 

racemic polymer obeying second-order Markov statistics. 
As for the first-order Markov mechanism in vinyl 
polymers, the second-order Markov probabilities can be 
calculated from triad intensities, but the model cannot 
actually be tested without longer stereosequences. 

Enantiomorphic Model. An alternative model for 
isotactic polymerization is that of enantiomorphic cata- 
lyst ~ i t e s , 4 ~ 2 ~ ~  where the catalyst is considered to consist, 
at any given time, of an equal number of R- and 
S-preferring sites. Therefore, the configuration of the 
adding monomer is primarily determined by the catalyst 
itself, rather than by the existing polymer chain end. 
The probability of an R unit following an R unit, PRR, 
at an R-preferring site, thus equals the probability of 
an R unit following an S unit, PSR, at the same site, 
while the probability of an  S unit following an S unit, 
Pss, or of an S unit following an R unit, PRS, at the same 
R-preferring site, is substantially lower. Triad intensi- 
ties can be ~ a l c u l a t e d ~ ~  by 

(ii) = 1 - 3(a - a') (6) 

(7) (ss) = a - a 

(is + si) = 2(a - a') (8) 

where a is the value of PRR at an R-preferring site or of 
PSS at an S-preferring site. The extent to which such a 
model accurately describes a given polymer chain can 
be determined47 by calculating the test parameters 

(9) 

2 

E, = 2(ss)/(is + si) 
and 

(10) 
4 

(is + si) + 2(ss) 

where, for a polymer following the model, E1 = E2 = 1. 
Two-Site Model. For racemic monomer, the enan- 

tiomorphic and first-order Markovian models can be 
combined to give a two-site model, in a manner similar 
to that used for enantiomorphic and Bernoullian models 
for p ~ l y p r o p y l e n e . ~ ~ - ~ ~  According to this model, the 
polymer is created at both sites simultaneously, yielding 
either chains of different configurations or, through a 
dynamic equilibrium of chain ends,43152 stereoblocks of 
different configurations in the same chain. Triad equa- 
tions, adjusted for racemic monomer, use a2 for PRIR at 
the first-order Markov sites, a for PRR at the R- 
preferring enantiomorphic sites, and a weighting factor 
w to describe the proportion of the polymer formed at 
the enantiomorphic site, as follows: 

(ii) = w [ l  - 3(a - a71 + (1 - o)aZ2 (11) 

(12) 

1 +- 
(ss) 

E2=1- 

(is + si) = w[2(a - a')] + (1 - o)[2a2(1 - a,)] 

For fractionated polymer from the same polymerization 
reaction, a and a2 should be relatively constant, with 
the value of o varying to reflect the varying contribution 
by each site to each of the fractions. 

Average Block Lengths. The average lengths of 
isotactic and syndiotactic blocks, T i i  and fi,, respectively, 
can be calculated from diad and triad intensities; since 
iii  and ii, are defined in terms of diads, the actual 
number of monomer units involved in such sequences 
are i i i  + 1 and Ti, + 1. These values can be calcu- 
lated39,41 independently of the polymerization mecha- 
nism using 

More specific block length equations can be derived for 
defined polymerization m e ~ h a n i s m s . ~ ~ - ~ ~ , ~ ~  

Experimental Section 
Description of Samples. Polymer samples were obtained 

by bulk ring-opening polymerization of racemic P-butyrolactone 
with a preformed methylaluminoxane or in situ triisobutyl- 
aluminudwater [Al(iBu)fizO, 1:l (mol/mol)l catalyst, using 
vacuum techniques. The isolated polymer was fractionated 
by solubility in chlorofordmethanol and in acetone, yielding 
fractions ranging from primarily syndiotactic to highly isotac- 
tic. Original characterization in terms of percent isotactic 
diads, used to  provide the samples with working names, was 
obtained by 13C NMR using 0.03 g/mL polymer solutions in 
CDC13 on a JEOL CPF-270 spectrometer at 67.8 MHz, with a 
spectral window of 18 050 Hz, an acquisition time of 0.908 s, 
a pulse width of 30°, and a pulse delay of 0.8 s. The 
identification of samples by low-resolution percent isotactic 
diads provides an immediate indication as to whether each is 
isotactic (more than 50% isotactic diads), atactic (near 50% 
isotactic diads), or syndiotactic (less than 50% isotactic diads). 
Details of the polymerization, fractionation, and characteriza- 
tion have been previously published.20 

High-Resolution 13C NMR. High-resolution 13C NMR 
spectra were obtained for 0.03-0.05 g/mL solutions in a variety 
of solvents at various temperatures on a Unity-500 spectrom- 
eter at 125 MHz. Spectra in CDC13 were accumulated at room 
temperature, with a spectral window of 30 007.5 Hz, a pulse 
width of go", an acquisition time of 2.133 s, a pulse delay of 8 
s, 1500-4000 transients, and 128000 data points, for a 
spectral resolution of 0.234 Hdpoint; processing included 
zerofilling (fn = 262 144) and resolution enhancement (line 
broadening (lb) = -1.46, Gaussian factor (gD = 0.392). Spectra 
in tetrachloroethane-& (TCE) were accumulated (700-2000 
transients) at 110 "C, under the same conditions but with the 
delay time increased to 20 s to  allow for the increase in 2'1 
with temperature. Processing again included zerofilling, but 
less resolution enhancement was required (typically, lb = 
-0.80, gf = 0.572). To reduce the probability of thermal 
degradation, all tubes were purged with dry nitrogen im- 
mediately prior to analysis; comparison of 'H NMR spectra 
run immediately after equilibration at 110 "C and after 
acquiring the 13C NMR spectra showed that no NMR-observ- 
able changes occurred during acquisition of the 13C spectra. 
Peak intensities were measured by spectrometer integration; 
in the cases where peaks overlapped, peak-fitting routines gave 
similar results. 

Results and Discussion 
Solvent Testing. Various solvents and tempera- 

tures were tested for resolution improvement over the 
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Table 2. Variation in Resolution of Carbonyl Diads and 
Methylene Triads of (R,S)-PHB as a Function of Solvent 

and Temperature 

Macromolecules, Vol. 28, No. 19, 1995 

bp spectrom resolution 
solvent ("C) temp ("C) (microstructure visible) 

acetone-ds 
benzene-d6 
CDC13 
CDC13 
DMF-dI 
DMSO-d7 

pyridine-ds 

toluene-ds 
TCE-dz 

57 
80 
61 
61 

153 
189 

116 
147 
111 

45 
65 
50 
RT 
110 
110 

100 
110 
100 

partly split diads, triads 
diads, triads 
partly split diads, triads 
partly split diads, triads 
diads, partial triads 
diads only, triads 

overlap with solvent 
diads, triads 
diads, triads 
diads, triads 

traditional CDCl3 at room temperature. The (R,S)-PHB 
sample with 45% isotactic diads was used for this study, 
as a relatively soluble fraction where all the diad and 
triad components have significant intensity. Spectra 
were obtained at temperatures as high54-56 as the 
solvent boiling points would permit and processed 
without resolution enhancement; the carbonyl (-169 
ppm) and methylene (-41 ppm) regions were then 
expanded to observe the extent to which diad and triad 
fine structure were resolved (Table 2). None of the 
solvents tested gave significantly better resolution than 
CDC13, and several gave significantly worse resolution, 
had solvent peaks interfering with the sample peaks of 
interest, or would be unlikely to dissolve the more 
isotactic (less soluble) fractions. Accordingly, the solvent/ 
temperature conditions selected were CDCL at ambient 
temperature and TCE-d2 at 110 "C; comparison of the 
results from these two different systems should indicate 
the extent to which the results obtained are specific to 
the solvent/temperature choice. 

Spectral Assignments. Expansion of any of the four 
peaks in the 13C NMR spectrum of (R,S)-PHB reveals 
fine structure resulting from the various stereose- 
quences.zl Because the resolution of this fine structure 
is better in the carbonyl (-169 ppm) and methylene 
(-41 ppm) regions of the spectrum than in the methyl 
(-20 ppm) and methine (-67.5 ppm) regions, the 
analysis which follows focuses on the former two 
regions. As the distance between asymmetric centers 
in PHB is twice as large as that in vinyl polymers, 
resolution over the same number of bonds in PHB 
involves only half as many repeat units. 

The resolution of the methylene region of (R,S)-PHB 
was similar to that previously r e p ~ r t e d , ~ ~ , ~ ~ - ~ ~  and the 
variations in triad intensity with changes in the low- 
resolution diad content (Figure 2) were consistent with 
these earlier assignments. The assignments of is and 
si are based on the assumptions that the is triad derives 
from the s diad, and the si triad, from the i diad, as 
previously discussed;21 this assignment implies that the 
chain is drawn as in Figure 3, which agrees with the 
IUPAC guidelines for selection and orientation of the 
constitutional repeating unit.57 Because the si and is 
terms are summed when used in the equations, revers- 
ing these assignments would not change the results of 
the calculations. 

In the carbonyl region, particularly in the CDCl3 
spectra, four components are clearly visible (Figure 41, 
instead of the expected two. Previously observed split- 
ting of the higher field racemic componentz1 has been 
attributed to partial resolution of the RS and SR 
sequences, despite the low probability of distinguishing 
this difference in the absence of a chiral resolving agent. 
This logic implies that the splitting of the meso com- 

ss ii 

L .  . .  i . . . .  j . . ,  

40.8 40 .6  40.8 40.6 

6 (ppm) d (ppm) 

Figure 2. Expansions of the methylene resonances for (R,S)- 
PHB in CDC13 at room temperature: (a) sample with 34% 
isotactic diads; (b) 40% isotactic diads; (c) 45% isotactic diads; 
(d) 55% isotactic diads; (e) 60% isotactic diads; (0 68% isotactic 
diads; (g) 79% isotactic diads; and (h) 88% isotactic diads. 

0 
7 3 4 3  II 

-0-cH-cH2-c- 

Figure 3. Constitutional repeating unit of PHB. 

ponent results from partial resolution of the RR and SS 
sequences, which causes difficulty in explaining why one 
of these components decreases sharply in intensity with 
increasing isotacticity. A more likely explanation for 
the extra splitting is that it results from partly resolved 
tetrads, with the lower field pair comprising the s- 
centered tetrads and the higher field pair comprising 
the i-centered tetrads. The variations in component 
intensities imply that the downfield component of the 
syndiotactic diad peak represents the ssi and iss tetrads, 
with the sss and isi tetrads further upfield; similarly, 
for the isotactic diads, the downfield component includes 
the iii, sii, and iis tetrads, with the sis tetrad slightly 
upfield. As only one tetrad is individually resolved, it 
is not possible to apply calculations requiring individual 
tetrad intensities to these data; therefore, in the calcu- 
lations which follow, only diad and triad intensities were 
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Figure 4. Expansions of the carbonyl resonances for (R,S)- 
PHB in CDCl3 at room temperature: (a) sample with 34% 
isotactic diads; (b) 40% isotactic diads; (c) 45% isotactic 
diads; (d) 55% isotactic diads; (e) 60% isotactic diads; (0 68% 
isotactic diads; (g) 79% isotactic diads; and (h) 88% isotactic 
diads. 

considered, where the diad intensities were measured 
by integrating each pair of partly resolved tetrads as a 
single unit. 

Intensities and the Bernoullian Model. The 
measured peak intensities and adapted Bernoullian 
triad parameters for each sample, obtained in CDCl3 
a t  room temperature and in TCE-dz at 110 "C, are listed 
in Tables 3 and 4, respectively. The intensities of the i 
diads differ slightly from the percent isotactic diads 
measured at low resolution; as the high-resolution 
spectra were obtained under more rigorously quantita- 
tive conditions, the new values are likely to  more 
accurately reflect the true sample compositions. For 
simplicity, the samples will continue to  be identified by 
the percent isotactic diads calculated from the low- 
resolution spectra. Comparison of the peak intensities 
obtained in CDCl3 a t  room temperature and in TCE-d2 
at 110 "C shows that the high-resolution spectra are 
reasonably consistent with each other, with only minor 
differences in peak intensities despite the differences 
in solvent and temperature. The polymerization mech- 
anism is clearly not Bernoullian, as the triad intensities 
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Table 3. Peak Intensities and Adapted Bernoullian Test 
Parameters for (R,S)-PHB in CDC13 at Room 

Temperature 
sample 

diads) i S si ii ss is B f  
(% isotactic diad intensitiesa triad intensitiesb 

34 
40 
45 
55 
60 
68 
79 
88 

0.41 0.59 0.22 0.21 0.37 0.20 1.79 
0.43 0.57 0.24 0.23 0.36 0.18 1.86 
0.48 0.52 0.22 0.24 0.29 0.25 1.30 
0.55 0.45 0.22 0.39 0.21 0.18 2.08 
0.59 0.41 0.23 0.38 0.20 0.20 1.65 
0.67 0.33 0.17 0.51 0.16 0.16 3.04 
0.88 0.12 0.07 0.78 0.07 0.08 10.34 
0.86 0.14 0.09 0.78 0.06 0.07 7.93 

aMea~ured by integrating the components of the carbonyl 
resonance (-169 pprn). Measured by integrating the components 
of the methylene resonance (-41 pprn). Calculated using eq 2. 

Table 4. Peak Intensities and Adapted Bernoullian Test 
Parameters for (R,S)-PHB in TCEd2 at 110 "C 

sample 

diads) i S si ii ss is BzC 
(% isotactic diad intensities" triad intensitiesb 

34 
40 
45 
55 
60 
68 
79 
88 

0.39 0.61 0.20 0.22 0.39 0.19 2.11 
0.41 0.59 0.22 0.21 0.37 0.20 1.84 
0.48 0.52 0.24 0.25 0.28 0.23 1.29 
0.59 0.41 0.22 0.37 0.22 0.19 1.90 
0.60 0.40 0.22 0.38 0.20 0.20 1.73 
0.69 0.31 0.16 0.52 0.16 0.17 3.12 
0.88 0.12 0.08 0.77 0.08 0.07 10.53 
0.88 0.12 0.07 0.79 0.07 0.07 11.34 

a Measured by integrating the components of the carbonyl 
resonance (-169 pprn). Measured by integrating the components 
of the methylene resonance (-41 pprn). Calculated using eq 2. 

differ dramatically from the predicted Bernoullian 
intensities of 0.25, 0.25, 0.25, and 0.25. 

First-Order Markov Model. The values calculated 
for Bz (Tables 3 and 4) for the syndiotactic and low 
isotactic samples (34-60% isotactic diads) are within 
the 0.5-2.0 range suggested58 for compliance with 
racemic first-order Markov statistics; more isotactic 
samples are increasingly outside this range. These 
results for the syndiotactic and low isotactic samples 
are consistent with those of Kemnitzer et who 
calculated such values for syndiotactic and atactic (R,S)- 
PHB generated by tin and zinc catalysis, respectively; 
however, as they did not modify their statistical ap- 
proach to account for the differences between vinyl 
chains and chains of PHB, they concluded, based on 
these results, that the chains followed a Bernoullian 
model. The fact that test parameters for the more 
isotactic samples in the current study differ dramati- 
cally from the syndiotactic and atactic ones suggests 
that these more isotactic fractions were formed at a 
different active site on the aluminoxane catalyst, under 
conditions where first-order Markov statistics do not 
apply. 

Second-Order Markov Model. To examine the 
polymerization statistics in more detail, values for PRISS, 
PRISR, PRISS + PRISR, ez, and (PRISS + PRISR)-', were 
calculated for both solvents and temperatures (Tables 
5 and 6). Again, results are similar for the different 
solvents a t  different temperatures. Examination of the 
values for PRISS + PRISR confirms the trend seen in BZ 
above: values are reasonably close to 1.0 for the samples 
with 34-60% isotactic diads and then decrease progres- 
sively with increasing isotacticity. That all values are 
less than 1.0 indicates that all samples have at least a 
slight tendency to  blockiness, which becomes increas- 
ingly pronounced as the samples become more isotactic; 
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Table 5. Second-Order Markov Parameters for 
(R,S)-PHB in CDC13 at Room Temperature 

sample 

diads) PRISS' PRISRa PRISS -k PRISR Qzb PRISRj-l 

34 0.49 0.36 0.86 1.15 1.17 
40 0.48 0.37 0.85 1.18 1.17 
45 0.49 0.45 0.94 1.07 1.07 
55 0.34 0.48 0.82 1.24 1.22 
60 0.36 0.52 0.88 1.14 1.14 
68 0.24 0.51 0.75 1.36 1.33 
79 0.09 0.51 0.59 1.47 1.69 
88 0.09 0.56 0.65 1.53 1.54 

(% isotactic (PRISS -t 

a Calculated using eq 3. Calculated using eq 5. 

Table 6. Second-Order Markov Parameters for 
(R,S)-PHB in TCE& at 110 "C 

sample 
(% isotactic PRISS f (PRISS -k 

diads) PRISS' PRISRa PRISR Q z b  PR1SRj-l 

34 0.48 0.34 0.82 1.20 1.22 
40 0.49 0.36 0.85 1.17 1.18 
45 0.48 0.46 0.94 1.07 1.07 
55 0.36 0.49 0.84 1.18 1.19 
60 0.36 0.51 0.87 1.15 1.15 
68 0.24 0.51 0.74 1.33 1.34 
79 0.09 0.48 0.58 1.42 1.73 
88 0.08 0.50 0.58 1.53 1.73 

Calculated using eq 3. Calculated using eq 5. 
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the fact that PRISS and PR~SR tend to be below 0.5 is a 
parallel indication of blockiness, while the fact that PRISS 
drops well below 0.5 while PRISR creeps above 0.5 in the 
more isotactic samples is an indication of an isotactic- 
like chain (eq 4). The values for ~2 are all above 1.0, 
also indicating blockiness; the extent to which these 
values are more than 1.0 increases for the more isotactic 
samples, again confirming that these are more blocky. 
The values for e2 are also close to those for (PRISS + 
PRISR)-~, showing that these samples fit racemic second- 
order Markov statistics; the fact that the match is not 
quite as good for the more isotactic samples could be 
an indication that these samples do not fit second-order 
Markov theory quite as well or could just show that the 
very small intensities of racemic peaks in the highly 
isotactic spectra are less accurate. 

Even without the resolution required to prove or 
disprove a second-order Markovian mechanism, the 
fitted conditional probabilities are in keeping with the 
observed crystallinity behavior. Thus, the blocklike 
nature of the more isotactic samples observed by NMR 
corresponds with the strong tendency of these fractions 
to crystallize with an isotactic crystal s t r u c t ~ r e . ~ J ~ - ~ ~  
A lesser amount of blockiness in the atactic fractions 
corresponds with a much reduced crystallinity; although 
the syndiotactic fractions are less stereoregular than the 
most isotactic ones, a small increase in blockiness is 
observed, corresponding with the observed increase in 
c r y ~ t a l l i n i t y . ~ ~ , ~ ~  

Enantiomorphic Model. As some of the polymer 
samples are far from adequately described by the first- 
order Markov model and the validity of the second-order 
Markov model cannot be proved or disproved with the 
available data, it is worth considering other models. The 
observation of blockiness in the samples, particularly 
the more isotactic ones, suggests that the enantiomor- 
phic model may be suitable, as the combination of R- 
and S-preferring sites certainly leads to b l o ~ k i n e s s . ~ ~ ~ ~ ~  
Calculated values for the two enantiomorphic test 
parameters are therefore listed in Table 7. In contrast 

Table 7. Test Parameters for the Enantiomorphic Model 
sample in CDC13 in TCE-dz 

at  110 "C 
diads) Ela E2b Ela Ezb 

at  room temp (% isotactic 

34 
40 
45 
55 
60 
68 
79 
88 

1.75 
1.72 
1.25 
1.06 
0.92 
0.97 
0.97 
0.80 

0.26 
0.26 
0.62 
0.86 
1.22 
1.11 
1.18 
2.81 

1.94 0.17 
1.79 0.23 
1.20 0.68 
1.05 0.88 
0.96 1.10 
0.98 1.07 
1.05 0.70 
1.02 0.88 

a Calculated using eq 9. * Calculated using eq 10. 

Table 8. Best-Fit Values of the Three Parameters for the 
Two-Site Model for (R,S)-PHB 

sample 
(% isotactic 

diads) 
34 
40 
45 
55 
60 
68 
79 
88 

in CDC13 
at  room temp 

in TCEd2 
at  110 "C 

a 
0.94 
0.89 
0.80 
0.85 
0.82 
0.95 
0.96 
0.95 

0 2  w 

0.36 0.12 
0.36 0.17 
0.44 0.15 
0.48 0.42 
0.53 0.37 
0.51 0.43 
0.51 0.84 
0.64 0.84 

a 
0.89 
0.87 
0.80 
0.82 
0.91 
0.87 
0.94 
0.94 

0 2  

0.33 
0.35 
0.45 
0.48 
0.51 
0.51 
0.46 
0.48 

w - 
0.18 
0.17 
0.15 
0.44 
0.24 
0.63 
0.91 
0.94 

t o  the trends in B2 and PRISS f PRISR, the values for E1 
and E2 are closer to 1.0 for the more isotactic samples 
and farther from 1.0 for the syndiotactic and atactic 
ones. Thus, although the racemic first-order Markov 
model reasonably accurately describes the less isotactic 
samples, the enantiomorphic model better describes the 
more isotactic ones. This suggests that the two-site 
model, which involves varying weighting of both racemic 
first-order Markov and enantiomorphic sites, might 
describe both tacticity ranges. 

Two-Site Model. To obtain values for a, u, and o, 
the three parameters needed to define the two-site 
model, an iterative technique was used, where the sum 
of the squares of the differences between measured and 
calculated triad intensities was minimized. The best 
fit values for each sample (eqs 11-13) are summarized 
in Table 8. Despite the lack of longer stereosequences, 
which would more clearly define exact best-fit values, 
the reproducibility between the two sets of spectra is 
reasonably good, implying that the triad data were 
adequate for the minimization routine employed. 

As expected, all values for a are well above 0.5, 
indicating that the enantiomorphic site yielded prima- 
rily isotactic polymer; most of the values for u2 are below 
0.5, implying that syndiotactic linkages predominate at 
the first-order Markov site. The values of o vary 
systematically, from 0.12-0.17 in the more syndiotactic 
fractions t o  0.84-0.94 in the more isotactic ones, 
indicating that most of the syndiotactic material was 
generated at the first-order Markov site, most of the 
highly isotactic material came from the enantiomorphic 
site, and the material in the intermediate fractions 
resulted from a more equal distribution between the two 
sites. The fact that the isotactic and syndiotactic 
material could be separated by fractionation indicates 
that, t o  a large extent, the material created at each of 
the two sites was localized in different chains. Some 
dependence on dynamic e q ~ i l i b r i a , ~ ~ , ~ ~  yielding stereo- 
block chains, could also be occurring; the failure of the 
two-site model to account for such equilibria could be 
the source of variation in the values for a and u2 
between fractions. Alternatively, this variation could 
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Figure 5. Average block lengths of (R,S)-PHB: (0) average 
isotactic block length; (A) average syndiotactic block length. 
Calculated using eq 14; averaged over both solvents. 

be a result of small differences in the site characteristics, 
as the samples were obtained by fractionating the 
product from several different polymerizations with 
slight differences in polymerization conditions; another 
possibility is that more than two sites are involved in 
the polymerization. Nonetheless, this model appears 
to be the one which most accurately describes the full 
range of polymer samples, as characterized by diad and 
triad intensities. 

The agreement of the available stereosequence data 
with the two-site model can be used to hypothesize on 
the probable form of blockiness existing in these polymer 
chains. As the isotactic samples are formed predomi- 
nantly at the enantiomorphic site, the R and S se- 
quences tend to be localized in different chains, rather 
than combined in the same chain, giving structures of 
the form RRRRSRRRR and SSSSRSSSS rather than 
RRRRSSSS. As it is difficult to  imagine that a pre- 
dominantly R chain and predominantly S chain could 
crystallize together to give exactly the same crystallinity 
as is present in the all-R chains of natural PHB,  this 
implies that the crystallinity in isotactic (R,S)-PHB 
involves separate crystals of primarily R chains and 
primarily S chains, rather than crystals containing both 
R and S isotactic blocks. 

Average Block Lengths. For applications such as 
the interpretation of degradation data or single-crystal 
results, it is useful to  have the samples characterized 
in terms of the average lengths of isotactic and syndio- 
tactic blocks (Figure 5) .  As expected, the most isotactic 
samples, which showed high amounts of blockiness, 
contain the longest blocks, with an average of 15-22 
sequential isotactic diads before a single syndiotactic 
diad is encountered; the uncertainty in this length is 
greater than that for shorter block lengths, as observed 
in other polymers.59 Despite the strong preference for 
isotactic diads in these samples, the trend toward 
blockiness is sufficiently strong that, on average, two 
or three sequential syndiotactic diads are inserted be- 
fore the chain begins another isotactic sequence. Thus, 
the picture of the isotactic chains developed by the 
two-site model should perhaps be modified from 
RRRRSRRRR and SSSSRSSSS to  RRRRSRSRRRR 
and SSSSRSRSSSS. A similar phenomenon is seen in 
isotactic p~lypropylene,~~ where the average racemic 
block length is two t o  four even for average isotactic 
blocks of several hundred. As the (R,S)-PHB samples 
become less isotactic, the average isotactic block length 
steadily decreases while the average syndiotactic block 
length remains fairly constant until the balance between 

8 10 
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Figure 6. Average block lengths of (R,S)-PHB at each of the 
enantiomorphic and first-order Markov sites: (0) isotactic 
blocks from the enantiomorphic site; (W) isotactic blocks from 
the first-order Markov site; (A) syndiotactic blocks from the 
first-order Markov site. Calculated using eqs 15 and 16; 
averaged over both solvents. 

isotactic and syndiotactic block length shifts toward 
longer syndiotactic blocks between 45 and 55% isotactic 
diads. The syndiotactic samples still have sufficient 
blockiness that, on average, two or three isotactic diads 
are inserted between syndiotactic sequences. 

These data can be used to aid in the interpretation of 
degradation and single-crystal results. Since enzymatic 
degradation of these samples using enzymes from 
Pseudomonas lemoignei and Aspergillus fumigatus 
showed that the degradation rate was highest for the 
samples with 55 and 60% isotactic  diad^,^^,^^ the obser- 
vation that these samples had an average isotactic block 
length of four monomer units implies that these en- 
zymes are able to  attack R sequences of four units or 
less. As more syndiotactic samples still had average 
isotactic lengths of three or four monomer units, a small 
amount of enzymatic degradation could occur in these 
syndiotactic samples based solely on isotactic content. 
To examine the formation of isotactic single crystals, 
the average isotactic block length of 15-22 isotactic 
diads can be combined with the advance per repeat unit 
in the crystalline conformation of 3 A,18 yielding an 
average isotactic sequence len h of 48-69 A. This 

thickness for 100% isotactic PHB,60,61 implying that 
single crystals of isotactic (R,S)-PHB36,37 are composed 
of crystalline lamellae where the chains within the 
lamellae are mostly isotactic, with more random se- 
quences in the chain folds. 

Assuming that the two-site mechanism gives a rea- 
sonable description of the polymer chains, the average 
block lengths from each of the enantiomorphic and first- 
order Markovian sites of the catalyst can be calcu- 
lated.47,53 For the first-order Markovian site, 

iiL,a = 141 - 0) iis,a = 110 (15) 

corresponds well with the 50- 2 crystalline lamellar 

while at the enantiomorphic site, 

(16) 

Average syndiotactic block lengths from the enantio- 
morphic site are considered to be trivial.53 As shown 
in Figure 6, material from the first-order Markovian site 
shows a slight trend toward increasing isotactic block 
length and decreasing syndiotactic block length with 
increasing isotacticity. More significantly, the average 
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isotactic block lengths from the enantiomorphic sites are 
much greater than those from the first-order Markovian 
sites; as expected, the isotactic sequences are formed 
primarily at the enantiomorphic sites. Surprisingly, 
average isotactic block lengths from the enantiomorphic 
site are nearly as long in the syndiotactic fractions as 
in the strongly isotactic ones; as the values of o for the 
syndiotactic samples are low, the number of such 
sequences in the syndiotactic samples is small. 

Conclusions 
High-resolution 13C NMR spectra for racemic PHB of 

a wide range of tacticities were obtained both in CDC13 
at room temperature and in TCE-dz at 110 "C. Some 
tetrad splitting was observed, particularly in the CDC13, 
but only diads and triads could be completely resolved, 
limiting the statistical interpretation to that which 
involves only these peak intensities. Because of the 
structure of the (R,S)-PHB chain, the conventional 
statistics used for vinyl polymers required adaptation; 
by the statistical measure appropriate for this polymer, 
none of the isolated fractions obeyed Bernoullian sta- 
tistics. Various tests for racemic first-order Markov 
statistics showed that the syndiotactic and low isotactic 
samples follow these statistics reasonably well, while 
highly isotactic samples did not; this suggests that the 
catalyst contains at least two active sites, with syndio- 
tactic and low isotactic samples forming at a site where 
the mechanism is independent of the stereoconfigura- 
tion of the growing chain end and highly isotactic chains 
forming at a different site with a tendency to form 
isotactic blocks. Calculation of the conditional prob- 
abilities of racemic second-order Markov statistics 
confirmed the blocky nature of the more isotactic 
samples, but this model could not be tested without 
access to longer stereosequences. 

A one-parameter enantiomorphic model showed a 
better match for the isotactic samples but a poorer one 
for the syndiotactic ones; it is therefore proposed that a 
two-site model involving both first-order Markovian and 
enantiomorphic sites, similar to that used to describe 
stereospecific polypropylene, be considered. Best-fit 
values obtained for the three parameters which describe 
this model match well with predicted trends; more 
rigorous testing of this model requires longer stereose- 
quences than are currently available. Calculation of 
average isotactic and syndiotactic block lengths indi- 
cates that, even in the most isotactic samples, there are 
syndiotactic sequences of more than one isolated unit. 
Use of these block lengths aids in the interpretation of 
degradation and single-crystal results. If the two-site 
model is taken as representative of the polymer struc- 
tures, the syndiotactic fractions could contain a small 
proportion of long isotactic sequences, derived from the 
enantiomorphic sites. 
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