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librium curve as in the previous paper.3 Kinetic parameters for 
the oxygen-binding was determined with stopped-flow and 
flash-photolysis spectrophotometers (Unisoku Co.) equipped with 
a kinetic data processor. 

The viscosity was 
measured with an Ubellohde-type viscometer (JIS standard 0.03 
and 0.005) at 37 "C. Osmotic pressure and colloidal osmotic 
pressure were measured with a membrane-type osmotic pressure 
apparatus (Knauer). 
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ABSTRACT: The partial methanolysis of poly(@-hydroxybutyrate) (PHB) and of poly(@-hydroxy- 
butyrate-co-&hydroxyvalerate) (P(HB-Co-HV)) has been performed, and reaction kinetics has been optimized 
in order to produce oligomers with molecular masses below the detection limit (about 2000 daltons) of the 
mass spectrometer used for the subsequent analysis. The fractionation of the methanolysis products was 
achieved by HPLC, and the fractions collected were analyzed by fast atom bombardment mass spectrometry 
(FAB-MS), in the presence of NaCl. FAB spectra of oligomers from PHB and P(HB-Co-HV) consist only 
of pseudomolecular ions MH' and MNa+, allowing for the identification of the methanolysis products, the 
estimate of the copolymer composition, and the determination of the sequence distribution of monomeric 
units. 

Introduction 
The structural characterization of poly(p-hydroxy- 

butyrate) (PHB) and poly(8-hydroxybutyrate-co-p- 
hydroxyvalerate) (P(HB-Co-HV)) has attracted much at- 
tention r e~en t ly l -~  because these materials are important 
members of a family of poly(8-hydroxyalkanoates) of 
microbial origin, which are potential sources of thermo- 
plastic materials.1-6 

Since the mechanical, physical, and processing properties 
of the P(HB-Co-HV) copolymers vary systematically with 

i t  is important to have accurate estimates 
of this parameter. 

The composition of P(HB-Co-HV) copolyester samples 
can be determined by lH NMR spe~tra,l-~ and the se- 
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quence distribution of monomeric units in P(HB-Co-HV) 
has been deduced analyzing the diad and triad sequences 
from their 125-MHz 13C NMR ~pec t r a .~B  

However, since NMR can hardly discern beyond the 
triad level, the characterization of more complex sequence 
arrangements (such a8 partial blocks or higher order reg- 
ularities) cannot be easily achieved without using com- 
plementary techniques. 

Mass spectrometry is able to look at the mass of indi- 
vidual molecules in a mixture, and it is therefore an in- 
teresting alternative to NMR. Recently,6 a pyrolysis MS 
method was used to obtain the sequence of P(HB-Co-HV). 

The recent development of fast atom bombardment 
mass spectrometry (FAB-MS) has shown that  a such 
technique is of considerable importance for the structural 
characterization of biopolymers. In the case of proteins, 
for instance, i t  allows us to  perform direct analysis of the 
mixtures of peptides produced by the enzymatic degra- 
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dation of native and modified  protein^.^^^ 
FAB mass spectra of synthetic polymer samples have 

been r e p ~ r t e d , ~  and FAB-MS has been recently applied 
to the study of sequences in synthetic copolymers.1° 

In this report we describe the use of FAB-MS to identify 
the oligomers formed in the partial methanolysis, followed 
by HPLC fractionation, of PHB and P(HB-Co-HV) sam- 
ples. 

The FAB mass spectra of the oligomer mixtures show 
structurally significant peaks up to 2000 daltons (the 
cut-off of our magnet), allowing us to characterize both the 
composition and sequence distribution of the P(HB-Co- 
HV) copolyester units. Therefore, the sequence distribu- 
tion of chain segments which contain up to 20 repeating 
units can be characterized. This represents a significant 
advance from the work carried out previously by 13C NMR, 
which is only sensitive to triads. 

Experimental Section 
Materials. PHB (MW 400000) and P(HB-Co-HV) (MW 

750000) copolyesters were produced by IC1 Agricultural Division, 
U.K., and are also available from Aldrich Chemical Company. 

All other chemicals were of the highest purifity commercially 
available and were used without further purification unless oth- 
erwise stated. 

P(HB-Co-HV) Copolymer Composition. A nominal com- 
position of 80120 (mol %) was indicated for the PHB-PHV co- 
polyester, as received. A 250-MHz 'H NMR spectrum showed 
that the composition was 87/13 P(HB-Co-HV) based on the ratio 
of the methyl triplet at 0.895 ppm and the methyl doublet at 1.274 
ppm. The peak assignments are according to the literat~re.',~ 

Partial Methanolysis. A 1 N solution of HCl in dry methanol 
was prepared by bubbling gaseous HCl through redistilled an- 
hydrous methanol. The amount of HCl dissolved was determined 
gravimetrically. The concentration was then adjusted by adding 
an appropriate volume of methanol. About 0.1 g of each sample 
was dissolved in 20 mL of CHC13, and 3 mL of a freshly prepared 
1 N solution of HC1 in methanol was added. The mixture was 
allowed to react at room temperature for 35-39 h, after which 
the solvent WBS evaporated. The residue was taken up with 2 mL 
of acetonitrile and transferred for HPLC analysis. 

HPLC Fractionation. The fractionation of the methanoIysis 
products was performed by HPLC, using a Varian VISTA 5500 
HPLC system equipped with a Rheodyne injector with a 1O-pL 
loop, a Varian 2050 UV detector, and a Micropack-MCH-N-Cap 
column (C18, Varian) of 15 cm X 4 mm. Ten microliters of the 
acetonitrile solution was injected, using an elution gradient starting 
with a 20180 acetonitrile/water composition and ending with 
100% acetonitrile in 40 min, with 1 mL/min flow and UV de- 
tection at 205 nm. 

FAB Mass Spectra. A double-focusing Kratos MS 50s 
equipped with the standard FAB source and a DS 90 data system 
was used to obtain mass spectra. The FAB gun (Ion Tech) was 
operated with a 7-8-keV xenon beam. The instrument was 
scanned from mlz  2200 to 60, with a scan rate of 10 s/decade. 
The accelerating voltage was 6-8 kV. Cesium and rubidium 
iodides (50/50 w/w) were used for computer calibration. The 
resolution was approximately 3000. 

Lyophilized samples to be analyzed were dissolved in aceto- 
nitrile. About 2 pL of the sample solution was placed on the 
copper target end of the direct insertion probe and mixed with 
3-nitrobenzyl alcohol doped with NaC1. 

Peak intensity values shown in the mass spectra represent the 
average of three separate mass spectra. 

Results and Discussion 
Fractionation and Identification of PHB Oligo- 

mers. The procedure adopted for the partial methanolysis 
and HPLC fractionation of PHB oligomers is a modifica- 
tion of that reported by Marchessault et al." The meth- 
anolysis time was optimized in the present case to produce 
a high portion of oligomers with molecular masses below 
the detection limit of the mass spectrometer used (up to 
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Figure 1. HPLC separation of the methanolysis products from 
PHB polyester: B, = H(OCH(CH3)CH2CO),0CH, where n = 
1-23. 
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Figure 2. FAB mass spectrum corresponding to peak B8 in the 
HPLC trace of the degraded PHB. 

about 2000 daltons). The HPLC trace of the partial 
methanolysis products from PHB is shown in Figure 1. 

The PHB oligomers are well separated, allowing the 
collection of fractions corresponding to each peak in Figure 
1 up to peak Bg. The last fraction collected contains, 
instead, peaks from Blo up to B23 all together. All the 
HPLC fractions collected from a single injection of 10 pL 
of acetonitrile solution were lyiophilized and analyzed by 

Each mass spectrum corresponding to peaks B3-Bg in 
the HPLC trace shows the presence of a single oligomer, 
as evidenced by the molecular ions MH+ and MNa+ in the 
FAB spectra. 

A representative FAB spectrum is shown in Figure 2, 
corresponding to the octamer (chromatographic peak B8 
in Figure 1). Two pseudomolecular ions, B8H+ (m/z  721) 
and B8Na+ ( m / z  743), appear in the spectrum in Figure 
2. No other peaks due to the ion fragmentation of this 
oligomer are present up to the lowest masses, except for 
those due to the FAB liquid matrix. 

The oligomers corresponding to peaks B3-B9 in Figure 
1 were identified as follows: 

FAB-MS. 

CH3 
I 

HCOCHCH2CO+OCH3 

where n = 3-9. The m / z  values of the MNa+ ions are, 
respectively, 313 (B3Na+), 399 (B,Na+), 485 (B5Na+), 571 
(B6Na+), 657 (B,Na+), 743 (B8Na+), and 829 (BgNa+). 

HPLC fractions corresponding to peaks B1 and B2 in 
Figure 1 did not yield FAB mass spectra, possibly because 
these components are too volatile and too low in concen- 
tration. They were tentatively assigned to monomer and 
dimer from their retention times. 

The FAB mass spectrum corresponding to the fraction 
containing the HPLC peaks Bl0-BB in Figure 1 is reported 
in Figure 3. MNa+ ions corresponding to PHB oligomers 
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Figure 3. FAB mass spectrum corresponding to peaks B10-BZ3 
in the HPLC trace of the degraded PHB. 
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Figure 4. HPLC separation of the methanolysis products from 
P(HB-Co-HV) copolyester. Structural assignments for the oli- 
gomers identified are reported in Table I. 

from Blo to BZ3 appear in the mass spectrum in Figure 3, 
and a quantitative correlation among the HPLC and FAB 
peak intensities is noticeable. 

The absence of fragmentation of the pseudomolecular 
ions in the FAB spectra reported above is in fact the es- 
sential condition in order to obtain MS data suitable for 
semiquantitative mixture analysis. This leads to the ex- 
pectation that FAB mass spectra of P(HB-Co-HV) co- 
polyesters may allow a correct and realistic estimate of the 
repeating units distribution. 

Fractionation and Identification of P(HB-Co-HV) 
Oligomers. The HPLC trace of the partial methanolysis 
products from the P(HB-Co-HV) copolyester is reported 
in Figure 4. Elution conditions were those used for PHB. 
The chromatogram in Figure 4 shows several peaks that 
were not well-resolved, due to the large number of P(HB- 
Co-HV) oligomers produced. 

However, the FAB analysis of all the fractions collected 
allowed the identification of all the oligomers contained 
in the nonresolved HPLC peaks, because the FAB spectra 
are constituted only by the pseudomolecular ions corre- 
sponding to each oligomer. Structural assignments for the 
oligomers identified are reported in Table I. 

FAB spectra representative of some of the fractions 
collected are reported in Figures 5 and 6. In Figure 5 are 
shown the FAB spectra corresponding to HPLC peaks 4, 
5, and 6, respectively (Figure 4). Each fraction appears 
t o  contain one oligomer; intense peaks arising from the 
FAB liquid matrix are also shown in Figure 5, and they 
are identified by an x. 

The FAB spectrum in Figure 6 corresponds to a typical 
fraction containing mixtures of oligomers and has been 
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Figure 5, FAB mass spectra corresponding to (a) peak 4, (b) peak 
5, and (c) peak 6 in the HPLC trace of the degraded P(HB-Co-HV) 
copolyester. 
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Figure 6. FAB mass spectrum corresponding to peak 22 in the 
HPLC trace of the P(HB-Co-HV) copolyester. Underlined m/z  
values correspond to MH+ and MNa+ ions of oligomers contained 
in the preceding chromatographic peak 21. 

used to estimate the copolymer composition and sequence 
distribution (see below). 

Copolymer Composition and Sequence Distribu- 
tion. Assuming a quantitative FAB-MS correlation to the 
amount of oligomers produced in the partial methanolysis, 
the relative abundance of the MNa+ ions present in the 
FAB spectrum of an HPLC fraction, which contains more 
than one oligomer, ought to reflect the copolymer com- 
position. Interestingly, the latter can be reliably calculated 
by making the explicit assumption of a random distribu- 
tion of monomeric units HB and HV in the copolymer.12 

The statistical probability of each oligomer B,V, is given 
by 

where PB and Pv are the molar fractions of HB and HV 
units in the copolymer. PBxPq is the probability to find 
a given B,V, sequence, assuming Bernoullian (random) 
statistics12 ( x  and y are defined in footnote a of Table I). 
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Table I 
Identification of the Methanolysis Products from 

PHB/PHV CoDolymer by HPLC and FAB-MS Analyses 
peak B,V,O MHtb MNa+b peak B,V/ MH+b MNa+* 

20 BGV, 885 1 B  C 
V C 

2 Bz c 
3 BV c 
4 B3 291 
5 B2V 305 
6 B4 377 
7 B3V 391 
8 B5 463 
9 BZV2 405 

B4V 477 
11 Be 549 

10 B2VZd 405 

12 BiV2 491 
13 B3Vzd 

BAV 563 
14 B,Vd 563 

B7 635 

B4V2 577 
B6V 649 
BE 721 

16 B3V3 591 
B5Vz 663 
BIV 735 
Bg 807 

17 B4V3 677 
B6V2 749 
BBV 821 
Blo 893 

15 BZV3 

18 B3V4 
B5V3 
BIV2 835 
BgV 907 
B11 979 

B6V3 849 
BsV2 921 
BioV 993 
B12 1065 

19 B4V, 777 

C 

C 
C 
C 

313 
327 
399 
413 
485 
427 
427 
499 
571 
513 
513 
585 
585 
657 
527 
599 
67 1 
743 
613 
685 
757 
829 
699 
771 
843 
915 
713 
785 
857 
929 
1001 
799 
871 
943 
1015 
1087 

935 957 
949 971 
1007 1029 
1021 1043 
1035 1057 
1079 1101 
1093 1115 
1107 1129 
1151 1173 
1165 1187 
1179 1201 
1237 1259 
1251 1273 
1323 1345 

913 
985 
1057 
1129 
1143 
1215 
1287 
1359 
1431 

1049 1071 
1121 1143 
1193 1215 

1287 
1279 1301 

1359 
1351 1373 
1423 1445 
1495 1517 

a B,V, E HIOCH(CH~)CH&O],-[OCH(CH~C~~)CH~CO]yOCH~ 
where the first term is B and the second is V. m/z  values in the 
FAB mass spectra. The methanolysis products corresponding to 
the first three chromatographic peaks do not give FAB mass spec- 
tra. The identifications have been made by the expected retention 
times considering those of the identified higher molecular weight 
homologues and by comparison with the chromatogram of metha- 
nolysis products of the PHB homopolymer (Figure 1). 

Methanolysis products that were not well-resolved coming from 
the preceding chromatographic peak. 

The binomial coefficient in eq 1 is the number of possible 
sequence arrangements of the B,V, oligomer. Starting 
with an arbitrary set of PB and Pv values, it is possible to 
calculate the statistical abundances, Pxy,  for a series of 
oligomers actually present in a chromatographic fraction. 
The best match between the experimentally observed 
oligomer distributions and the calculated statistical 
abundances individuates the copolymer composition. 

The results of the calculations are reported in Table 11. 
The experimental data are the relative intensities of the 
MNa+ ions appearing in the FAB spectra of HPLC peaks 
15-22 in Figure 5. As it can be noted, the agreement 
between observed and calculated values is a function of 
the PB/Pv ratio (Table 11)) and it is best for a ratio 86/14, 
almost coincident with a lH NMR estimate. This result 
also confirms the hypothesis on which the calculations are 
based: i.e., that the copolymer possesses a random dis- 
tribution of monomeric units. However, with regard to 
composition analysis, this method appears rather indirect, 
in general, since it only works if the sample has a Ber- 

Table I1 
Experimentala and Calculatedb Relative Abundances of the 

Methanolysis Products from PHB/PHV Copolymer, 
Contained in Some Chromatographic Peaks 

calcdb 
MS" 80120 83/17 85/15 87/13 

87 
100 
47 
6 

71 
100 
58 
14 

48 
100 
64 
27 

62 
100 
75 
33 

7 

57 
100 

72 
32. 

7 

56 
100 
94 
65 
29 
11 
50 

100 
100 

77 
38 
17 
13 
53 
95 

100 
72 
29 

40 
92 

100 
64 
14 

38 
87 

100 
57 

Peak 15 
46 58 

100 100 
54 53 
11 9 

Peak 16 
40 51 

100 100 
82 65 
24 15 

Peak 17 
36 45 

100 100 
97 77 
38 24 

Peak 18 
28 41 
89 100 

100 89 
49 34 
9 5 

Peak 19 
23 36.5 
78 99 

100 100 
58 46 
15 9.5 

Peak 20 
19 30 
70 88 

100 100 
68 54 
22 14 
3 2 

15 25 
63 80 

100 100 
78 62 
31 19 
6 3 
0.4 0.2 

13 21 
57 73 

100 100 
88 70 
41 26 

Peak 21 
11 18 
53 67 

100 100 
98 78 
53 33 

Peak 22 
9 16 

45 62 
92 100 

100 85 

69 83 
100 100 
52 37 
6 4 

60 73 
100 100 
55 45 
11 7 

54 65 
100 100 
65 53 
17 11 

48 58 
100 100 
75 62 
24 17 
3 2 

44 53 
100 100 
85 70 
33 23 
6 3 

40 48 
100 100 
95 79 
43 29 
9 5 
1 0.4 

35 45 
95 100 

100 87 
52 37 
14 8 
2 0.8 
0.08 0.03 

30 42 
86 100 

100 96 
59 46 
18 12 

25 37 
79 96 

100 100 
65 54 
23 16 

22 32 
73 89 

100 100 
72 59 

Relative intensities of MNa+ ions in the FAB-MS spectrum. 
Relative intensities of methanolysis products, calculated by eq 1 

(see text) for the following four PHB/PHV copolymer composi- 
tions: 80120, 83117,85115, 87/13. 

noullian monomer sequence distribution. 

Acknowledgment. Partial financial support from the 
Italian Ministry of Public Education and from Consiglio 



Macromolecules 1989, 22, 2111-2116 2111 

Nazionale delle Ricerche (Roma) is gratefully acknowl- 
edged. 

Registry No. PHB, 26063-00-3; PHB (SRU), 26744-04-7; 
(HB)(HV) (copolymer), 80181-31-3. 

References and  Notes 
(1) Bloembergen, S.; Holden, D. A.; Hamer, G. K.; Bluhm, T. L.; 

Marchessault, R. H. Macromolecules 1986,19, 2865 and ref- 
erences therein. 

(2) Bluhm, T. L.; Hamer, G. K.; Marchessault, R. H.; Fyfe, C. A.; 
Vergin, R. P. Macromolecules 1986, 19, 2871. 

(3) Doi, Y.; Kunioka, M.; Nakamura, Y.; Soga, K. Macromolecules 
1986,19, 2860 and references therein. 

(4) King, P. P. J. Chem. Technol. Biotechnol. 1982, 32, 2. 
(5) Howells, E. R. Chem. Znd. (London) 1982, 7, 508. 

(6) Helleur. R. Polvm. Preor. (Am. Chem. SOC.. Diu. Polvm. . ,  
Chem.) '1988, 2$l), 609.' . 

(7) Barber, M.; Bordoli, R. S.; Sedgwick, R. D.; Tyler, A. N. Na- 
ture 1981,239,270; J. Chem. Soc., Chem. Commun. 1981. 7, 
325. 

(8) Mass Spectrometry in the Health and Life Sciences; Pro- 
ceedings of an International Symposium, San Francisco, CA, 
Sept.1984; Burlingame, A. L.; Castagnoli, N., Jr., Eds., Elsevier: 
Amsterdam, 1985. 

(9) Ballistreri, A.; Garozzo, D.; Giuffrida, M.; Montaudo, G. Anal. 
Chem. 1987,59, 2024. 

(10) Montaudo, G.; Scamporrino, E.; Vitalini, D. Macromolecules 
1988,21, 1594. 

(11) Coulambe, S.; Schauwecker, P.; Marchessault, R. H.; Haut- 
tecour, B. Macromolecules 1978, 11, 279. 

(12) Randall, J. C. Polymer Sequence Determination; Academic 
Press: New York, 1977; Chapter 4. 

Sequence Distribution in 
Poly( dimethylsiloxane-co-methylvin ylsiloxanes) 
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ABSTRACT: %Si NMR studies of copolymerized mixtures of octamethylcyclotetrasiloxane and 1,3,5,7- 
tetramethyltetravinylcyclotetras~oxane showed random sequence distribution of comonomer units at equilibrium. 
The same random sequencing seen in the copolymer chains could be seen in the vicinity of the chain ends 
as well as in the byproduced cocyclcailoxanes. This persisted over a wide range of compositions and equilibrium 
temperatures. The results, consistent with homopolymerization, infer the absence of enthalpic driving forces 
in the copolymerization. Chemical shift data from the %4i NMR are reported for various sequences of comonomer 
units. 

Introduct ion 
Sequence distribution of repeat units in copolymers, 

which is crucial in determining both their properties and 
applications, can be derived from an understanding of the 
kinetic copolymerization parameters that are typically 
arrived at  from the Mayo-Lewis model which presumes 
an irreversible process.1g Although copolymerizations of 
cyclosiloxanes are reversible, previous studies either ig- 
nored this or sought to circumvent the difficulty by lim- 
iting the copolymerization to low conversions4J or by se- 
lecting strained ring monomers and mild catalysts which 
do not readily induce siloxane redi~tr ibut ion.~,~ Such ap- 
proaches are not germane to common practice where the 
copolymerizations are usually taken to equilibrium. The 
present study focuses on a siloxane copolymerization a t  
equilibrium through interpretation of the 29Si NMR 
spectra of equilibrated copolymers in terms of simple 
linkage probabilities.* These are calculated from the 
relative intensities of signals from various triad sequences 
and are expressed in terms of run number, sequence length, 
or simply p r ~ b a b i l i t y . ~ J ~  Emphasis is on copolymers 
containing dimethylsiloxy (D) and methylvinylsiloxy (V) 
units made by equilibration of octamethylcyclo- 
tetrasiloxane (D4) and 1,3,5,7-tetramethyltetravinylcyclo- 
tetrasiloxane (V,) initiated by potassium silanolate a t  
various compositions and equilibrium temperatures. The 
copolymers were chosen because of their importance in 
cross-linking silicone rubber1' and because they supple- 
ment recent studies of poly(dimethylsi1oxane-co-di- 
phenylsiloxane) made with a similar initiator and pre- 
sumably also taken to equilibrium.12J3 The latter studies, 
however, did not consider the composition and sequencing 

Table I 
Cocyclotetrasiloxanes Synthesized for =Si NMR Peak 

Assignments 
compd unit 6, ppm from TMS re1 intensity 

DA D -19.10 

D(l)D&l)+ -18.58 2.0 

D T V  D -18.44 2.0 

D(2) -18.99 1.0 
V -33.50 0.9 

V -33.02 2.0 
DVDV D -18.01 2.0 

V -33.39 2.0 
1.0 
2.1 

V(2) -32.55 1.1 

of the byproduced cocyclosiloxanes which can be an im- 
portant or even dominant part of the equilibrate. The 
present investigation focuses on these as well as on the 
comonomer units located in both the main chain and near 
the chain ends. 

Experimental  Section 
Spectra. =Si NMR spectra were obtained on a Varian XL-200 

FT spectrometer a t  39.74 MHz using proton noise decoupling and 
CDC1, as an interal lock. The 90" pulse width was determined 
to be 19 ps. Throughout the experiments a simple pulse sequence 
was used with a pulse width of 16 ps and an  aquisition time of 
0.8 s and 2.2-s delay. The spectral width was loo00 Hz using 16K 
data points. Samples were prepared as 30 wt % solutions in 
CDC13. Cr(AcA& (0.8 wt %) was added as a relaxation agent 
and TMS as an  internal reference standard. A 16-mm sample 
tube was used with accumulation of 300-8000 scans. These 
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