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ABSTRACT: We have developed multiblock aromatic/aliphatic
condensation polymers, comprising side-chain biofunctionalized
aliphatic oligocarbonates and biobased aromatic ester triad
mesogens up to 17 wt %. Nanosegregation of the aromatic
mesogen-rich domains with diameters of approximately 10 nm
from the soft aliphatic polymer matrix is suggested by atomic force
microscopy. The polymers exhibit rubberlike properties, unlike the
corresponding aliphatic polycarbonate forming viscous liquid.
These properties support the interchain interactions between the
aromatic mesogens, which can serve as physical cross-linking. The
aromatic ester triad mesogens in the multiblock polymers significantly bolster the tolerance to organocatalytic hydrolysis and
methanolysis of the polymer chains but are eventually degraded. The multiblock polymers show degradation behavior slightly faster
than poly(L-lactide), whereas poly(ethylene terephthalate) remains intact under the same condition. The present study
demonstrates the efficacy of aromatic ester triad mesogens incorporated into the sequences of biodegradable aliphatic
polycarbonates to enhance their physical properties while retaining degradability.

■ INTRODUCTION
Polymeric liquid crystals are widely utilized as functional
materials, with applications ranging from high-strength
engineering plastics to smart materials.1−7 Main-chain aromatic
liquid crystalline (LC) polyesters have been developed as high-
strength plastics, owing to their advantages in processibility
compared to aromatic polyamides and aromatic poly-
imides.1,6,7 They can be processed by melt injection moldings,
which orient the polymer main chain by exploiting the thermal
LC properties. The alignment of rigid aromatic units in the
main-chain LC polyesters leads to the formation of the ordered
structure and the induction of anisotropy of physical
properties, including electric and optical characteristics.1,4−7

Main-chain polymers such as aliphatic polycondensates,
poly(L-lactide) (PLLA), and poly(trimethylene carbonate)
(PTMC) have recently attracted considerable attention as
synthetic biodegradable polymers.8,9 They exhibit reasonable
physical properties and are commercially available in fibers,
fabrics, and films. However, their thermal and mechanical
properties are limited compared with those of aromatic
condensation polymers. Thus, combining aromatic and
aliphatic sequences can be a possible synthesis strategy to
achieve polymers with enhanced properties.10 For instance,
poly(butylene succinate-co-terephthalate) is designed to
improve the biodegradability of poly(butylene terephthalate),
an engineering thermoplastic, and to compensate for the

physical properties of a biodegradable polyester, poly(butylene
succinate).10−12

For aliphatic biodegradable condensation polymers, side-
chain modification has often been employed to add bio-related
functions such as water solubility (hydrophilicity), ionic
properties, and stimuli responsiveness.13−15 However, it
remains challenging to form side-chain-functionalized aliphatic
condensation polymers that meet biofunctions and physical
stabilities.
In the present study, we have devised aromatic/aliphatic

multiblock condensation polymers P1a−c comprising rigid rod
aromatic mesogens and side-chain biofunctionalized aliphatic
oligocarbonates (Figure 1). Polymers P1a−c are derived from
mesogen-containing oligocarbonates OC1a−c through poly-
condensation with adipoyl chloride to form high-molecular-
weight polymers. The aromatic ester triad mesogen structure
in P1a−c and OC1a−c is well studied and expected to impart
thermal stability to the polymers.16−19 In addition, the
mesogen is derived from 4-hydroxybenzoic acid and
methylhydroquinone, which are currently recognized as
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potential biobased molecules.20,21 Thus, this macromolecular
design can be regarded to be benign to the environment and
the biological system.
The aliphatic oligocarbonate segment with ether side chains

P3, which is incorporated into P1a−c and OC1a−c, was
previously reported as a biocompatible and biodegradable
polymer.22 P3 is viscous and insoluble in water, showing a glass
transition temperature (Tg) at around −20 °C.22 These
properties promise nonbiomedical applications such as
adhesives and electrolytes.23,24 Increasing Tg and mechanical
properties will further expand the scope of applications for this
polymer. Consequently, the synthetic strategy for P1a−c via
aromatic mesogens and chain extension will be of great
significance for improving the physical properties and
increasing the molecular weights of P3 (Figure 1). P2 was
also synthesized as a comparative example to evaluate the
physical properties of P1a−c. Our macromolecular design is to
incorporate the mesogenic structure into the main chain of the
aliphatic condensation polymers. For other examples of the
combination of biodegradable polymers and mesogenic
structure, Hegmann et al. reported LC elastomers including
a poly(ε-caprolactone) (PCL) derivative bearing a cholesterol
moiety at the side chains, which exhibited LC properties and
cell scaffold functions.25,26

Moreover, degradability of polymers is of interest to a broad
range of materials scientists in the current circumstances
requiring sustainable materials and circular economy including
recycling and upcycling of materials.27−30 Chemical recycling
and depolymerization of polycarbonates are studied as well as
polyesters.28,29 Aliphatic polycarbonates are less susceptible to

hydrolysis than aliphatic polyesters.31,32 Thus, they can be
applied to materials with durability of more than years and
potential degradability and recyclability. Besides water, we can
use short-chain alcohols and their derivatives derived from
renewable resources33,34 for chemical recycling of the
polymers. Mecking and co-workers recently reported aliphatic
polycarbonates and polyesters with longer alkylene main
chains, which can be recycled by ethanolysis upon heating.35

Herein, we have also investigated the degradability of the
multiblock polymers in the inhomogeneous system using water
and methanol as green degradation media. The present study
sheds light on degradability of aromatic mesogens, which has
not been well explored.

■ RESULTS AND DISCUSSION
Diol-Functionalized Mesogens. New diol-functionalized

aromatic ester triad mesogens LC1 and LC2 (the chemical
structure of which is already shown in the top part of Figure 1)
were designed and synthesized to incorporate the aromatic
unit into the polymer main chain (Supporting Information).
Table 1 and Figures 2 and 3 present the molecular structures
and LC properties of LC1−4. Aromatic ester triad mesogens
with flexible end groups are known to be capable of showing
thermally stable LC phases. The compounds containing the
same triad mesogen with methoxy, butoxy, and hexyloxy
groups as LC1 and LC2 showed the LC−isotropic transition at
252,36 206,17 and 172 °C,37 respectively. Interestingly, the LC
phase was observed for LC1 and LC2 containing the hydroxy
group capable of hydrogen bonding at the end of the
hexamethylene chain. To examine the effects of the hydroxyl

Figure 1. Synthesis of multiblock aromatic/aliphatic condensation polymers P1a−c.
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group and the lateral substituent on the mesogen on thermal
properties and solubility, the LC behaviors of LC1 and LC2
were compared with those of LC3 and LC4 (Table 1). All
compounds exhibit only nematic phases. The introduction of
the lateral methyl group decreases melting and isotropization
temperatures due to disturbing the close and stable packing of
the aromatic mesogens. The highest (N → I) temperature is
observed for LC3. The introduction of the lateral methyl
substituent also induced lowering of the melting (Cr → N)
temperatures. It is of interest that the induction of thermally
stable nematic phases was observed for LC1 and LC3.

Mesogen-Containing Oligocarbonates. Mesogen-con-
taining oligocarbonates OC1a−c were synthesized through the
ring-opening polymerization (ROP) of cyclic carbonate CC1
using LC2 as an initiator (Figure 1). CC1 was prepared as
previously reported.22 The effects of the substituent on the
solubility were observed for LC1 and LC2. The methyl

substituent in LC2 offers higher solubility in various
conventional organic solvents because of the asymmetric
structure,36,37 enabling the ROP of CC1 in CH2Cl2, a
preferable solvent for controlled polymerization by organic
catalysts such as 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU).39,40 LC1 showed very poor solubility in CH2Cl2.
The LC2-initiated ROP of CC1 successfully proceeded in a
controlled manner. Size exclusion chromatography (SEC)
traces of OC1a−c were monomodal (Figure 4a), and the
molecular-weight dispersities (ĐM = Mw/Mn; Table S1) were
below 1.2. In addition, the high end-group fidelity of OC1a
was confirmed by 1H NMR (the integral ratio of b’/h/m = 4/
4/4 in Figure S1a) and matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry
(Figure 4b). The degrees of polymerization of the aliphatic
oligocarbonate units (n) and the aromatic contents (War) in
OC1a−c were almost controlled by the ratio of CC1 to LC2,
affording various lengths of OC1a−c (Table S1).

Mesogen-Containing Multiblock Polymers. OC1a−c
were then used as macrodiols41 for polycondensation with
adipoyl chloride to form multiblock condensation polymers
P1a−c (Figure 1). It is practically challenging to feed
equimolar amounts of acid dichlorides to the macrodiols
with molecular-weight dispersity. Additional portions of the
macrodiols and adipoyl chloride were loaded to obtain high-
molecular-weight polymers (Figure S1b) in this polycondensa-
tion when either OH or Cl was confirmed to remain unreacted
on 1H NMR. The lower number of the repeating unit of the
polycondensate (m in Table 2) with longer oligocarbonate
segments resulted from a low frequency of the condensation
reaction. As indicated in the SEC traces of P1a−c (Figure 4a),
a significant shift and broadening of the elution peaks reflect
the successful progress of the typical polycondensation
reaction. High-molecular-weight polymers with weight-average
molecular weights (Mw) of more than 100 × 103 were
obtained.
The mesogen-containing multiblock polymers P1a−c

exhibited an elastic and rubberlike form (Figure 5a), while
the ether-functionalized aliphatic polycarbonate P3 formed a
viscous liquid state (Figure 5b). These results suggest that the
mechanical properties of P1a−c can be attributable to the
multiblock structure achieved by conjugating aromatic ester
triad mesogens in the main chain and increasing the molecular
weight to up to 148 × 103.

Surface Nanostructure: Nanosegregation. We envi-
sioned that molecular assemblies of the aromatic mesogens in
the multiblock polymers serve as physical cross-linking
nanodomains, as often realized in LC elastomers.3,25,42,43

Hence, we employed atomic force microscopy (AFM) to
observe the nanostructures on the surfaces of P1a−c and P2
(Figure 6). The AFM samples were obtained by spin-coating
CHCl3 solutions of P1a−c and P2 on silicon wafers and drying
in air and vacuum at room temperature for 2 days. The height
image of P1a obtained by the conventional tapping mode
showed a smooth surface with small dark dots, consistent with
bright spherical domains with diameters of approximately 10
nm in the phase image (Figure 6a). These images suggest the
presence of phase-segregated nanostructures43 in P1a. The
fraction of the bright nanodomains increased over time and
was saturated over several days (Figure S2b). The area fraction
of the bright nanodomains in the phase images was relevant to
the aromatic contents in the polymers; fewer bright dots were
observed in the phase images of P1b and P1c than in those of

Table 1. Thermal Properties of LC1−4

compound phase transition behaviora

LC1 Cr 146 N 188 I
LC2 Cr 103 N 169 I
LC3b Cr 121 N 211 I
LC4c Cr 89 N 172 I

aCr, crystalline; N, nemtatic; I, isotropic. Phase transition temper-
atures (°C) were determined by DSC on the second heating process
(5 °C min−1, N2).

bReported data from ref 38. cReported data from
ref 37.

Figure 2. Structures of LC1−4.

Figure 3. Liquid crystallinity of LC2. (a) Polarizing optical
microscopy (POM) image at 120 °C. (b) XRD profiles at 25 and
140 °C cooled from the isotropic state at 170 °C. (c) DSC
thermograms measured at a rate of 5 °C min−1.
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P1a (Figure S2b,d,f). Similar to P2 (Figure 6b), larger dark
domains observed in the phase images of P1b and P1c (Figure
S2d,f) were presumably because of the aliphatic oligocarbonate
segments.
We then applied the PeakForce quantitative nanomechanical

mapping (PF-QNM) mode,45,46 which reads out modulus,
adhesion, deformation, and energy dissipation, to visualize
surface elasticity and softness and their distribution in P1a−c.
Smooth surfaces were observed in the PF-QNM mode images
of P1a using the same cantilever as the tapping mode (Figure
S3a). The surface may be affected by scanning of the cantilever
with a relatively high spring constant (k = 26 N m−1). Thus, we

conducted the PF-QNM mode observation using a cantilever
with a lower spring constant (k = 0.7 N m−1). A uniform
modulus was observed in the modulus images, whereas small
dark domains with diameters of approximately 10 nm were
detected in the energy dissipation images (Figure 6c). The
sizes and distribution of the dark domains appear to be
consistent with the bright domains found in the phase image
(Figure 6a, right). These results indicate that the bright small
domains in the phase image are more elastic than those in the
outer matrix part. Moreover, the height image in the PF-QNM
mode also exhibited convex domains with diameters of
approximately 10 nm and heights of up to 4 nm (Figure
S3b). Consequently, these AFM studies revealed the presence
of high-modulus domains induced by phase-segregated
aromatic mesogens in P1a−c, possibly serving as physically
cross-linked nanodomains, as illustrated in Figure 7a.

Estimation of Surface Elasticity. The PF-QNM mode
imparts modulus information of the surface based on the
Derjaguin−Müller−Toporov (DMT) model47 (Supporting
Information). The modulus is called the DMT or the reduced
Young’s modulus E* = E/(1 − ν2), where E is Young’s
modulus and ν is Poisson’s ratio of the sample.45,46 The spin-
coated polymer samples were annealed at 150 °C for 10 min to
obtain a uniform surface for the modulus measurement (Figure
S4). The measurements were conducted at three different
views per polymer. The modulus image in this study (Figures
6c and S4) comprised 512 × 512 pixels, each of which includes
the DMT modulus. An averaged E* value was calculated for
each view and followed by averaging the values for the three
different views, as shown in Figure 6d.
It should be noted that the reduced Young’s moduli E* were

applied as the relative index of the surface modulus of the
polymers with unknown Poisson’s ratios. Ether-functionalized
polycarbonate P3 and its nonmesogen-containing polycon-
densate derivative P2 showed moduli of 84 and 77 MPa,
respectively (Figure 6d and Table S2). By contrast, P1a−c
indicated the moduli of 2.3−3.6 × 102 MPa, approximately
threefold of moduli obtained for P2 and P3. The values
increased proportionally with the aromatic mesogen contents
(Figure 6d). Even if the Poisson’s ratios of the polymers take
the possible limits (ν = 0 for P2 and P3 and 0.5 for P1a−c),
the differences in the calculated Young’s moduli between P1a−
c and P2 or P3 would be significant (Table S2). Accordingly,

Figure 4. Molecular weight analyses of OC1a−c and P1a−c. (a) SEC traces of OC1a−c and P1a−c measured at 40 °C using THF as an eluent.
Polystyrene (PS) standards were used for calibration. (b) MALDI-TOF mass spectrum of OC1a.

Table 2. Characterization of the Mesogen-Containing
Multiblock Polymers P1a−c

na
Mn

(×103)b
Mw

(×103)b ĐM
b mc

WAr
(wt %)d

Tg
(°C)e

P1a 6 48 148 3.1 18 17 −15
P1b 16 46 93 2.0 11 8 −18
P1c 24 44 135 3.1 9 6 −17
P2 8 34 66 2.0 14 0 −16
P3 125 18 24 1.4 0 −20

aDegree of polymerization of oligo-/polycarbonates determined by
1H NMR. bDetermined by SEC using PS standards (THF, 40 °C).
cNumber of repeating units of P1 comprising OC1 and adipate ester
calculated based onMn values determined by SEC.

dAromatic content
of the polymer determined by 1H NMR. eGlass transition temperature
determined by DSC.

Figure 5. Physical appearances of mesogen-containing multiblock
polymer P1a (a) and aliphatic polycarbonate P3 (b).
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this AFM technique could quantitatively evaluate the great
enhancement of the elasticity in P1a−c.

The elastic moduli of the polymer surface calculated by the
PF-QNM mode of AFM are often inconsistent with those

Figure 6. Nanostructure and nanomechanical studies of the polycondensates by atomic force microscopy. (a,b) Tapping mode images and (c) PF-
QNM mode images of P1a and P2. The tapping mode observation was performed 2 days after spin coating using a cantilever with a spring constant
k = 26 N m−1. The PF-QNM mode observation was conducted 15 days after spin coating using a cantilever of k = 0.7 N m−1. (d) Surface moduli of
polymers obtained by the PF-QNM mode (mean ± SD, n = 3). The moduli were given as the reduced Young’s moduli based on the DMT model.

Figure 7. Schematic representations of nanostructures of mesogen-containing multiblock polymers P1a−c driven by nanosegregation of mesogens
reflecting AFM images (a) and aligned by shear stress (b).

Figure 8. POM images of P1a (a) and P2 (b). The polymers were sheared at room temperature and left for 1 min. Arrows are directions of the
analyzer (A), shear (S), and polarizer (P).
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obtained by a conventional stress−strain test of the bulk
sample, as reported by Sokolov.46 We measured the surface
moduli of PTMC and PCL as representative aliphatic
polycarbonate and polyester using the PF-QNM mode. Their
calculated Young’s moduli using the reported Poisson’s ratios
were 46 and 1.6 × 103 MPa for PTMC and PCL, respectively
(Table S2). The respective values of PTMC and PCL at the
bulk state are reported to be 3−7 and 2.1−4.4 × 102 MPa.48,49
The actual Young’s moduli of mesogen-containing multiblock
copolymers P1a−c at the bulk state were speculated to be
lower than those calculated in this study (Table S2).
Nonetheless, this nanomechanical evaluation is undoubtedly
practical for discussing the relative elasticity under the same
conditions. These results demonstrated that P1a−c became
more elastic than PTMC and softer than PCL.

Influences of Aromatic Mesogens on Self-Assembly
Behavior of Multiblock Polymers. The XRD profiles of
P1a−c exhibited no peaks, similar to those of nonmesogen-
containing polymers P2 and P3 (Figure S5). The POM images
of P1a−c indicate that none of the polymers inserted between
the polyimide-coated glass slides showed birefringence,
regardless of the aromatic contents (Figure S6). These results
suggest that P1a−c do not form ordered structures. When
P1a−c inserted between the glasses were sheared, they showed
bright-polarized images, which are considered to be induced by
the aligned molecules (Figures 8a and S6). Similarly, the
polarized image of P2 appeared bright as a response to shear
(Figure 8b). The brightness reduced shortly for P2 while
maintained at 1 min after shearing for P1a (Figure 8). This
delayed fading is attributed to the presence of nanosegregated
mesogens,44 serving for fixing the aligned molecules by shear
(Figure 7b). The fading rate was associated with the aromatic
contents in P1a−c (War in Table 1), as the POM images
darkened at 1 min after shearing for P1b and P1c with lower
aromatic contents than P1a (Figure S6). These POM studies

suggest that the aromatic rigid rod mesogens are capable of
maintaining the alignment of polymer chains induced by shear
stress (Figure 7b). Furthermore, the aromatic mesogens
regularly arrayed by the aliphatic oligocarbonates of controlled
length may be responsible for the delayed fading of the bright-
polarized images (Figure 8a).

Degradation Study of Polymers. Degradation of
polymers P1a and P2 in liquid media was investigated by 1H
NMR using deuterated methanol (CD3OD) and water (D2O),
as previously reported.50 Since P3 is known to be stable in
methanol and water without catalysts and enzymes,22 we used
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as an organic
catalyst to actively induce the degradation as performed in
chemical recycling and upcycling of aromatic polyesters and
polycarbonates.51,52 PLLA and poly(ethylene terephthalate)
(PET) were used as controls.
Bulk polymers were placed in the deuterated solvents

containing 10 wt % TBD relative to the polymers, which were
stirred for the predetermined time at room temperature and 40
°C for CD3OD and D2O solutions, respectively. No polymers
were soluble in CD3OD and D2O initially. All polymers were
degraded by TBD-catalyzed methanolysis, as supported by
emerging signals in 1H NMR spectra of the supernatants
(Figures S7−S10) and the disappearance of samples in
CD3OD, except for PET. The degradation products
(degradates) of P1a and P2 were identified to include D1−
D6 and D2−D5 (Figure 9a), respectively, according to the
relevant 1H NMR data of the intermediates (Figures S7 and
S8). The signals observed in the supernatants of degradation
media for PLLA and PET matched methyl lactate and a trace
amount of dimethyl terephthalate, respectively (Figures S9 and
S10). The extent of degradation was quantified based on
integral ratios of the degradates and TBD (Figure 9b). The
residues in CD3OD were thoroughly dried in vacuum and
weighed. The time courses of the weight changes of the

Figure 9. Degradation behavior of polymers in methanol with TBD. (a) Structures of possible degradates generated by methanolysis of P1a. (b)
Extent of degradation and (c) weight fractions of polymer residues in CD3OD as a function of time. (d) SEC traces (THF, 40 °C) of the
supernatant and residue parts of P1a subjected to methanolysis.
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residues in CD3OD are plotted in Figure 9c. The formation of
soluble degradates and the weight change of the insoluble
residues in CD3OD were almost complementary (Figure 9b,c),
suggesting the validity of quantification using NMR.
The methanolytic degradation of P2 was mostly completed

in 3 h, as the residual weight fraction was less than 10% (Figure
9c). P1a showed slower degradation than P2 (Figure 9b,c),
indicating the contribution of 17 wt % aromatic mesogen to
the resistance to methanolysis. Nevertheless, 1H NMR spectra
of the supernatant of P1a revealed that the degradation of the
aromatic mesogen structure occurred from the beginning of
methanolysis (Figure S7, t = 3 h). This can be reasonable
because the carbonyl group of aryl benzoate (a building block
of mesogen) is more electrophilic than that of alkyl benzoate
(a building block of PET). The methanolysis of PLLA
proceeded slightly slower than that of P1a (Figure 9b,c).
The NMR study revealed that PET was also slightly degraded
by the TBD-catalyzed methanolysis at room temperature
(∼0.2%).
The shapes and retention times of SEC traces of degradation

residues of P1a and P2 did not change until 24 h, indicating
that this inhomogeneous degradation proceeds with the surface
erosion mechanism as with other common aliphatic poly-
carbonates (Figures 9d and S11a).14 The residue of P1a at 212
h comprised lower-molecular-weight fractions, which appeared
close to OC1a (Figure 9d, orange). The supernatant of
degradation media of P1a at 3 h included further lower-
molecular-weight fractions, whose intensity gradually de-
creased afterward (Figure 9d, green). By contrast, PLLA was
subjected to bulk erosion, and thus, the residue at 24 h already
showed bimodal SEC traces due to the concomitant formation
of low-molecular-weight fractions (Figure S11b).
The affinity of polymers to methanol, including swelling,

should be considered to explain the susceptibility of polymers
to methanolysis. PLLA used in this study contains crystalline
parts predominantly (Figure S12), which impede the
infiltration of methanol. In a similar manner, nanosegregated
structures and nanodomains formed by the aromatic mesogens
may enhance the tolerance to TBD-catalyzed methanolysis of
P1a.
For the organocatalytic hydrolysis, all polymers remained in

D2O after 1 week, and the weight changes were negligible. In
the 1H NMR spectra of the supernatant of the D2O solutions,
P1a, P2, and PLLA indicated small and distinct signals
characteristic of the monomer unit structures, whereas PET
did not show any water-soluble fractions (Figures S13−S16).
The levels of degradation were estimated from the integral
ratios of TBD and the soluble structures stemming from the
polymers, which were 0.3, 0.9, and 1.0% for P1a, P2, and
PLLA, respectively. These results indicate that P1a is stable in
water and that the aromatic mesogen serves to enhance the
tolerance to hydrolysis. Consequently, P1a is stable in an
aqueous environment but is readily degraded and recycled by
catalytic methanolysis at room temperature. These media-
dependent degradation properties of P1a may contribute to
developing sustainable soft materials and elastomer and their
low-energy and low-carbon-emission recycling process.

Thermal Properties of Polymers. The aromatic ester
triad mesogens did not significantly influence the thermal
properties of P1a−c. Unlike LC1 and LC2, no phase transition
was observed above Tg on the DSC thermograms of P1a−c
and OC1a−c, suggesting that these materials contain no
recognizable LC and crystalline phases (Figures S17 and S18).

There are slight differences in Tg between P1a−c, P2, and P3,
which appear to be associated with their Mw (Table 2 and
Figures S17 and S18). These results show that the molecular
interactions between the aromatic mesogens in P1a−c are
dynamic and induce the nanosegregated structures (Figure 7a).
The multiblock structure of P1a−c is unique and different
from those of main-chain LC polymers and their block
copolymers.53

The glass transitions of P1a−c appeared at higher
temperatures than those of corresponding oligocarbonates
OC1a−c (Figures S17 and S18) due to the increase in the
molecular weights of P1a−c. Similar to P3, OC1b and OC1c
exhibited the glass transitions in the vicinity of −20 °C, while
that of OC1a appeared at around −30 °C (Figure S18). No
birefringence was observed in the POM images of OC1a−c
(Figure S19), indicating that distinct ordered phases were not
formed in OC1a−c. These results show that the aromatic
mesogens incorporated up to 17 wt % do not significantly
influence the thermal properties of aliphatic oligocarbonates.
In other words, for OC1a with the shortest oligocarbonate
units, six units of aliphatic carbonates bearing ether side chains
were found to sufficiently interrupt the formation of the LC
phase by the aromatic mesogens.
The thermal decomposition properties of P1a−c and

OC1a−c were related to the aromatic mesogen contents,
although there was no significant difference in the 5% weight
loss temperature (Figure S20). Aliphatic oligocarbonate
segments were decomposed initially, followed by the
decomposition of the other parts. The slopes of the
thermogravimetry weight loss curves appear to depend on
the aromatic contents of P1a−c and OC1a−c. However, their
decomposition behavior does not directly reflect their
aromatic/aliphatic compositions. The weight loss of OC1a,
containing more than 80 wt % of aliphatic carbonates, was
alleviated at around 40% of weight loss (Figure S20b). The
molecular interactions of the aligned mesogens may retard the
thermal degradation of the aliphatic part.

■ CONCLUSIONS
Nanosegregated multiblock aromatic/aliphatic condensation
polymers bearing ether side chains were successfully
synthesized to enhance their mechanical and thermal proper-
ties. Moreover, the controllability of degradation of aliphatic
condensation polymers as additional functionality was achieved
by the incorporation of aromatic mesogens into the main
chains. The polymers exhibited elastic properties in bulk due to
the dynamic nanosegregation of weakly interacted aromatic
mesogens. The repeating sequences consisting of the aromatic
ester triad mesogen and aliphatic oligocarbonates with the
controlled length may be responsible for these notable thermal
and mechanical properties. These weak and dynamic
interactions may be beneficial for applications in soft tissue
regeneration as well as sustainable soft material. The
degradation study revealed that multiblock polymers were
stable in water but degraded in methanol at room temperature,
affording degradation of the aromatic mesogen. The present
study suggests that the aromatic ester triad structure is
beneficial for enhancing physical properties of aliphatic
condensation polymers without loss of recyclability and
sustainability.
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(49) Peĝo, A. P.; Grijpma, D. W.; Feijen, J. Enhanced Mechanical
Properties of 1,3-Trimethylene Carbonate Polymers and Networks.
Polymer 2003, 44, 6495−6504.
(50) Montagna, V.; Takahashi, J.; Tsai, M.-Y.; Ota, T.; Zivic, N.;
Kawaguchi, S.; Kato, T.; Tanaka, M.; Sardon, H.; Fukushima, K.
Methoxy-Functionalized Glycerol-Based Aliphatic Polycarbonate:
Organocatalytic Synthesis, Blood Compatibility, and Hydrolytic
Property. ACS Biomater. Sci. Eng. 2021, 7, 472−481.
(51) Fukushima, K.; Jones, G. O.; Horn, H. W.; Rice, J. E.; Kato, T.;
Hedrick, J. L. Formation of Bis-Benzoxazole and Bis-Benzimidazole
through Organocatalytic Depolymerization of Poly(ethylene tereph-
thalate) and Its Mechanism. Polym. Chem. 2020, 11, 4904−4913.
(52) Saito, K.; Jehanno, C.; Meabe, L.; Olmedo, J.; Mecerreyes, D.;
Fukushima, K.; Sardon, H. From Plastic Waste to Polymer
Electrolytes for Batteries through Chemical Upcycling of Polycar-
bonate. J. Mater. Chem. A 2020, 8, 13921−13926.
(53) Ishige, R.; Ishii, T.; Tokita, M.; Koga, M.; Kang, S.; Watanabe,
J. Well-Ordered Lamellar Microphase-Separated Morphology of an
ABA Triblock Copolymer Containing a Main-Chain Liquid
Crystalline Polyester as the Middle Segment. Macromolecules 2011,
44, 4586−4588.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c01747
Macromolecules 2022, 55, 10285−10293

10293

https://doi.org/10.1021/ma00180a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pola.1989.080270501
https://doi.org/10.1002/pola.1989.080270501
https://doi.org/10.1002/pola.1989.080270501
https://doi.org/10.1021/sc500066f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/sc500066f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bcp.2013.04.007
https://doi.org/10.1016/j.bcp.2013.04.007
https://doi.org/10.1021/acs.biomac.7b01210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.7b01210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.7b01210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.7b01210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-019-13449-y
https://doi.org/10.1038/s41467-019-13449-y
https://doi.org/10.1038/pj.2016.115
https://doi.org/10.1038/pj.2016.115
https://doi.org/10.1021/acsmacrolett.5b00729?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.5b00729?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.5b00729?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7SM01949A
https://doi.org/10.1039/C7SM01949A
https://doi.org/10.1126/science.aao6711
https://doi.org/10.1038/s41586-021-04350-0
https://doi.org/10.1038/s41586-021-04350-0
https://doi.org/10.1021/acs.macromol.7b00293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.7b00293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b10675?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b10675?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b10675?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6BM00584E
https://doi.org/10.1039/C6BM00584E
https://doi.org/10.1039/C6BM00584E
https://doi.org/10.1016/j.polymer.2014.06.011
https://doi.org/10.1016/j.polymer.2014.06.011
https://doi.org/10.1016/j.polymer.2014.06.011
https://doi.org/10.1016/j.polymer.2014.06.011
https://doi.org/10.1021/acs.chemrev.9b00723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6GC00377J
https://doi.org/10.1038/s41586-020-03149-9
https://doi.org/10.1038/s41586-020-03149-9
https://doi.org/10.1021/ja00856a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00856a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00856a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00837a708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00837a708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00709a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00709a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma0619381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma0619381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c00582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c00582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.eurpolymj.2017.07.001
https://doi.org/10.1016/j.eurpolymj.2017.07.001
https://doi.org/10.1016/j.eurpolymj.2017.07.001
https://doi.org/10.1016/j.eurpolymj.2017.07.001
https://doi.org/10.1039/jm9930300551
https://doi.org/10.1021/acs.macromol.8b01315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b01315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b01315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1070967-a
https://doi.org/10.1126/science.1070967-a
https://doi.org/10.1088/0957-0233/22/12/125703
https://doi.org/10.1088/0957-0233/22/12/125703
https://doi.org/10.1088/0957-0233/22/12/125703
https://doi.org/10.1021/la302706b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la302706b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la302706b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0021-9797(75)90018-1
https://doi.org/10.1016/0021-9797(75)90018-1
https://doi.org/10.1016/j.addr.2016.06.012
https://doi.org/10.1016/j.addr.2016.06.012
https://doi.org/10.1016/j.addr.2016.06.012
https://doi.org/10.1016/s0032-3861(03)00668-2
https://doi.org/10.1016/s0032-3861(03)00668-2
https://doi.org/10.1021/acsbiomaterials.0c01460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.0c01460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.0c01460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0PY00436G
https://doi.org/10.1039/D0PY00436G
https://doi.org/10.1039/D0PY00436G
https://doi.org/10.1039/D0TA03374J
https://doi.org/10.1039/D0TA03374J
https://doi.org/10.1039/D0TA03374J
https://doi.org/10.1021/ma200409f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma200409f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma200409f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c01747?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

