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The microstructure of bacterial poly(3-hydroxybutyrate-co-3-hydroxyvalerate) copolyesters (PHBV) as well as a
mixture of two PHBV copolyesters of different comonomer composition and sequence distribution was studied
by 13C NMR based on dyad and triad analysis and multistage electrospray ionization mass spectrometry (ESI-
MSn). Both techniques gave results that were in good agreement for all investigated samples. The effect of
microstructure on PHBV thermal properties was investigated from the melting behavior of samples. A PHBV
copolyester with randomly distributed hydroxyvalerate units (12.0 mol % HV) showed a single melting peak,
whereas samples with nonrandom composition distribution showed multiple melting peaks in their thermograms.
Such complex melting behavior suggested that the 12.9 and 27.1 mol % PHBV copolyesters were actually blends
of several copolymers with widely different comonomer-unit composition.

1. Introduction

Polyhydroxyalkanoates (PHAs) are thermoplastic aliphatic
polyesters produced by microorganisms as intracellular energy
and carbon storage materials. They represent an interesting group
of biodegradable polymers that have recently received much
attention, particularly as environmentally friendly materials
produced from renewable resources1 and are expected to find
various applications, e.g., in packaging, agriculture, marine, and
medical fields. PHAs are based on a number of different
hydroxyacid monomers, which differ in the length of the alkyl
side chain. Apart from the poly(3-hydroxybuyrate) (PHB)
homopolymer, PHA copolymers are even more interesting due
to the possibility of regulating copolymer physical and thermal
properties by varying molecular structure, average comonomer
composition, and comonomer composition distribution.2-4

Among the variety of PHA copolyesters, poly(3-hydroxy-
buyrate-co-3-hydroxyvalerate) copolyesters (PHBV) are of
particular importance. Studies on these copolyesters have
covered the reaction kinetics of PHBV production, melting and
crystallization behavior, solid-state structure, mechanical proper-
ties, and enzymatic degradation processes dependent on the
copolymer chemical composition and comonomer composition
distribution (CCD).5-34 Since the physical properties of PHA
copolymers depend on average comonomer composition as well
as CCD, it is important to be able to determine these parameters
accurately and precisely.

The CCD of PHBV is usually determined by13C NMR spec-
troscopy based on dyad sequence analysis.5,6,15,22-32 The extent
of the deviation of the copolymer composition from the stat-
istically random composition distribution can be proposed by
the parameterD i.e., the dyad sequence distribution defined as

where subscripts BB, VV, BV, and VB represent butyrate-
butyrate, valerate-valerate, butyrate-valerate, and valerate-
butyrate dyad sequences, respectively. TheD value for statis-
tically random copolymers is 1.0. “Blocky” and alternating
copolymers haveD values much larger than 1 and very close
to 0, respectively. The term “blocky” indicates that the
copolymer is a true block copolymer, a mixture of copolymers
with different compositions, or a mixture of poly-3-hydroxy-
butyrate (PHB) and poly-3-hydroxyvalerate (PHV) homopoly-
mers. The parameterD is not very sensitive to the broadness of
CCD, whereas it is sensitive to the bimodal (or multimodal;
very largeD) CCD.22,31Some PHBV copolymers produced by
various bacteria have been reported to haveD values close to
1,5,28,31 whereas others showedD values much larger than 1.
Such PHBV copolyesters are considered to be mixtures of
random copolymers with different comonomer-unit composi-
tions, which was confirmed by solvent/nonsolvent fraction-
ation11,12,14,15,20,22,28,31,32studies. Such fractionation of original
copolymers withD close to 1, which can be regarded as random
copolymers according toD, revealed broad CCD. It could thus
be concluded that values of parameterD much higher than 1
clearly indicate bimodal (or multimodal) CCD but give little
information on the width of CCD.

More precise information on CCD can be obtained by the
analysis of a higher order sequence distribution, i.e., the triad
sequence distribution.6,11,35-39 The degree of randomness in the
copolymer chain based on the triad sequence distribution
analysis can be calculated from the coefficientR (see the
Appendix).39 The parameterRhas a value of 1 for a completely
random distribution of HB and HV units in the copolymer chain
and 0 for a diblock copolymer.

The copolymer CCD can also be determined by mass
spectrometry (MS) using various “soft” ionization techniques,
which enable the production of gas-phase ions from a wide
variety of (co)polymers with little or no fragmentation during
ionization.40,41 The relative intensities of the mass peaks
appearing in the mass spectrum corresponding to the individual
copolymer chains depend on the copolymer composition and
on the type of distribution of comonomer units in their chains.
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To decode the relative intensities of the peaks related to the
individual copolymer molecules and to determine their composi-
tion and sequence distribution, the theoretical mass spectra of
copolymers (based on the Bernoullian or first- or second-order
Markovian chain statistic) are generated and compared with
those experimentally acquired with the aid of “soft” MS
ionization techniques. This method has been successfully applied
for the characterization of several copolymer systems including
microbial and synthetic aliphatic copolyesters.42,43

The drawback of MS characterization of high molar mass
(co)polymers is that with increasing mass the mass resolution
decreases, while the number of potential isobaric structures
increases. Furthermore, many MS instruments (such as those
equipped with a quadrupole mass analyzer, a magnetic sector,
a cyclotron cell, or an ion trap) are limited in the range of mass
they can detect. To deal with these limitations of MS instru-
ments, the original high molar mass copolymer is usually
subjected to partial degradation to obtain lower molar mass
analogues possessing the same composition and sequence
distribution as the original one. Several methods of partial
degradation have been evaluated for different copolymers
including partial hydrolysis, methanolysis, aminolysis, photoly-
sis, ozonolysis, and methoxidation.43 However, in the case of
partial copolymer degradation, the analysis needs an additional
step in which the sequence of the undegraded copolymer is
reconstructed from the data obtained on the partially degraded
sample.

One application of the ESI-MS method for the determination
of the comonomer unit composition and composition distribution
in bacterial PHA (co)polymers based on the analysis of their
oligomers obtained by controlled, partial, alkaline depolymer-
ization was reported recently.43-45 Controlled depolymerization
of natural PHAs catalyzed by KOH/18-crown-6 complex or
tetrabutylammonium hydroxide due to the partial saponification
of ester linkages and an elimination reaction, respectively, leads
to the formation of oligomers with the same composition and
sequence distribution as the starting materials containing car-
boxylic and olefinic end groups as revealed by1H NMR and
ESI-MS analysis.44-46 Additional information about the structure
of (co)polymers can be provided by multistage mass spectrom-
etry (MSn). Using this technique, the molar masses and structural
analysis of mass-selected macromolecular ions were recently
determined, thus elucidating the chemical nature of the copoly-
mer and its end groups.44 For block, graft, and random
copolymers related to biological copolymers, the distribution
of comonomers in the mass selected macromolecules was
determined by ESI-MSn and MALDI-MS/MS experiments.47-50

We present an integrated study of the composition and
sequence distribution of various bacterial PHBV copolyesters
and the mixture of two individual PHBV samples using high-
resolution 600 MHz NMR spectroscopy (on the dyad and triad
level) correlated with multistage ESI-MSn structural investiga-
tions on the molecular level. Structural studies using ESI-MSn

technique were performed based on analyses of low molar mass
PHBV oligomers obtained via controlled depolymerization of
high molar mass PHBV copolyesters. The influence of distribu-
tion of comonomer-unit composition on the thermal properties
of copolymers was investigated by DSC measurements. To our
knowledge this work represents the first attempt at correlating
detailed PHBV copolyester sequence distributions based on
NMR and MS characterization.

2. Experimental Section

2.1. Materials. PHBV with a 12.9 mol % HV was biosynthesized
usingRalstonia eutrophafed on hydrolyzed sucrose. It was supplied
by Biocycle, PHB Industrial S/A, Brazil. PHBV copolymers with 12.0
and 27.1 mol % HV were provided by the Institute of Biotechnology
and Bioprocess Engineering, Graz University of Technology (Graz,
Austria). The copolyesters were biosynthesized by an osmophilic
bacterium fed with hydrolyzed whey. The content of hydroxyvalerate
comonomer units (HV) in the individual PHBV copolymer was
determined by1H NMR spectrometry. The 1:1 mixture by weight of
12.0 and 27.1 mol % PHBV samples was prepared by dissolving the
constituent copolymers in CHCl3. The solution was poured onto a glass
Petri dishes, where the solvent was allowed to evaporate. The mixture
contains 18.9 mol % HV monomeric units.

2.2. SEC-MALS Measurements.Sample solutions for SEC-MALS
measurements were prepared by dissolving the samples at 60°C for 1
h in acid free CHCl3 at a concentration of 2× 10-3 g mL-1. The molar
mass averages (MMA) and molar mass distributions (MMD) of PHBV
copolymers were determined according to the procedure described in
our previous paper.51

2.3. NMR Spectrometry.The solution1H and13C NMR spectra of
PHBV copolymers were carried out on a Varian Inova 600 MHz
spectrometer in the pulse Fourier Transform mode. The 600 MHz1H
NMR spectra were recorded at 30°C using 5× 10-3 g mL-1 polymer
solutions in CDCl3 with 6.0 s pulse repetition, 8000 Hz spectral width,
and 80 accumulations. The 150 MHz13C NMR spectra were recorded
at 30°C using 25× 10-3 g mL-1 polymer solutions in CDCl3 with 5.0
s pulse repetition, 30 000 Hz spectral width, and 15 000 accumulations.
Tetramethylsilane (Me4Si, δ ) 0) was used as an internal chemical
shift standard.

2.4. ESI-MSn Characterization. 2.4.1. Preparation of Oligomers.
The PHBV oligomers were obtained via partial saponification of the
original PHBV copolyesters dissolved in CHCl3. The reactions were
performed in the presence of a 0.375 mol L-1 aqueous solution oftert-
butylammonium hydroxide at 35°C. The chloroform fractions contain-
ing low molar mass oligomers were protonated using the acid ion-
exchange resin Dowex and worked up as described previously.44,49The
obtained oligomer samples were analyzed by SEC,1H NMR (Table
1), and ESI-MSn spectrometry.

2.4.2. ESI-MSn Experiments. Electrospray mass spectrometry
analyses were performed using an LCQ ion trap mass spectrometer
(Finnigan, San Jose, CA) and an Esquire ion trap with orthogonal ESI
source (Bruker, Germany). PHBV samples were dissolved in chloroform/
methanol mixture (10/1; v/v). The solution was introduced to the ESI
source by continuous infusion by means of the instrument syringe pump
at a rate of 3µL min-1. The LCQ ESI source was operated at 4.25 kV
and the capillary heater was set to 200°C. For ESI-MSn experiments,
mass-selected mono-isotopic parent ions were isolated in the trap with
an isolation width of 2m/z and activated by collision with a 33%
ejection RF-amplitude at standard He pressure. The experiments were
performed in negative-ion mode.

2.5. Thermal Characterization. Sample films used for the DSC
measurements were prepared by casting PHBV chloroform solutions
onto glass Petri dishes. The solvent was allowed to evaporate under
vacuum at room temperature. So obtained films were melted at 180
°C and subsequently isothermally crystallized at 30°C for 1 month.
All thermal analyses were carried out using a differential scanning
calorimeter (DSC) Perkin-Elmer Pyris 1 under a nitrogen atmosphere.
Isothermally crystallized samples were pre-sealed (approximately 1 mg)
in aluminum pans. The samples were heated from-50 to +200 °C
(first heating scan) at a heating rate of 100°C min-1. From the obtained
DSC curves the peak melting temperatures,Tm, were determined. After
rapidly quenching, the samples were reheated at a heating rate of 20
°C min-1 (second heating scan). From the second thermal diagram the
samples glass transition temperatures,Tg, were estimated.
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3. Results and Discussion

3.1. NMR Spectrometry of PHBV Copolymers. The
determination of copolymer composition by1H NMR spec-
trometry indicated that the as-produced PHBV copolyesters
contained 12.0, 12.9, and 27.1 mol % HV comonomer units
(Table 1). The 12.0 mol % PHBV copolymer showed much
higher molar mass averages and a narrower molar mass
distribution than the corresponding values for 12.9 and 27.1
mol % PHBV copolymers (Table 1).

The sequence distribution of hydroxyvalerate (HV) and
hydroxybutyrate (HB) comonomer units in each PHBV copoly-
ester was determined from proton-noise decoupled13C NMR
spectra from the relative peak intensities of the carbonyl (4HB,
4HV, Scheme 1) and methylene carbon resonances of HV units
(5HV, Scheme 1). These signals were split into several peaks
due to the sensitivity of carbon nuclei to different sequences of
HB and HV units. The carbonyl region showed four peaks,
arising from different dyad sequences (VV, VB, BV, and BB)
of connecting HB and HV units. The triad sequences were
determined from a resonance of the HV side-chain methylene
carbon (5HV) composed of four peaks assigned to VVV, BVV,
VVB, and BVB HV-centered triad sequences. The relative
intensities of each13C resonance were determined from the peak
areas. From the relative intensities of carbonyl and side-chain
methylene carbon resonances, the dyad and triad sequence
distributions of HB and HV units in the as-produced PHBV
copolymers were estimated. The mole, the dyad, and the HV-
centered triad molar fractions of HB and HV in the respective
samples are summarized in Table 2.

The degree of randomness in sequence distribution was
estimated by the parameterD (eq 1) on the dyad level and by

the parameterR (eq 2) on the triad level (Table 3). The obtained

D values were 1.21, 1.95, and 8.10, whereas theR values were
0.97, 0.93, and 0.58 for PHBV copolymers with 12.0, 12.9, and
27.1 mol % HV units, respectively. Within the experimental
uncertainty of the measured dyad and triad fractions ((3 mol
%), bothD andR values were close to 1 for the 12.0 mol %
PHBV sample implying that it is a random copolymer. For the
other two samples the obtainedD parameters were higher, and
R parameters lower, than 1. According to the obtained results
as well as previous reported results on fractionation of PHBV
copolymers withD > 1,11,12,14,15,20,22,28,31,32we have concluded
that 12.9 and 27.1 mol % as-produced PHBV copolymers are
mixtures of random copolymers with different comonomer unit
compositions. The obtained results show that the deviation of
D andR values from 1 increase with increasing HV content in
the copolymer. In our case, this relationship appears to be linear;
however, to prove that this is a general principle (for a particular
microorganism and/or specific polymerization conditions), a
detailed additional study would be needed.

3.2. ESI-MSn Characterization of PHBV Copolymers.The
sequence distribution of comonomeric units in PHBV copoly-
esters was also evaluated by ESI-MS analyses of low molar
mass PHBV oligomers obtained via controlled, partial, alkaline
depolymerization of the original high molar mass samples. The
composition of partially degraded PHBV copolymers was deter-
mined from their1H NMR spectra. The obtained results revealed
that the content of both monomeric units in partially degraded
samples is similar to that of the original ones (Table 4).

In addition to proton signals of PHBV copolyester chains,
the1H NMR spectra of oligomers showed the signals assigned
to the olefinic end-groups arising from the elimination reaction

Scheme 1. Schematic Structure of PHBV Copolyesters

Table 1. SEC-MALS Results for 27.1, 12.9, and 12.0 mol %
As-produced PHBV Copolymer Samples

PHBV
Mh n×105

g mol-1

Mh w×105

g mol-1

Mh z×105

g mol-1 Mh w/Mh n Mh z/Mh w

HV
content,a

mol %

12.9 mol % 0.738 1.562 2.978 2.12 1.91 12.9
27.1 mol % 0.454 1.635 3.587 3.60 2.19 27.1
12.0 mol % 12.92 14.44 15.76 1.12 1.09 12.0

a Determined by 1H NMR spectrometry.

Table 2. Experimental Monomer, Dyad, and Triad Sequence Mole Fractionsa in 12.0, 12.9, and 27.1 mol % PHBV Copolymer Samples and
1:1 by Weight Mixture of 12.0 and 27.1 mol % PHBV Copolymers

PHBV FB
b FV

b FBB FBV FVB FVV FVVV FBVV FVVB FBVB

12.9% 0.871 0.129 0.771 0.101 0.102 0.026 0.006 0.019 0.020 0.084
27.1% 0.729 0.271 0.616 0.113 0.109 0.162 0.115 0.042 0.040 0.074
12.0% 0.880 0.120 0.768 0.112 0.102 0.018 0.004 0.014 0.013 0.089
mixture 0.811 0.189 0.677 0.134 0.101 0.088 0.0635 0.023 0.024 0.0785

a Subscripts B and V represent butyrate and valerate monomer units, respectively. b Determined from 1H NMR spectra.

Table 3. Parameters D (eq 1) and R (eq 2), Experimental Number
Average Sequence Lengths of HV Units (Lv

E, eq 3), Number
Average Sequence Length of Randomly distributed HV units
in copolymer (Lv

R, eq 6), Ratio between the Concentration of HB
and HV Units (k, eq 7) for 12.0, 12.9, and 27.1 mol % PHBV
Copolymer Samples, and 1:1 by Weight Mixture of 12.0 and 27.1
mol % PHBV Copolymers

PHBV D R Lv
E Lv

R k
12.9 mol % 1.94 0.93 1.24 1.15 6.75
27.1 mol % 8.10 0.58 2.38 1.37 2.69
12.0 mol % 1.21 0.97 1.18 1.14 7.33
mixture 4.40 0.67 1.84 1.23 4.29

Table 4. Molar Mass Averages, Molar Mass Distribution, and
Composition of Degraded PHBV Copolymers

PHBV Mh n
a Mh w/Mh n

a
compositionb

HB/HV

27.1 % 700 1.4 72.4/27.6
12.9 % 600 1.6 86.9/13.1
12.0 % 650 1.5 87.8/12.2
mixture 80.9/19.1

a Determined by SEC in chloroform at 35 °C using polystyrene
standards. b Determined from 1H NMR spectra of degraded PHBV
samples.
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occurring during the partial saponification of ester linkages:δ
) 1.9 ppm (doublet of crotonate CH3 protons), 5.8 ppm
(multiplet), andδ ) 6.9 ppm (multiplet) (see the scheme in
Figure 1).44

Figure 1 represents the general chemical structure of oligo-
mers, and the distribution of singly charged negative [M- H]-

ions. [M - H]- anions correspond to the individual oligomer
chains composed of HB and HV units and terminated by
unsaturated and carboxylic end groups. The ions in each mass
spectrum were grouped into numerous clusters due to differences
in the degree of oligomerization and composition of oligomers.

The mass difference in the experimentalm/z values between
the highest intensity peaks in neighboring groups of peaks was
equal to 86 Da corresponding to the molar mass of the HB unit
(Figure 1). The mass difference between the neighboring peaks
within a group of peaks was equal to 14 Da, which corresponds
to the mass difference between HV and HB units (Figure 2).
The obtained ESI-mass spectra of the oligomers allowed the
identification of their structure up to the 15-mer level.

Figure 2 shows the expanded ESI-mass spectra of PHBV
oligomers in the mass range (m/z) between 680 and 820 together
with the chemical assignment of the peaks. This mass range
consisted of the signals corresponding to the oligomer chains
of the 8-mer cluster and a few signals of the 9-mer cluster. A
detailed comparison of the expanded mass spectra of investi-
gated PHBV samples indicated that the distribution of signal
intensities belonging to the 8-mer cluster (m/z: 687 ) HB8;
701) HB7HV; 715 ) HB6HV2; 729) HB5HV3; 743) HB4-
HV4; 757 ) HB3HV5; 771 ) HB2HV6; 785 ) HB1HV7; 799
) HV8) differ due to the differences in sample composition
and comonomer sequence distribution. For all three PHBV

copolymers the intensity of the signals in the 8-mer oligomer
cluster decreased with increasing HV content. In the case of
12.0 and 12.9 mol % PHBV samples (Figure 2a,b), the decrease
is smoother and to lower values than in the case of the 27.1
mol % HV copolymer (Figure 2c). This sample showed more
intense signals for HV rich oligomers since the relative amount
of HV units was higher.

The sequence distribution in the copolymer chains was
determined from the relative peak intensities of the detected
anions in the mass spectra. The estimated values were compared
to the theoretical ones calculated according to the Bernoullian
chain statistic for copolymers of similar composition, but
randomly distributed comonomers in the copolymer chains.42,43

The theoretical peak intensities were then compared with those
acquired experimentally. The agreement between the observed
and calculated distributions was expressed by means of the
Hamilton agreement factor (AF) defined by

where Iexp and Icalc are the normalized experimental and
calculated abundances of partially degraded copolyesters.42,44

The AFs were calculated for the specific cluster of oligomers
(from 2-mer up to 15-mer) as a function of oligomer composi-
tion. The obtained results for all three PHBV copolymers are
presented in Figure 3.

The AF calculated for each specific oligomer cluster of 12.0
mol % PHBV sample shows a minimum in the composition
range from 12 to 13 mol % HV units, which is similar to the
original PHBV copolyester. These results indicated that the 12.0
mol % PHBV copolyester has randomly distributed comonomer
units, which is in agreement with the sequence distribution

Figure 1. ESI-MS spectra (negative ion-mode) of PHBV oligomers
of partially depolymerized: (A) 12.0, (B) 12.9, and (C) 27.1 mol %
PHBV samples.

Figure 2. Expanded ESI-MS spectra (negative-ion mode) in the mass
range 660 < m/z < 820 Da for PHBV oligomers of: (A) 12.0, (B)
12.9, and (C) 27.1 mol % PHBV samples.

AF ) [Σ(Iexp - Icalc)
2/ΣIexp

2]1/2 (8)
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determined by13C NMR spectroscopy on the dyad and triad
level. The calculated AF for 12.9 and 27.1 mol % PHBV
oligomers as a function of oligomer composition gave no well-
defined minimum; instead, the AF systematically increased with
increasing oligomer molecular mass. From these results we
inferred that 12.9 and 27.1 mol % PHBV samples are not pure
random copolyesters, but rather mixtures of random copolymers
of different comonomer unit composition. The differences
between the experimental and theoretical oligomer distributions
(calculated based on the Bernoulli chain statistic) that are
expressed by AF factors (Figure 3c) are larger for 27.1 mol %
PHBV sample than for 12.9 mol % PHBV sample. These results
are consistent with NMR results, which indicate that with higher
HV content in the copolymer the deviation from random
copolymer distribution increases. In general, it may be concluded
that the obtained results on sequence distribution determination

in PHBV copolyesters by ESI-MS are in good agreement with
those obtained by13C NMR measurements.

To verify the random distribution of comonomer units in
individual oligomer chains of the 12.0 mol % PHBV sample a
multistage MS experiment (MS2) was performed for the parent
ion m/z ) 715 (HV2HB4) selected from the 8-mer cluster in
the mass spectrum (Figure 3a). A MS2 spectrum of this
molecular ion showed fragment anions grouped in clusters
containing two fragment anions in the first step and three in
the following steps, all having the same degree of oligomer-
ization but a different content of HB and HV units (Figure 4).
The fragment anions were produced by the loss of crotonic acid
(86 Da) or 2-pentenoic acid (100 Da), respectively (see
fragmentation pathway in Figure 4). The proposed fragmentation
pathway for a molecular anionm/z ) 715 was consistent with
the obtained MS2 mass spectrum. The results from the MS2

experiment thus confirmed that a 12.0 mol % PHBV sample
has a random distribution of HB and HV comonomer units in
the copolyester chains.

3.3. Thermal Characterization of PHBV Copolymers.The
influence of comonomer unit composition on the thermal
properties of PHBV copolyesters was investigated by DSC
measurements. The melting curves were obtained on PHBV
samples, which were subject to the same thermal history (see
section 2.5. in the Experimental Section). To avoid recrystal-
lization during heating, a heating rate of 100°C min-1 was
used.52 The DSC melting curve (Figure 5A) of 12.0 mol %
PHBV copolyester showed a single melting peak at 130°C,
which is in agreement with randomly distributed comonomer
units. This melting point corresponds well with the previously
reported data on melting points versus HV mole fraction of the
sample for a random copolymer.11

The DSC melting curves of the 12.9 and 27.1 mol % PHBV
copolyesters indicated complex multiple melting (Figure 5B,C).
The 12.9 mol % PHBV copolyester showed three melting peaks
at 160 and 144 and a broad peak of low intensity at 112°C
(Figure 5B), whereas the 27.1 mol % PHBV copolyester shows
peaks at 134 and 93°C (Figure 5C). Such melting behavior
revealed that as-produced PHBV copolymers are really blends
of many component copolymers with widely different comono-
mer-unit composition. Namely, when the difference in the
comonomer unit content between the components of the blend
is high, the individual components crystallize separately.16,20

3.4. Mixture of PHBV Copolymers of Different HV
Composition and CCD.A 1:1 by weight mixture of the random
PHBV copolyester with 12.0 mol % and the PHBV copolyester
with 27.1 mol % HV comonomer units consisted of 18.9 mol
% HV units and gave determined parametersD andR of 4.4
and 0.67, respectively (Tables 2 and 3). These values are
between the values determined for the constituent copolyesters.
The composition and sequence distribution of the mixture were
also determined by ESI-MS analysis according to the procedure
described previously.46,53 The mixture showed a systematic
increase in minimal AF. In addition, the AF values estimated
for specific oligomers were not located at the same composition
(Figure 6).

In DSC measurements, the mixture showed a less complex
melting behavior compared to the constituent copolymer PHBV
27.1 mol % (Figure 5D). The reason for this could be that 12.0
mol % random copolymer cocrystallized with the major
component of 27.1 mol % copolymer, which, according to its
melting point, has a similar composition as 12.0 mol %
copolymer. The melting point of the minor component of 27.1
mol % copolymer (93°C) is missing in the thermogram of the

Figure 3. Calculated agreement factors (AF) as a function of
copolymer composition for PHBV oligomers of: (A) 12.0, (B) 12.9,
and (C) 27.1 mol % PHBV samples.
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mixture, implying that the relative amount of this component
is too small to be detected or too broadly diffused to crystallize.
As a consequence, the DSC melting trace of the mixture showed
only one peak. Therefore, in this case, it is difficult to estimate
the complexity of the composition from the melting behavior
by itself.

4. Conclusions

This study compares the results obtained on sequence
distribution of comonomer units in microbial PHBV copolyes-
ters obtained by13C NMR spectroscopy based on dyad and triad
analysis and the ESI-MSn technique. For the first time, it was
shown that both methods give comparable results. In the case

of PHBV copolymers with uniform composition distribution and
randomly distributed comonomer units, both techniques give a
clear indication of the sequence distribution. On the other hand,
in the case of PHBV copolymers with nonuniform comonomer
composition distribution (broad or with multiple distribution
centers), the parameters D and R as well as the AFs depend
not only on sequence distribution but also on composition
distribution of comonomers. To obtain the exact sequence
distribution in such PHBV copolymers, the samples have to be

Figure 4. Sequential fragmentation spectrum (MS2) obtained for molecular ion HB6HV2 at m/z ) 715 selected from 8-mer oligomer cluster of
a 12.0 mol % PHBV sample with the proposed fragmentation pathway.

Figure 5. DSC melting curves (first heating scan) at heating rate of
100 °C min-1 for: (A) 12.0, (B) 12.9, and (C) 27.1 mol % PHBV
copolymers and (D) 1:1 by weight mixture of 12.0 and 27.1 mol %
PHBV copolymers.

Figure 6. Calculated agreement factors (AF) as a function of
copolymer composition for 1:1 by weight mixture of 12.0 and 27.1
mol % PHBV copolymers.
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fractionated according to composition prior to determination of
sequence distribution.

Analysis of the effect of microstructure on copolyester melting
behavior indicated that random PHBV showed a single melting
peak, whereas PHBV samples with complex composition
distribution showed multiple melting peaks in their DSC
thermograms. DSC trace of 1:1 by weight mixture of the random
PHBV copolyester with 12.0 mol % and the PHBV copolyester
with 27.1 mol % HV comonomer units surprisingly showed only
one melting peak indicating that the complexity of PHBV
composition is difficult to infer solely from the copolymer
melting behavior.
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Appendix

whereLV
E andLB

E are the experimental number average lengths
of HV and HB blocks in the copolymers and can be calculated
by the following equations:

whereFXYZ indicates the relative molar fraction ofXYZ triad
sequence.LV

R and LB
R are the number average lengths of HV

and HB blocks of statistically random distribution of HB and
HV units in the copolymer. They are defined by equations

wherek is defined as the ratio between the concentration of
HB and HV units in the copolymer chain
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R ) LB
R/LB

E ) LV
R/LV

E (2)

LV
E ) (FVVV + FVVB + FBVV + FBVB)/(FBVB + FVVB) (3)

LB
E ) (FBBB + FVBB + FBBV + FVBV)/(FVBV + FVBB) (4)

LB
R ) k + 1 (5)

LV
R ) (k + 1)/k (6)

k ) [HB]/[HV] (7)

[HB] ) k/(k + 1) and [HV] ) 1/(k + 1) (8)
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