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Previously syntheses of poly(isosorbide 1,4-cyclohexanedicarboxylate) (PICD) have overcome synthetic
problems associated with the low-reactivity of isosorbide, using acetic anhydride to achieve in situ
acetylation. However, this amorphous polymer exhibits unusual behavior when submerged in water at
100 °C. Severe deformation occurs, with cylindrical pellets changing into a disc-like morphology, similar

to solvent-induced crystallization. The influence of water on the thermal behavior of PICD was analyzed,
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Accepted 27th December 2016 resulting in a mechanism analogous to solvent-induced crystallization, where the solvent functions as

a plasticizer. Furthermore, the effects of acetic anhydride and open-ring isosorbide on structural

DOI: 10.1039/c6ra26532d deformation were investigated, revealing the occurrence of ester hydrolysis. Finally, solid state CP-MAS
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Introduction

Biodegradable polymers have received great attention because
of their environmental advantages, benefiting from reductions
in fossil fuel usage, carbon footprints, and global warming
potential. However, biodegradability has given rise to the fact
that it has limited range in market for inexpensive short-term,
causing the emergence of the “biobased” concept. Biobased
polymers are polymeric materials derived from biomass
resources, and are a potential replacement for conventional
polymeric materials derived from fossil resources.

Research on utilizing biobased materials, such as lactic
acid,*® citric acid,*® tartaric acid,’®**> and chitosan, in
polymer synthesis has been conducted. These contributions are
now being tested for utilization and industrialization. There-
fore, understanding the nature and behavior of these synthe-
sized polymers could further improve and expand the
applications of biobased materials.

Isosorbide (ISB) is a promising biobased material, and one of
three isomers of 1,4:3,6-dianhydrohexitol. ISB can easily be
utilized as a monomer in polyester synthesis; however, polyester
syntheses incorporating ISB have resulted in low M,, values due
to its secondary alcohol nature and the uneven reactivity of the
endo and exo hydroxyl groups, caused by the presence of
hydrogen bonds with oxygen in the ring. Such disadvantages are
compensated by unique structural properties, which cause high
rigidity, superior  thermal/optical  properties, and
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13C-NMR was used to elicit the rearrangement or packing of carbons within the PICD structure.

nontoxicity.'*** This sugar-derived monomer has been used to
generate a variety of polymers, such as polyesters,”>* poly-
carbonates,”” and polyurethanes,'®**° while little research
focusing on its characteristics, such as crystallizability.

In our previous research with 4-cyclohexanedicarboxylic acid
(CHDA),** poly(isosorbide 1,4-cyclohexanedicarboxylate) (PICD)
was synthesized using acetic anhydride to achieve in situ acetyla-
tion, which decreased the steric hindrance in ISB and accelerated
PICD chain growth. We recently discovered that, in this particular
polyester, reorientation/chain ordering can occur when it is heated
in a solvent medium, particularly water. Furthermore, a phenom-
enon similar to solvent-induced crystallization can be observed,
where solvent diffuses between the polymer chains and disrupts
the free space. This removes rotation restrictions on the polymer
chains and naturally lowers the polymer glass transition temper-
ature (Tg), meaning that the solvent acts as a plasticizer. When
such a restriction is removed, an energetically favorable confor-
mation is readily adopted, resulting in crystal structure develop-
ment under ambient conditions.* Solvent-induced crystallization
of polymers has already been reported in several cases, including
syndiotactic polystyrene (sPS),*?* poly(ethylene terephthalate),*
poly(ethylene-2,6-naphthalate),®” poly(ether ether ketone),*** poly-
carbonates,>* isotactic polypropylene,”* and aromatic
polyimide.*

To identify the unique structural deformation behavior
induced by water, we analyzed PICD polyester synthesized using
various amounts of acetic anhydride. This study focuses on the
deformation kinetics, and determining the effect and transition
for each monomer. Therefore, the role of acetic anhydride and
the open-ring ISB content were determined through a detailed
analysis of PICD synthesis, which suggested two kinetic theories
of deformation. Since the kinetics of these phenomena are
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similar to some aspects of solvent-induced crystallization,
thermal analysis using DSC was carried out analogously to verify
the plasticizing effect of water. Finally, solid state cross
polarization-magic angle spinning (CP-MAS) C-NMR was
conducted to describe the function of each carbon during
deformation, along with theoretical confirmation.

Experimental

Materials

CHDA (99.8%) with 22 mol% trans-isomer and ISB (99.8%,
Roquette Freres S.A.) were supplied by SK Chemicals. The
monomers were high-purity commercial products and used as
received. Solvents and chemical reagents used for acetylation
and characterization, including acetic anhydride, acetic acid
and chloroform, were all high-purity grade and purchased from
Sigma-Aldrich. All reagents were used as received.

Synthesis of PICD polyester

PICD samples were prepared using same method as our
previous study.** In brief, CHDA (1220 g, 7.09 mol), ISB
(1040.8 g, 7.12 mol), germanium dioxide (200 ppm) and dibu-
tyltin oxide (150 ppm) were weighed into an agitator, condenser
and trap-fitted 3 L reactor in a molar ratio of CHDA/ISB = 1/
1.003. To determine the effect of Ac,O, it was added to the
reactor at levels of 2, 5, 50, 70 and 200 mol% relative to the
amount of ISB. Esterification was performed at 250 °C for 2 h
after stabilizing at 120 °C under 1 bar of nitrogen for 1 h. After
esterification, the oligomer was moved to a different reactor
fitted with a spiral agitator. Transesterification was performed
at 265 °C and 0.4 mbar, while stirring at 98 rpm. The stirring
speed was slowly decreased to 30 rpm with an increasing degree
of polymerization, and was terminated when the stirrer torque
reached 2 N m. The resulting polyester was removed from the
reactor, quenched with liquid nitrogen and dried in a vacuum
oven at 80 °C for 48 h before characterization.

Preparation of deformed-PICD in water

Each PICD sample was extruded using a Thermo HAAKE™
MiniLab Rheomex CTW 5. Each sample (5 g) was weighed from
each extrusion at 60 rpm and 250 °C. The direct extrusion time
for each sample was controlled at 3 min. Extruded samples were
quenched with liquid nitrogen and cut into 5 mm lengths. The
average diameter was 2.3 mm. PICD samples were weighed at
5 g each and placed in 400 mL tube sealed with a silicon
stopper. Using 100 mL of deionized water and a magnetic
stirrer, the temperature was set to 100 °C and held for 48 h.
Deformed samples were then dried in a vacuum oven at 60 °C
for 48 h and analysed.

Characterization
Intrinsic viscosity

The intrinsic viscosity (IV) of all PICD copolymers was measured
in chloroform at 25 °C and 0.01-2.5 g dL” " using an automated
Ubbelohde viscometer (Schott Co.).
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Nuclear magnetic resonance (NMR)

"H-NMR spectra were obtained using a Varian VNMRS 600 MHz
spectrometer operating at 600 MHz with deuterated chloroform
as the solvent. Tetramethylsilane (TMS) was used as an internal
standard and as a reference for the chemical shifts. Sixteen
scans with 16 K data points each were acquired for each 'H-
NMR spectrum. The relaxation delay was 5 s. '*C-NMR spectra
were recorded at 150 MHz using the same NMR spectrometer
and solvent. Each "*C-NMR spectrum comprised 8192 scans
with 64 K data points. Solid state NMR spectroscopy was carried
out using a Bruker AVANCE III 300 equipped with a CP-MAS
accessory to determine the alteration of free space during
water induced deformation.

Differential scanning calorimetry (DSC)

Thermal analysis was carried out using a TA instruments Auto-
DSCQ20 System. All analyses were performed under nitrogen,
and the samples each weighed 8 mg. Samples were enclosed in
standard 40 pL aluminium cells, melted at 280 °C for 5 min, and
then quenched to 30 °C. The temperature was raised at a scan-
ning rate of 10 °C min~ " to 280 °C. The glass transition
temperature (T,) was taken as the onset of the change in heat
capacity associated with a transition.

Scanning electron microscopy (SEM)

Surface images of deformed PICD were taken with SEM (Nova
Nano SEM, FEI).

Results and discussion
Synthesis and deformation of PICD homopolyester

PICD homopolyester was synthesized using CHDA and ISB via
acetylation, as shown in Scheme 1. To substitute the hydroxyl
end group of ISB with an acetyl group using Ac,O, in situ acet-
ylation was performed to compensate for the inferior reactivity
of ISB in esterification and polycondensation. As mentioned in
our previous paper, in situ acetylation is an effective method,
even using small amounts of Ac,O. In this study, various
contents, ranging from 2 mol% to 200 mol% Ac,O, were used to
determine the effect of Ac,O on the kinetics of water-induced
deformation.

PICD deformation was discovered when a PICD pellet was
submerged in water and the temperature was raised to 100 °C
and held for 24 h. When PICD was submerged in water without
heat, deformation did not occur. As shown in Fig. 1, the
deformation was quite severe, with the length and width
changing from 5 mm to 0.9 mm, and 2.3 mm to 5.3 mm,
respectively. The volume decreased from 20.76 mm? to 19.84
mm?, resulting in a 0.04% loss. Furthermore, the brownish
transparent PICD had become opaque. This drastic change in
length and width indicated that this deformation had occurred
at the molecular level. Since the PICD chain was almost oriented
with the vertical axis, which resulted from extrusion, it would
have rearranged itself laterally with the help of water molecules,
which seemed more thermodynamically stable. The decrease in
volume signified an increased packing density, meaning that

This journal is © The Royal Society of Chemistry 2017
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The IV values of PICD and deformed PICD are summarized
in Table 1. All samples showed different IV values, decreasing
from PICD to deformed PICD, with seemingly no relationship
between IV difference and Ac,O content. The cause of decreased
IV was most likely due to ester hydrolysis and open-ring ISB. The
common foundational basis of both reactions is that the
surrounding system must be acidic. To confirm the basic
requirements for these reactions, the water pH was measured
every 2 h throughout the deformation process, with the results
shown in Fig. 2. The water pH started at 7.5, rapidly dropping to

Time (hr)

Fig. 2 Change in water pH during deformation.

4.6 after 4 h, followed by a gradual decrease that plateaued at 3.6
after 24 h. This increasing water acidity would affect ester
hydrolysis and the open-ring ISB content. This introduction of
acidity into the system was explained by analyzing the evapo-
rated residual content of water. As shown in Fig. 3, the residual

Table 1 Intrinsic viscosity of PICD before and after deformation
Ac,0 IV of PICD? IV of deformed

Sample code” contents (mol%) (dLg™ PICD (dL g ) AIV*
PICD-2 2 mol% 0.52 0.50 0.02
PICD-5 5 mol% 0.62 0.53 0.09
PICD-50 50 mol% 0.64 0.58 0.06
PICD-70 70 mol% 0.55 0.52 0.03
PICD-200 200 mol% 0.65 0.62 0.03

% sample codes denote the mol% of Ac,O added relative to ISB.  Intrinsic viscosity (dL g~") measured in chloroform at 25 °C. ¢ IV difference

between amorphous PICD and crystallized PICD.

This journal is © The Royal Society of Chemistry 2017
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ppm
Fig. 3 H-NMR spectrum of residual.

content showed a singlet at 6 1.58 ppm, matching that of acetic
acid. The origin of this acetic acid can be explained using Fig. 4.
As PICD synthesis progresses, acetic anhydride that had reacted
with ISB produced acetyl-ISB, which can be placed at the end of
PICD chains due to steric hindrance and the less reactive nature
of ISB. Another possibility is entrapment of acetic acid in the
PICD melt, which, given the reaction temperature and volatility
of acetic acid, was highly unlikely to occur. Therefore, acetic
acid can be assumed to be slowly secreted during the defor-
mation process, which decreased the pH value.

Considering that residual analysis showed only acetic acid,
ester hydrolysis would conclusively occur in sizable portions, not
just the end-group diol, which would lead to a slight decrease in
IV. As shown in Fig. 5, ISB has been shown to undergo ring-
opening reactions when the internal ether is exposed to acid
catalyst. As a result, it can induce increased flexibility and higher
mobility, which decreases the IV value. Table 2 summarizes the
open-ring ISB contents in both PICD and deformed-PICD. PICD-2
showed no difference in open-ring ISB content. Considering that
2 mol% is a very low amount of Ac,0, it would have little effect on
the acidity of PICD synthesis, hence the lack of increase or
decrease in open-ring ISB content, even after deformation. The
open-ring content decreased in PICD-5 and PICD-50, which can
be explained by ester hydrolysis, as discussed earlier. As hydro-
lysis would occur at the ether moiety in ISB, causing decreased IV,
it would also decrease the open-ring ISB content. PICD-70 and
PICD-200 showed increased open-ring ISB contents. As 70 and
200 mol% were large amounts of Ac,0, it was clear that abundant

O
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Fig. 4 Probable end group structure of PICD.
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Fig. 5 Open-ring ISB and the possible reaction outcome.

acetic acid would be produced by the PICD end group, as dis-
cussed above. This acetic acid would be released into the solvent
medium (water) faster, actively triggering the ring-opening reac-
tion and resulting in a higher open-ring ISB content.

Thermal properties of PICD homopolyester

Normally, the kinetics of crystallization induced by solvent are
derived from their solvent diffusion coefficients, which have the
mobile strength to remove any restriction placed upon the
polymer chain, functioning as a plasticizer. Therefore, solvent-
induced crystallization does not require any external source of
energy, such as heat, for crystallization.

However, for PICD, water alone was not able to cause crys-
tallization or deformation. Since water molecules have low
diffusion coefficients (self-diffusion coefficient: 0.0012 cm” s,
diffusion coefficient of water to polymer: ~10~° cm? s™'),%%
they cannot diffuse into the core of the PICD structure. PICD
only deformed when exposed to 100 °C heat in water for a long
period, preferably more than 24 h, suggesting that vibrant water
molecules induce PICD structure deformation with an external
energy source. To ensure that the deformation kinetics resem-
bled solvent-induced crystallization with water functioning as
a plasticizer, the thermal properties of PICD and PICD were
analyzed under various conditions. The thermal behaviors of
neat PICD, PICD submerged in water, and deformed PICD are
summarized in Fig. 6 and Table 3. Neat PICD showed two glass

Table 2 Open-ring ISB contents in PICD and deformed PICD

Open-ring ISB
content of PICD*

Open-ring ISB content
of deformed PICD

Sample code” (mol%) (mol%)
PICD-2 10.92 mol% 10.92 mol%
PICD-5 18.33 mol% 17.55 mol%
PICD-50 6.63 mol% 6.59 mol%
PICD-70 10.86 mol% 10.92 mol%
PICD-200 8.82 mol% 9.30 mol%

“ Open-ring ISB content was measured using the relative integrated area
of the methylene proton in "H-NMR.

(o]

PN
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Fig. 6 Thermal analysis of (a) neat PICD, (b) PICD submerged in water, and (c) deformed PICD.

transition temperatures, denoted 7; and T,. As two glass tran-
sition temperatures represent a polymer having two phases,
PICD can be thought as having two different phases in the
homopolyester chain. The first phase was in the presence of
open-ring ISB, whose flexible nature induced localized reor-
dering at its branches and loose sites, giving a lower transition
temperature, T;. The secondary phase was main chain PICD,
where whole-bodied long-range segmental motion resulted in
a higher transition temperature, T5.

Although submergence did not induce deformation, it
proved that water was capable of diffusing into the PICD chain
and disrupting its original thermal behavior during the heating
process. As the results show, PICD-2, PICD-5, and PICD-70 show
a single T; between T; and T,, whereas PICD-50 and PICD-70
showed two increased T3 values. These two samples contained
less than 10 mol% open-ring ISB, meaning a smaller effect on
prior segmental motion. As thermal analysis progressed, the
increasing temperature would begin affecting the PICD chain
containing water-induced reordering. When the temperature
reached the boiling point of water, which, coincidently, was
close to Ty, energized and vibrant water molecules forcefully
removed PICD chains from the restriction. However, the dura-
tion of heating was too short in the thermal analysis of PICD-50
and PICD-70, such that they were unable to undergo reordering.
Therefore, PICD treated with enough heat and water for a suit-
ably long time would receive enough energy for water to have
a plasticizing effect, inducing deformation and reordering.
Conclusively, deformed PICD, which was treated at 100 °C in
water for 24 h, had a single T, at a higher value.

Table 3 Thermal properties of PICD under various conditions

T, and T, of T3 of submerged T, of deformed
Sample code” PICD’ (°C) PICD (°C) PICD (°C)
PICD-2 95/125 123 126
PICD-5 94/120 109 119
PICD-50 94/131 127/153 133
PICD-70 94/118 109 121
PICD-200 96/131 114/128 134

“ sample codes denote the mol% of Ac,0 added relative to ISB. * Glass
transition temperatures measured by DSC.

This journal is © The Royal Society of Chemistry 2017

Kinetics of PICD deformation

Thermal analysis proved that PICD deformation shared
similar kinetics with solvent-induced crystallization, in which
solvent diffusion and solvent functioning as plasticizer
removed the restriction on the PICD chain, allowing it to
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Fig. 7 (A) Surface of deformed PICD, and (B) inside the rupture.
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(1) (2)

Scheme 2 Paths of movement for plasticizing water.

reorder itself in favor of entropy. To better understand the
movement of water, the surface of deformed PICD was
analyzed. Fig. 7(A) shows the surface of deformed PICD, while
Fig. 7(B) shows an internal view of the surface holes, which
were numerous and variously sized, showing no regularity.
However, the outer rim of these holes was white, meaning that
it was higher than the grey surface. This indicated that an
outward eruption had occurred. Such a phenomenon is
explained in Scheme 2. Firstly, water diffusion occurs (1); as
the two angled furan rings of ISB create enough free volume
between the chains, water, aided by heat, can diffuse into the
PICD chains. When the temperature reaches 100 °C, water
starts to vibrate vigorously (2). At this stage, vibrant and

Ollu-.-.2
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diffused water molecules, both inside and outside, remove
restrictions on the PICD chain and start to function as plas-
ticizers, increasing the mobility of the PICD structure. When
deformation is complete, during which the chains are
brought closer to each other, the free space between the
chains shrinks. Therefore, water that had diffused inside is
forced to erupt out of the PICD structure, leaving holes on the
deformed surface.

Structural analysis of PICD

Solid-state NMR (SSNMR) offers great insight into polymer
structure and free space with the help of CP-MAS. CP-MAS

9t,c

7

(b)

PICD-200
——D-PICD-200

200 180 160 140 120 100 80 60 40 20
ppm

180 160 140 120 100 80 60 40 20 0
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200
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8t,8c 1,6 25 3,4 7
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Fig. 8
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Solid state CP-MAS **C-NMR spectra of (a) PICD-5 and (b) PICD-200 with peak intensity differences.
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combines cross polarization and magic angle spinning tech-
niques to narrow down broad peaks by spinning the sample at
54.74° (the magic angle) with respect to the direction of the
magnetic field. This can obtain a clear spectrum, which is more
suitable for assigning peaks according to the structure. Conven-
tional solution NMR removes restrictions caused by structure and
allows all carbons and hydrogens to freely rotate according to the
applied magnetic field, resulting in instant relaxation times.
However, in SSNMR, the motional freedom of carbons and
hydrogens is effected and restricted by the neighboring structure
because of the solid nature. Therefore, SSNMR gives longer
relaxation times, resulting in altered peak intensities. This alter-
ation signifies the transition in free space state of the corre-
sponding carbon. If a carbon is positioned in a crystalline region,
it would have little free space, hindering rotation when
a magnetic field is applied. Therefore, the relaxation time would
be longer, giving the peak a higher intensity. This can be applied
to analyze the deformation of PICD and elicit which carbons have
moved or become more closely packed, as in solution-induced
crystallization, during deformation. Fig. 8 shows the solid state
CP-MAS *C-NMR spectra of PICD-5 and PICD-200, along with the
intensity differences of each peak. PICD and D-PICD represent
amorphous PICD and deformed PICD, respectively. The peaks at
6 30.2, 44.6, 76.1, 80.7, 88.8, and 175.8 ppm were assigned to 9
(trans/cis), 8 (trans/cis), 1/6, 2/5, 3/4, and 7, respectively. All peaks
were assigned in comparison with the results of solution "*C-
NMR [S1]. All peaks, except peak 7, were broad enough to cover
the range of two peaks, which were closely positioned due to their
symmetry. Therefore, it was reasonable to conclude that these
peaks shared the same structural environment. PICD-5 and PICD-
200 represented two different possible deformation kinetics. For
PICD-5, the IV value and open-ring ISB content decreased after
deformation, suggesting an ester hydrolysis effect. As shown by
the peak intensity differences, peaks far from the breakage point,
such as the ester functional group, 9, 1/6, and 3/4, showed
increased intensity, whereas those directly affected by the ester
functional group, 7 and 8, showed decreased intensities. There-
fore, the hydrolysis effect resulted in fewer ester functional
groups, and hence fewer effected carbons, to take part in defor-
mation. However, PICD-200 presented another kinetic route to
deformation. Compared with PICD-5, the IV value of PICD-200
decreased less and, since excess Ac,O induces an acidic envi-
ronment during polymerization, the open-ring ISB content
increased. With less hydrolysis occurring, ISB and ester func-
tional groups were brought closer together forcefully during
deformation, resulting in the exclusion of a cyclohexane group
(peak 9). In conclusion, it is reasonable to state that open-ring ISB
content is the key factor in water-induced deformation.

Conclusion

The abnormal deformation behavior in heat and water has been
discussed. Acetic anhydride has proven to be an attractive
reagent for accelerating polymerization with less reactive ISB,
while the open-ring ISB content it induces has a significant
effect on polymer deformation. Although this phenomenon
shares kinetics analogous to solvent-induced crystallization, the

This journal is © The Royal Society of Chemistry 2017
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amorphous nature of the polymer chain and fully intact ISB
prevent continuous ordering, which agrees with our previous
research*® showing complete ISB exclusion during crystalliza-
tion. Interestingly, open-ring ISB shows the possibility to reduce
packing distance and cause severe structural/apparent defor-
mation using an exterior energy source. This phenomenon
could be utilized by controlling the open-ring ISB content in
future studies.
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