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Conformational characteristics and configurational properties of synthetic biodegradable polyesters,
poly(ethylene succinate) and poly(butylene succinate), have been investigated by NMR experiments and
molecular orbital calculations on their model compounds and the rotational isomeric state calculations
for the two aliphatic polyesters. The results have been related to their crystal structures and thermal
properties and compared with those obtained previously for poly((R)-3-hydroxybutyrate) and poly(lactic

acid) to elucidate structure—property relationships of the representative biodegradable polyesters. In
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addition, selective affinities to degradative enzymes of the four polyesters have been satisfactorily
explained in terms of their conformational characteristics and interactions with the depolymerases.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Biodegradable polyesters may be classified into three types:
natural, semi-natural, and synthetic polyesters. Poly((R)-3-
hydroxybutyrate) (PHB) is a purely natural polyester, because it is
synthesized and decomposed by microorganisms [1]. Poly(lactic
acid) (PLA) is artificially produced from carbon-neutral lactic acid
or lactide [2]. Poly(ethylene succinate) (PES, Fig. 1b) and poly(-
butylene succinate) (PBS, Fig. 1d) are produced from petrochemi-
cals such as succinic acid, dimethyl succinate, ethylene glycol, and
1,4-butanediol [3,4]. These chemicals will be derived from carbon-
neutral resources in the future.

In previous studies [5,6], we investigated conformational char-
acteristics and configurational properties of PHB and PLA and
elucidated their solution properties, crystal structures, crystalliza-
tion behaviors, and interactions with degradative enzymes. This
study has dealt with PES and PBS: Conformational preferences of
the skeletal bonds have been revealed through NMR experiments
and molecular orbital (MO) calculations on their small model
compounds and related to crystal structures of the two polyesters.
Conformational free energies, evaluated from the MO calculations
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and established through comparison with the NMR experiments,
were applied to the refined rotational isomeric state (RIS) scheme
[7—9] to derive configurational properties and thermodynamic
quantities of PES and PBS, compare them with those of PHB and
PLA, and clarify differences between the four biodegradable poly-
esters. As will be stated below, it is known that these polyesters are
selectively degraded by specific microorganisms and enzymes. The
selectivity is also treated herein to be explained in terms of the
conformational characteristics of the polyesters.

Tokiwa et al. [1,10—14] have investigated biodegradation be-
haviors of various polyesters including PHB, PLA, PES, and PBS
under different conditions with a number of microorganisms and
purified degradative enzymes to find the following facts: (1) The
populations of polymer-degrading microorganisms can be esti-
mated to be in the order of PHB > PBS > PLA. (2) In the natural
environment, PHB-degraders are widely distributed among fam-
ilies of Pseudonocardiaceae and related genera, Micro-
monosporaceae, Thermonosporaceae, Streptosporangiaceae, and
Streptomycetaceae. (3) Lipases hydrolyze aliphatic polyesters with
relatively many methylene groups, e.g., poly(e-caprolactone),
poly(ester carbonate), PES, and PBS but are incapable of degrading
optically active polyesters such as PHB and PLA. (4) A serine pro-
tease, proteinase K, which selectively cleaves the Ala—Ala linkage of

http://dx.doi.org/10.1016/j.polymer.2014.11.003

Please cite this article in press as: Sasanuma Y, et al., Conformational characteristics and configurational properties of poly(ethylene succinate)
and poly(butylene succinate) and structure—property—function relationships of representative biodegradable polyesters, Polymer (2014),



Delta:1_
Delta:1_
Delta:1_given name
mailto:sasanuma@faculty.chiba-u.jp
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2014.11.003
http://dx.doi.org/10.1016/j.polymer.2014.11.003
http://dx.doi.org/10.1016/j.polymer.2014.11.003

2 Y. Sasanuma et al. / Polymer xxx (2014) 1-13

silk fibroins, can also effectively degrade PLA. This may be partly
because of the similarity in chemical structure between alanine and
lactic acid. (5) The melting point of the polyesters is closely related
to the enzymatic degradability.

This study has also aimed to interpret the above microbiological
findings in terms of polymer physicochemistry.

2. Methods
2.1. Sample preparation

Commercial available chemicals were used as received: ethylene
glycol, 1,4-butanediol, acetyl chloride, diethyl ether, 1,4-dioxane,
ethyl acetate, n-hexane, silica gel (Wako Pure Chemical Industries,
Tokyo, Japan); succinyl chloride, acetyl chloride-*C (Sigma-
—Aldrich Japan, Tokyo, Japan).

All syntheses here employed the following experimental
setup: a four-necked flask (under a stream of dry nitrogen)
equipped with a mechanical or a magnetic stirrer and a Dimroth
condenser connected to a calcium chloride drying tube. In silica
gel column chromatography, a mixed eluting solvent (ethyl ace-
tate:n-hexane = 1:1) was used. All products were identified by
NMR.

2.1.1. Dimethyl succinate (DMS)

Methanol (2.7 mL, 67 mmol) was added to succinyl chloride
(3.0 mL, 27 mmol) and stirred for 1 h. After methanol (1.0 mL,
25 mmol) was superadded, the mixture was gradually heated up
to 70 °C, kept there for 1 h to remove generated hydrogen chlo-
ride, and then cooled down to ambient temperature. After pyri-
dine (1.1 mL, 14 mmol) was added, the reaction mixture was
stirred, filtrated, and condensed on a rotary evaporator to yield
DMS.

2.1.2. Ethylene glycol diacetate (EGDA)

Acetyl chloride (4.5 mL, 63 mmol) was added to ethylene glycol
(1.97 g, 32 mmol) and pyridine (5.03 g, 64 mmol) stirred in the four-
necked flask, and then the mixture was stirred for 3 h with the flask
bathed in ice water. Diethyl ether was added into the flask, and the
mixture was filtrated to remove white precipitate. The filtrate was
subjected to the silica gel column chromatography (R of the
product ~ 0.6) and condensed to yield EGDA (yield 32%).

2.1.3. Ethylene glycol diacetate->C (EGDA-3C)

Acetyl chloride (30 mL, 0.42 mol) was added to ethylene glycol
(31.4 g, 0.51 mol) dissolved in 1,4-dioxane (52 mL, 0.61 mol) stirred
in the four-necked flask. The mixture was refluxed for 2 h with the
flask heated at 120 °C in an oil bath [15]. After cooled down to
ambient temperature, the reaction mixture was condensed and
purified by the column chromatography (Rf of the product ~ 0.3) to
yield ethylene glycol monoacetate (yield 42%).

Acetyl chloride-13C (0.25 g, 3.1 mmol) was added to a mixture of
ethylene glycol monoacetate (0.43 g, 4.1 mmol) and pyridine
(0.32 g, 41 mmol) and stirred for 3 h. The handling described in
Section 2.1.2 was employed to yield EGDA-'3C (56%).

2.14. Ethylene glycol di(methyl succinate) (EGDMS)
This compound was prepared according to van der Brand et al.
[16].

2.1.5. Butylene glycol diacetate (BGDA)

Acetyl chloride (5.0 mL, 70 mmol) was added to 1,4-butanediol
(3.8 g, 42 mol) and pyridine (6.7 g, 85 mmol) in the flask kept at
0 °C, and then the mixture was stirred at 0 °C for 3 h. Diethyl ether
was added into the flask, and yellow solid was precipitated and

removed by filtration. The filtrate (2 mL) underwent extraction
with ethyl acetate (100 mL) and water (100 mL), and this extraction
was repeated four times. The organic layer was condensed and
subjected to the column chromatography (Rs of the product ~ 0.6,
yield 26%).

2.1.6. Butylene glycol diacetate-'3C (BGDA-3C)

Acetyl chloride (5.0 mL, 70 mmol), 1,4-butanediol (7.6 g,
84 mmol), and pyridine (6.7 g, 85 mmol) were treated in the same
manner as described in Section 2.1.5 to yield butylene glycol
monoacetate (Rf of the product ~ 0.3, yield 25%).

Acetyl chloride-'3C (0.25 g, 3.1 mmol) was added to butylene
glycol monoacetate (0.51 g, 3.9 mmol) and pyridine (0.30 g,
3.8 mmol), and the mixture was stirred at 0 °C for 3 h and purified
as described in Section 2.1.2 to yield BGDA-'3C (64%).

2.2. NMR measurements

H (*C) NMR spectra were recorded at 500 MHz (125.7 MHz) on
a JEOL JNM-ECA500 spectrometer equipped with a variable tem-
perature controller in the Center for Analytical Instrumentation of
Chiba University. The measurement temperatures were 15, 25, 35,
45, and 55 °C and maintained within +0.1 °C fluctuations. Free
induction decays (FIDs) were accumulated 32 (256) times. The /2
pulse width, data acquisition time, and recycle delay were 5.6
(5.0) ps, 3.3 (2.0) s, and 3.7 (2.0) s, respectively. In the 3C NMR
experiments, the gated decoupling technique was employed under
the conditions given in the above parentheses. The solvents were
cyclohexane-di, (C;Dq3), benzene-dg (CgDg), chloroform-d (CDCl3),
methanol-d4 (CD30D), and dimethyl-dg sulfoxide ((CD3),SO), and
the solute concentration was approximately 5 vol%. The NMR
spectra were simulated with the gNMR program [17] to yield
chemical shifts and coupling constants.

2.3. MO calculations on model compounds

Density functional and ab initio MO calculations were carried
out with the Gaussian09 program [18] installed on an HPC Sys-
tems 5000-Z800 computer. For each conformer of model com-
pounds, the geometrical parameters were fully optimized at the
B3LYP/6-311+G(2d,p) level, and the thermal-correction term to
the Gibbs free energy (at 25 °C) was calculated at the same level.
Bond lengths, bond angles, and dihedral angles used in the
refined RIS computations were chosen from the optimized
geometrical parameters (see Tables S4 and S5, Supplementary
data). All the self-consistent field calculations were conducted
under the tight convergence. With the optimized geometry, the
electronic energy was computed at the MP2/6-311+G(2d,p) and
MO062X/6-311+G(2d,p) level [19]. The Gibbs free energy was
evaluated from the electronic energy and the thermal-correction
term, being given here as the difference from that of the all-trans
conformer and denoted as AG. Vicinal 'H-'H and 3C-'H
coupling constants used to determine bond conformations of
model compounds were calculated at the B3LYP/6-
311++G(3df,3pd) level [20]. The AG values of the model com-
pounds in benzene and chloroform at 25 °C were also calculated
at the MP2/6-311+G(2d,p) and M062X/6-311+G(2d,p) level with
the integral equation formalism of the polarizable continuum
model [21].

Herein the dihedral angle is defined according to the tradition in
polymer science [7]: trans (t) ~+0°, cis (c) ~+180°, gauche™ (g")
~+120°, and gauche™ (g~) ~—120°. The dihedral angle (¢) can be
converted to that (@) recommended by IUPAC [22] according to
& = —sign(¢)(180 — |¢|), where the function, sign(¢), returns the
sign of ¢, and vice versa: ¢ = —sign(®)(180—|®|). Non-SI units are
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Fig. 1. Polymers and model compounds treated herein: (a) ethylene glycol diacetate
(EGDA); (b) poly(ethylene succinate) (PES); (c) dimethyl succinate (DMS); (d) poly(-
butylene succinate) (PBS); (e) butylene glycol diacetate (BGDA); (f) ethylene glycol
di(methyl succinate) (EGDMS). The repeating units of PES and PBS have been divided
into the model compounds as shown and treated here. The red, dark gray, and light
gray spheres represent oxygen, carbon, and hydrogen atoms, respectively. The skeletal
bonds are numbered or termed as indicated, and x is the degree of polymerization. The
methylene hydrogen and carbonyl carbon atoms are partly designated as A, A’, B, B/, C,
C', D, D', E, F/, and X to define NMR spin systems, and the atomic nomenclature is
common to Fig. 4 and Table 1, Tables S1, S2, and S3 (Supplementary data). (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

used: free energy in kcal mol~! (1 kcal mol~! = 4.184 k] mol~!);
bond length in A (1 A = 1071 m).

3. Results
3.1. NMR of DMS, EGDA, and EGDMS

As a model for the repeating unit of PES, we first adopted
ethylene glycol di(methyl succinate) (EGDMS, Fig. 1f). Next, we have
divided the repeating unit at the ester linkage into two subunits,
which may be represented by two smaller models: dimethyl suc-
cinate (DMS, Fig. 1c¢) and ethylene glycol diacetate (EGDA, Fig. 1a).
These model compounds and EGDA-'3C, one of whose carbonyl
carbons is selectively labeled by carbon-13, were prepared and
underwent 'H and '>C NMR measurements with different solvents

’ Mm
W
—

5 Hz

(b)

(©)

2 Hz

Fig. 2. Observed (above) and calculated (below) 'H NMR spectra of EGDMS and DMS
in benzene-dg at 25 °C: protons (a) CC'DD’ (satellite peaks) and (b) AA'BB’ of EGDMS;
(c) protons AA'BB’ (satellite peaks) of DMS. For the nomenclature of hydrogen atoms,
see Figs. 1 and 4. The gNMR simulations yielded 3Ja = 5.63, 3Jag = 7.71, *Jcp = 6.59,
and 3Jop = 2.87 Hz for EGDMS and 3Jg = 5.60 and 3]y = 7.78 Hz for DMS. The vicinal
coupling constants of EGDMS and DMS dissolved in different solvents at 15—55 °C are
tabulated in Table S1 (Supplementary data).

at 15—55 °C, and the typical spectra are shown in Figs. 2 and 3. All
the spectra were simulated with the gNMR program to yield
chemical shifts and coupling constants, and the calculated spectra
(below) are compared with the corresponding observations (above)
in Figs. 2 and 3. Of the NMR data thus obtained, vicinal '"H—'H and
13c—1H coupling constants (3J's) used to derive bond conformations
are listed in Tables S1 and S2 (Supplementary data). The capital
alphabetic subscripts (A, A’, B, B/, etc.) on the >J's represent the
coupled nuclei, which are illustrated in Figs. 1 and 4.
Mathematical expressions to determine the bond conforma-
tions from the observed vicinal coupling constants are listed in
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Fig. 3. Observed (above) and calculated (below) 'H and '3C NMR spectra of EGDA and
EGDA-'3C in methanol-d4 at 25 °C: (a) protons CC'DD’ (satellite peaks) of EGDA; (b)
protons CC'DD’ of EGDA-'3C; (c) carbon X of EGDA-">C. The spectrum (c) contains a
number of small Fourier ripples due to truncation of FID. For the nomenclature of
hydrogen and carbon atoms, see Figs. 1 and 4. The gNMR simulations yielded *Jyc = 3.13,
3Jep = 6.57, and 3Jop = 2.88 Hz. The vicinal coupling constants of EGDA dissolved in
different solvents at 15—55 °C are tabulated in Table S2 (Supplementary data).

Table 1. The coefficients, J1's and Jg's, are based on the experimental
values of linear and cyclic compounds including similar bond se-
quences, a well-established Karplus equation, and MO calculations
for the model itself. For the sources, see the footnotes of Table 1. The
experimental 3] values were substituted into left-hand sides of the
individual equations to yield the p; and pg values. Because
Pt + pg = 1, only the p; values are given in Table 2.

In Table 2, the trans fractions of the COCH,—CH> bond of DMS
range from 0.45 to 0.60 and exactly agree with those of the corre-
sponding bond of EGDMS. The small p; values (0.05—0.14) of the
OCH,—CH0 bond of EGDA express a strong gauche preference,
being in close agreement with those of EGDMS. These results
clearly indicate that the dicarboxylic and diol units, separated by
the ester bond, little interfere with each other's conformation and
hence can be treated independently. For this reason, we have
adopted DMS and EGDA as models for PES rather than EGDMS,
because EGDMS is too large to undergo MO calculations.

For the sake of comparison between aliphatic and aromatic es-
ters, the p; values determined previously from NMR experiments

(d)

gauche™

trans

Fig. 4. Newman projections around the (a) COCH,—CH,, (b) O—CHj, (c) OCH,—CH,Y
(Y = 0 or C), and (d) CCH,—CH,C bonds, illustrating the coefficients, Ji's and Jg's, used
in Table 1.

for ethylene glycol dibenzoate (EGDB, CsgH5COOCH,CH,0COCgHs), a
model compound of poly(ethylene terephthalate) [27], are also
shown in Table 2. Both OCH,—CH;0 and O—CH; bonds of EGDB
exhibit p¢'s close to those of EGDA; the outer part, whether aliphatic
or aromatic, only a little affects the spacer conformation.

3.2. NMR of BDGA

The above results also permit us to employ DMS and butylene
glycol diacetate (BGDA) as model compounds of PBS; therefore, we
prepared BGDA and BGDA-'3C, carried out NMR measurements,
and analyzed the NMR spectra. The typical NMR spectra are shown
in Fig. 5, the vicinal coupling constants are listed in Table S3
(Supplementary data), and the mathematical expressions for the
analysis are given in Table 1. In Table 3, the p; values of three bonds
of BGDA are compared with those of tetramethylene glycol
dibenzoate (TetMGDB, CgH5COO(CH;)40C0OCgH5), a model for pol-
y(butylene terephthalate) [28]. Regardless of whether aliphatic or
aromatic, both models show similar bond conformations: the
OCH,—CH,C bond exhibits a moderate gauche preference, and the
other two bonds prefer the trans conformation.

http://dx.doi.org/10.1016/j.polymer.2014.11.003
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Table 1
Vicinal coupling constants as a function of bond conformations.
Compound Bond Equation® Jr's and J¢'s (Hz) Figure
DMS, EGDMS COCH,—CH, 3a =3Jaw =Jope + (U5 +J6)/2Ipg Jr=12.05, J = 3.66 4a
3ag = Jag =JtPt +J5Pg Jp=1211,J; = 1.95, J; = 4.70"
EGDA, BGDA 0—CH, 3ixc = 3xe =Jope + [ +J5)/21pg For EGDA® 4b
Jo=17,J; =54,J; =41
For BGDA®
Jo=17,J;=55,J. =38
EGDMS, EGDA, BGDA OCH,—CH,Y 3Jep = 3Jop =Jope + (U5 +J5)/2Ipg For EGDMS and EGDA (Y = 0)¢ 4c
3Jep = Jep = b + U +JE)Pg Jr=114,Jc =23
J=lJe=Jg =J; =J¢
For BGDA (Y = C)°
Jp=123,Jc =23,J; =12,J¢ =49
Fr=JnJo=Us +Jc +JI3
BGDA CCHp—CH,C 3Joe = 3Jpe =Jape + [ +J5)/2Ipg Jr=13.12,J; = 365, ] = 2.96 4d

3oe = 3Jpg =Jrpe +JcPg

Jr=JnJe=Us +J)I2

¢ By definition, p; + pg = 1. Accordingly, the p, and p; values derived from the above equations were divided by the sum of p; and pg to fulfill p. + p; = 1.

From a Karplus equation [23] with the optimized dihedral angles.

Parameters optimized for 1,2-dimethoxyethane and poly(ethylene oxide) [24].
From 1,3-dioxane [25].

f From cyclohexane [26].

oD an o

3.3. MO calculations for DMS, EGDA, and BGDA

According to the above NMR analysis, the repeating unit of PES
has been divided into two subunits, succinate and ethylene glycol
parts, which may be represented by DMS and EGDA, respectively.
To evaluate conformational free energies of PES, we carried out MO
calculations for DMS and EGDA. Similarly, conformational free en-
ergies of PBS were derived from DMS and BGDA. Because the cis
conformation of the C(=0)—0 bond has a very high energy [5,6],
this bond can be fixed in the trans state. Accordingly, we have
defined three internal rotations for DMS and EGDA (bonds 3—5 in
Fig. 1a and c) and five for BGDA (bonds 3—7 in Fig. 1e) and adopted
the RIS approximation of three states (t, g*, and g~ ); therefore, DMS

From MO calculations on DMS at the B3LYP/6-311++G(3df,3pd)//B3LYP/6-311+G(2d,p) level (this study).

and EGDA have 27 (33) conformers, and BGDA has 243 (3°). How-
ever, the molecular symmetry reduces the number of independent
conformers to 10 (DMS and EGDA) and 70 (BGDA). The Gibbs free
energies of the irreducible conformers in the gas phase and ben-
zene and chloroform solutions at 25 °C were calculated at the MP2/
6-311+G(2d,p) and MO062X/6-311+G(2d,p) levels with the
geometrical parameters optimized at the B3LYP/6-311+G(2d,p)
level. The results are shown in Table 4 (DMS and EGDA) and 5
(BGDA).

For DMS, both MP2 and M062X methods showed the all-trans
and tg't conformations to be the first and second most stable
states, respectively. The AG difference between the two conformers
seems to be slight: MP2, 0.19-0.26 kcal mol™!; MO062X,

Table 2
Trans fractions (p¢'s) of DMS, EGDMS, and EGDA, evaluated from NMR and compared with those of ethylene glycol dibenzoate (EGDB).
Solvent Temp (°C) DMS EGDMS EGDA
COCH,—CH, COCH,—CH, OCH,—CH»0 OCH,—CH»0 0—CH,

CeD12 15 0.49 0.11 0.44
25 0.48 0.12 0.44
35 0.47 0.12 0.44
45 0.46 0.13 0.42
55 0.45 0.14 0.41

CeDg 15 0.59 0.59 0.05 0.05 0.53
25 0.59 0.58 0.06 0.07 0.53
35 0.56 0.55 0.07 0.08 0.52
45 0.55 0.55 0.09 0.09 0.51
55 0.54 0.54 0.10 0.10 0.50

CDCl3 15 0.07 0.56
25 0.07 0.54
35 0.09 0.54
45 0.09 0.53
55 0.10 0.52

CDs;0D 15 0.60 0.61 0.05 0.06 0.54
25 0.59 0.58 0.07 0.06 0.53
35 0.58 0.58 0.07 0.07 0.52
45 0.56 0.56 0.08 0.08 0.49
55 0.55 0.55 0.09 0.08 0.49

EGDB?

CeD12 25 0.12 0.43

CeDg 25 0.08 0.46

CD5;0D 25 0.06 041

(CD3),S0 25 0.05 0.48

¢ From conformational analysis of poly(ethylene terephthalate) [27].
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0.61-0.73 kcal mol~\. In general, the M062X method yields
somewhat larger AG's than MP2. For EGDA, both methods deter-
mined tg't as the lowest-energy state (AG = -—11
to —1.5 kcal mol~!), while AG of ttg* was obtained as small as
0.3—0.5 kcal mol~'1,2-Dimethoxyethane and oligomers of ethylene
oxide show different AG's in the 0—CH;—CH,—O0 bonds: in the gas
phase, —0.1 to 0.2 kcal mol~! of tg*t and 1.0 to 1.5 kcal mol~! of ttg™
[29]. It is well-known that the AG value of tg™t of poly(ethylene

4 Hz

|

3 Hz
—
o

Fig. 5. Observed (above) and calculated (below) 'H and '*C NMR spectra of BGDA and
BGDA-'3C in cyclohexane-d;, at 25 °C: protons (a) CC' and (b) DD’ (EE’) of BGDA;
protons (c) CC’ and (d) DD’ (EE’) of BGDA-'3C; (e) carbon X of BGDA-'3C. The spectrum
(e) includes a number of small Fourier ripples due to truncation of FID. For the
nomenclature of hydrogen and carbon atoms, see Figs. 1 and 4. The gNMR simulations
yielded *Jxc = 3.09, }jcp = 6.35, }jop = 6.68, *Jpr = 5.93, and ¥y = 9.38 Hz. The vicinal

coupling constants of BGDA dissolved in different solvents at 15—55 °C are tabulated in
Table S3 (Supplementary data).

oxide) depends largely on medium [24,29,30|. The nonexistent
conformers of DMS and EGDA, represented by the blank lines in
Table 4, would include repulsive close contacts between the two
C=0 oxygen atoms and between the C=0 and —O— parts.

In Table 5, the free energies of 70 conformers of BGDA are listed.
Of them, as many as 52 conformers were shown to be existable.
Both MP2 and M062X methods predict that the tg*tg™t conformer
is the most stable; the AG value for the gas phase was obtained
as —0.56 kcal mol~! (MP2) and —0.38 kcal mol~! (M062X). The
relative stability of this conformer tends to be impaired with an
increase in solvent polarity. A number of conformers also show low
AG's comparable to that of tg*tg t.

3.4. Comparison between NMR experiments and MO calculations

Bond conformations of DMS, EGDA, and BGDA were calculated
from the conformer free energies, and the trans fractions thus ob-
tained are listed for each medium and temperature in Tables 6—8.
The trans fractions of the COCH,—CH, bond of DMS are 0.48—0.49
(MP2) and 0.57—0.66 (M062X), being found within or partly out of
the range of the NMR experiments (0.45—0.60, Table 2). For EGDA,
the MP2 and M062X data are close to each other and agree fairly
with the NMR observations. Both solvent and temperature effects
on the theoretical p¢'s are similar to those found in the NMR data:
the p; value of the 0—CH; bond increases with medium polarity and
decreases with increasing temperature. For BGDA, the calculated p¢
values agree well with the NMR observations, and the solvent and
temperature effects were also reproduced by the MO calculations.
In summary, the MP2 and M062X methods yielded results com-
parable to the NMR observations; however, strictly, the M062X
calculations occasionally overestimate the p; values.

3.5. Refined RIS calculations for PES and PBS

Configurational properties and thermodynamic parameters of
PES (PBS) were calculated by statistical mechanics of chain mole-
cules, ie., what we call, the refined RIS scheme [9], with the
conformer free energies of DMS and EGDA (BGDA). Bonds a and e
(see Fig. 1b and d) were fixed in the trans state. It has been assumed
that intramolecular interaction energies as a function of internal
rotations around bonds a—d can be added up in the statistical
weight matrix (Uq) of bond d; the Uy matrix was filled with
Boltzmann factors of AG's of DMS (Table 4) under the 9 x 9 matrix
scheme [6], and the U matrices of bonds a—c were filled with unity
or null, depending on whether the corresponding conformation
exists or not. Similarly, the interaction energies over bonds e—h
were accumulated in the Uy matrix, into which Boltzmann factors
of AG's of EGDA (Table 4) were substituted. For BGDA, the in-
teractions over bonds a—d and e—j have been assumed to be,
respectively, expressible by Uy and Uj, which were filled with
Boltzmann factors of AG's of DMS and BGDA (Table 5) under the
81 x 81 matrix scheme [28]. For mathematical expressions of the U
matrices, see Appendix A (Supplementary data). The geometrical
parameters used in the RIS calculations are listed in Tables S4 (PES)
and S5 (PBS) (Supplementary data).

Table 9 (MP2) and S6 (M062X, Supplementary data) show
configurational properties of PES and PBS, derived from the RIS
calculations: <r?>o/nl?, characteristic ratio; dln<r?>o/dT, its tem-
perature coefficient; Scopf, configurational entropy; Ucons, configu-
rational internal energy; p; trans fraction; I, 4, and ¢, averaged bond
length, bond angle, and dihedral angle, respectively. The charac-
teristic ratios in chloroform at 25 °C was obtained as follows: PES,
6.2 (MP2) and 8.8 (M062X); PBS, 7.1 (MP2) and 8.9 (M062X). The
MO062X energies yielded larger <r*>g/nl® values than the MP2 ones.
Inasmuch as the MP2 method reproduced the NMR observations

http://dx.doi.org/10.1016/j.polymer.2014.11.003
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Table 3
Trans fractions (p;'s) of BGDA, determined from NMR and compared with those of
tetramethylene glycol dibenzoate (TetMGDB).

Solvent Temp (°C) 0—CH, OCH,—CH,C CCH,—CH,C
BGDA
CeD12 15 0.54 0.27 0.54
25 0.53 0.27 0.54
35 0.52 0.27 0.53
45 0.52 0.27 0.52
55 0.51 0.27 0.51
CeDs 15 0.58 0.28 0.58
25 0.56 0.28 0.57
35 0.56 0.28 0.56
45 0.55 0.28 0.55
55 0.55 0.28 0.54
CDCly 15 0.59 0.28 0.59
25 0.58 0.28 0.58
35 0.58 0.28 0.57
45 0.56 0.28 0.55
55 0.56 0.28 0.54
CD;0D 15 0.57 0.27 0.56
25 0.57 0.27 0.55
35 0.56 0.27 0.54
45 0.56 0.27 0.53
55 0.56 0.27 0.52
(CD5),S0 25 0.56 0.28 0.55
35 0.53 0.28 0.55
45 0.53 0.28 0.53
55 0.53 0.28 0.52
TetMGDB?
CeD12 25 0.58 0.24 0.53
CeDs 25 0.60 0.27 0.57
CDCls 25 0.62 0.24 0.57
(CD5),S0 25 0.60 0.23 0.54

2 From conformational analysis of poly(butylene terephthalate) [28].

better than M062X, the RIS parameters from the MP2 energies may
be more acceptable. The temperature coefficients of PES and PBS
are negative irrespective of the energy set. For comparison, the RIS
parameters of PLA [6] and PHB [5] are shown in Table 10.

4. Discussion
4.1. Flexibility of polymeric chains

The configurational entropy and configurational internal energy
per mole of repeating unit can be calculated from

Table 4
Conformer free energies of DMS and EGDA.

R d(InZ
Sconf:}{an+T (dT )} (1)
and

RT2 d(InZ
Uconf = T % (2)

where Z is the partition function of the whole chain, an output of
the RIS calculation [32,33]. The Sconf and Ugops Values, respectively,
correspond to the configurational entropy and intramolecular en-
ergy of the O state relative to those of the crystal at a given tem-
perature T, and the crystal is assumed to be defect-free; therefore,
Scryst =0and Ucryst =0.

When we compare the configurational entropy among different
polymers, we must divide the Sconf value by the number of skeletal
bonds in the repeating unit and converted it to that in the unit of
cal K~ (mole of bond)~. Herein, the entropy per mole of bond is
represented by the lower-case symbol i.e., as Sconf The Sconf Values at
the equilibrium melting point T, of the biodegradable polyesters
treated here are 1.25 (PES), 1.46 (PBS), 0.45 (PLA), and 0.96 (PHB) cal
K~! (mole of bond)~L. Of them, PLA shows the smallest Sconr. This
can be explained as follows. The repeating unit of PLA has three
skeletal bonds, the C(=0)—0 bond is essentially fixed in the trans
state, degrees of conformational freedom in the other two bonds,
0—CH(CH3)—C(=0), are also extremely restricted by the O---O
repulsion and steric hindrance due to the methyl group attached on
the asymmetrical carbon, and, consequently, only four conforma-
tions are allowed: g't, g"g*, g7t,and g"g~. Of them, g tand g~ g~
are so high in free energy as to occur quite rarely, and hence only
two conformations, g't and g'g', are the essential sources of
conformation- and configuration-dependent properties of PLA [6].
This is the reason for the small s¢onr of PLA. Similarly, PHB has a
chiral center and a methyl side chain, but its repeating unit has four
skeletal bonds, which render the PHB chain more flexible than PLA;
the sconr value of PHB exceeds double that of PLA. On the other
hand, the synthetic polyesters, PES and PBS, being symmetrical
chains without pendent group, are so flexible as to yield the large
Sconf'S. For example, the model for the diol part of PBS, BGDA, is
allowed to form as many as 52 conformers, and furthermore, many
of the conformers have low free energies comparable to that of the
most stable tgttg™t state.

Strictly, it is preferable that the configurational entropy should
be evaluated from the AG energies at T2; however, the sconf values

Conformation® M AG (kcal mol™")

DMS EGDA

MP2¢ M062X¢ MP2° M062X¢

Gas CGHG CHC13 Gas CGHG CHC13 Gas CGHG CHC13 Gas CBHG CHC13
t t t 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
t t gt 4 0.89 0.80 0.82 1.51 1.40 1.35 0.33 0.42 0.48 0.38 0.46 0.50
t gr t 2 0.19 0.20 0.26 0.73 0.68 0.61 —-1.22 -1.35 —-1.44 -1.07 -1.32 —-1.48
t gt g 4 1.18 0.98 0.90 2.05 1.75 1.54 -0.51 -0.55 -0.62 -0.37 -0.53 -0.63
t gt g 4
g t g 2 2.30 2.13 2.11 3.14 2.92 2.82
gt t g 2 0.52 0.79 0.97 0.54 0.77 0.90
g gt g 2 242 2.28 242 3.89 3.66 3.54 -0.13 0.04 0.18 -0.16 -0.03 0.06
g’ gt g 4 ~0.57 ~0.27 -0.10 -0.29 ~0.06 0.04
g" g g" 2 0.48 0.77 0.88 0.64 0.93 1.04

2 The blank represents that the local minimum of the potential was not found by the geometrical optimization.

> Multiplicity. "My = 27.
€ At the MP2/6-311+G(2d,p)//B3LYP/6-311-+G(2d,p) level.
4 At the M062X/6-311-+G(2d,p)//B3LYP/6-311-+G(2d,p) level.
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Table 5
Conformer free energies of BGDA.

Conformation® M,° AG (kcal mol™)

MP2° Mo062X¢

Gas C6H6 CHC13 Gas Cng CHC13
t t t t t 1 0.00 0.00 0.00 0.00 0.00 0.00
t t t t gr 4 0.49 0.61 0.69 0.53 0.65 0.73
t t t g* t 4 -0.14 -0.11 0.02 -0.02 -0.56 0.02
t t t g’ g’ 4 0.1 0.23 0.39 0.26 0.38 0.43
t t t g g 4
t t g* t t 2 0.78 0.77 0.81 0.80 0.80 0.79
t t g’ t g’ 4 0.89 1.00 1.14 0.99 1.10 1.14
t t g* t g 4 1.10 1.23 1.36 1.10 1.24 1.34
t t g" g" t 4 0.59 0.63 0.78 0.78 0.81 0.82
t t g* g* g* 4 0.74 0.89 1.13 0.88 1.03 1.13
t t g* g* g 4 0.98 1.19 1.55 1.22 141 1.50
t t g" g t 4 027 0.39 0.78 0.51 0.64 0.72
t t g" g g" 4
t t g* g g 4 0.76 1.04 1.53 1.03 132 1.50
t g" t t gr 4 -0.27 -0.12 0.14 ~0.11 0.03 0.13
t g* t t g 4 0.07 0.20 0.42 0.25 037 0.44
t g* t g* t 2 -0.34 -0.27 0.06 -0.11 ~0.06 -0.03
t gt t gt g* 4 -0.15 0.01 0.34 0.14 0.29 0.37
t g* t gr g 4 -0.26 -0.10 024 0.10 0.25 0.34
t g* t g t 2 -0.56 -0.42 -0.13 -0.38 -0.26 -0.19
t g* t g g* 4 0.90 1.09 141 1.26 1.44 1.54
t g" t g g 4 -045 -0.25 0.07 -0.21 -0.02 0.09
t g+ g* t gr 4 0.55 0.74 1.29 0.90 1.09 1.19
t g g’ t g 4 0.46 0.64 0.90 0.61 0.79 0.90
t g" g" g" t 2 -035 -0.19 0.15 ~0.04 0.10 0.18
t g* g" gr gr 4 0.10 0.36 0.71 0.38 0.62 0.77
t g g’ g’ g 4 -0.08 0.27 135 0.21 0.56 0.72
t g" g" g t 4 -0.14 0.05 0.57 0.50 0.69 0.80
t g g" g g 4
t g g’ g g 4 0.07 0.65 1.30 0.86 1.48 1.84
t g g t g’ 4 0.76 0.99 131 0.99 122 1.36
t g" g t g 4 0.06 0.29 0.74 0.46 0.68 0.82
t g* g g* t 2 0.44 0.74 1.11 1.41 1.73 1.92
t g’ g g’ g’ 4
t g" g g g 4
t g" g g g" 4
t g g g g 4 0.67 0.92 1.35 1.08 131 143
g" t t t gr 2 0.20 0.40 0.54 0.36 0.56 0.66
g" t t t g 2 032 0.59 0.85 0.38 0.66 0.84
g* t t g* gt 4 0.26 0.52 0.77 0.45 0.72 0.88
g" t t g" g 4
g" t t g g" 4 0.72 0.94 133 1.01 1.25 1.39
g* t t g g 4 0.46 0.72 1.14 0.68 0.95 1.10
gt t gt t g" 2 0.85 1.17 1.61 0.97 1.30 1.53
g" t g" t g 4 0.79 1.05 1.36 0.87 1.14 1.30
g* t gr gr gr 4 0.98 1.19 1.61 124 1.46 1.55
g t g" g" g 4
g t g" g g" 4
g* t g" g g 4 1.08 1.38 1.79 1.39 1.70 1.88
gt t g t gt 2 1.57 1.80 2.09 1.60 1.85 2.00
gt t g g g 4 0.97 1.66 2.02 1.62 1.94 2.12
g" t g g" g 4
g* t g g gt 4 0.96 1.38 1.86 1.14 1.57 1.82
g t g g g 4 0.94 1.21 1.56 1.13 1.41 1.56
g" g" t g" gr 2 0.19 0.45 0.83 0.61 0.88 1.03
g g" t g g 4
g g t g g’ 4
g" g" t g g 2 -0.05 022 0.58 0.23 0.51 0.66
g* g* g" g" gr 2 0.64 0.99 145 0.94 1.30 1.50
gt g* g* g* g 4 0.30 0.83 1.40 0.51 1.05 1.37
g" g" g" g g" 4
g" g" g" g g 4 0.33 0.78 133 1.00 1.46 1.71
g* g* g g" g" 2 2.96 3.38 3.79 3.56 4.00 423
g g’ g g’ g 4
g" g" g g g" 4
g" g t g" g 2
g g t g g’ 2 0.39 0.65 1.03 0.86 1.11 1.27
g" g g" g g 4
g" g g" g g 2
gt g g g g* 2 0.44 1.13 1.82 0.49 1.19 1.55

2 The blank represents that the local minimum of the potential was not found by the geometrical optimization.

b Multiplicity. S7°M_; = 243.
© At the MP2/6-311+G(2d,p)//B3LYP/6-311+G(2d,p) level.
4" At the M062X/6-311+G(2d,p)//B3LYP/6-311+G(2d,p) level.
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Table 6 Table 8
Trans fractions (p;'s) of DMS, evaluated from MO calculations. Trans fractions (p;'s) of BDGA, evaluated from MO calculations.
Medium Temp (°C) C(=0)—CH, COCH,—CH, Medium Temp (°C) O—CH, OCH,—CH,C CCH,—CH,C
MP2? M062X° MP2? M062X° MP2? MO062X® MP2® MO062X° MP2® MO062X°
Gas 15 0.81 0.89 0.49 0.66 Gas 15 0.52 0.52 0.26 0.31 0.56 0.61
25 0.80 0.89 0.49 0.65 25 0.52 0.52 0.27 0.31 0.55 0.60
35 0.79 0.88 0.49 0.64 35 0.52 0.51 0.27 0.32 0.55 0.59
45 0.79 0.87 0.49 0.64 45 0.51 0.51 0.27 0.32 0.54 0.58
55 0.78 0.86 0.49 0.63 55 0.51 0.51 0.28 0.32 0.54 0.58
CeHs 15 0.78 0.87 0.48 0.63 CeHs 15 0.57 0.62 0.28 0.35 0.61 0.69
25 0.77 0.86 0.48 0.62 25 0.56 0.61 0.29 0.35 0.60 0.68
35 0.76 0.85 0.48 0.61 35 0.56 0.60 0.29 0.35 0.59 0.67
45 0.76 0.85 0.48 0.61 45 0.55 0.60 0.29 0.35 0.58 0.66
55 0.75 0.84 0.48 0.60 55 0.55 0.59 0.30 0.35 0.58 0.65
CHCl3 15 0.76 0.85 0.49 0.59 CHCl3 15 0.58 0.59 0.33 0.33 0.67 0.67
25 0.76 0.85 0.49 0.58 25 0.58 0.59 0.33 0.34 0.66 0.66
35 0.75 0.84 0.49 0.58 35 057 0.58 033 034 0.65 0.65
45 0.75 0.83 0.48 0.57 45 0.57 0.58 0.34 0.34 0.64 0.64
55 0.74 0.82 0.48 0.57 55 0.56 0.57 0.34 0.34 0.64 0.63

2 At the MP2/6-311+G(2d,p)//B3LYP/6-311+G(2d,p) level.
b At the M062X/6-311-+G(2d,p)//B3LYP/6-311-+G(2d,p) level.

here were calculated from AG's at 25 °C. When we calculated the
Sconf Value of poly(ethylene terephthalate) [27] from two sets of
AG's (at 25 °C and TS, = 553 K) and compared the two Sconf's, we
found the difference as trifle as 0.3%.

4.2. Intramolecular contribution to melting

The Sconf Value at Tl% represents the intramolecular configura-
tional entropy change during melting, and S¢onf/AS, corresponds to
the intramolecular contribution to the entropy of fusion (AS,).
Some experimental thermal data on PES and PBS have been re-
ported: PES, T, = 112.7 and 114 °C, AS, = 16.0 cal ! K~ mol~}, and
AH, = 6.20 kcal mol~! [31,34]; PBS, TO = 127.5, 132, 133.5 and
146.5 °C, AS, = 20.3 and 21.2 cal ! K~! mol~!, and AH,, = 8.23 and
8.64 kcal mol ! [31,35,36]. Of them, the data [31] shown in Table 9
have been employed here.

The Sconf/ASy ratios of PES and PBS can be calculated to be 0.62
and 0.69, respectively. Aromatic polyesters of industrial importance
have the following Sconf/ASy ratios: poly(ethylene terephthalate),
0.65 [27]; poly(trimethylene terephthalate), 0.65 [28,37]; and pol-
y(butylene terephthalate), 0.75 [28]. These values are close to those
of PES and PBS. On the other hand, the S¢onf/ASy ratios of PLA and
PHB are, respectively, 0.46 and 0.58 [5,6], and PLA has the minimum

Table 7
Trans fractions (p;'s) of EGDA, evaluated from MO calculations.
Medium Temp (°C) 0—CH, OCH,—CH,0
MP2? M062X" MP2? M062X"
Gas 15 0.53 0.55 0.09 0.11
25 0.52 0.54 0.10 0.12
35 0.52 0.53 0.10 0.12
45 0.51 0.52 0.11 0.13
55 0.50 0.52 0.11 0.13
CeHs 15 0.65 0.67 0.08 0.08
25 0.63 0.66 0.08 0.09
35 0.62 0.65 0.09 0.09
45 0.61 0.64 0.09 0.10
55 0.60 0.63 0.10 0.10
CHCl3 15 0.70 0.72 0.07 0.07
25 0.69 0.71 0.07 0.07
35 0.68 0.70 0.08 0.08
45 0.67 0.69 0.08 0.08
55 0.66 0.68 0.09 0.09

2 At the MP2/6-311+G(2d,p)//B3LYP/6-311+G(2d,p) level.
b At the M062X/6-311+G(2d,p)//B3LYP/6-311+G(2d,p) level.

a At the MP2/6-311+G(2d,p)//B3LYP/6-311+G(2d,p) level.
b At the M062X/6-311+G(2d,p)//B3LYP/6-311+G(2d,p) level.

value among a number of polymers that we have investigated so
far. The smallest entropy ratio of PLA is due to its extremely
restricted conformational freedom as described above.

4.3. Crystal structures of PES and PBS

The crystal structure of PES was determined as follows:
a=760A b=10.75 A, c (fiber axis) = 8.33 A, orthorhombic space
group of Py, — Dgg, and four molecular chains in the unit cell [38].
The conformations of bonds a—h are ttg™tttgt. Hereafter, we will
refer to the part of bonds a—d of PES as DMS moiety and to that of
bonds e—h as EGDA moiety. As shown in Table 4, the ttg™t
conformation of DMS moiety has a free energy of about
0.2 kcal mol~! (MP2) or 0.6—0.7 kcal mol~! (M062X) relative to that
of the all-trans state, and the ttg™t conformation of EGDA moiety is
the most stable state of AG = —1.2 to —1.4 kcal mol~! (MP2) or —1.1
to —1.5 kcal mol~! (M062X). The outstanding stability of the latter
conformation may rule out the possibility of the others in EGDA
moiety, and hence DMS moiety would adopt the second most stable
ttg~t conformation including an opposite gauche bond to form a
pseudoplanar structure and enable the dense chain packing. The
dihedral angles of g~ of bond c and g™ of bond g in the crystal were,
respectively, determined as —115° (—109.2°) and 103° (109.7°),
where the parenthetic values were derived from the optimization
here at the B3LYP/6-311+G(2d,p) level for DMS and EGDA.

For PBS, two crystal structures are known: « form, a = 5.23 A,
b = 9.12 A, c (fiber axis) = 10.90 A, § = 123.9°, monoclinic space
group of P /ns and two molecular chains gn the unit cell; § form,
a=>5.84A,b=8.32A,c(fiber axis) = 11.86 A, § = 131.6°, monoclinic
space group of P, ,;, and two molecular chains in the unit cell
[39—41]. In the « and ( forms, the PBS chain, respectively, adopts
the ttttttg tgt and all-trans conformations in bonds a—j. Bonds g
and i of the a form have dihedral angles of 117.1° (115.7°)
and —117.1° (—-115.7°), respectively, where those optimized here for
BGDA are given in the parentheses. The part of bonds a—d of PBS is
designated as DMS moiety, and that of bonds e—j as BGDA moiety.
The all-trans state of DMS is the lowest in AG (Table 4), and the
ttgttg~t conformation in BGDA moiety corresponds to the most
stable conformer of BGDA (Table 5) with AG = -0.6
to —0.1 kcal mol~! (MP2) or —0.4 to —0.2 kcal mol~! (M062X). The
g*tg® conformational trio has often been termed kink conforma-
tion, which keeps the molecular chain oriented in the fiber-axis
direction. In the « form, therefore, both DMS and BGDA moieties
are allowed to lie in the most energetically favorable state.
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Table 9
Configurational properties, bond conformations, and averaged geometrical parameters of PES and PBS, evaluated from RIS calculations with MO parameters.®
PES PBS
Gas CHCl3 Gas CHCl3
25°C 25°C 114 °C° 25°C 25°C 1335°C°
<r?>o/nl? 6.19 6.23 5.43 6.65 7.13 6.26
dln<r?>o/dT x 103 (K1) -19 -23 -1.0 -14 -1.7 —0.85
Seonf (cal K™ mol~1) 9.58 9.16 9.96 14.0 14.0 14.6
AS, (cal K- mol~1) 16.0 212
Ucont (kcal mol~1) 0.85 0.81 1.08 1.11 1.16 1.38
AH,“ (kcal mol 1) 6.20 8.64
Trans fraction (p;) Bond
a 1.00 1.00 1.00 1.00 1.00 1.00
b 0.80 0.76 0.71 0.80 0.76 0.70
[« 0.49 0.49 0.48 0.49 0.49 0.48
d 0.80 0.76 0.71 0.80 0.76 0.70
e 1.00 1.00 1.00 1.00 1.00 1.00
f 0.52 0.69 0.60 0.52 0.58 0.53
g 0.10 0.07 0.11 0.27 0.33 0.35
h 0.52 0.69 0.60 0.55 0.66 0.58
i 0.27 0.33 0.35
j 0.52 0.58 0.53
Geometry® Bond 1 [ g 1 9 bg
a 1.356 1111 1.356 1111
b 1.513 1129 133.7 1513 112.9 133.7
[« 1.525 1129 111.2 1.525 112.9 111.2
d 1.513 1111 133.7 1.513 1111 133.7
e 1.356 116.2 1.356 116.4
f 1.441 109.3 92.6 1.447 109.5 91.3
g 1.508 109.3 1114 1.520 113.7 115.8
h 1.441 116.2 92.6 1.533 113.7 1121
i 1.520 109.5 115.8
j 1.447 116.4 913

2 At the MP2/6-311+G(2d,p)//B3LYP/6-311+G(2d,p) level. For the RIS parameters derived from the AG energies at the M062X/6-311+G(2d,p) level, see Table S6 (Sup-

plementary data).
b The equilibrium melting point [31].
¢ The entropy of fusion [31].
4 The enthalpy of fusion [31].

¢ The geometrical parameters averaged at 25 °C with the MO energies including the solvent effect of CHCls. Symbols: I, averaged bond length (in A); 4, averaged bond angle

(in °); ¢g-, average dihedral angle (in °) of the g* conformation. ¢, = 0° and ¢4- = —¢g-.

The § form appears only under strain [39—41]. Similar stress-
induced crystalline transitions were found for poly(ethylene ox-
ide) [42] and poly(butylene terephthalate) [43]. From mechanical
properties at the critical stress, the free energy difference between
the « and g forms of PBS was estimated to be 0.4 kcal mol~' [40].
Although this value includes both intramolecular and intermolec-
ular factors of the crystalline transition, it falls within our —AG
range (0.1-0.6 kcal mol~!) of the tg™tg t conformation of BGDA;
therefore, the intermolecular contribution may be slight.

The Uconf values of PES and PBS were obtained as positives. This
means that the internal energy of the melt is larger by Ucons than
that of crystalline state: the crystal conformation is more ener-
getically favorable than the ® state. Our previous study led to a

Table 10
Configurational properties and thermodynamic quantities of poly(i-lactide) (PLA)
and poly((R)-3-hydroxybutyrate) (PHB).

PLA* PHB®

25°C 207 °C° 25°C 203 °C¢
<r?>o/nl? 11.84 7.16 5.60 424
Scont (cal K~' mol~1) 2.02 2.68 2,64 3.84
AS,? (cal K mol™1) 5.83 6.67
Ucont (kcal mol 1) 0.34 0.61 0.49 0.94
AH,¢ (kcal mol~1) 2.80 3.18

2 From conformational analysis of PLA [6].
b From conformational analysis of PHB [5].
¢ The equilibrium melting point.

4 The entropy of fusion.

¢ The enthalpy of fusion.

negative Ugopt for poly(ethylene terephthalate) [27]. This anomaly is
due to that its spacer, O—CH,—CH,—O0, crystallizes to be the unfa-
vorable all-trans structure with the aid of intermolecular T—m at-
tractions. In the crystal of PES, DMS moiety adopts the second
stable conformation, while EGDA moiety is allowed to lie in the
most stable state. In crystallization of PBS, both DMS and BGDA
moieties can change to the lowest AG structures. In addition, PES
and PBS have the moderate S¢onf/ASy ratios. For these two polymers,
therefore, we can not find any equilibrium thermodynamic factors
to retard crystallization. In fact, PES and PBS are known to exhibit
relatively rapid crystallization [31].

4.4. Polymer physicochemical interpretation on microbiological
findings

The microbiological findings on the biodegradability of the
polyesters [1,10—14], outlined in the Introduction, are discussed
here. PHB is a truly natural product that is synthesized and
decomposed intracellularly and extracellularly; it is natural that a
number of microorganisms can accept and degrade PHB. In the
previous paper [5], we elucidated the interaction between PHB and
a depolymerase extracted from Penicillium funiculosum. The depo-
lymerase has an active site suitable to the (R)-enantiomer of 3-
hydroxybutyrate. On the other hand, PES and PBS are artificial
products that are in principle unaccepted by the environment.
Nevertheless, both PES and PBS are biodegradable, because these
polyesters may happen to adapt their shapes to the active site of,
e.g., lipases. Fig. 6a shows a lipase, Fusarium solani cutinase,
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Fig. 6. Crystal structures of degradative enzymes: (a) Fusarium solani cutinase (lipase)
inhibited by a triglyceride analog (Protein Data Bank (PDB) ID: 10XM) [44]; (b) its oxy-
anion hole (Ser 42 and GIn 121) capturing the inhibitor; (c) Aspergillus oryzae cutinase
(lipase) (PDB ID: 3GBS) [45]; (d) proteinase K (serine protease) extracted from Tritir-
achium album limber (PDB ID: 11C6) [46]. The crystal structures stored in the Protein Data
Bank were visualized by the Molecular Biology Toolkit (Protein Workshop) software [47].
The vertical arrow indicates the active site, and the inner part represented by the ball-
and-stick model corresponds to the catalytic serine and histidine residues. The surface
texture was simulated by the euclidean distance transform [48], and the oxy-
anion—inhibitor interaction was depicted by the PoseView software [49].

inhibited by a triglyceride analog [44]. The inhibitor is embedded in
the narrow active-site crevice indicated by the arrow. Fig. 6b
schematically illustrates the way in which the oxyanion hole of Ser
42 and GIn 121 of the lipase captures the inhibitor. If the O—PH=0
part is replaced by an ester group, the illustration would show the
interaction between a polyester and the lipase. Fig. 6¢c shows the
crystal structure of a lipase, Aspergillus oryzae cutinase [45]. The
arrow indicates its active-site crevice, which appears to be

Fig. 7. Most stable conformers of unfolded alanine dipeptide (Ala model) and (S)-
methyl 2-acetoxypropanoate (lactic acid (LA) model) with the electrostatic potential
charge distribution: (a) g*t (e. or polyproline II conformation) of Ala model at
(110°, —50°); (b) g*t of LA model at (107.6°, —15.9°); (c) g*g" (. conformation) of Ala
model at (105°, 160°); (d) g*g* of LA model at (106.9°, 165.1°) The dihedral angles (¢,
¥) defined for the N—CH (or O—CH) and CH—C(=0) bonds respectively, are given in the
parentheses.

somewhat wider than the above but still narrow. For the enzymatic
hydrolysis, the molecular chain is required to be completely
embedded in the fissure and reach the catalytic site. The PBS chain
has neither asymmetric carbon nor side chain and prefers slender
conformations: DMS moiety tends to be all-trans, and BGDA moiety
will choose its form out of a number of elongated conformations
with small AG's. Accordingly, the PBS chain may fit itself in the
narrow crevice and interact with the active site. However, the
asymmetric PLA chain that adopts either tg't or tghg™
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conformation is so rigid, distorted, and thick as to be incapable of
accessing the crevice of lipases.

Proteinase K is a serine protease, in which a serine residue
serves as the nucleophilic center at the active site. It has been
suggested that the enzyme tends to selectively cleave the Ala—Ala
bond in silk fibroins [11]. Fig. 6d shows proteinase K extracted from
Tritirachium album limber [46]. The active site of the enzyme is
located at the center of a basin rather than a crevice; therefore, the
PLA chain may access the central area in spite of its distorted and
thick shape.

Recent studies on polypeptides [50—53] have investigate the
conformational preference of the Ala residue free from the a-helical
and (-sheet structures. It has been pointed out that the Ram-
achandran diagram of polyalanine [32,54] is not directly applicable
to the conformational distribution of the unfolded Ala unit, and that
the most populated state of the free Ala residue is the ¢ (poly-
proline II) conformation (see Fig. 7a); the existing probability was
estimated to be 79% [52]. The dihedral angles (¢ = 110°, y = —50°)
are comparable to those (107.6°, —15.9°) of the most stable g't
conformation (Fig. 7b) of (S)-methyl 2-acetoxypropanoate, a lactic
acid model [6], whose second most stable g™g* state (Fig. 7d)
formed at (106.9°, 165.1°) is similar to the oy conformation (Fig. 7c)
at (105°, 160°) of Ala. The lactic acid and Ala units have common
configurational features such as the asymmetric carbon, methyl
side chain, and the number of skeletal bonds. In addition, as shown
above, both units are also so similar in conformational preference
and electrostatic potential charge distribution as to undergo the
hydrolytic cleavage by the serine protease; that is, proteinase K can
not discriminate between lactic acid and Ala units and hence may
degrade PLA in mistake for a polypeptide chain.

Such selective affinities between the depolymerases and poly-
esters are expected to be proved by, e.g.,, high-resolution single
crystal X-ray diffraction experiments for the enzymes complexed
with the oligomeric esters: lipase and oligo(butylene succinate);
proteinase K and oligo(lactic acid), as demonstrated for PHB [55].
The experiments may provide vivid evidence that the active site of
the degradative enzyme selectively interacts with the oligomer
fitting the crevice- or basin-like surface.

The equilibrium melting point is related to the enthalpy and
entropy of fusion:

,1_0 - AHU

m Asu (3)

If AH, were invariant, T% would increase with decreasing AS,.
For the biodegradable aliphatic polyesters, Sqonr accounts for 46%
(PLA) — 69% (PBS) of AS,. As discussed above, Sconf depends on the
degree of conformational freedom, which is restricted by the
asymmetric carbon, side chain, and short repeating unit and largely
affects the interaction with the depolymerase. Therefore, the
melting point and enzymatic degradability are subject to the same
factors; the two properties are indirectly correlated to each other.

As has been described so far, all the microbiological findings
have been satisfactorily interpreted in terms of polymer
physicochemistry.

5. Summary

Conformational characteristics of PES and PBS have been
investigated by 'H and 3C NMR experiments and MO calculations
on their model compounds and the refined RIS calculations for the
polymeric chains. The NMR data showed that the repeating units of
PES and PBS can be divided into two parts, dicarboxylic and diol
moieties, which can be treated independently of each other;
therefore, DMS and EGDA have been employed as the models for

PES, and DMS and BGDA for PBS. The MO calculations based on the
MP2 and M062X methods with the 6-311+G(2d,p) basis set were
carried out for these model compounds, and the MP2 calculations
reproduced the NMR observations better than M062X.

The first and second most stable conformers of DMS are ttt and
tgt respectively, and the free energy difference between these two
states is small (0.2—0.3 kcal mol~!). The former and latter confor-
mations are formed in the C(=0)—CH,—CH,—C(=0) bond se-
quences of crystallized PBS and PES chains, respectively. The most
stable conformer of EGDA is tgt that corresponds to the crystal
conformation of PES. On the other hand, a number of conformers of
BGDA show low free energies, and the lowest-energy tg*tg™t
conformation is formed in the O—(CH>)4—0 bond sequence of the «
crystal of PBS. The  crystal, appearing only under strain, adopts the
all-trans structure, which has a little higher free energy
(0.1-0.6 kcal mol~!) than tg*tgt.

Configurational entropies per mole of bond, sconf's, at T, of the
four biodegradable polyesters are 1.46 (PBS), 1.25 (PES), 0.96 (PHB),
and 0.45 (PLA) cal K~! (mole of bond)~', expressing the chain ri-
gidity as PBS < PES < PHB « PLA. Characteristic ratios of the
polyesters at 25 °C are in the order of PHB (5.60) < PES (6.19) < PBS
(6.65) < PLA (11.8). Accordingly, the PLA chain is outstandingly
rigid and extended.

The PBS chain is allowed to lie in a number of elongated con-
formations, adjust itself into the narrow crevice of a lipase, and
approach its active site, whereas PLA adopts too distorted tg*t and
tgtg™ conformations to be accepted and degraded by lipases.
However, the two conformations of PLA are very similar in shape
and electrostatic potential charge distribution to stable e (poly-
proline II) and «; conformations of the unfolded Ala residue, and
hence proteinase K, a serine protease, may degrade PLA in mistake
for a polypeptide chain. We expect that the selective affinities be-
tween the depolymerases and polyesters will be proved in the
future by, e.g., single crystal X-ray diffraction experiments for the
enzymes complexed with the oligomeric esters.

As described above, the conformational characteristics and
configurational properties of PES and PBS have been elucidated,
related to their crystal structures and thermal properties, and
compared with those of PHB and PLA. In addition, the microbio-
logical findings regarding the biodegradability of the polyesters
have been satisfactorily explained in terms of polymer
physicochemistry.
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