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ABSTRACT: A reflexive interface was designed and prepared based on poly(trimethylene carbonate) (PTMC),
which was polymerized from the hydroxyl groups of cholesterol or poly(ethylene glycol) monomethyl ether (mPEG)
by conventional ring-opening polymerization techniques. Resulting polymer coatings were analyzed in terms of
surface wettability and polymer weight loss during degradation using contact angle and quartz crystal microbalance
measurements. The adsorption of hydrophilic and hydrophobic dyes on the membrane was evaluated by UV-vis
spectrometry and was found to be largely dependent on the polarity of the terminal unit such as the cholesterol
or mPEG segment. For example, mPEG (Mn ) 5000 g/mol)-PTMC membranes, abundant with surface mPEG
segments, demonstrated quick, spontaneous surface enrichment in water. In terms of results, surface wettability
increased and enzymatic degradation decreased due to a lack of enzymatic accessibility. Moreover, such membranes
could adsorb hydrophobic dyes from aqueous solutions, demonstrating interfacial stabilization by mPEG segments.
Resulting polymers could be interesting candidates for commercial applications and of specific interest in biomedical
applications.

1. Introduction

Poly(trimethylene carbonate) (PTMC) is a widely investigated
biodegradable polymer,1-4 and several studies have shown its
suitability as a biomaterial.5-7 PTMC displays a low glass
transition temperature (Tg) and thus possesses high molecular
mobility at ambient conditions. Meijer et al. utilized the mobility
of PTMC in conjunction with terminal hydrogen-bonding units
as an approach for supramolecular assemblies,8 and Hilborn et
al. reported a biocompatible interface using phosphorylcholine
(PC) functional PTMC oligomers.9-12 In the latter study, when
immersed in water, terminal polar groups were shown to
spontaneously rearrange onto the outermost surface to reduce
the surface free energy. From these results, we were inspired
by the properties such as a rapid, spontaneous fashion and
repetition. Thus, we call the surface quick rearrangement based
on PTMC a reflexive interface, and it could be designed using
PTMC. Yui et al. described fundamental strategies regarding
reflexive polymers, which are summarized in an excellent
textbook by Mrsny and Park.13 Stimuli-responsive polymers
were furthermore used to prepare functional polymer inter-
faces.14,15 On one hand, the alternate adsorption process is a
promising technique that modifies polymer interfaces,16 while
polymer coating is a typical surface modification technique, and
the resulting surfaces are capable of further functionality.
Serizawa and Akashi reported the regulation of alkaline hy-
drolyses on poly(lactic acid) stereocomplexes17 and stereoregular
polymerization of poly(methyl methacrylate)18 in their pioneer-
ing work using an alternate adsorption process. The regulation

of interface properties was crucial to further improve polymer
functionalities.

In the present study, we focus on segmented functional
PTMC-based polymers, which show spontaneous surface rear-
rangements dependent on wet conditions. The design of the
terminal unit was shown to be the dominant factor to facilitate
the reflexive function. Poly(ethylene glycol) monomethyl ether
(mPEG) was utilized as a macroinitiator for conventional ring-
opening polymerization (ROP) using stannous octoate as a
catalyst. PEG is a known hydrophilic polymer, and its rotational
correlation times have in an earlier study been shown to increase
with the PEG molecular weight.19 Therefore, we synthesized
various PTMC-PEG block copolymers utilizing PEG as a
macroinitiator to study coating reflexive properties from result-
ing materials. Cholesterol was used as an initiator to provide a
more hydrophobic reference surface than PTMC. Initially, the
PEG-PTMC surface was hydrophobic since PTMC would
enrich the surface and thereby reduce the surface free energy
in air; however, by soaking the surface in an aqueous solution,
the surface properties changed into hydrophilic PEG segments
that enriched the surface. The changes in surface polarity were
characterized using static contact angle measurements and
evaluated by enzyme accessibility and also selective adsorption
using hydrophobic and hydrophilic dyes. Reflexive polymers
are of importance as biomaterials and in industrial applications.

2. Materials and Methods

2.1. Materials. Trimethylene carbonate (TMC) was purchased
from Boehringer Ingelheim. Cholesterol (Chol, Wako Pure Chemi-
cal Industries), poly(ethylene glycol) monomethyl ether at 350 g/mol
(mPEG8, Alfa Aesar), poly(ethylene glycol) monomethyl ether at
5000 g/mol (mPEG114, Fluka), and stannous octoate (tin(II) 2-ethyl
hexanoate, Wako) were used for the polymerizations. Organic
solvents were purchased from Wako and used as received. To
examine enzymatic degradation, Dulbecco’s phosphate buffered
saline (PBS, #14200-075, Invitrogen) was used with a pH of 7.1.
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As an enzyme, Lipase (Wako, pig pancreas, 10 units/mg) was used
with a concentration of 10 mg/mL in PBS, and its supernatant was
used in enzymatic degradations.

2.2. Instrumentation. 1H NMR spectra were recorded using a
JNM-GSX (JEOL, 400 MHz) with CDCl3 as a solvent. Gel
permeation chromatography (GPC) measurements were performed
on an HLC-8220GPC (Tosoh) with a TSK-GEL SuperH4000
column to determine molecular weights and their distributions. As
an eluent,N,N-dimethylformamide (DMF) with 10 mmol/L lithium
chloride was used. The flow rate was 1 mL/min, and a universal
calibration with polystyrene standards (Shodex) was performed. FT-
IR spectra were recorded using the attenuated total reflection (ATR)
method by the use of an FT-IR spectrometer (Spectrum 100, Perkin-
Elmer). Static contact angle measurements were performed using
a DropMaster 500 (Kyowa Interface Science) with ultrapure water.
UV-vis spectra were recorded from 400 to 700 nm using a U-3010
(Hitachi) spectrophotometer. To monitor changes in weight on a
substrate, a quartz crystal microbalance (QCM) substrate with a
parent frequency of 9 MHz (USI System) was used, and the change
in the frequency was monitored by a frequency counter (53131A,
Agilent Technologies).

2.3. PTMC-Based Polymer Syntheses.Poly(trimethylene car-
bonate) (PTMC) with a segmented functional unit was synthesized
by a conventional bulk ring-opening polymerization.20,21A typical
procedure using cholesterol as an initiator is as follows: A total of
2.04 g (20 mmol) of TMC and 0.039 g (0.2 mmol) of cholesterol
were added to a round-bottom flask equipped with a magnetic stir
bar. Tin(II) 2-ethyl hexanoate (10µL of a toluene solution (0.33
mol/L)) was added, and the flask was evacuated with a vacuum
pump for 1 h. After the removal of toluene, the flask was heated
to 150 °C for 6 h. After cooling, the mixture was dissolved in
chloroform and poured into an excess of methanol to obtain
cholesterol-terminated PTMC, and the resulting product was
abbreviated as Chol-PTMC100. The last three-digit number displays
the molar ratio between TMC and the hydroxyl group in the feed.
The composition of the obtained Chol-PTMC100 was confirmed
by FT-IR,1H NMR, and GPC. Yield: 62%. IR (ATR, cm-1): 1730
(CdO). 1H NMR (CDCl3, ppm): δ 1.00-1.50 (m, H, cholesterol),
2.05 (m, 2H,-CH2- in PTMC), 4.24 (t, 4H,-OCH2- in PTMC),
5.39 (s, 1H, CHdC in cholesterol). The number- and weight-
average molecular weight were 22 900 and 32 900 g/mol, respec-
tively, and the polydispersity (PDI) was 1.44.

The DP of PTMC was altered by adjusting the amount of initiator
[I] to TMC [TMC]. In the case of mPEG8 and mPEG114, the
synthetic procedure was slightly modified. The polymerization
temperature and time were changed to 130°C and 8 h, respectively.
Also, the resulting polymer (mPEG114-PTMC) was recovered by
centrifugation (9000 rpm× 20 min) after the reprecipitation. The
overall synthetic route is illustrated in Scheme 1.

2.4. Preparation of PTMC-Based Reflexive Interfaces and
Their Properties. PTMC-based coatings were prepared on poly-
(ethylene terephthalate) (PET) (Wako) or QCM substrates using
the following procedure: The polymer to be coated was dissolved
in chloroform to a final concentration of 0.5 or 1 wt % for PET

and 0.2 wt % for QCM. The polymer was spin-coated using a Spin
Coater 1H-7D (MIKASA) at 1500 rpm for 60 s.

The reflexive function was evaluated by the contact angle change
in water. The polymer-coated substrate (PET) was immersed in
ultrapure water at 37°C. After a given time, the substrate was
picked up and surplus water was removed by drying with N2 gas.
The static contact angle was then measured.

Polymer-coated QCM substrates were used to study the enzy-
matic degradation, and the change in the frequency shift was
correlated to the weight loss using Sauerbrey’s eq (1 Hz corresponds
to 1.15 ng).22 Polymer-coated QCM substrates were immersed in
PBS lipase solutions at 37°C. After a given time, the QCM
substrate was rinsed in ultrapure water and then dried with N2 gas.
The frequency was monitored and plotted as a function of the
degradation time. The PBS lipase solution was changed at intervals
of 6 h to maintain its enzymatic activity.

Allura Red AC (AR, food additive dye, C.I. #16035,λmax ) 504
nm, solubility in water) 12 g/dL) and Basic Blue 7 (BB7, pigment,
C.I. #42595,λmax ) 616 nm, solubility in water) 2 g/dL) were
used to estimate dye adsorption properties. First, a stock solution
of each dye (AR and BB7) was prepared in ultrapure water at a
final concentration of 0.1 mg/mL. The stock solution was diluted
by ultrapure water before use. PTMC-based polymer membranes
were prepared by the solvent evaporation technique, and disks were
punched out with a diameter of 10 mm. Disks were immersed into
the dye solution in a cuvette at room temperature, and the UV-vis
spectrum of the supernatant was monitored at given times.

3. Results and Discussion
3.1. Diversity of PTMC-Based Reflexive Polymers.Table

1 summarizes the synthetic results of PTMC-based polymers,
which were polymerized by ROP in the presence of a tin(II)
catalyst. Initiation was done from either cholesterol (Chol) or
poly(ethylene glycol) monomethyl ether (mPEG). In the case
of Chol-PTMC, the physical state at room temperature varied
from a solid wax to a rubbery wax depending on the molecular
weight. The number-average molecular weight as expected
increased with the feed ratio of [TMC]/[I], and the PDI was in
general around 1.5 for yields around 50%. A series of mPEG-
PTMC were similar in terms of molecular weight changes and
yields; however, mPEG8-PTMC100 was a viscous liquid
because the molecular weight of the resulting polymer was low
(Mn ∼ 10 000 g/mol). The physical state of mPEG8-PTMC200
changed to a solid rubber due to the higher molecular weight.
mPEG114-PTMC100 was shown to dissolve or aggregate in
methanol; presumably, this polymer matched the solvent affinity
of methanol. Polymer aggregates were confirmed by the Tyndall
phenomenon using a laser pointer; however, for higher molec-
ular weights (mPEG114-PTMC400) the resulting polymers were
recovered by precipitation in methanol. The aforementioned
result indicates that the solvent affinity of the polymer decreased,
and the polymer could form a precipitate.

Scheme 1. Synthetic Route Showing Both Poly(trimethylene carbonate) and a Functional Initiator Unit
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3.2. Reflexive Function by Static Contact Angle Measure-
ments.Figure 1 displays changes in the static contact angle of
PTMC-based polymers when immersed in water. In general,
the outermost surface of the polymer rearranges to reduce the
surface free energy. In the case of mPEG114-PTMC200 (Figure
1a), the initial contact angle was roughly 75°, and immediately
following water immersion the contact angle reduced to 42°.
The time to reach the complete surface rearrangement was 5 h.
The rearranged surface was found to maintain its surface
wettability, indicating that the mPEG114 segment was enriched
at the outermost surface. The effect of the chain length of mPEG
was noticeably observed. The initial contact angle of mPEG8-
PTMC200 roughly showed 74°, and the contact angle did not
change by water conditioning. The static contact angle of the
PTMC homopolymer was measured to be 70°; thus, the mPEG8
segment could not efficiently wet the surface. In fact, the reason
for higher contact angles on mPEG114-PTMC200 and mPEG8-
PTMC200 relative to pure PTMC was not clear; coating
conditions and the resulting surface roughness may play a role
in the higher contact angles. On the other hand, Chol-PTMC200
showed a change in wettability. The initial contact angle of 90°
was reduced to 70° when the polymer was immersed in water.
The previous result suggests that the cholesterol, in air, is

enriched at the outermost surface layer and in water migrates
to the bulk polymer. The surface layer is now instead enriched
with PTMC, which provides a lower surface free energy in water
than in cholesterol.

To further investigate surface rearrangements, the DP of
PTMC was changed as shown in Figure 1b. The typical trend
was similar to Figure 1a; however, the time to allow surface
rearrangement was found to increase with molecular weight.
In particular, Chol-PTMC400 displayed a slow change in the
contact angle during an incubation for 150 h. Moreover, the
final contact angle in mPEG114-PTMC400 was around 45°,
which was slightly higher than that of mPEG114-PTMC200.
This result indicates that PTMC entanglements suppress its
reflexive function and that lower molecular weights, Chol-
PTMC200 and mPEG114-PTMC200, have a more spontaneous
rearrangement.

To further regulate surface wettability, Chol-PTMC200 and
mPEG114-PTMC200 were blended at a given ratio, and the
final polymer concentration was 0.5 wt % using chloroform.
Figure 2a shows the change in the contact angle of polymer
blend surfaces. The contact angle correlates with the blend ratio.
These results indicate that the static contact angle could be tuned

Table 1. PTMC-Based Reflexive Copolymers

mol wta

abbrev
feed ratio
[TMC]/[I] physical state at RT Mn Mw Mw/Mn yield (%)

Chol-PTMC100 100 wax 22 900 32 900 1.44 62
Chol-PTMC200 200 solid (rubbery) 29 300 43 700 1.49 48
Chol-PTMC400 400 solid (rubbery) 35 500 55 100 1.55 62
mPEG8-PTMC100 100 viscous liquid 10 100 14 400 1.43 61
mPEG8-PTMC200 200 solid (rubbery) 32 700 50 600 1.55 74
mPEG8-PTMC400 400 solid (rubbery) 39 300 58 500 1.49 79
mPEG114-PTMC100 100 solid (rubbery) 23 400 31 900 1.36 b
mPEG114-PTMC200 200 solid (rubbery) 28 600 38 000 1.33 15
mPEG114-PTMC400 400 solid (rubbery) 36 200 53 500 1.48 70

a Determined by GPC in DMF with 10 mmol/L LiBr (polystyrene standard).Mn andMw show number- and weight-average molecular weight, respectively.
Mw/Mn is polydispersity.b The resulting polymer could not be recovered in methanol.

Figure 1. Static contact angle measurement of reflexive polymers
incubated at 37°C; repeating units of TMC were (a) 200 and (b) 400
in feed. Symbols show Chol-PTMC (O), mPEG8-PTMC (0), and
mPEG114-PTMC (4). The polymer coating was carried out at the
concentration of 1 wt %. Average value of five measurements and their
standard deviation are indicated.

Figure 2. Changes in static contact angle by polymer blending. Chol-
PTMC200 and mPEG114-PTMC200 were blended in chloroform, and
final polymer concentration was 0.5 wt %. The polymer-coated
substrates were incubated at RT: (a) ratio of mPEG114-PTMC and
by (b) conditioning time. mPEG114-PTMC200 content was 0 (b), 25
(O), 50 (9), 75 (0), and 100 (4). Average value of five measurements
and their standard deviation are indicated.
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by changing the blend ratio to obtain final contact angles
between 40° and 90°. Figure 2b shows water conditioning of
the polymer blend, and the rearrangement was stabilized within
50 h as described above, yielding final contact angles with an
average of a 10° change.

3.3. Reflexive Functions by Enzymatic Degradation.The
reflexive function was further investigated by studying enzy-
matic degradation on QCM substrates and specifically observing
the weight change of membranes with or without lipase. The
change in frequency after polymer coating was roughly 800 Hz,
showing a 15 nm thickness, and the polymer layer was
considered to have multilayers. Shown in Figure 3 is the change
in frequency shift plotted as a function of degradation time. In
the case of Chol-PTMC400, the frequency immediately de-
creased within 1 h after which the frequency change stabilized.
As a reference, the same PTMC-based polymer membrane was
not degraded in a PBS solution without lipase as the frequency
was constant at 800 Hz for 2 h. The previous result indicates
that lipase is essential for the degradation of Chol-PTMC400
and that the time required to reach complete degradation was 2
h. In general, degradation of polymers occurs either from the
surface or from the bulk,1 and PTMC has been shown to undergo
surface erosion in lipase solutions.23,24 Particularly, higher
repeating TMC units (over 100) could not be degraded in
aqueous media, if lipase was not added. The PTMC could be
easily degraded in the presence of lipase via surface erosion.
In our study, the degradation depends on the molecular weight
of PTMC and was shown to degrade with a surface erosion
type mechanism. Figure 3b shows the result of mPEG8-
PTMC400, and the frequency was shown to decrease with
increasing degradation times. Additionally, the degradation
profile was similar to Chol-PTMC400. On the other hand,
mPEG114-PTMC400 showed a different degradation profile
(Figure 3c). Now, the degradation time was delayed until 24 h,
and the total amount of degraded membrane was slightly lower

than that of mPEG8-PTMC400, suggesting a durable mPEG114-
PTMC400 surface. We explain the different behaviors with the
increased hydrophilic segment by mPEG114 such that enzymatic
degradation is suppressed due to the enzyme’s lower acces-
sibility to the membrane. Taking the results into account, PTMC-
based polymers showed reflexive functions based on terminal
functional units.

3.4. Selective Adsorption Properties Using Dyes.So far,
PTMC-based polymers showed diverse surface wet abilities also
reflecting their respective enzymatic degradation. The next
question was whether these polymers could act as temporary
reservoirs for drugs, thereby increasing their use as biomaterials.
In this study, basic blue 7 (BB7) was used as a hydrophobic
model drug. Figure 4 shows changes in absorbance of the
supernatant in mixtures with PTMC-based polymer membranes,
and the maximum absorption of BB7 is observed at 616 nm. In
the case of Chol-PTMC400, the spectrum changed after mixing
the membrane and the dye. The change in adsorption was
significantly observed within 1 h; however, the effect of the
adsorption was saturated after 1 h. Although Chol-PTMC400
showed a hydrophobic surface, the total amount of adsorbed
BB7 was low. On the other hand, mPEG8-PTMC400 could not
adsorb the BB7 dye on the surface. This spectrum only changed
initially but remained constant for a total incubation time
exceeding 48 h. Interestingly, mPEG114-PTMC400 showed a
quick and complete adsorption (Figure 4c). Moreover, the time
to reach the complete adsorption was strongly dependent on
the total amount of solution. The data shown in Figure 4 were
obtained with a total volume of 1 mL. The anomalous adsorption
demonstrated the drug loading capability in spite of the
hydrophobic nature of the drug. The surface of mPEG114-

Figure 3. Enzymatic degradation of reflexive polymers was monitored by quartz crystal microbalance. The change in frequency was plotted as a
function of degradation time. Open symbol shows Chol-PTMC400 (O), mPEG-PTMC400 (0), and mPEG114-PTMC400 (4). Each closed symbol
shows a reference without lipase. The polymer coating was carried out at the concentration of 0.2 wt %. Average value of three measurements and
their standard deviation are indicated.

Figure 4. Basic Blue7 as a model dye absorption in reflexive polymer
membranes: (a) Chol-PTMC400, (b) mPEG8-PTMC400, and (c)
mPEG114-PTMC400. The initial dye solution was prepared by mixing
the stock solution of Basic Blue7 (250µL) and ultrapure water (750
µL). The spectra of Basic Blue7 dye in cuvettes were monitored at 0,
1, 12, 24, and 48 h from the top spectrum. Figure 5. Selective adsorption in mPEG114-PTMC400. The initial

dye solution was prepared by mixing the stock solutions of Allura Red
(250 µL) and Basic Blue7 (500µL) dyes and ultrapure water (1750
µL). The spectra were monitored at 0, 1, 2, 4, 7, and 12 days from the
top spectrum. The typical photos were take after 24 h, which initial
dye solution was prepared by mixing of the stock solutions of Allura
Red (250µL) and Basic Blue 7 (250µL).
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PTMC is enriched with mPEG114, thereby increasing the
interfacial affinity between the membrane surface and the dye
solution. In general, hydrophobic dye adsorption on substrates
from media is regulated by partition and diffusion coefficients.
Particularly, the partition coefficient is crucial to solid-liquid
interfaces. In the present study, mPEG114-PTMC provided a
good interface, with a major mPEG segment, and mPEG
segments acted as bridges between polymeric substrates and
dye solution. A similar dye, methylene blue (basic blue 9,
solubility in water ) 3.5 g/dL), could not significantly be
adsorbed in mPEG114-PTMC400. The methylene blue is a little
bit hydrophilic in comparison with BB7. Taking this into
account, the hydrophobicity plays an important role. The
hydrophobic dyes stained whole part of the polymer, so the
precise location could not be distinguished. However, this effect
is reduced in mPEG8-PTMC400. We conclude that the chain
length of the mPEG segment is the dominant factor for interface
stabilization in an aqueous solution. Hilborn et al. reported that
ionomers with PTMC backbones could form spontaneous routes
for water intrusion.10 Moreover, the prepared porous structure
could be applicable for the loading and release of drugs. In this
study, we could not observe the release of the loaded dye from
the membrane. The lower release function was regulated by the
partition coefficient of the BB7 dye.

We also investigated the selective adsorption from mixtures
of hydrophobic (BB7) and hydrophilic (Allura Red (AR)) dyes,
whose concentrations were almost the same. The maximum
absorption wavelength of each dye was 616 and 504 nm,
respectively. In the presentation, the initial spectrum was
overlaid, and Figure 5 shows typical spectra from the selective
adsorption in a total volume of 2.5 mL. The spectrum was
immediately changed, and the absorbance at 616 nm was
attributed to BB7. In mPEG114-PTMC400, BB7 was prefer-
entially adsorbed and disappeared from the supernatant after
12 days. On the other hand, if the mPEG114-PTMC200 was
used, the adsorption ratio would be enhanced as imagined from
Figure 1. Moreover, Chol-PTMC400 and mPEG8-PTMC400
could not adsorb dyes as shown in Figure 4a,b. AR spectra
remained stable throughout the experiment. The selective
adsorption could also be observed visually as the color of the
supernatant changed to red (AR) as BB7 was adsorbed (total
volume of 0.5 mL). The results suggest that PTMC-based
polymers may provide a reservoir for poorly water-soluble drugs.

Figure 6 summarizes the postulated mechanism on the actions
that take place on the PTMC-based polymer surface when
immersed in water. In all cases (Chol-, mPEG8-, and mPEG114-
PTMC), the polymer-coated surface spontaneously rearranges

to reduce the surface free energy. In the case of mPEG114-
PTMC, the surface rearrangement was particularly fast, and the
response was quick when introduced to water. Furthermore, the
resulting mPEG114-PTMC provided resistance to enzymatic
degradation and preferential adsorption of poorly water-soluble
drugs. Taking these results into account, the mPEG114 segment
stabilizes the polymer-water interface. Further investigations
and anomalous properties will be reported in forthcoming papers.

4. Conclusions

Reflexive functions of PTMC-based polymers were presented
investigating surface wettabilities, enzymatic degradation, and
selective adsorption. PTMC-based polymers were synthesized
by the ring-opening polymerization of trimethylene carbonate
using either cholesterol or poly(ethylene glycol) monomethyl
ether as initiators. The use of an mPEG with aMn ∼ 5000 g/mol
was efficient to induce a rapid reflexive function. The surface
enrichment of the hydrophilic segment followed immediately
after immersion into water to reduce the surface free energy.
The time to reach a complete surface enrichment is affected
not only by the polymer’s molecular weight but also by the
functional terminal unit. Future studies will involve polymeric
designs that enhance reflexive functions.
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