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ABSTRACT: The crystalline phase of random poly(hexamethylene sebacate-co-hexamethylene adipate)
(P(HSe-co-HA)) was studied by differential scanning calorimetry (DSC), Fourier transform infrared (FTIR)
spectroscopy, wide-angle X-ray diffraction (WAXD), and small-angle X-ray scattering (SAXS). From the
quantitative analysis of the comonomer composition in the crystalline phase and the finding of the change
both in the WAXD patterns and in the d-spacing values of some planes in the HA composition (Cya) of
60 mol % < Cya < 70 mol %, the occurrence of isodimorphism was confirmed for P(HSe-co-HA). As the
secondary comonomer unit content in the crystalline phase decreased with increasing crystallization
temperature, it was concluded that the cocrystallization of the HSe and HA units in the crystal of P(HSe-
co-HA) is affected by kinetics. From SAXS analysis, the lamella thickness of P(HSe-co-HA) was found to rely
on the comonomer unit inclusion behavior in the PHSe or PHA type crystal. Application of the Sanchez—Eby
model suggests low values of excess free energy of inclusion in PHSe or PHA type crystal, indicating that the

cocrystallization of HSe and HA units in the crystal of P(HSe-co-HA) is thermodynamically favored.

Introduction

Aliphatic polyesters have received considerable interest over
recent decades, for their expected biodegradability and their
potential application in biomedical field.! As an important
kind of aliphatic polyesters, poly(alkylene dicarboxylate)s
were the first polymers synthesized by well-understood reac-
tion chemistry and also were the first such polymers that their
crystalline structures have been studied by X-ray diffraction.”
The recent studies indicate that the crystalline structure of
poly(alkylene dicarboxylate)s, especially, the chain conforma-
tion in the crystalline phase, depends on the methylene con-
tents of both diacid and diol units.*”® When the methylene
content in the ester units is low, such as those derived from
ethylene glycol, 1,4-butanediol, succinic acid, and adipic
acid,>™ polyesters tend to deviate from the all-trans confor-
mation and adopt a twist conformation'® or gauche conforma-
tions."! However, if the methylene content of both aliphatic
diol and dicarboxylic units is high, the aliphatic polyesters
adopt a quasi-all-trans conformation.®'? Hence, these poly-
(alkylene dicarboxylate)s with high methylene content tend
to form similar crystalline structures, especially the similar
values of d-spacing of characteristic planes, such as the planes
of (110), (020), (120), and (200),* *!% if they have similar
chemical structure. In the two-component random aliphatic
copolyesters, if the two comonomers have similar chemical
structures and occupy approximately the same volume,
the cocrystallization of these comonomer units may be ex-
pected, since the excess free energy for cocrystallization of
the comonomer units into the same crystalline lattice is very
low, and the chain conformations of the corresponding como-
nomer segments become compatible with either crystalline
lattice."?

*To whom corresponding should be addressed: Tel +81-45-924-5794;
Fax +81-45-924-5827; e-mail inoue.y.af(@m.titech.ac.jp.
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Comonomers of some random aliphatic copolyesters, such as
poly(butylene succinate-co-ethylene succinate) (P(BS-co-ES)),"*
poly(butylenes succinate-co-propylene succinate) (P(BS-co-PS),"?
and poly(hexamethylene sebacate-co-hexamethylene adipate)
(P(HSe-co-HAS)),m do cocrystallize. The P(BS-co-ES)s'* and
P(BS-co-PS)s'® showed isodimorphic cocrystallization, where
either the crystalline lattice of comonomers was adopted below
or above the eutectic point. Particularly, the cocrystallization of
P(HSe-co-HA) reported by Li et al.'® is of interest. The parent
homopolymers, PHSe and PHA, have different crystalline struc-
tures (PHSe: monoclinic unit cell, containing two chains, with
a = 0.544 nm, b = 0.730 nm, ¢ = 2.20 nm, and g = 113.3%;'°
PHA: orthorhombic unit cell, containing eig7ht chains, with a =
1.008 nm, b = 1.464 nm, and ¢ = 1.683 nm'"). They do not seem
to meet the requirements of cocrystallization very well. In
addition, the cocrystallization of P(HSe-co-HA) copolymers
seems to be different from the case of isomorphism in a strict
sense or isodimorphism. Its lattice parameters were found to
change discontinuously and become relatively large with the
comonomer unit composition. Moreover, despite the HSe unit
has a larger size than the HA unit (in chemistry), the crystalline
structure of copolymer is much more sensitive with the incor-
poration of, even a small amount of, the HA units than that of the
HSe unit. These unique cocrystallization behaviors make it
worthy of a further understanding of the cocrystallization me-
chanism of P(HSe-co-HA)s. It is expected that more extensive
studies of a series of P(HSe-co-HA) copolymers may enable us to
obtain the comprehensive picture of cocrystallization in copoly-
mer systems.

The solid-state properties of copolyesters are affected by the
minor component in the crystalline phase of copolymers.'®
Therefore, it is of interest to quantify the comonomer composi-
tion in the crystalline phase. Several theories for copolymer
crystallization have been developed, which are reasonably classi-
fied into two types: the comonomer exclusion model'” 2! and the
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Table 1. Feed Molar Ratios of Monomer in Reactor, Comonomer Composition in Copolymers, Molecular Weight Parameters, Melting
Temperatures, Heat of Fusion, and Degree of Crystallinity of P(HSe-co-HA)s

SA/AA?
molar ratio

sample code
(molar ratio

HSe/HA
molar ratio

HSe/HA) in feed in copolymer” M© M, PDI* T (°C) AH," (J/g) crystallinity’ (%)
100/0 100/0 100/0 1.1 % 10* 1.5 % 10* 1.36 68.9 110 60
90/10 90.6/9.4 88.6/11.4 1.0 x 10* 1.4 x 10 1.40 64.2 109 59
80/20 80.3/19.7 81.9/18.1 1.6 x 10* 23x 10 1.44 62.0 88 59
70/30 69.7/30.3 68.5/31.5 1.2 % 10* 1.6 x 10* 1.33 57.7 91 57
50/50 49.8/50.2 48.8/51.2 1.2 x10* 1.7 x 10* 1.42 54.5 81 57
40/60 40.5/59.5 41.4/58.6 1.8 x 10* 2.5%10* 1.38 49.7 81 50
30/70 29.4/70.6 27.9/72.1 1.0 x 10* 1.5 % 10* 1.50 50.4 88 52
20/80 20.3/79.7 20.8/79.2 1.6 x 10* 2.4x 10 1.50 54.1 77 45
0/100 0/100 0/100 1.5% 10* 22x%10* 1.47 59.2 81 45

“SA, sebacic acid; AA, adipic acid. ? Comonomer-unit composition of P(HSe-co-HA) was estimated by "H NMR analysis, 0 = +2%; the fraction
numbers indicate the molar ratio of HSe/HA in the whole copolymer (see S-1 in the Supporting Information). “ M,,, M,, and PDI were measured by GPC
analysis. ¢ T}, and AH,, were obtained by DSC at a heating rate of 10 °C/min.  The crystallinity was measured by WAXD, with error range of £5%.

comonomer inclusion model.”> >* Particularly, the pragmatic
treatment of Sanchez and Eby*® was recommended by Crist.>®
The Sanchez—Eby theory is correct for observed final melting
temperatures 7T}, of lamellar crystals with thickness /,,,,, without
any need for extrapolation to “equilibrium”.? The required basal
surface energy o and heat of fusion AHY, for lamellar crystals that
melt at T = Ti(lnax) are in all probability the same as for
homopolymer crystals. Furthermore, there is no need to assume
complete exclusion of comonomer as with Flory theory.'** The
estimation of comonomer content in the crystalline phase based
on the experimental results and theoretical calculations of the
excess free energy are helpful for interpreting the copolymer
melting temperature.

IR spectra are sensitive to the conformation and packing state
of molecular chains. Thus, they have been widely exploited to
characterize semicrystalline polymers in terms of crystallinity,?
such as the crystallinity of poly(e-caprolactone) (PCL),%” and the
quantitative analysis of copolymer systems or their blends.”®
The quantitative FTIR method is also available for determina-
tion of comonomer composition in the crystalline phase in the
present study if the IR spectra of the crystalline phase are
resolvable.

In this work, in order to comprehensively understand the
cocrystallization of copolymer systems, we shall investigate the
crystalline phase of P(HSe-co-HA). The thermal behavior of
P(HSe-co-HA) was investigated with differential scanning calo-
rimetry (DSC). The crystalline structure of P(HSe-co-HA) was
analyzed by Fourier transform infrared (FTIR) spectroscopy,
wide-angle X-ray diffraction (WAXD), and small-angle X-ray
scattering (SAXS). The thermodynamic analysis based on the
Sanchez—Eby model* enables a further understanding about the
cocrystallization behavior of these copolyesters.

Experimental Section

Materials. PHSe, PHA, and their copolymer P(HSe-co-HA)
were synthesized from hexanediol, sebacic acid, and adipic acid
with various feeding molar ratios of sebacic acid (SA)/adipic
acid (AA) in a 250 mL three-neck flask with an oil—water
separator, according to the polycondensation method reported
by Li et al.!® The products were purified by the dissolving—
precipitating method with chloroform/ethanol before filtrating
and dried at 60 °C under vacuum for 24 h. The number- and
weight-average molecular weights (M, M) and their distribu-
tions (polydispersity index: PDI) of polyester samples were
determined by gel permeation chromatography (GPC) system
(Tosoh Co., Tokyo, Japan). The comonomer compositions of
the copolymers were determined using 'H NMR and '*C NMR
techniques. Both the 600 MHz 'H and 150 MHz *C NMR
spectra were recorded on a Bruker AVANCE 600 spectrometer
(Bruker BioSpin K.K, Osaka, Japan) using deuteriochloroform

(CDCl13) as the solvent. The chemical shifts reported were
referenced to internal tetramethylsilane (0.00 ppm) or the
solvent resonance at the appropriate frequency.

DSC. The isothermal and nonisothermal crystallization be-
havior of the polymer samples were investigated by a Pyris
Diamond differential scanning calorimeter (DSC) (Perkin-El-
mer Japan Corp., Yokohama, Japan) under a nitrogen atmo-
sphere. The scales of temperature and heat flow at different
heating rates were calibrated using an indium standard. The
samples were weighted and sealed in an aluminum pan. In the
nonisothermal melt crystallization, the samples were melted at
100 °C for 2 min before being cooled to —50 °C under a cooling
rate of 10 °C/min. An intracooler was connected to the DSC
apparatus to achieve reliability at high cooling rates over the
whole temperature range of the experiments.

FTIR Spectroscopy. The copolymer samples were observed
on an FTIR spectrometer (JASCO International Co. Ltd.,
Tokyo, Japan) equipped with an AIM-8800 multichannel infra-
red microscope (JASCO International Co. Ltd., Tokyo, Japan)
and a MCT detector in the transmission mode. P(HSe-co-HA)
sample was placed between two pieces of BaF, slides, and then it
was melted at 100 °C for 2 min before quenched to the desired 7.
For studying the crystalline structure, the FTIR spectra of all
crystallized samples were measured at 25 °C to erase the
temperature effect on the IR spectra. After the melt-crystal-
lization, the sample was heated from 7, to 100 at 1 °C/min in a
LK-600FTIR hot stage (Japan High Tech Co., Ltd., Fukuoka,
Japan) for studying the melting behavior. The FTIR spectra
were recorded at a 1 °C interval during the heating process,
and thle spectra were collected with 32 scans and a resolution of
2cm .

X-ray Analysis. The crystalline structure of polymer sample
was investigated by WAXD and SAXS analysis with a Rigaku
RU-200 (Rigaku Corp., Tokyo, Japan), working at 40 kV and
200 mA, with Ni-filtered Cu Ka radiation (A = 0.154 18 nm).
WAXD patterns were recorded in the 26 range of 5°—50° at a
scanning rate of 2°/min. Assuming that the diffraction peaks
from a crystallographic plane and the amorphous halo could be
reproduced by a Gaussian curve and a sum of two Gaussian
curves, respectively, diffraction patterns in the 26 range of
5°=50° were resolved into a series of Gaussian peaks by curve-
fitting using the damped least-squares algorithm. The degree of
crystallinity was calculated from the relative areas of the re-
solved peaks. SAXS profiles were recorded in the 20 range
0.1°—=2.5°. Each step increased 260 by 0.04°, and X-rays were
collected for 4 s at each step. The samples for the WAXD and
SAXS analysis were prepared by hot-press at 100 °C before
complete crystallization at 25 °C.

Results and Discussion

Characterization of Copolymers. Table 1 summarizes the
results for the characterization of copolymers. As shown in
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Figure 1. 600 MHz '*C NMR spectrum of PHSe, PHA, and P(HSe-co-HA)s at the 64.5—64.0 ppm region; 70/30, 50/50, and 30/70 denote P(HSe-co-
HA)(70/30), P(HSe-co-HA)(50/50), and P(HSe-co-HA)(30/70), respectively.

Table 2. Distribution of Selected Triads for P(HSe-co-HA) Copolymers

AHA? (%) AHS + SHA® (%) SHS? (%)
HSe/HA molar
sample” ratio in polymer obsd® caled? obsd® caled? obsd¢ caled?
90/10 88.6/11.4 1.4 1.3 21.0 20.2 77.6 78.5
80/20 81.9/18.1 3.2 33 28.0 29.6 68.8 67.1
70/30 68.5/31.5 9.4 9.9 41.6 43.2 49.0 46.9
50/50 48.8/51.2 22.7 26.2 50.0 50.0 27.3 23.8
40/60 41.4/58.6 33.6 34.4 49.0 48.5 17.4 17.1
30/70 27.9/72.1 51.0 52.0 39.8 40.2 9.2 7.8
20/80 20.8/79.2 66.2 62.8 29.2 32.9 4.6 43

“The fraction numbers denote the feed molar ratio of HSe/HA in the copolymers. b Unit abbreviations: AHA, AHS, SHA, and SHS denote the units
of adipate—hexamethylene—adipate, adipate—hexamethylene—sebacate, sebacate—hexamethylene—adipate, and sebacate—hexamethylene—sebacate,
respectively. ¢ Measured from the '>*C NMR by curve-fitting. ¢ Calculated for a random P(HSe-co-HA) copolymer.

this table, a comparison between feed molar ratios of mono-
mers and comonomer composition in copolymers indicates
clearly that they are in excellent agreement with each other.
Hence, the comonomer composition of P(HSe-co-HA) can
be easily controlled by adjusting the monomer feed ratio.
Here, the samples are referenced using the feed molar ratios
of monomer units for simplicity. PHSe, PHA, P(HSe-co-
HA)(90/10), P(HSe-co-HA)(80/20), P(HSe-co-HA)(70/30),
P(HSe-co-HA)(50/50), P(HSe-co-HA)(40/60), P(HSe-co-
HA)(30/70), and P(HSe-co-HA)(20/80) were synthesized in
this study, with an error range of estimated composition
of £2%.

13C NMR has been proved to be effective in determining
the repeating unit sequence distributions in the macromole-
cular chains.*® The comonomer sequence distribution of
P(HSe-co-HA) copolymers was determined using '*C
NMR spectroscopy. As shown in Figure 1, the '*C reso-
nances at 64.24 and 64.13 ppm are assigned to the methylene
carbon ¢’ in PHA and methylene carbon a in PHSe, respec-
tively. Moreover, in the '*C NMR spectra of copolymer
samples, the resonance of carbons ¢’ and a were found to be
the superposition of the resonances at 64.26, 64.24 ppm and
those at 64.13 and 64.11 ppm, which may be respectively
assigned to the carbon & in the adipate—hexamethylene—
sebacate (AHS) and the adipate—hexamethylene—adipate
(AHA) units and the carbon a in the sebacate—hexamethylene—
sebacate (SHS) and the sebacate—hexamethylene—adipate
(SHA) units. By integrating corresponding resonances, the
ratios of AHA to AHS/SHA to SHS triads were estimated
for all the P(HSe-co-HA) copolymers, as shown in Table 2.
Meanwhile, the relative distributions of AHA, AHS/SHA,

and SHS triads in statistically random P(HSe-co-HA) copo-
lymers are also calculated and summarized in Table 2. The
good agreement between the experimental and the theoreti-
cally calculated values for P(HSe-co-HA) copolymers may
indicate that all of the prepared P(HSe-co-HA) samples are
nearly random copolymers. Details of '"H and '*C NMR
analysis and calculation are provided as S-1 and S-2 in the
Supporting Information.

DSC Analysis. At first, the nonisothermal melt crystal-
lization at a cooling rate of 10 °C/min and the subsequent
melting process at a heating rate of 10 °C/min are investi-
gated by DSC for PHSe, PHA, and P(HSe-co-HA)(90/10,
80/20, 70/30, 50/50, 40/60, 30/70, 20/80), as shown in Figure 2.
The obtained peak melting temperature 7, and the heat of
fusion AH,, are summarized in Table 1. Each copolymer
sample shows a single exothermal peak and an endothermal
peak in the melt—crystallization process and the subsequent
heating process, respectively. The values of AH,, of all
P(HSe-co-HA) samples are higher than 70 J/g, indicating
the high crystallinity is established during the melt crystal-
lization. This is a strong evidence for occurrence of cocrys-
tallization of the HSe and HA comonomer units into the
same crystalline lattice.

Moreover, as shown in Figure 3, both the crystallization
and melting temperature of P(HSe-co-HA) copolymers dis-
play a composition-dependent behavior. A systematic crys-
tallization and melting temperature depression can be
observed with increasing comonomer compositions, while
the lowest crystallization and melting temperatures are ob-
served at Cya = 60 mol %, i.e., P(HSe-co-HA)(40/60),
where Cya indicates the HA unit content in the bulk
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Figure 2. DSC thermodiagrams of P(HSe-co-HA) samples in (a) nonisothermal melt—crystallization at a cooling rate of 10 °C/min and (b) the

subsequent melting process at a heating rate of 10 °C/min.
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Figure 3. Curves of T and Ty, vs HA content in copolymer.

copolymer. For the case of cocrystallization of comonomer
units in the crystal, these results may indicate the isodi-
morphism of the random copolymers. '

FTIR Analysis. The cocrystallization of P(HSe-co-HA)
can be further confirmed by the in situ measurement of
FTIR. At first, the characteristic absorption bands of
crystals were identified for PHSe and PHA. The infrared
spectra of PHSe, PHA, and P(HSe-co-HA) and their second
derivative observed at 25 °C are presented in Figure 4. The
bands at 1464, 1416, 1398, 1371, 1264, 1176, 972, 921, 911,
and 735 cm ! for PHA and bands at 1467, 1415, 1401, 1378,
1361, 1294, 1220, 1174, 977, 917, 857, and 753 cm ™' for
PHSe show significant intensity increase with the time
elapse in the melt—crystallization process. This indicates
that the changes in the chain conformation caused by
ordered chain packing during crystallization.'® Especially,
the bands at 1264, 921, and 911 cm ™! for PHA and those at
1294, 1220, 917, and 857 cm ™' for PHSe appear only in the
crystalline state, and all disappear in the melt. Hence, it is
reasonable to assign them as the characteristic bands for the
crystalline state of PHA and PHSe, respectively. Further-
more, in the in situ FTIR measurements of P(HSe-co-HA)
copolyesters in the melt—crystallization and the subsequent
melting process of samples, all the intensities of these
characteristic bands of PHA and PHSe synchronously
increase with time in the crystallization process, decrease
in the heating process, and finally disappear in the melt. This
result provides the further evidence for the cocrystallization
of the HSe and the HA comonomers units in these P(HSe-
co-HA) copolyesters.'®
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Figure 4. (a) IR spectra in the 1325—800 cm ™' region of P(HSe-co-
HA)s crystallized at 25 °C and (b) the second derivative of the IR
spectra.

It is also interesting to find that the position of these
characteristic crystalline bands almost remained unchanged
despite the variation of the comomoner composition in
P(HSe-co-HA)s. This may indicate that the HA and HSe
comonomer units in P(HSe-co-HA) copolymers maintained
their chain conformation or packing state in the crystal-
line state as if they were in the crystalline phase of the HA or
HSe homopolymers, since the IR spectrum is sensitive to
the conformation and the packing state of the molecular
chains.



Article

Table 3. Assignments of IR Bands of PHA and PHSe in the
Crystalline Phase” (for 1500—800 cm ™)

PHA PHSe

vjem™! assignment®® v/em ! assignment®®+
735 7(CH,) 753 ¥(CH,)
911,921,972 v(C—C) 857,917,977 v(C—-C)
1176 v(0OC—0) 1174 v(0C—-0)
1264 V,(C—0—-C) 1220 Vas(C—0—C)
1371,1398  y(CH,) 1294 yo(C—0 + C—C)
1416, 1464  O(CH,) 1361, 1378, 1401 y,,(CH>)

1415, 1467 O0(CH,)

@All the IR bands are assigned for only the crystalline phase. v =
stretching, y,, = wagging, y, = rocking, 0 = bending, v,y = asymmetric
stretching. “ The chemical groups in the parentheses indicate the assigned
groups.

Furthermore, we can make the assignments of many IR
bands referring to those of polyethylene (PE),*> PCL,*-**
poly(lactic acid) (PLA),* poly(3-hydroxypropionate) (P(3HP)),*
poly(butylenes succinate) (PBS),*” and poly(butylene adip-
ate) (PBA),*® as summarized in Table 3. According to these
assignments, the crystallization of the polymer can be more
efficiently followed by the FTIR measurement.

Comonomer-Unit Composition in the Crystalline Phase of
P(HSe-co-HA). The comonomer-unit composition in the
crystalline phase of P(HSe-co-HA) can be determined from
the IR spectra according to the Beer—Lambert law, as eq 1,
and eq 2 which is deduced from this law for P(HSe-co-HA)
systems (see S-3 in the Supporting Information)

A= bc/+m£(v) dv (1)
0

where A, is the integrated intensity A4 of a characteristic
band, ¢is the absorption coefficient, b is the thickness, ¢ is the
concentration, v is the wavenumber of the characteristic
band.

CHA Agar
Xua = =
CHA + CHSe A917/8(917/921)+A921

Here, X4 is the HA content in the crystalline phase, Ag;7
and Agy; denote the integrated intensity of characteristic
crystalline bands at 917 and 921 ecm™ ', respectively, and
&(917/921) is the relative absorption coefficient of the char-
acteristic bands at 917 and 921 cm ™', i.e., £917/921) =
&(917)/e(921). The value of €(917/921) was estimated to be
1.146 for P(HSe-co-HA)s. Details of calculation are pro-
vided as S-3 in the Supporting Information.

Some previous researches, such as the extensive study on
the crystallization of the isodimorphous P(3HB-co-3HV), '8!
have already shown that the comonomer-unit content in the
crystalline phase is strongly dependent on the copolymer
composition and the crystallization conditions.*** There-
fore, we studied the influence of both the HA unit content,
Cha, in the bulk copolymer and the crystallization tempera-
ture, T,, on the relative content of the HA unit, X4, in the
crystalline phase of P(HSe-co-HA) in order to obtain an
intensive comprehension of the cocrystallization of P(HSe-
co-HA).

The IR spectra in the region of 950—800 cm™ ' were
analyzed quantitatively to investigate the comonomer-unit
content in the crystalline phase of P(HSe-co-HA) samples
crystallized at 25 °C. In Figure 5, the results of XA were
plotted against the Cya. The solid line represents the Xiya—
Cpa relationship expected by the uniform inclusion model,
i.e., Xua = Cna, and the dotted line represents the Xya
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Figure 5. Relative HA content Xps in the crystalline phase as a
function of the HA unit content Cy, in the bulk copolymer.

value of 50 mol %. As shown in Figure 5, the values of XA in
the crystal of P(HSe-co-HA) increased as Cyp is increased
from 0 to 100 mol %. Moreover, for Cya lower or higher
than about 60 mol %, the values of Xy;a were found to be
lower or higher than that expected from the “uniform
inclusion” model respectively, i.e., Xya < Cya (Cya < 60
mol %) and Xga > Cha (Caa = 60 mol %). Since it is more
difficult for the secondary component to be included in the
crystalline region of the main component,'®?® this result
indicates the transformation of the dominant monomer unit
in the crystalline region from the HSe unit to the HA unit as
the Cya value increased from 60 to 70 mol %.

As found by DSC measurements, the deepest depression
of melting temperature was found in the vicinity of Cya =
60 mol %, which is expected to be the transition point of
different types of crystals.'® Hence, these two results can be
regarded as the evidence for the isodimorphism of P(HSe-co-
HA) with the actual isodimorphic crossover among the Cya
value of 60—70 mol %; i.e., for Cya < 60 mol % the
copolymers form the PHSe type lattice, and for Cya =
70 mol % they form the PHA type lattice.

The IR spectra of P(HSe-co-HA) samples crystallized at
different 7. were quantitatively analyzed in order to study
the effect of crystallization condition on the crystallization of
P(HSe-co-HA). Parts a and b of Figure 6 show the Xya
values plotted against 7, for P(HSe-co-HA)s with the PHSe
type crystal and those with the PHA type crystal, respec-
tively. After the isothermal crystallization at the temperature
ranged from 25 to 55 °C, the value of Xy remained lower
than 5 mol % for P(HSe-co-HA)(90/10) while it retained
around 50 mol % for P(HSe-co-HA)(40/60). Meanwhile, for
P(HSe-co-HA)(80/20), P(HSe-co-HA)(70/30), and P(HSe-
co-HA)(50/50), the values of Xya tend to slightly decrease
with increasing 7, without regard to the possible error of the
data. On the other hand, Figure 6b shows that the X value
increased with the crystallization temperature for samples
with the PHA type crystal. These results demonstrate that
the lattice of the dominant comonomer units tends to have
less inclusion of the secondary units as crystallization tem-
perature increases, indicating that the cocrystallization of
P(HSe-co-HA) at deep undercooling is affected by kinetics.
Moreover, the curves of Xya vs T appear to “flatten out™ at
shallower undercoolings, suggesting that a thermodynamic
analysis might be worthwhile for the cocrystallization of
these copolymers.

WAXD Analysis. Though the unit cell parameters of PHA
(@ = 1.008 nm, b = 1.464 nm, ¢ = 1.683 nm)'” and PHSe
(@ =0.544nm, b = 0.73nm, ¢ = 2.2nm, and § = 113.3°)'°
seem to be totally different, it is interesting to find that the
d-spacing values of (110), (020), (120), and (200) for PHSe are



2930 Macromolecules, Vol. 43, No. 6, 2010

601  HseHA (a)
T 40060

50 T N 1 1
TS50 T

40+ I

XHA / mol%
b3

70/30
204z = 2

§ 80/20
@_jm_/é\ﬁ/é
0

25 30 35 4IO 45 50 55
T,/°C

Liang et al.
1004 HSe/HA (b)
90 20/80
X
=)
E 804
N
> 30/70
701
60

25 30 35 4I0 45 50 55
T,/°C

Figure 6. Relative HA content X4 in the crystalline phase as a function of crystallization temperature 7¢: (a) P(HSe-co-HA) with Ciya < 60 mol %;
(b) P(HSe-co-HA) with Cya = 70 mol %. The feed molar ratio HSe/HA of the copolymers is shown in the figures.

Table 4. Value of d-Spacing of the Characteristic Planes of PHA and
PHSe from WAXD

PHA® PHSe”
index dmeusd( (nm) index dmeast (nm)
220 0.415vs 110 0.411vs
040 0.366 vs 020 0.365 vs
240 0.296 w 120 0.295w
400 0.252s 200 0.250 m

“From ref 17. ® From ref 10.  Abbreviation denote relative inten-
sities: vs, very strong; s, strong; m, medium; w, weak.

PHSe JL_A
90/10 JL R

80/20 -

Figure 7. WAXD patterns of P(HSe-co-HA) crystallized at 25 °C.

very close to those of (220), (040), (240), and (400) for PHA,
respectivley,”!%!7 as shown in Table 4. The all-trans con-
formation has been proposed for PHSe and the diol segment
of PHA, although a kink one has been proposed for the
diacid segment of PHA, which may result in the slightly
different d-spacing values between PHA and PHSe.”'*17 As
noted by Li et al.,'® the spacing values of d(220), d(040),
d(240), and d(400) obtained from the WAXD result for the
crystal of P(HSe-co-HA) are close to those of PHSe and
PHA, indicating the similar crystalline structure of these
polymers. This is consistent with the WAXD results of PHSe
and PHA in our study.

In Figure 7 are shown the WAXD patterns for P(HSe-co-
HA) copolymers. The patterns of PHSe, PHA, and their
copolyesters P(HSe-co-HA) are quite similar to each other.
Clear crystalline diffractions in the WAXD can be observed
for all P(HSe-co-HA) copolymer samples. The difference in
the WAXD patterns between P(HSe-co-HA)(40/60) and
P(HSe-co-HA)(30/70) is small but significant. Especially,
the peak positions shifted to lower angle side as Cya
increases from 70 to 100 mol %.
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0.40
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Figure 8. WAXD d-spacing of the characteristic planes as a function of
the HA unit content Cya in the bulk copolymer. The PHSe type and
PHA type lattice were assigned according to refs 10 and 17, respectively.

The d-spacing values of the crystalline planes were calcu-
lated with the Bragg equation based on these WAXD
patterns. In Figure 8, the plots of d-spacing vs HA content
(mole fraction) were presented for (220), (040), (240), and
(400) planes (the PHA type crystal) and (110), (020), (120),
and (200) planes (the PHSe type crystal). These crystalline
planes were assigned according to the study of PHSe and
PHA.'"'7 As shown in Figure 8, with increasing the Cya
value from 0 to 60 mol %, d(110) seldom changed around
0.422 nm, while d(020) increased from 0.370 to 0.374 nm. On
the other hand, when the Cya value increased from 70 to
100 mol %, d(220) increased from 0.418 to 0.422 nm while
d(040) increased from 0.370 to 0.373 nm. These results
indicate that different types of lattice were formed for
copolymers with the Cya value higher or lower than 60 mol %.
Hence, the WAXD results further support the isodimorph-
ism of P(HSe-co-HA) and confirm that the composition for
transition of crystal type is about 60—70 mol % of the HA
units content.

The degree of crystallinity of samples can be determined
from the WAXD patterns using the relative areas under the
crystalline peaks and the amorphous background. As sum-
marized in Table 1, the degree of crystallinity of the P(HSe-
co-HA) samples are ca. 44.5—60.5%. Such high degrees of
crystallinity, observed over a wide range of comonomer
composition, indicate the occurrence of cocrystallization in
the whole composition of P(HSe-co-HA). Moreover, the
crystallinity was found to be dependent on the comonomer
composition. Particularly, the crystallinity at Cya =60 mol %
was the lowest among the samples with the PHSe type
crystal. This may be due to the significant exclusion of the
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Figure 9. Long period L (O), lamella thickness L. (®), and amorphous
thickness L, (A) of P(HSe-co-HA) as a function of HA content.

HA units from the lattice of the PHSe type crystal, since the
Xua value is much lower than the Cya value although the
Cya value is higher than that of Cyge at Cya = 60 mol %.
Meanwhile, the crystallinity at Cya = 70 mol % was the
highest among the samples with the PHA type crystal. It
should be ascribed to the high-level inclusion of the HSe unit
in the PHA type crystal because the value of Xy, is rather
close to that expected from the uniform inclusion at Cyp =
70 mol %. These denote the well agreement between the
WAXD results and the quantitative analysis of IR spectra.

SAXS Analysis. The long period, L, was determined from
the maximum of the first-order correlation function esti-
mated from the SAXS patterns. Two maxima were observed
in the Lorentz-corrected SAXS profiles, while the ratio of the
angular positions of the second and first scattering maximum
was relatively close to 2.00 for all P(HSe-co-HA) samples. As
demonstrated by Crist et al.,** it is well justified to use the
first scattering maximum to calculate the average structural
period of the lattice (long period) in such conditions. The
long periods were then given by the Bragg relation. Assum-
ing a simple two-phase model of the lamella morphology, the
lamella thickness, L., and the amorphous layer thickness, L,,
can be estimated by the product of L and the volume fraction
of crystal, y,, which is calculated from the mass fraction of
the crystal, y,. It is safe to assume that y,,, & y. since the
electron density is approximately Eroportional to the mass.
Hence, . is determined from eq 3*'
p'cl

= 3
B A= T ®)
where p® and p° are the amorphous and crystalline densities,
respectively. The amorphous and crystalline densities of PHSe
at 25 °C were reported to be 1.033 and 1.151 g cm >, respec-
tively, and those of PHA to be 1.096 and 1.222 g cm >.%7

The amorphous density p* for P(HSe-co-HA) copolymers
was estimated as the density of the blend of amorphous PHSe
and PHA. The amorphous density p® at 25 °C for P(HSe-co-
HA)s with PHSe and PHA type crystal can be determined by
plotting p(PHSe type) and p*(PHA type) against Cya and
Chse, respectively. The results are p*(PHSe type) = 1.040 +
0.065CHa and p*(PHA type) = 1.096 — 0.069Cys., respec-
tively. Therefore, we estimated lamella thickness L. as a
product of L and y, and the thickness of the amorphous layer
L,oas L — L.

The data of L. and L, together with L for P(HSe-co-HA)s
were plotted as a function of the HA content in Figure 9. At
low HA content, the incorporation of HA comonomer units
in the PHSe type crystal results in the decrease of L, L., and
L,. This trend is similar to the case of P(HB-co-HV).*! In the
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P(HSe-co-HA) of low HA content, relatively long HSe
sequences are abundant, and the entropy gain upon the
cocrystallization is little. Therefore, there should be a
marked tendency for the HA units to be excluded from the
lamella to the lamella surface where the distortion of the
crystalline lattice upon the inclusion of the HA units can be
easily relaxed. Both L and L, increase with the further
increase of the HA content, while L. increases as the HA
content increases from 10 to 50 mol %, but significantly
decreases at the HA content of 60 mol %, which is consistent
with the drop in crystallinity at 60 mol % HA. For the
copolymers forming the PHA type crystal, both L and L.
increase with increasing the HSe content, while L, is almost
invariant. The dependence of crystallinity and L. on the
comonomer composition may be partly due to the change in
the degree of supercooling, since the melting temperature of
P(HSe-co-HA)s depressed with increasing comonomer con-
tent. However, the more important reason for such depen-
dence should be the inclusion of comonomer units in the host
lamella, which is also the reason for the depression of melting
temperature with increasing comonomer content in P(HSe-
co-HA)s. Therefore, the inclusion of comonomer units in the
crystal of the main component enables the increase of both
the lamella thickness and the crystallinity, while the exclu-
sion results in a decrease in the lamella thickness.

Moreover, the inclusion of comonomer units in PHSe or
PHA type crystal was further studied with the Sanchez—Eby
model. Sanchez and Eby?? followed the approach of Helfand
and Lauritzen® for including the comonomer units within
the crystal of main component in copolymer and also
extended the analysis of copolymer melting to the lamellar
crystals of finite thickness /... The Sanchez—Eby model? is
given as eq 4

RT?, 1-X. Xe
Tw(l) 1+AHO{(1 Xc)lnL_X]JrXcln[?H

— T8 LR/ - s X @

where T,,,(/) denotes the melting temperature of thin crystals
and /is the thickness of the crystalline layer (/ = L.), Té/q and
AH° are respectively the equilibrium melting temperature
and enthalpy of the homopolymer, X, and X (mole fraction,
X = Cya or Cyse in this study) denote respectively the
comonomer content in the crystalline phase and in the whole
copolymer, and o, and E are respectively the fold surface free
energy and the excess free energy of incorporating comono-
mer units in the host crystalline lattice.

Both the values of lamellar thickness / (L.) and the
comonomer content in the crystalline phase of copolymer
have been determined for P(HSe-co-HA)s. Hence, the values
of 0. and E, as the average values in the PHSe or PHA type
crystal, can be estimated from eq 4. The average values of o,
and E for P(HSe-co-HA)s forming the PHSe type crystal
were determined to be 3.99 kJ/(mol of folds) and 3.31 kJ/mol,
respectively, while those for copolymers forming PHA type
crystal were estimated to be 3.37 kJ/(mol of fold) and 2.75kJ/
mol, respectively. Particularly, the low E values suggest that
the inclusion of comonomer units in the lamella is thermo-
dynamically favored. Moreover, the E value of inclusion in
PHA type crystal is lower than that in the PHSe type crystal,
denoting the inclusion of HSe units in the PHA type crystal is
easier than the incorporation of HA units in the PHSe type
crystal. This is consistent with the result of the quantitative
analysis of IR spectra.
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Conclusion

In this study of the crystalline phase of random P(HSe-co-HA)
copolymers, depression of crystallization and melting tempera-
tures was observed with increasing comonomer compositions,
while the lowest crystallization and melting temperatures were
observed at Cya = 60 mol %. From the quantitative analysis of
the comonomer composition in the crystalline phase and the
finding of change both in the WAXD patterns and in the
d-spacing values of some planes within composition of 60 mol % <
Cua < 70 mol %, the occurrence of isodimorphism was con-
firmed for P(HSe-co-HA). As the comonomer-unit content in the
crystalline phase decreased with increasing crystallization tem-
perature, it was concluded that the cocrystallization of the HSe
and HA units in the same crystal of P(HSe-co-HA) is affected by
kinetics. From SAXS analysis, the lamella thickness of P(HSe-co-
HA) was found to rely on the comonomer-unit inclusion beha-
vior in the PHSe or PHA type crystal. The low values of excess
free energy (E) for inclusion of the comonomer units in the PHSe
or PHA type crystal, as estimated with the Sanchez—Eby model,
suggest that the cocrystallization of HSe and HA in the crystal of
P(HSe-co-HA) is thermodynamically favored. Moreover, the
lower value of E in PHA than in PHSe type crystal denotes
the inclusion of HSe units in the PHA type crystal is easier than
the incorporation of HA units in the PHSe type crystal.

Supporting Information Available: Determination of the
compositions of P(HSe-co-HA)s with '"H NMR technology:;
determination of the distribution of repeating unit sequence of
P(HSe-co-HA)s with '*C NMR technology; determination of
the comonomer content in the crystalline phase of P(HSe-co-
HA)s. This material is available free of charge via the Internet at
http://pubs.acs.org.
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