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In the case of covalent polymers, immiscible polymers can be integrated by covalently linking them
together, but such a strategy is not possible in supramolecular polymers. Here we report the
supramolecular copolymerization of two porphyrin-based monomers, C10p,., and TECP, with side
chains bearing cyanobiphenyl (CB) groups at the ends of hydrophobic alkyl or hydrophilic tetraethylene
glycol chains, respectively. These monomers undergo self-sorting supramolecular polymerization in
highly diluted solutions (Imonomer] = 3.4 x 1072 mol% (2.0 x 1078 mol L™%) in nonpolar media due to
the incompatibility of the side chains. Surprisingly, these monomers undergo supramolecular

R 4 25t N ber 2023 copolymerization under high concentration conditions ([Imonomer] = 7.7 mol%) in the medium of 4-
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Accepted 4th February 2024 cyano-4'-pentyloxybiphenyl (50CB) to form a columnar liquid crystalline phase under thermodynamic
conditions, where the individual columns are composed of supramolecular block copolymers. The
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Introduction

Polymer mixtures may undergo macroscopic phase separation
due to the small contribution of mixing entropy at high
degrees of polymerization.”> When mixing enthalpy is positive
and large, as in mixing hydrophobic and hydrophilic poly-
mers, immiscibility is further increased. Covalent linkage
between the ends of such polymers to make a block copolymer
prevents macroscopic phase separation, resulting in inte-
grated structures such as microphase-separated structures.’**
In contrast to covalent polymers, the monomers in supramo-
lecular polymers are connected noncovalently.”** Therefore,
we cannot force the two immiscible supramolecular polymers
to form a block copolymer because the non-covalent connec-
tion between the two is energetically disfavored.*>*® Currently,
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to form an integrated structure in a condensed system without phase separation.

a guiding principle to mix two immiscible supramolecular
polymers to form an integrated structure is missing.

In this study, we report that monomers “*°P,;; and ™P,
(Fig. 1a), which form hydrogen-bonded (H-bonded) supra-
molecular polymers and are not compatible with each other,
can be copolymerized without macroscopic phase separa-
tion. This was achieved by employing nematic-forming 4-
cyano-4’-pentyloxybiphenyl (50CB) as a polymerization
medium (Fig. 1b, middle). This liquid crystal (LC) system is
designed based on our recent report on the formation of
columnar LCs by supramolecular polymerization of disk-
shaped monomers in a nematic LC medium composed of
rod-shaped molecules.”””* The introduction of a mesogenic
moiety at the termini of the disk-shaped monomer
promotes the order-increasing mesophase transition from
1D to 2D to form a columnar LC ordering (Fig. 2). We have
previously reported disk-shaped monomers having benze-
netricarboxamide (BTA)'*®* and porphyrin cores.” In the
present work, we newly synthesized porphyrin-centered
TEGp.,,, bearing hydrophilic side chains. “*°P,y and "™P¢,
are inherently immiscible due to the incompatible combi-
nation of the side chain units (conflicting pair). Thus, these
two monomers do not mix homogeneously in bulk, and
undergo self-sorting polymerization when mixed in
a diluted solution of a nonpolar medium. Surprisingly,
when these monomers are polymerized together in 50CB,
the entire material formed a columnar oblique (Col,,) LC
phase, where the individual column is composed of a block

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Molecular structures of H-bonding monomers TEC‘PZH,
TEGp., €10p,,, and “°BTA, and nematic LC molecule 50CB. (b)
Schematic representations of the supramolecular copolymerization of
three different monomer pairs in 50CB.

copolymer of the two monomers. The presence of 50CB may
suppress the macroscopic phase separation of two incom-
patible monomers and instead results in an integrated
structure composed of supramolecular block copolymers.
Considering that the supramolecular block copolymer is
usually formed under kinetic conditions,?**° our system is
one of the rare examples of the formation of a block
sequence under thermodynamic conditions.?*** The
present study may serve as a guiding principle for the
control of the block sequence in supramolecular copoly-
mers, that can lead to controlled microphase-separated
structures as in conventional covalent copolymers.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Supramolecular polymerization of “°P,, in a nematic-forming
50CB medium, resulting in an order-increasing mesophase transition
into a columnar LC structure.

Results and discussion
Monomer design and formation of columnar LCs

We have previously reported benzene-centered “*°BTAY and
porphyrin-centered “'°P,;;,"* both having oxycyanobiphenyl
(OCB) terminated side chains appended with a chiral aliphatic
chain (C10) that is connected to the core with an amide linkage.
In this study, we newly synthesized two porphyrin-centered
monomers, "FP¢, and ™CP,y with chiral tetraethylene glycol
(TEG) chains (Fig. 1a). The center of the monomer is either
a free-base (P,y) or copper(n) (Pc,) porphyrin unit. It is known
that the fluorescence of P,y is quenched by electron exchange
with P¢, upon stacking (Dexter mechanism).**>*® This allows us
to evaluate whether the two monomers were copolymerized or
not by using the fluorescence profile of the mixture.

Based on previous studies, “*°P,; was mixed with 50CB at
a concentration of 7.7 mol% and heated up to 200 °C to obtain
the isotropic melt. Upon cooling, this mixture was found to
undergo phase transition at 110 °C to give a Col,, LC phase by
H-bonding mediated supramolecular polymerization, which
was confirmed by differential scanning calorimetry (DSC),
Fourier-transform infrared (FT-IR) spectroscopy, polarized
optical microscopy (POM), and X-ray diffraction (XRD)
measurements (Fig. 3a, f, S3a, S6a, S8a, and S13a, bt). The
mixture exhibited a mesophase in a wide temperature range

Chem. Sci., 2024, 15, 4068-4074 | 4069
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Fig. 3 (a—e) Schematic representations of the formation of columnar
LCs and (f—j) XRD profiles at 25 °C of (a and f) “*°P,y, (b and g)
C19p,,,/TESP ¢, = 50/50, (c and h) TESP¢,, (d and i) TEP,/ ¥ P, = 50/
50 and (e and i) TE¢P,y, in 5OCB (7.7 mol%). The temperatures shown
above the arrows in (a—e) are the LC phase transition temperatures
obtained by DSC on cooling (5 °C min™Y).

between —20 and 110 °C including room temperature (a = 98.3
A; b =27.0 A; y = 70.7° at 25 °C) (Fig. S3a and S8at). Electronic
absorption spectra showed a sharp Soret band absorption at
Amax = 426 nm in the isotropic phase at 150 °C (Fig. 4a, gray).
This indicates that the porphyrin monomers are not stacked in
the isotropic phase. On the other hand, in the LC phase at 25 °C,
Soret band absorption exhibited both red-shifted (434 nm) and
blue-shifted (418 nm) bands (Fig. 4a, blue), which is typical for
the formation of porphyrin J-aggregates.**™** Similarly, the newly
synthesized TEGp ., and "™°P,, with TEG chains were also
confirmed to form a Col,, LC phase by supramolecular poly-
merization in 50CB ([monomer] = 7.7 mol%) ("*SP¢,: a = 99.6
A b =25.74; vy =78.6°, TEOP,: a = 105.7 A; b = 28.2 A; vy =
71.0° at 25 °C, Fig. 3¢, e, h, j, S3b, ¢, S6b, ¢, S8b, c and S13c-f¥).
Electronic absorption spectra showed Soret band absorption at
Amax = 423 nm for "™P¢, and Ay = 426 nm for ™°P,y in the
isotropic phase at 150 °C (Fig. 4b and c, gray). In the LC phase at
25 °C, these bands exhibited both a red-shift (426 nm for "™“Pc,
and 434 nm for ™°P,,) and blue-shift (410 nm for ™°P, and
418 nm for ™°P,y) (Fig. 4b and c, red). This is similar to that
observed in the case of “°P,y (Fig. 4a) and suggests the
formation of porphyrin J-aggregates for both ™ P, and ™°P,y
in their Col LC phase.

Mixing of porphyrin monomers in columnar LC

We then performed a supramolecular copolymerization of
a conflicting pair, ©*°P,y; and "™SP¢,, in 50CB. The mixed LC of
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Fig. 4 Electronic absorption spectra of (a) “*°P,y, (b) TESP,,, (c)
TEGPe,,, (d) “*Pon/TE%P¢,, = 50/50 and (e) TE°P,y/T P, = 50/50 in
50CB (7.7 mol%) at 25 °C. For (a) *®Pyy, (b) TE%P,y, and (c) TE%P¢,, in
50CB (7.7 mol%), electronic absorption spectra at 150 °C are also
shown (gray). The summation of the electronic absorption spectra of
€19p,,; in 50CB (7.7 mol%) and T%Pc,, in 50CB (7.7 mol%) (d), and
TEGp, ., in 50CB (7.7 mol%) and TE%P¢,, in 5OCB (7.7 mol%) (e) is also
shown (black dashed lines).

C1p,4/"™CPc, = 50/50 in 50CB ([monomer] = 7.7 mol%)
underwent a phase transition to the LC phase at 96 °C upon
cooling (5 °C min~') from its isotropic melt at 200 °C. XRD
measurement at 25 °C confirmed the formation of the Col,, LC
phase (Fig. 3b, g S3d, S6d, S8d, and S14a, bf). Mixed LCs of
10p, /"™ %Pe, = 75/25 and 25/75 in 50CB ([monomer] =
7.7 mol%) also formed a Col,}, LC phase (Fig. S4c, e, and S9c,
et). These results indicate that the two monomers can be mixed
and form an integrated structure in 50CB at arbitrary mixing
ratios without macroscopic phase separation. It is noted that
©1%p, . and "™ 9P¢, have incompatible C10 and TEG side chains
and undergo macroscopic phase separation in the bulk state
(Fig. S27 and S28t) or in solution without 50CB (Fig. S15 and
S17%) (vide infra).** Therefore, it is surprising that these two
porphyrin derivatives form an integrated structure in the LC

© 2024 The Author(s). Published by the Royal Society of Chemistry
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phase. The same mixing experiments were performed for the
affinitive pair, "™*P,y; and ™°Pc,, both having common TEG
side chains. The results indicate that they also form a single
Col,p, LC phase without macroscopic phase separation (Fig. 3d,
i, S3e, S6e, S8e, and S14c, d¥).

Analysis by electronic absorption and fluorescence
spectroscopy

To investigate how “'°P,y and ™6Pc, are integrated in the LC
phase, we performed electronic absorption and fluorescence
spectroscopy of the mixed LC (Fig. 4 and 5). When the mixed LC
of the conflicting pair (“*°Py/™ P, = 50/50 in 50CB ([mono-
mer] = 7.7 mol%)) was cooled from its isotropic melt at 150 °C to
25 °C at a ratio of 5 °C min~", it showed a Soret band absorption
peak at 433 nm (Fig. 4d, green solid line). Compared to a simple
summation of the absorption spectra of “°P,y in 50CB
([monomer] = 7.7 mol%) and ™%P¢, in 50CB ([monomer] =
7.7 mol%) (Fig. 4d, black dashed line), the absorption peak of the
mixed LC exhibited a red-shift of 6 nm. Interestingly, the
absorption spectral profile of the mixed LC of the affinitive pair
("E6P,/™CPg, = 50/50 in 50CB ([monomer] = 7.7 mol%))
exhibited the same trend (Fig. 4e). This suggests that two
monomers, no matter whether the monomer pair is conflicting
(6P, /™ CP,) or affinitive ("FP,u/™ Py, are mixed in a single
column in both mixed LCs. Then, the fluorescence spectra of LC
samples were measured. LC samples containing only “*°P,y or
TEGp, .+ as a monomer showed characteristic fluorescence at Aem
= 650 nm and 715 nm upon excitation at A = 590 nm
(Fig. S161). When ™5P,, was added to these LCs, the intensity of
the fluorescence spectra decreased without a change in its shape
(Fig. S16t), likely due to the electron exchange between P,y and
Pc, which happens only when they are stacked.*® Then, the
fluorescence spectra of the mixed LCs at different %-mole frac-
tions x of Pcy (X = Pou/(Pcu + Pan) = 0, 10, 25, 50, 100%) were
recorded (Fig. S16t), and the intensity of the spectral peak at Aepy,
= 650 nm relative to that at x = 0 (Fig. 5) was plotted. In both
conflicting ©'°P,y/™%P¢, and affinitive TFP,,/M P, pairs,
fluorescence quenching of P,y was observed at x = 10 indicating
the face-to-face stacking of P,y and P, (i.e. copolymerization) in
either of the mixed LCs. This is consistent with the results ob-
tained from the absorption spectra (Fig. 4). In addition, the

100 ¢-
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£ Ll Paw/T
2
@
c
2
c
=5 S0f
w
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=
3 25f
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0 L L 1 N
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Fig.5 Plots of relative fluorescence intensity (at Ae, = 650 Nm and Aey
=590 nm) at different %-mole fractions x of "=CPc,, for the mixed LC
of <P, /TPy, (blue) and TE4P,/TEPc, (red) in 5OCB (7.7 mol%).
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degree of fluorescence quenching for conflicting “**P,gy/™ Pcy
LC is smaller than that for affinitive "*°Pyy/"™"*P¢, LC. This trend
was also observed in relative fluorescence lifetimes of the same
mixed LCs (Fig. S18 and Table S1t). This may suggest that
although “*°P,y and ™°Pg, form a single columnar LC phase
without macroscopic phase separation, the incompatibility of the
side chains may favor homo-interaction over hetero-interaction
at the microscopic level.

In sharp contrast, the supramolecular polymerization of the
mixed samples in diluted solution ([monomer] = 3.4 x
107° mol% (2.0 x 10°® mol L%)) in dodecane/
chlorocyclohexane (54:46) was distinct from that in the LC
state. In the case of the conflicting “*°P,u/™%Pc, pair, the
electronic absorption spectrum of the mixed solution matched
the summation of the absorption spectra of the individual
polymers (Fig. S15a, ¢, dt). This indicates that the conflicting
C10p,11/"CP¢,, pair underwent self-sorting polymerization in
a diluted solution. On the other hand, the absorption peak of
the mixed solution of the affinitive "®Py/™ P, pair exhibited
a red-shift of 4 nm compared to a simple summation of the
absorption spectrum of ™¢P,; and ™®Pc, solutions (Fig. $15b,
¢, et). This indicates that the affinitive "™%P,/™“P¢, pair
underwent copolymerization. These results were also supported
by the fluorescence quenching experiment, where the fluores-
cence quenching was only obvious for the affinitive "™P /-
TECpg, pair (Fig. S17f). These results indicate that the
copolymerization of “*°P,;; and "™CP¢, occurs only in a medium
of 50CB under highly concentrated conditions.

Analysis by electron spin resonance (ESR) spectroscopy

We investigated how the conflicting “*°Pyy/"™*®Pc,, pair was mixed
in a single column by ESR spectroscopy. In general, ESR spectra of
Cu(u) change drastically when those spins interact with each
other.”>™® It is known that dispersed Pc, gives a sharp spectrum
with a narrow line width (Fig. 6a, simulated spectrum A).**” On
the other hand, when P, are close to each other so that inter-
actions between the Cu(u) spins due to orbital overlap take place,
it is known to give a broad spectrum (Fig. 6a, simulated spectrum
B).**% In the case where one (or more) P,y is intercalated between
Py, the interaction between the Cu(u) spins is prohibited thus
giving a sharp spectrum like spectrum A (Fig. 6a). We expected
that this characteristic spectral feature could be used to evaluate
the internal structure of an individual column, that is a copol-
ymer composed of “*°P,y and ™SPc,,. Thus, we measured the ESR
spectra of four LC samples, “*°P,y/™“Pc,, = 99/1, 90/10, 50/50,
and 0/100 in 50CB ([monomer| = 7.7 mol%).** Interestingly, we
found that the ESR spectra of all four samples can be represented
as either spectrum A or B, or their summation (Fig. 6b-e). For
example, the mixed LC of “'°Pyy/™CPc, = 99/1 in 50CB
([monomer] = 7.7 mol%), forming a single Col,, LC phase, gave
a sharp ESR spectrum with a narrow line width identical to that of
spectrum A (Fig. 6b). This indicates that ™P¢,, monomers, which
are present in only 1% of the total monomers, are separated from
each other. On the other hand, the Col,, LC phase of the single-
monomer LC of "™°P,, in 50CB ([monomer] = 7.7 mol%) gave an
ESR spectrum that could be represented as a summation of

Chem. Sci., 2024, 15, 4068-4074 | 4071
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(a) ESR spectra typical of P¢,, without Cu(il) spin—spin interactions (spectrum A) and with spin—spin interactions (spectrum B), generated by
®. (b—e) Obtained ESR spectra of (b) “°P,y/TEP¢,, =

99/1, (c) “*°P,,/TEP¢,, = 90/10, (d) “°Po/TEPc,,

= 50/50 and (e) TE%P¢, in 5O0CB (7.7 mol%). The summation of spectrum A and spectrum B is also shown (black).

a broad spectrum B (98%) and a sharp spectrum A (2%) (Fig. 6e).
This shows that the ™°P¢,, monomers were mostly stacked with
each other and only 2% formed a non-stacked disordered struc-
ture. When we performed ESR spectroscopy of the mixed LC of
€19p, /"™ P, = 50/50 in 50CB ([monomer] = 7.7 mol%), the
spectrum could be represented as a summation of spectrum A
(6%) and spectrum B (94%) (Fig. 6d). This result is surprising
considering that an ESR spectrum of a statistically random co-
stacking of ™%P¢,, and “*°P,y would be the sum of 25% A and
75% B. The experimental result indicates that as much as 94% of
the total ™°P,, monomers in the mixture are stacked with each
other. The ESR spectrum of the mixed LC of “*°P,y/™ P, = 90/
10 in 50CB ([monomer]| = 7.7 mol%) was represented as a sum of
28% A and 72% B (Fig. 6c). Considering that a statistically
random copolymer should be the sum of 81% A and 19% B, this
result also showed that ™CP, prefers the homo-interaction.
Together with the fluorescence spectral profiles, the “°Py/-
TEGp_-based integrated Coly, LCs are likely composed of supra-
molecular block copolymers of the two monomers.** In the
previous examples, the formation of supramolecular block
copolymers is governed by the balance between the association
energies between the monomers (homo- and hetero-
interactions).*** In the present case, compatibilizing 50CB
seems to contribute to controlling this energy balance to realize
a block sequence with the two monomers, which otherwise
undergo self-sorting supramolecular polymerization.

Molecular simulation of the LC structures

The above results are also supported by the coarse-grained
molecular simulations. First, the columnar LC structure was

constructed using “°P,y and 50CB (Fig. S23t), and

4072 | Chem. Sci., 2024, 15, 4068-4074

equilibrated using constant-temperature simulation. The
columnar LC structure turned out to be stable for more than 100
ns without structural collapse (Fig. S241). When half of the
©1%p,; molecules in the model were randomly replaced with
TEGp ., and the same constant-temperature simulation was
performed, the integrated columnar LC structure was stable as
well (Fig. S257). Finally, a simulation was performed in which
all 50CB molecules were changed to virtual solvent particles
from the initial configuration of the columnar LC containing
both P, and "™SPg,. After 200 ns, the columnar structure
collapsed and a single cluster composed of separated “*°P,y
and "¥¢P,, was formed at equilibrium (Fig. $267). These results
are consistent with our experimental results that both mono-
mers do not mix homogeneously in the bulk state** but can be
integrated into a columnar structure in the presence of 50CB.

Mixing of porphyrin monomers and BTA monomers in
columnar LC

The above experiments showed that two porphyrin-centered
monomers having incompatible side chains, “'°P,y and
TEGp., can be integrated in the presence of compatibilizing
50CB. We then considered mixing “'°P,y and ©'°BTA
(Fig. 1). Although both monomers have the same side
chains, their different core sizes and number of amide
groups make H-bonding-based copolymerization difficult.
In such cases, is it possible for 50CB to compatibilize “*°P,y
and “'°BTA?. When “'°BTA was mixed in 50CB at a concen-
tration of 11 mol%, a single columnar hexagonal LC phase (a
= 41.6 A at 80 °C) was formed (Fig. 7c, f, S5e, S7b and S11bt).
In the case of “*°P,y, it formed a Col,;, LC phase (a = 100.0 A;
b=27.84; vy =71.6° at 80 °C) at 11 mol% concentration in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a—c) Schematic representations of the formation of columnar
LC and (d—f) XRD profiles at 80 °C of (a and d) “*°P,y, (b and e)
©19p,,,/“1°BTA = 50/50 and (c and f) “*°BTA in 50CB (11 mol%). The
temperatures shown above the arrows in (a—c) are the LC phase
transition temperatures obtained by DSC on cooling (5 °C min™?).

50CB (Fig. 7a, d, S5a, S7a and S1lat). The mixed LC of
C1op,/“'°BTA = 50/50 in 50CB ([monomer] = 11 mol%)
underwent a phase transition to a LC phase at 99 °C upon
cooling (5 °C min~") from its isotropic melt at 200 °C (Fig. 7b
and S5ct). The XRD profile obtained at 80 °C was repre-
sented as a summation of the diffraction patterns of the
columnar LCs of “'P,y in 50CB ([monomer] = 11 mol%)
and “'°BTA in 50CB ([monomer] = 11 mol%) (Fig. 7e). This
indicates that both monomers formed their own columnar
LC phases separately (Fig. 7d-f). In the POM images of the
mixed LC, two different textures were observed, which were
similar to that observed for the single monomer LC of ©*°P,y
and ©'BTA, indicating macroscopic phase separation
(Fig. S7t). The samples with “*°P,/“*°BTA = 25/75 and 75/
25 also showed similar phase separation (Fig. S127). These
results suggest that 50CB cannot compatibilize a pair of
monomers having different preferences in H-bonding
pattern and/or LC ordering.

Conclusions

In this study, we found that “*°P,y and ™%Pc,, which have
mutually incompatible side chains, form an integrated
structure consisting of supramolecular block copolymers in
the columnar LC phase in the presence of 50CB. The key for
this achievement is the compatibilization by 50CB, which
forms a columnar structure together with supramolecular
polymers, suppressing the macroscopic phase separation of
both monomers. This strategy of mixing incompatible poly-
mers by using a mediator is expected to lead to the realization
of microphase-separated
polymers.

structures in supramolecular
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