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Abstract: The interaction of poly(trimethylene carbonate) (PTMC) with alcohols were investigated
as a model for polymer blending with polysaccharides. While 1-butanol, 2-butanol, ethylene glycol,
1,2-cyclohexanediol showed almost no detectable interaction with PTMC at both of solution state
with TH NMR and solid states of FT-IR, glucose and cellobiose suggests slight change of spectral
pattern in FT-IR analysis. The thermal properties of the blending samples of PTMC and these
alcohols were also investigated. Although the blend of PTMC with 1-butanol, 2-butanol, and
ethylene glycol did not influence on thermal degradation behaviors due to the low boiling points to
maintain the structure at blend sample preparation, however, the blend with PTMC and glucose or
cellobiose tend to increase thermal resistances and increase glass transition temperature, hence,
showed an existence of interaction through hydrogen bonding.
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1. Introduction

Poly(trimethylene carbonate) (PTMC) is a biodegradable polymer that has garnered significant
attention in the field of biomedical application [1] due to its unique combination of biodegradability
[2,3] and mechanical properties [4]. PTMC and its derivatives were synthesized through the ring-
opening polymerization of trimethylene carbonate (TMC) and its derivatives [5-7] and exhibits a
range of applications, including tissue engineering scaffolds, drug delivery systems, and medical
implants [8]. The polymer’s ability to degrade into non-toxic by-products that can be safely absorbed
or excreted by the body makes it particularly attractive for temporary biomedical applications [9].
PTMC has been known to degrade in vitro and in vivo by surface erosion in contrast to the bulk
degradation behavior shown by other polyesters [10], as well as the recent study of biodegradation
mechanism by macrophage-mediated erosion [11]. However, PTMC application is limited because of
its soft properties as bulk materials, probably due to its low glass transition temperature (Ts) at
around - 20 °C [5].

Many efforts have been addressed the improvement of polymer properties by blend of PTMC
and the other polymers [12]. For example, poly(adipic anhydride) [13] and poly(glycolic acid) (PGA)
[14], which are the similar chemical structures as PTMC, were employed for blend with PTMC. It has
been reported many blend studies using polylactide (PLA). The blend of PLA and PTMC were used
as loading agents for essential oil [15] and cinnamaldehyde [16], as well as an application of
biodegradable medical adhesives [17] and ultrathin membrane [18]. By blending with PLA and
PTMC, various applications were also achieved, like drug eluting nanocomposite [19], packaging
film [20], prevention of postoperative adhesions [21], and control of protein loading [22]. Sometimes,
the copolymer of PLA and PGA were used for the blend with PTMC [23-25], which can tune of the
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polymer properties and freely controllable ratio of PLA and PGA. Poly(e-Caprolactone) (PCL) was
also well employed for blend with PTMC [26,27]. As the other examples, the electrons spinning
techniques for blending with PTMC [28,29] and crosslinking reaction after the blending [30,31] were
applied. However, the mechanism of polymer interaction with PTMC when it was blended has not
been well-investigated.

Under the situation, it is crucial to understand the detailed polymer interactions between PTMC
and the partner polymers for optimizing its performance in specific applications. One of the critical
structures of PTMC might be the carbonyl groups, flanked with two oxygen atoms within its polymer
backbone [32]. One of the primary interactions involving the carbonyl group is hydrogen bonding
[33]. The oxygen atom in the carbonyl group can act as a hydrogen bond acceptor, interacting with
hydrogen donors [34]. The strength of the hydrogen bonding could be different from ester
compounds. The hydrogen bonding strength of the carbonyl group in the carbonate group would be
expected to exhibit a larger interaction compared to that of the carbonyl group in the ester group.
This is because the carbonyl carbon in the carbonate group is flanked by two oxygen atoms, which
may result in a greater dipole moment of the carbonyl group compared to the structure of the ester
group, where the carbonyl carbon is flanked by one carbon atom and one oxygen atom. Therefore,
the investigation with low molecular compounds with PTMC should contribute to consider the
mechanism of the interaction with PTMC at blend materials.

Low molecular compounds are a good model to understand interaction of polymers, because
the low molecular size can occupy intermolecular spaces between polymer chains, decreasing
secondary forces among them. Sometimes such a low molecular compounds were used as a
plasticizer, like addition to poly(vinyl chloride) [35], and numerous studies have been reported
[36,37]. As examples of the plasticizer, natural-based compounds were applied for biopolymer films
[38]. The plasticizers themselves were recently considered for their environmentally friendly nature,
like biodegradable ones for poly(3-hydroxybutyrate) [39]. The role of water against protein are also
considered as plasticizers [40].

Among these plasticizers, one of the promising compounds for PTMC is alcohol compounds,
because the carbonyl groups of PTMC could be well interacted with alcohols. Generally, alcohol
compounds are well-known to work as plasticizers for polymers. For example, ethyl acrylate [41] and
dodecyl methacrylate [42], as well as PLA [43], were soften by various alcohols, interacting with
carbonyl groups. Alcohol compounds were also employed for plasticizer to poly(vinyl alcohol) [44]
bearing hydroxyl groups. As practical use, alcohols were utilized as plasticizers to various
biocompatible polymers, such as alginate [45], starch [46,47], and lipid bilayer [48]. However, to the
best of our knowledge, there have been no studies on blending PTMC with low molecular weight
alcohols. This is likely because PTMC already has a low glass transition point, reducing the need for
plasticizer research. However, analyzing the mixture of low molecular weight alcohol compounds
and PTMC could provide valuable information on the interactions with the polymer backbone of
PTMC.

In this study, we investigated the interaction between PTMC and various alcohols as models of
interacting polymer candidates, by observing chemical structures and thermal properties after
addition. The present study will contribute to find the effective blend modification with PTMC.

2. Materials and Methods

2.1. Materials

Poly(trimethylene carbonate) (PTMC, viscosity 1.75 dL/g) was purchased from Sigma Aldrich
(St. Louis, MO, USA). 1-butanol, 2-butanol, and d(+)-glucose was purchased from Fujifilm Wako Pure
Chemical Co. (Chuo-ku, Osaka, Japan) while ethylene glycol, 1,2-cyclohexanediol (cis and trans
mixture), and cellobiose were purchased from Tokyo Chemical Industry (Chuo-ku, Tokyo, Japan.
Chloroform-d was purchased from Cambridge Isotope Laboratories (Andover, MA, USA).

2.2. Preparation of Solution Mixture for 'H-NMR Measurement
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PTMC and various alcohols except glucose and cellobiose were prepared based on 1:1 mole ratio.
Each alcohol and PTMC was then mixed in CDCls inside '"H NMR tube and sonicate for 5 mins before
measured with JEOL ECX-400P (JEOL Corporation, Japan) at 400 MHz.

2.3. Preparation of Melt Blending

PTMC and various alcohols except glucose and cellobiose were prepared based on 1:1 mole ratio.
PTMC was pre-melt into thin film inside Teflon sheet at 150°C for 5 mins before each alcohol was
added into PTMC film using Small-heat-press machine HC300-01 (As One Corporation, Japan). The
mixture was then melt-press at 150°C for 15 mins (except 20 mins for glucose and 30 mins for
cellobiose) with film reshaping every 5 mins. The same procedure was prepared for PTMC-glucose
16/1 (mol/mol) and PTMC-cellobiose 17/2 (mol/mol) except using at 170°C for 20 mins. The mixture
is referred to below as blend samples.

2.4. Fourier Transform Infrared Spectroscopy (FTIR)

Attenuated total reflection infrared (ATR-IR) spectra were obtained by IRAffinity-1S (Shimadzu
Corporation, Japan). A total of 64 to 1024 scans were accumulated in transmission mode with a
resolution of 4 cm™. The spectrum was obtained from a range of 4000 to 400 cm™.

2.5. Thermogravimetric Analysis (TGA)

TGA tests were carried out by using a TGA-50 (Shimadzu Corporation, Japan). The samples,
approximately 5-6 mg in aluminum pan, were heated to 500°C at a heating rate of 10°C/min under
nitrogen atmosphere.

2.6. Differential Scanning Calorimetry (DSC)

DSC (DSC-60Plus Shimadzu, Japan) measurements were performed in the temperature range
from -50 to 200°C at a rate of 10°C/min under nitrogen flow. Samples (5-6 mg) were cooled from RT
to —50 before heated from —50 to 200°C at a heating rate of 10 °C/min and held at 200°C for 5 min to
eliminate the thermal history (first heating scan), then they were cooled to -50°C at 10 °C/min and
reheated under the same conditions (second heating scan).

3. Results and Discussions

3.1. Interaction Study of Mixed Solution

Model interaction between PTMC and various alcohols was shown as in Figure 1. 1-butanol (1)
and 2-butanol (2) were chosen due to similar carbon number with TMC monomer and the possible
effect of primary and secondary alcohol in the molecular interaction. Ethylene glycol (3) and 1,2-
cyclohexanediol (4) were selected to investigate the effect of diol with PTMC, while glucose (5) and
cellobiose (6) showed more complex model and more hydroxyl group that potentially interact with
PTMC, expecting with the future blending with polysaccharides. Previously, the interactions of
alcohols with carbonyl group of ethyl methacrylate have been reported [41], which revealed that the
proton donating ability or tendency of complex formation of alcohols increases with alkyl chain
length. They mentioned that primary alcohols have relatively more tendency of complex formation
than the secondary and tertiary alcohols.
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Figure 1. Model interaction of PTMC with various alcohols, using 1-butanol (1), 2-butanol (2),
ethylene glycol (3), 1,2-cyclohexanediol (4), glucose (5), and cellobiose (6).

Molecular interaction between PTMC and various alcohols was first investigated through 'H
NMR as shown in Figure 2. The PTMC signals corresponding to the repeating OCH2 and -CH2groups
in polymer backbone were observed at 4.241 ppm and 2.054 ppm, respectively (Figure 2a). Solution
mixture of PTMC with 1, 2, 3, and 4 did not show any significant peak change in '"H NMR spectra at
around 4.241 ppm and 2.054 ppm (Figure 2b-2e). This finding implied that 'H NMR measurement
was unable to detect molecular interaction between PTMC and alcohols in solution mixture. Full
comparison of '"H NMR spectra for all solution mixtures are available (Supporting Information,
Figure S1). 5 and 6 were excluded in 'TH NMR measurement due to insolubility in CDCls. Then, we
moved to analyze the blend samples without solution samples as a solid state.
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Figure 2. '"H NMR spectra of PTMC (a), PTMC with 1 (b), 2 (c), 3 (d), and 4 (e) (400 MHz, in CDCls,
r.t.).

3.2. Interaction Study of Blend at Solid State

Further investigation of interaction was conducted through melt blending PTMC with various
alcohols in 1:1 mole ratio. All melt blending samples were then analyzed for chemical properties. To
investigate the interaction between PTMC and various alcohols, we focused on comparing two main
regions of PTMC in FT-IR spectra which were hydroxyl (O-H) and carbonyl (C=0) stretch. The
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content of O-H and the formation of the hydrogen bond directly affects the peak shape, peak position,
and peak area of O-H stretching vibration wave [49]. The stretching of hydroxyl groups of 1 at 3316
cm?, 2 at 3335 cm, and 3 at 3300 cm! seemed to be disappear in the blend samples, due to the
evaporation during sample preparation at 150 °C for 15 mins. The boiling points (b.p.) of 1, 2, and 3
are 117°C, 100°C, and 196°C respectively (Figure 3a-3c). Previous work also found out that alcohols
have low boiling temperature and volatile behavior, hence not suitable for thermal processing in the
starch matrix [46].

In addition, the stretching of hydroxyl groups of 4, 5, and 6 slightly shift in the blend samples
(Figure 3d-3f). The slightly shift hydroxyl peaks to higher wavenumber from 3, 4, 5, and 6 in the
samples might imply a reduction amount of hydrogen bonding, or changes of hydrogen bonding
from OH/OH to OH/C=0. The peak intensity decrease on hydroxyl stretches might also show a
possible penetration of alcohols into PTMC surface. Similar phenomena on peak-intensity change in
hydroxyl stretch have been observed when studying temperature-responsive of poly(dodecyl
methacrylate) [42]. The increased OH-absorbance results from an increased ethanol concentration at
the sensing surface and increased temperature in 3350 cm™ of poly(dodecyl methacrylate) showed
ethanol penetration, thus, enable polymer to swell [42]. All of the stretching of carbonyl groups of the
blend of PTMC with 1, 2, 3, 4, and 5, however, showed at 1736 cm! (Figure 3g-3k), although the blend
of PTMC and 6 shifted slightly to 1738 cm (Figure 3I).
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Figure 3. FT-IR spectra of hydroxyl groups of PTMC with 1 (a), 2 (b), 3 (), 4 (d), 5 (e), and 6 (f). FT-IR
spectra of carbonyl groups: PTMC with 1 (g), 2 (h), 3 (i), 4 (j), 5 (k), and 6 (I).

Based on two main regions of PTMC in FT-IR spectra, we consider the possibilities that there
was a reduction of the hydrogen bonding from both hydroxyl group and the carbonyl groups. These
observations might indicate a possibility of complex formation between free hydroxyl group of
alcohol and carbonyl group of PTMC. Similar finding was also found out in alcohol and ethyl
methacrylate mixtures.[41] They found out the formation of 1:1 complex between free hydroxyl
group of alcohol and carbonyl group of ethyl methacrylate (i.e.,) (O H--O=C) due to increase of the
free O-H band intensity and half-band width with increasing alcohol concentration but at the same
time the reverse trend is observed for the carbonyl absorption band. Another researcher also found
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out that the hydrogen bonding interactions by ethanol were observed with the carbonyl groups of
lipid bilayer through the combination of two-dimensional NOESY spectra and molecular dynamics
simulations [50]. To examine the interactions of blend with TMC and alcohols, we next analyze
thermal properties of blends.

3.3. Interaction Effects on Thermal Properties

The thermal properties of the blends with PTMC and various alcohols were analyzed through
TGA measurement, which were prepared by melt blending method for the homogeneous sample
preparation. The thermal decomposition temperatures of samples at which 10% weight loss (T10) were
used for a comparison, as well as chart patterns. Compared with PTMC only (Figure 4a), the mixing
with 1 and 2 in PTMC with 1:1 mole ratio slightly reduced Tio of PTMC from 302°C to 301°C and
288°C (Figure 4b and 4c). Since the FT-IR spectra (Figure 3) showed a possible evaporation of 1, 2,
and 3 through disappearing of hydroxyl peak, most of alcohols don’t exist in the mixtures, that is
why only slight change would be observed. However, it is possible to have interactions of PTMC

with 3 and 4 due to reduction of T from pure PTMC.
10 e
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Figure 4. TGA charts of PTMC (a) PTMC with 1 (b), 2 (c), 3 (d), and 4 (e).

Apparent decrease of Tio values were observed with the addition of 3 and 4 from 302°C to 242°C
and 123°C, respectively (Figure 4d and 4e). These results implied that 1:1 mole ratio of PTMC and
diol derivatives influenced on the polymer-polymer interactions, possibly inside PTMC. Further
investigations were conducted by increasing PTMC mole ratio for 5 and 6 samples. The thermal
properties of T, Ty, Tm, and AHm of 5 and 6 samples, obtained from a second heating, were
summarized in Table 1.

Table 1. Thermal properties of blend PTMC with 5 and 6.

Sample T (°C) Tg (°C) T (°C) AHa (J/g)
PTMC 302 224 80 -97
PTMC and 5 (1:1) 239 -185 56 -0.42
PTMC and 5 (17:2) 310 173 46 -0.64
PTMC and 6 (1:1) 270 -19.6 66 -4.56
PTMC and 6 (16:1) 307 -16.1 63 -7.84

TGA curves of PTMC showed one step thermal decomposition process (Figure 5a), while 5
showed two steps thermal decomposition processes (Figure 5b), which are the first thermal
decomposition temperature (Talst) at 218°C and the second thermal decomposition temperature
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(Ta2nd) at 276°C. Previously, it was reported that the first decomposition of pure 5 is related to start
losing of its crystalline structure while the second is related to decomposition of the stronger chemical
bonds after the complete loss of crystalline structure [51-53]. Interestingly, the Talst of the blend of
PTMC with 5 (17/2, mol/mol) looks disappeared and the Tio increased to 310°C, whereas only PTMC
showed To at 302°C (Figure 5c). This improvement of thermal properties suggests the interaction of
PTMC and 5. When it was compared with degradation temperature at approximately at 55% loss of
weight, blend of PTMC with 5 (1/1, mol/mol) showed at 339 °C as well as the blend of PTMC with 5
(17/2, mol/mol), despite low values of 318°C and 331°C for 5 and PTMC, respectively. This result
implied that slight interaction between PTMC and 5 possibly occurs.

100 7
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60 1
50 1

(a) PTMC

Weight loss / %

(b) 5
40 4 ===-- (c) PTMC + 5 (17/2, unit mol/mol)
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20 A
10 4
0 . . e
100 200 300 400 500

Temperature / °C
Figure 5. TGA charts of PTMC (a), 5 (b) PTMC/5 (17/2, mol/mol) (c) PTMC/5 (1/1, mol/mol) (d).

More clearly, the phenomena were also observed in the blend of PTMC with 6 (16/1, mol/mol),
which showed the Tio values at 307°C improved from 302°C in the case of only PTMC (Figure 6a and
6c). When it was compared with degradation temperature at approximately at around 34% loss of
weight, both blend samples showed similar temperature of 351°C that above either 6 of 336°C or
PTMC of 339°C. This result also suggested the possibility of interaction between PTMC and 6.
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Figure 6. TGA charts of PTMC (a), 6 (b) PTMC/6 (16/1, mol/mol) (c) PTMC/6 (1/1, mol/mol) (d).

The investigation with DSC on a possible polymer-polymer interactions inside PTMC was
conducted for blend PTMC with 5 and 6. The T of PTMC was slightly decreased from -22.4°C into -
18.5°C and -19.6°C for blend of PTMC with 5 and 6, respectively (Table 1). Increasing PTMC mole
ratio for 5 and 6 samples showed higher effect on T;. These results imply that the interactions between
PTMC chains and alcohols would elevate the Ts values. Additionally, it is considered that the
weakened interactions between the PTMC polymer chains themselves led to a decrease in the Tm.

While we are not certain what causes this peculiar behavior, we can offer a possible explanation.
Based on previous FT-IR spectra, hydrogen bonding possibly occurs between hydroxyl group of
alcohols and carbonyl group of PTMC. This interaction between PTMC and alcohols gives a positive
effect on thermal properties of samples. Previous research also found out that plasticizers and
polymers can interact externally which means it do not attach chemically to the polymer by primary
bonds. Even though there are physical interactions between plasticizer and polymeric chains, they
attach to the polymer by hydrogen bonding which is a type of dipole-dipole attraction between
molecules [38]. The present results would contribute to the design of polymer blending materials as
a model interaction.

4. Conclusions

Interaction between PTMC with various alcohols (1, 2, 3, 4, 5, and 6) has been studied in solution
and solid state blend samples using '"H NMR, FT-IR, TGA, and DSC analyses. The solid state blend
samples seemed to be a better method than solution mixture to investigate the interaction, resulting
in the slightly different spectral pattern in FT-IR at carbonyl group. The possible interaction effected
on TGA chart pattern and DSC chart pattern of blend PTMC with 5 and 6, resulting in higher thermal
decomposition temperature and Tm. The presented findings on the interaction between PTMC and
alcohols hints an existence of interaction through hydrogen bonding that can contribute to find the
effective blend modification with PTMC in the future.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: TH NMR spectra of (a) PTMC; PTMC with various alcohols: (b) 1; (c) 2; (d) 3;
(e) 4 (400 MHz, in CDCls, r.t.).; Figure S2: TGA charts: (a) PTMC; (b) 4; (c¢) PTMC with 4.
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