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Abstract

Dual stimuli-responsiveness in non-aqueous media could allow various molecular designs using a
system that is not compatible with aqueous media. However, the difficulty in controlling the
desolvation of the polymer chains in non-aqueous media for lower critical solution temperature
(LCST)-type phase separation at ambient temperature has hindered the attainment of dual stimuli-
responsiveness based on chemical stimuli. In this study, we rationally designed dual chemo- and
thermo-responsive phase separations of poly(4-hydroxystyrene) in non-aqueous media. The LCST-
type thermo-responsiveness of poly(4-hydroxystyrene) in 1,4-dioxane/toluene was considerably
altered by the addition of small amounts of hydrogen-bonding molecules as chemical stimuli.
Secondary amines or molecules containing two hydrogen-bonding functional groups formed stronger
hydrogen bonds with the polymer chains than 1,4-dioxane, which altered the solvation state and
induced the UCST-type thermo-responsiveness or insolubility of PHS. This dual stimuli-responsive

system could serve as a chemical sensor to detect the presence of acids.

Main Text

Stimuli-responsive polymers undergo significant solubility changes in solution due to alterations in
the polymer conformation triggered by external stimuli'”’. Among them, lower critical solution
temperature (LCST)-type thermo-responsive polymers exhibit reversible solubility changes upon
heating and cooling to cause the polymer aggregation above a specific temperature called the cloud
point (T¢p) and the polymer dissolution below this tempertuare, respectively®!!. Recently, dual stimuli-
responsive polymers based on LCST-type thermo-responsive polymers in aqueous media!*!® have

16,17

gained attention as smart materials for molecular sensors'®!”, membrane channels'®, drug delivery

1920 “and vesicle size control?!?2. These polymers incorporate additional functional groups,

systems
such as azobenzene and spiropyran structures, that respond to light stimuli or chemical stimuli, such
as pH and host-guest interactions®>®, Light or chemical stimuli induce changes in the polymer
conformation and polarity, consequently altering the hydration of the polymer chain and the cloud
point of thermo-responsiveness. In these applications, a controlled amount of a second stimuli-
responsive moiety needs to be incorporated into the original thermo-responsive polymer through

copolymerization or end-group modification. Moreover, with this strategy, the operating medium is
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limited to water because of the easy accessibility of the LCST-type thermo-responsive polymers in
water. Therefore, due to these processes, the complexity of the polymer structure is increased, and the
creation of multiple-responsive polymers for each stimulus independently is more challenging because
of the difficulty in incorporating many stimuli-responsive moieties.

Compared with aqueous media, non-aqueous media provides greater potential for achieving dual
stimuli-responsiveness since various functional groups that are incompatible with aqueous media can
be utilized in non-aqueous media®~*’. For example, Sato and coworkers demonstrated the photo- and
LCST-type thermo-responsive phase separation of poly(7-methacryloyloxycoumarin) in chloroform?-
31, Similarly, Watanabe and coworkers reported dual photo-responsiveness and LCST-type thermo-
responsiveness of various homo- and copolymers in an ionic liquid bearing azobenzene units*>-’.
Nevertheless, dual stimuli-responsiveness has been limited to light as the sole external stimulus owing
to the difficulty in controlling the desolvation of the polymer chains in non-aqueous media for LCST-
type phase separation at ambient temperatures®®*!. Herein, we present a rational and novel design for
dual chemo- and LCST-type thermo-responsiveness in non-aqueous media using poly(4-
hydroxystyrene) (PHS) as a commercially available polymer without any synthetic modifications of
the polymer chain (Figure 1a). The thermo-responsiveness of PHS was significantly altered by the
addition of a small amount of hydrogen bonding molecules, such as amines and nitrogen-containing
heterocyclic compounds, as external chemical stimuli. This designed dual stimuli-responsive system
was then applied as a chemo-sensor to detect the presence of acids.

As one of the rational supramolecular designs in non-aqueous media, we previously proposed LCST-
type thermo-responsive polymers by controlling the hydrogen bonds between the polymer chains and
solvents*?. This design consists of three components: a polymer with hydrogen-bonding functional
groups, a hydrogen-bonding good solvent, and a non-polar poor solvent. Under the appropriate solvent
mixing ratio, the polymer could dissolve in the binary solvent mixture at ambient temperature because
of solvation by the hydrogen bonds. Upon heating, thermal cleavage of the hydrogen bonds between
the polymer chain and the good solvent triggers the aggregation of the polymer chains, leading to
LCST-type phase separation. Additionally, we reported LCST-type phase separation in poor solvents
using a pseudo-solvating molecule known as an effector, instead of a good solvent****3. Even in poor
solvents, the polymer chain could maintain an extended coil state by the solvation of a small number
of effectors to the polymer chain. Therefore, we envisioned that the addition of an effector as a fourth
component to a ternary polymer solution exhibiting LCST-type phase separation could achieve dual
chemo- and thermo-responsiveness in organic media (Figure 1b). Dual responsiveness could be useful
for adjusting the coil-globule transition of the polymer chain according to the chemical species, their
amount, and the temperature. These chemo-responsive controls of LCST-type phase separation have
often been reported for nonionic amphiphilic polymers to control hydration and hydrophobic

aggregation of the polymer chain in water.

Materials and methods



Poly(4-hydroxystyrene) (PHS) (average M,: ~25,000) was purchased from Sigma—Aldrich
(aldrich/436224). All other reagents were commercially available and used as received unless
otherwise noted.

A solubility test of PHS (75 mg) in 1,4-dioxane/toluene = 6.1:3.9 (3 mL)*? with an appropriate effector
(up to 25 mol% = 0.25 equivalents per hydroxyl group in the polymer unit) was performed by mixing
a suitable amount of the effector and polymer solutions and storing them at low temperature (0 °C),
room temperature (ca. 25 °C) and elevated temperature (ca. 100 °C).

The evaluation of chemical sensor system was performed by sequentially adding piperazine (1.1 mg,
1 mol%), TFA (0.9 puL, 1 mol%), piperazine (4.2 mg, 4 mol%), and TFA (3.7 uL, 4 mol%).
Transmittance measurements at 800 nm were recorded on a Jasco V-750 spectrophotometer with a
Jasco ETC-505T temperature controller, and the temperature scan rate was 1.5 °C/min. The cloud point
(Tep) was determined to be the temperature at which the %transmittance was equal to 90% in the

heating process for LCST-type phase separation using UV-vis spectroscopy.

Results and discussion

We hypothesized that if the effector forms stronger hydrogen bonds with the polymer chains than
good solvents, the addition of a small amount of hydrogen-bonding effector would induce a drastic
change in solvation, thereby altering thermo-responsiveness. In accordance with our previous study*?,
we decided to use 1,4-dioxane, which has only a hydrogen-bonding acceptor and forms weak hydrogen
bonds with PHS in mixed organic solvents. A ternary polymer solution consisting of PHS in 1,4-
dioxane/toluene at a ratio of 6.1: 3.9 (25 mg/mL) was selected as the standard condition. This constant
molar ratio was regulated to produce the LCST-type phase separation at the cloud point (7 = 78 °C).
The effector was added to the ternary polymer solution up to 25 mole percent (mol%) per hydroxy
group in the polymer chain. Next, we investigated the solubility changes of PHS at low temperatures
(ca. 4 °C), room temperature (ca. 25 °C), and elevated temperatures (ca. 100 °C). First, we tested a
series of basic amines as effectors since PHS possesses a weakly acidic phenolic OH group (Table 1,
S1-S3). The addition of 20 mol% cyclohexylamine resulted in the loss of the LCST-type thermo-
responsiveness, causing a higher solubility of PHS at elevated temperatures, while the other primary
amines had a limited effect on the LCST-type thermo-responsiveness of PHS. Due to the small increase
in T¢, the addition of primary amines slightly increased the solubility by forming hydrogen bonds with
PHS. In contrast, the addition of 15 mol% diethylamine decreased the 7cp, of LCST-type phase
separation and induced the upper critical solution temperature (UCST)-type phase separation. Cyclic
secondary amines (2-10 mol%), such as pyrrolidine, piperidine, and morpholine, were more effective
at changing the thermo-responsive behavior. However, the addition of secondary dialkylamines with
relatively large substituents (dibutylamine and N-methylcyclohexylamine) did not considerably affect
the thermo-responsive behavior. Some tertiary amines with large alkyl groups could function as
pseudo-non-polar poor solvents causing a decrease in the cloud point, producing a decrease in the

solubility of PHS. Compared with the addition of monoamines, the addition of a small amount of



diamine (1-6 mol%) significantly influenced the thermo-responsiveness of PHS. N,N,N.N'-
Tetramethyl-1,3-diaminopropane resulted in both UCST-type and LCST-type phase separation at
ambient temperatures. Piperazine and trans-1,2-cyclohexanediamine rendered PHS insoluble at only 1
mol%. These diamines reduced the solubility of PHS in 1,4-dioxane/toluene, irrespective of the
number of amino group substituents. We then investigated the influence of nitrogen-containing
heterocyclic compounds to expand the variety of effectors with other types of functional groups (Tables
2, S4, S5). Interestingly, the addition of 25 mol% pyridine did not affect the LCST-type phase
separation of PHS; however, with the addition of only 4 mol% 4-dimethylaminopyridine (DMAP),
PHS became insoluble. Similarly, with the addition of only 1 mol% 1,8-diazabicyclo[5.4.0]-7-
undecene (DBU), PHS became insoluble. The addition of either imidazole or 1-methylimidazole,
regardless of the presence of the N-H group, caused the UCST-type and LCST-type phase separation
of PHS; these results indicated that effector molecules with two hydrogen-bonding functional groups
played a pivotal role in modulating its LCST-type thermo-responsiveness.

Therefore, small secondary amines and bifunctional amines could serve as strong effectors and
drastically change the solubility of PHS to be completely insoluble or just insoluble at lower
temperatures, such as during UCST phase separation. However, both the class of amines, such as
primary, secondary, and tertiary amines, and the size of the substituent alkyl groups were varied. The
correlation between the molecular structure and the activity of effectors is not fully understood. To
further understand this phenomenon, we compared the acid dissociation constants (pKa) of phenol and
various amines in acetonitrile*>’. As the monomeric model compound PHS, 4-methylphenol (pKa =
27.45)°° has a significantly larger pKa than those of various aliphatic amines (pKa =18~20)* and
heterocycles such as pyridine (pKa =12.53)*, imidazole (pKa =15.07)*, and DBU (pKa =24.31)%.
Therefore, the acid—base reaction between the phenol group in the polymer chain and the nitrogen—
base effector is not expected to proceed in acetonitrile. Moreover, the dielectric constant of the medium
(1,4-dioxane (¢ = 2.2)/toluene (¢ = 2.3) = 6.1/3.9) is extremely low at ~2, the formation of ion pairs
should presumably be suppressed, and the addition of a small amount of the effecter would not increase
the solvent polarity. Therefore, hydrogen bonds and other weak interactions likely play a key role in
solvation of the polymer chains. The high activity of the cyclic aliphatic secondary amines is likely
caused by the formation of the cyclic hydrogen bond network that was observed in the 1:1 complexes
of phenol and amines in the crystalline state, as shown in Figure S3°*2. Thus, the cross-linking of the
polymer chain potentially causes the decrease in the solubility. Similar cross-linking may occur with
the addition of bifunctional amines.

To further validate this hypothesis, we examined the effects of various alcohols as hydrogen-bonding
effectors. Here, the addition of primary alcohols such as 1-butanol, 1-hexanol, and 1-octanol had
minimal effects on the LCST-type thermo-responsiveness of PHS; however, the addition of ethylene
glycol caused a decrease in the T¢, of LCST-type phase separation and insolubility at a concentration
of 2.5 mol%. Glycerin also reduced the solubility of PHS and induced UCST-type phase separation.

The presence of two or three hydroxyl groups in these alcohols likely facilitated cross-linking of the



polymer chains through the intermolecular hydrogen bonds, thereby reducing the solubility of PHS in
1,4-dioxane/toluene.

The sensitivity of the effectors in influencing the LCST-type phase separation of PHS was evaluated
via temperature-dependent transmittance measurements. In the absence of effectors, LCST-type phase
separation of PHS occurred at 78 °C. Notably, upon the addition of morpholine (2-10 mol%), a
decrease in the 7cp of LCST-type phase separation was observed, along with the appearance of UCST-
type phase separation in the region of lower temperature (Figure 2a). The 7, decreased linearly with
increasing effector amounts (Figure 2b). Similarly, the addition of DMAP resulted in a linear reduction
in T¢p with each 1 mol% increase (Figure 2¢,d). Based on these findings, the addition of these effectors
clearly leads to a quantitative decrease in the solubility of PHS. Since a slightly excess amount of 1,4-
dioxane (31 equivalent to the hydroxy group of PHS) was present in the ternary polymer solution,
these effectors strongly interacted with the polymer chain to alter the solvation state, which
destabilized the weak hydrogen bonds between the hydroxy group of PHS and 1,4-dioxane, thereby
facilitating desolvation of the polymer chain.

As previously mentioned, the addition of a small amount of basic effectors significantly reduced the
solubility of PHS in 1,4-dioxane/toluene. Hence, we hypothesized that these quaternary polymer
solutions could serve as a kind of chemo-sensor system to detect acids (Figure 3). Although many
reports on the development of pH-responsive polymers as chemical sensors exist, the pH-responsive
functional groups needed to be introduced into the polymer chains>>**. Our chemo-sensor system
consisted of commercially available PHS and simple small molecules without any synthetic
modifications. In the absence of suitable acids, the polymer solution with the basic effector remained
turbid, whereas its presence rendered the polymer soluble owing to the decrease in the concentration
of the basic effector from the acid-base reaction between the basic effector and the acidic additive;
this causes the polymer solution to become transparent. As discussed earlier, the OH group of PHS
does not have sufficient acidity; here, the key design is the removal of the basic effector from the
system by the acid-base reaction and no interference from the salt formed by the reaction of the basic
effector and the acidic additive on the solubility of the polymer chain. Therefore, the presence of acids
need to be visualized based on the appearance of the solution. To assess its reversible sensing capability,
we conducted visual detection of trifluoroacetic acid (TFA, pKa=10.6 in acetonitrile ) using
piperazine (pKa=18.89 in acetonitrile*’) as a basic effector. Initially, upon the addition of 1 mol%
piperazine to the PHS ternary polymer solutions, the solution rapidly became turbid at room
temperature (Figure 4a). The addition of 1 mol% TFA (0.9 uL of TFA/3 mL of polymer solution)
subsequently rendered the polymer solution transparent. These results indicated that our chemo-sensor
system was highly sensitive to TFA. This change in the appearance of the polymer solution was
consistently observed upon the addition of 4 mol% piperazine followed by the subsequent addition of
4 mol% TFA, indicating that the detection limit of TFA could be modulated depending on the amount
of piperazine. Since reversible temperature-dependent transmittance changes were observed both with

and without piperazine and TFA, the quaternary polymer solution of PHS in 1,4-dioxane/toluene



demonstrated high sensitivity and reversibility as a chemo-sensor system (Figure 4b). After a few
cycles of the alternative addition of piperazine and TFA, the salt formed by the acid—base reaction did

not cause any interference with the LCST phase separation of PHS.

Conclusions

In summary, we demonstrated that the addition of hydrogen-bonding effectors as chemical stimuli
induced drastic changes in the LCST-type thermo-responsiveness of PHS in 1,4-dioxane/toluene. The
effectors impacted the solvation of PHS, which was mediated by hydrogen bonds between the polymer
hydroxy group and 1,4-dioxane; this resulted in alterations in the solubility at ambient temperatures.
Notably, basic secondary amines, such as morpholine, and molecules containing two hydrogen-
bonding functional groups, such as DMAP, acted as strong effectors at only a few molar fractions (1—
10 mol%); their additions led to the disappearance of LCST-type phase separation and the appearance
of UCST-type separation. By constructing the intermolecular hydrogen bonds, these effectors could
cross-link the polymer chains and consequently decrease the solubility of PHS. Furthermore, this
quaternary polymer solution served as a chemo-sensor system for the detection of the acids through
the acid—base reaction of piperazine and TFA. We anticipate that our molecular design will facilitate
the development of more complex dual stimuli-responsiveness materials in non-aqueous media, with

promising applications as smart materials in the future.



References

1.

10.

1.

12.

13.

14.

15.

Roy D, Cambre JN, Sumerlin BS, Future perspectives and recent advances in stimuli-responsive
materials. Prog Polym Sci. 2010;35:278-301.
https://doi.org/10.1016/j.progpolymsci.2009.10.008.

Liu F, Urban MW, Recent advances and challenges in designing stimuli-responsive polymers.
Prog Polym Sci. 2010;35:3-23. https://doi.org/10.1016/j.progpolymsci.2009.10.002.

Stuart MAC, Huck WTS, Genzer J, Miiller M, Ober C, Stamm M, Sukhorukov GB, Szleifer I,
Tsukruk VV, Urban M, Winnik F, Zauscher S, Luzinov I Minko S, Emerging applications of
stimuli-responsive polymer materials. Nat Mater. 2010;9:101-113.
https://doi.org/10.1038/nmat2614.

Jochum FD, Theato P, Temperature- and light-responsive smart polymer materials. Chem Soc Rev.
2012;42:7468—7483. https://doi.org/10.1039/c2¢cs35191a.

Wei M, Gao Y, Li X, Serpe MJ, Stimuli-responsive polymers and their applications. Polym Chem.
2016;8:127-143.

Korde JM, Kandasubramanian, B, Fundamentals and Effects of Biomimicking Stimuli-
Responsive Polymers for Engineering Functions. Ind Eng Chem Res. 2019;58:9709-9757.
https://doi.org/10.1021/acs.iecr.9b00683.

Wang S, Liu Q, Li L, Urban MW, Recent Advances in Stimuli-Responsive Commodity Polymers.
Macromol Rapid Commun. 2021;42: €2100054. https://doi.org/10.1002/marc.202100054.
Aseyev V, Tenhu H, Winnik FM, Self Organized Nanostructures of Amphiphilic Block
Copolymers II. Adv Polym Sci. 2010;29-89. https://doi.org/10.1007/12_2010 57.

Roy D, Brooks WLA, Sumerlin, BS, New directions in thermoresponsive polymers. Chem Soc
Rev. 2013;42:7214-7243. https://doi.org/10.1039/c3¢s35499¢.

Halperin A, Kroger M, Winnik FM, Poly(N-isopropylacrylamide) Phase Diagrams: Fifty Years of
Research. Angew Chem Int Ed. 2015;54:15342—15367. https://doi.org/10.1002/anie.201506663.
Zhao C, Ma Z, Zhu XX, Rational design of thermoresponsive polymers in aqueous solutions: A
thermodynamics map. Prog Polym Sci. 2019;90:269-291.
https://doi.org/10.1016/j.progpolymsci.2019.01.001.

Doberenz F, Zeng K, Willems C, Zhang K, Groth T, Thermoresponsive polymers and their
biomedical application in tissue engineering — a review. J Mater Chem B. 2020;8:607—628.
https://doi.org/10.1039/c9tb02052g.

Schild HG, Poly(N-isopropylacrylamide): experiment, theory and application. Prog Polym Sci.
1992;17:163-249. https://doi.org/10.1016/0079-6700(92)90023-r.

Lutz J, Polymerization of oligo(ethylene glycol) (meth)acrylates: Toward new generations of
smart biocompatible materials. J Polym Sci Part A: Polym Chem. 2008;46:3459-3470.
https://doi.org/10.1002/pola.22706.

Weber C, Hoogenboom R, Schubert US, Temperature responsive bio-compatible polymers based



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

on poly(ethylene oxide) and poly(2-oxazoline)s. Prog Polym Sci. 2012;37:686-714.
https://doi.org/10.1016/j.progpolymsci.2011.10.002.

Jung Y-D, Khan M, Park S-Y, Fabrication of temperature- and pH-sensitive liquid-crystal droplets
with PNIPAM- b -LCP and SDS coatings by microfluidics. J Mater Chem B. 2014;2:4922-4928.
https://doi.org/10.1039/c4tb00476k.

Islam M, Ahiabu A, Li X, Serpe M, Poly (N-isopropylacrylamide) Microgel-Based Optical
Devices for Sensing and Biosensing. Sensors. 2014;14:8984-8995.
https://doi.org/10.3390/s140508984.

Liu H, Liao J, Zhao Y, Sotto A, Zhu J, Bruggen B van der, Gao C, Shen J, Bioinspired dual stimuli-
responsive membranes with enhanced gating ratios and reversible performances for water gating.
J Membr Sci. 2018;564:53—61. https://doi.org/10.1016/j.memsci.2018.07.013.

Smeets NMB, Hoare T, Designing responsive microgels for drug delivery applications. J Polym
Sci Part A: Polym Chem. 2013;51:027-3043. https://doi.org/10.1002/pola.26707.

Thirupathi K, Phan TTV, Santhamoorthy M, Ramkumar V, Kim S-C, pH and Thermoresponsive
PNIPAm-co-Polyacrylamide Hydrogel for Dual Stimuli-Responsive Controlled Drug Delivery.
Polymers. 2022;15:167. https://doi.org/10.3390/polym15010167.

Han K, Su W, Zhong M, Yan Q, Luo Y, Zhang Q, Li Y, Reversible Photocontrolled Swelling-
Shrinking Behavior of Micron Vesicles Self-Assembled from Azopyridine-Containing Diblock
Copolymer. Macromol Rapid Commun. 2008:29:1866—1870.
https://doi.org/10.1002/marc.200800483.

Zou J, Guan B, Liao X, Jiang M, Tao F, Dual Reversible Self-Assembly of PNIPAM-Based
Amphiphiles Formed by Inclusion Complexation. Macromolecules. 2009;42:7465-7473.
https://doi.org/10.1021/ma901276c.

Irie M, Kungwatchakun D, Stimuli-responsive Polymers. Photostimulated Reversible Phase
Separation of Aqueous Solutions of Poly(N-isopropylacrylamide) with Pendant Azobenzene
Groups. Proc Jpn Acad Ser B. 1992;68:127—132. https://doi.org/10.2183/pjab.68.127.

Irie M, Stimuli-responsive poly(N-isopropylacrylamide). Photo- and chemical-induced phase
transitions. Adv Polym Sci. 1993;110:49-65. https://doi.org/10.1007/bfb0021128.

Park C, Heo J, Lee J, Kim J, Kim SY, Well-Defined Dual Light- and Thermo-Responsive Rod-
Coil Block Copolymers Containing an Azobenzene, MEO2MA and OEGMA. Polymers 2020;
12:284. https://doi.org/10.3390/polym12020284.

Schattling P, Jochum FD, Theato P, Multi-stimuli responsive polymers — the all-in-one talents.
Polym Chem. 2013;5:25-36. https://doi.org/10.1039/c3py00880k.

Ren H, Qiu X-P, Shi Y, Yang P, Winnik FM, pH-Dependent Morphology and Photoresponse of
Azopyridine-Terminated Poly(N-isopropylacrylamide) Nanoparticles in Water. Macromolecules
2019;52:2939-2948. https://doi.org/10.1021/acs.macromol.9b00193.

Ren H, Yang P, Winnik FM, Azopyridine: a smart photo- and chemo-responsive substituent for

polymers and  supramolecular  assemblies. Polym  Chem. 2020;11:5955-5961.


https://doi.org/10.1007/bfb0021128

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

https://doi.org/10.1039/d0py01093f.

Sato E, Masuda Y, Kadota J, Nishiyama T, Horibe H, Dual stimuli-responsive homopolymers:
Thermo- and photo-responsive properties of coumarin-containing polymers in organic solvents.
Eur Polym J. 2015;69:605—615. https://doi.org/10.1016/j.eurpolym;.2015.05.010.

Sato E, Nakanishi R, Nishiyama T, Horibe H, Coumarin-containing Polymers as Thermo- and
Photo-responsive Polymers: Copolymerization with Solvophilic or Solvophobic Comonomers to
Control Thermoresponsive Behavior. Chem Lett. 2016;46:108-110.
https://doi.org/10.1246/cl.160907.

Okada S, Sato E, Thermo- and Photoresponsive Behaviors of Dual-Stimuli-Responsive
Organogels Consisting of Homopolymers of Coumarin-Containing Methacrylate. Polymers
2021;13:329. https://doi.org/10.3390/polym13030329.

Ueki T, Yamaguchi A, Ito N, Kodama K, Sakamoto J, Ueno K, Kokubo H, Watanabe M,
Photoisomerization-Induced Tunable LCST Phase Separation of Azobenzene-Containing
Polymers in an Ionic Liquid. Langmuir. 2009;25:8845—-8848. https://doi.org/10.1021/1a901159r.
Ueki T, Nakamura Y, Usui R, Kitazawa Y, So S, Lodge TP, Watanabe M, Photoreversible Gelation
of a Triblock Copolymer in an lonic Liquid. Angew Chem Int Ed. 2015;54:3018-3022.
https://doi.org/10.1002/anie.201411526.

Hall CC, Rivera CA, Lodge TP, The effect of light penetration depth on the LCST phase behavior
of a thermo- and photoresponsive statistical copolymer in an ionic liquid. J Polym Sci Part A:
Polym Chem. 2019;57:281-287. https://doi.org/10.1002/pola.29075.

Wang C, Ma X, Kitazawa Y, Kobayashi Y, Zhang S, Kokubo H, Watanabe M, From
Macromolecular to Small-Molecular Triggers: Facile Method toward Photoinduced LCST Phase
Behavior of Thermoresponsive Polymers in Mixed Ionic Liquids Containing an Azobenzene
Moiety. Macromol Rapid Commun. 2016;37:1960-1965.
https://doi.org/10.1002/marc.201600360.

Wang C, Hashimoto K, Zhang J, Kobayashi Y, Kokubo H, Watanabe M,
Micellization/Demicellization Self-Assembly Change of ABA Triblock Copolymers Induced by a
Photoswitchable Ionic Liquid with a Small Molecular Trigger. Macromolecules. 2017;50:5377—
5384. https://doi.org/10.1021/acs.macromol.7b01110.

Wang C, Hashimoto K, Tamate R, Kokubo H, Watanabe M, Controlled Sol-Gel Transitions of a
Thermoresponsive Polymer in a Photoswitchable Azobenzene Ionic Liquid as a Molecular Trigger.
Angew Chem Int Ed. 2018;57:227-230. https://doi.org/10.1002/anie.201710288.

Concilio M, Beyer VP, Becer CR, Thermoresponsive polymers in non-aqueous solutions. Polym
Chem. 2022;13:6423-6474. https://doi.org/10.1039/d2py01147f.

Kim SD, Kim SY, Chung IS, Unprecedented Lower Critical Solution Temperature Behavior of
Polyimides in Organic Media. Macromolecules 2014;47:8846—8849.
https://doi.org/10.1021/ma501921z.

Lee J, Lee B, Park J, Oh J, Kim T, Seo M, Kim SY, Synthesis and phase transition behavior of



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

well-defined Poly(arylene ether sulfone)s by chain growth condensation polymerization in organic
media. Polymer. 2018;153:430—437. https://doi.org/10.1016/j.polymer.2018.08.040.

Kharel A, Hall C, Cernoch P, Stepanck P, Lodge TP, Dilute Solution Properties of Poly(benzyl
methacrylate) in Ionic Liquids. Macromolecules. 2020;53:885-894.
https://doi.org/10.1021/acs.macromol.9b02618.

Inaba N, Hashimoto K, Kubota M, Matsuoka K, Sada K, Design of LCST-type phase separation
of poly(4-hydroxystyrene). Mol Syst Des Eng. 2022;8:79-84.
https://doi.org/10.1039/d2me00165a.

Amemori S, Kokado K, Sada K, Fundamental Molecular Design for Precise Control of
Thermoresponsiveness of Organic Polymers by Using Ternary Systems. J Am Chem Soc.
2012;134:8344-8347. https://doi.org/10.1021/ja301688u.

Amemori S, Iseda K, Anan S, Ono T, Kokado K, Sada K, Thermoresponsivity of polymer solution
derived from a self-attractive urea unit and a self-repulsive lipophilic ion unit. Polym Chem.
2017;8:3921-3925. https://doi.org/10.1039/c7py00591a.

Naya M, Kokado K, Sada K, Triple Thermoresponsiveness of a TADDOL-Based Homopolymer
through the Formation of Supramolecular Complexes with Chiral Guest Molecules at Variable
Ratios. ACS Appl Polym Mater. 2020;2:4415-4424. https://doi.org/10.1021/acsapm.0c00491.
Naya M, Kokado K, Landenberger KB, Kanaoka S, Aoshima S, Sada K, Supramolecularly
Designed Thermoresponsive Polymers in Different Polymer Backbones. Macromol Chem Phys.
2020;221:1900455. https://doi.org/10.1002/macp.201900455.

Amemori S, Kokado K, Sada K, Polymer Phase-Transition Behavior Driven by a Charge-Transfer
Interaction. Angew Chem Int Ed. 2013;52:4174—-4178. https://doi.org/10.1002/anie.201210261.
Gharib DH, Amemori S, Naya M, Kokado K, Sada K, Gel thermoresponsiveness driven by
switching of the charge-transfer interaction. RSC Adv. 2015;5:89319-89322. https://doi.org/
10.1039/C5RA18388].

Tshepelevitsh S, Kiitt A, Lokov M, Kaljurand I, Saame J, Heering A, Plieger PG, Vianello R, Leito
I, On the Basicity of Organic Bases in Different Media. Eur J Org Chem. 2019;6735-6748.
https://doi.org/10.1002/ejoc.201900956.

Jover J, Bosque R, Sales J, Neural Network Based QSPR Study for Predicting pKa of Phenols in
Different Solvents. QSAR Comb. Sci. 2007;26:385-397. https://doi.org/10.1002/qsar.200610088.
Sood A, Desiraju GR, Looking at aniline-phenol recognition in molecular crystals:an evergreen
endeavour. Struct. Chem. 2017;28:173-199. https://doi.org/10.1007/s11224-016-0869-8.

Loehlin J H, Etter M C, Gendreau C, Cervasio E, Hydrogen-Bond Patterns in Several 2:1 Amine-
Phenol Cocrystals. Chem. Mater. 1994;6:1218-1221. https://doi.org/10.1021/cm00044a020
Steinegger A, Wolfbeis OS, Borisov SM, Optical Sensing and Imaging of pH Values:
Spectroscopies, Materials, and Applications. Chem Rev. 2020;120:12357-12489.
https://doi.org/10.1021/acs.chemrev.0c00451.

Lange U, Roznyatovskaya NV, Mirsky VM, Conducting polymers in chemical sensors and arrays.



https://doi.org/10.1002/qsar.200610088
https://doi.org/10.1007/s11224-016-0869-8

Anal Chim Acta. 2008;614:1-26. https://doi.org/10.1016/j.aca.2008.02.068.
55. Hayakawa Y, Iwase T, Nurminen EJ, Tsukamoto M, Kataoka M, Carboxylic acids as promoters
for internucleotide-bond formation via condensation of a nucleoside phosphoramidite and a

nucleoside: relationship between the acidity and the activity of the promoter. Tetrahedron
2005;61:2203-2209. https://doi.org/10.1016/j.tet.2004.12.017.

Data availability: The data that support the findings in this work are available within the paper and
Supplementary Information.

Acknowledgments: This work was supported in part by JSPS KAKENHI Grant Number JP21H01980
for K.S.

Author Contributions: K.H.: investigation, visualization. N.I.: investigation, visualization, validation.
K.M.: supervision, project administration, visualization, writing—review & editing. K.S.
conceptualization, funding acquisition, supervision, project administration, writing—original draft,
writing—review & editing.

Competing Interests: The authors declare that they have no competing interests.

Additional Information: Supplementary information is available for this paper.

Correspondence and requests for materials should be addressed to Kazuki Sada and Keitaro Matsuoka.



Figure Legends

Figure 1. Rational design of dual chemo- and LCST-type thermo-responsive phase separation of PHS
in organic media. (a) Quaternary polymer solutions composed of PHS in 1,4-dioxane as a hydrogen-
bonding good solvent and toluene as a non-polar poor solvent with a pseudo-solvating molecule
(effector) as chemical stimuli. (b) Schematic representation of the drastic changes in the LCST-type

thermo-responsiveness of ternary polymer solutions induced by the effectors.

Figure 2. (a, ¢) Transmittance change at 800 nm of PHS in 1,4-dioxane/toluene = 6.1:3.9 (25 mg/mL)
with an appropriate amount of effector with respect to the temperature changes (scan rate: 1.5 °C/min);
the solid line and the dotted line represent the heating and cooling processes, respectively. (b, d) Effects
of the number of effectors (mol%) on the change in the cloud point during the heating process (90%
transmission). (a, b) Morpholine 0—10 mol%, (c, d) DMAP 0-2 mol%.

Figure 3. Schematic representation of the mechanism of the chemo-sensor system for the visual

detection of acids through acid—base reactions.

Figure 4. PHS quaternary polymer solution as a chemo-sensor system to detect acids. (a) Visual
observations of the polymer solution after the addition of repeated amounts of piperazine and TFA. (b)
Reversible temperature-dependent transmittance changes at 800 nm for PHS in 1,4-dioxane/toluene
with and without piperazine and TFA (scan rate: 1.5 °C/min); the solid and dotted lines represent the

heating and cooling processes, respectively. B: Base, A: Acid.



Table 1. Screening of the amines as effectors®.

Amount

Effector (mol%) Efficacy Phase separation
None - - LCST(78 °C)
1-Hexylamine 25 No -
Cyclohexylamine 20 Yes Soluble
1-Dodecylamine 25 No -
. . LCST (r.t.< T, <70 °C)
Diethyl: 15 Y
ietiy’amine e & UCST (0 °C < Ty, <t.t.)
- LCST (r.t.< T, <70 °C)
Pyrrolid; 2 Y
yrroldine e & UCST (0 °C < Ty <r.t.)
L LCST (r.t.< T, <70 °C)
P d 6 Y
tpendine e & UCST (0 °C < T,y <t.t.)
. LCST (r.t.< T, <70 °C)
Morphol 10 Y
orpilotine e & UCST (0 °C < Ty, <t.t.)
Dibutylamine 25 No -
N-Methylcyclohexylamine 25 No -
Tris(2-ethylhexyl)amine 20 Yes Insoluble
Tri-n-decylamine 20 Yes Insoluble
N,N,N'N'-Tetramethyl-1,3- 3 Yes LCST (r.t.< T, <70 °C)
diaminopropane & UCST (0 °C < T, <r.t)
Piperazine 1 Yes Insoluble
trans-1,2-
’ 1 Y Insolubl
Cyclohexanediamine © fsoiubie

aConditions: PHS (75 mg) in 1,4-dioxane/toluene = 6.1:3.9 (3 mL) with appropriate amines (1-25
mol/OH in PHS) from ca. 0 °C to ca. 100 °C.



Table 2. Screening of the nitrogen-containing heterocyclic compounds and alcohols as effectors®.

Amount

Effector (mol%) Efficacy Phase separation
None - - LCST(78 °C)
Pyridine 25 No -
DMAP 4 Yes Insoluble
DBU 1 Yes Insoluble
. LCST (r.t.< T, <70 °C)
Imidazol 4 Y
fHcazote ° & UCST (0 °C < T, <r.t.)
o LCST (r.t.< T, <70 °C)
1-Methylimidazol 5 Y, ’
ctiylmaazole e & UCST (0 °C < T,, <r.t.)
1-Butanol 25 No -
1-Hexanol 25 No -
1-Octanol 25 No -
Ethylene glycol 2.5 Yes Insoluble
. LCST (r.t.< T, <70 °C)
1 10 Y
Glycerin e & UCST (0 °C < T,, <r.t.)
A t
Effector (HI:L(;})E) Efficacy Phase separation
None - - LCST(78 °C)
Pyridine 25 No -
DMAP 4 Yes Insoluble
DBU 1 Yes Insoluble
. LCST (r.t.< T, <70 °C)
Imidazol 4 Y, ’
fmdazoie e & UCST (0 °C < T, <r.t.)
o LCST (r.t.< T, <70 °C)
1-Methylimidazol 5 Y, ’
ctiylmaazole e & UCST (0 °C < T,, <r.t.)
1-Butanol 25 No -
1-Hexanol 25 No -
1-Octanol 25 No -
Ethylene glycol 2.5 Yes Insoluble
LCST (r.t.< T, <70 °C
Glycerin 10 Yes (r ? )

& UCST (0 °C < Ty <r.t.)

Conditions: PHS (75 mg) in 1,4-dioxane/toluene = 6.1:3.9 (3 mL) with appropriate nitrogen-
containing heterocyclic compounds and alcohols (1-25 mol%/OH in PHS) from ca. 0 °C to ca. 100 °C.
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1. General information

Poly(4-hydroxystyrene) (PHS) (average Mw: ~25,000) was purchased from Sigma-Aldrich (aldrich/436224).
All other reagents were commercially available and used as received unless otherwise noted.

A solubility test of PHS in the mixtures of 1,4-dioxane and toluene with an appropriate effector was done by
mixing the suitable amount of the effector and polymer solutions at low temperature (0 °C), room temperature
(ca. 25 °C) and elevated temperature (ca. 100 °C).

Transmittance Measurements at 800 nm were recorded on a Jasco V-750 spectrophotometer with a Jasco
ETC-505T temperature controller, and the temperature scan rate was 1.5 °C/min. Cloud point (7,) was
determined by the Transmittance measurement using UV-vis as the temperature at which %Transmittance = 90

in the heating process for LCST-type phase separation.


https://www.sigmaaldrich.com/JP/en/product/aldrich/436224

2. Changes of thermo-responsiveness of PHS induced by effectors

The conditions: PHS (75 mg) in 1,4-dioxane/toluene = 6.1:3.9 (3 mL). S: soluble, I: insoluble, cool:

ca. 0°C, heat: 70-100°C

Table S1. Effects of primary amines

Amount Equiv. Solubility Thermo-
Effector ]
(mg) (mol%) cool rt  heat responsiveness
none - - S S | LCST (78 °C)
Aniline 14.5 25 S S | LCST (80 °C<T<90 °C)
1-Hexylamine 15.8 25 S S | LCST (90 °C< Tgp)
tert-Butylamine 114 25 S S | LCST (90 °C< Tgp)
Benzylamine 16.7 25 S S | LCST (80 °C< Tgp <90 °C)
9.3 15 S S | LCST (90 °C< Tgp)
Cyclohexylamine 12.4 20 S S S Soluble
15.5 25 S S S Soluble
1-Nonylamine 22.4 25 S S | LCST (90 °C< Tgp)
1-Dodecylamine 28.9 25 S S | LCST (90 °C< Tgp)
Table S2. Effects of secondary amines
Amount Equiv. Solubility Thermo-
Effector )
(mg) (mol%) cool r.t. heat responsiveness
2.7 5 S S I LCST (r.t.< Tep <70 °C)
N LCST (r.t.< Tep <70 °C)
Piperidine 3.2 6 I S I
& UCST (0°C < Tgp<r.t.)
3.7 7 I I I Insoluble
4.3 8 S S I LCST (r.t.< Tep <70 °C)
. LCST (rt.< Te <70 °C)
Morpholine 54 10 I S I
& UCST (0°C < Tep<r.t.)
6.5 12 I I I Insoluble
0.4 1 S S | LCST (r.t.< Tep <70 °C)
o LCST (r.t.< Te, <70 °C)
Pyrrolidine 0.9 2 I S I
& UCST (0°C < Tgp<r.t)
1.3 3 I I I Insoluble




4.6 10 S I LCST (r.t.< Tep <70 °C)
Diethylamine 6.8 15 S I HEST (1< Tep <70°C)
& UCST (0 °C < Tep <r.t.)
11.4 25 I Insoluble
N-Ethylpropylamine 13.6 25 I LCST (90 °C< Tep)
Dibutylamine 20.2 25 I LCST (90 °C< Tep)
N-
Methylcyclohexyl 17.7 25 S | LCST (90 °C< Tep)
amine
Table S3. Effects of tertiary amines
Effector Amount Equiv. Solubility Ther_mo—
(mg) (mol%) cool rt  heat responsiveness
Triethylamine 15.8 25 S S | LCST (80 °C< T¢p <90 °C)
Tributylamine 28.9 25 S S | LCST (r.t.< Tgp <70 °C)
22.1 10 S S | LCST (r.t.< Tep <70 °C)
Tris(2-ethylhexyl)amine 33.1 15 S I | LCST (0°C < T <r.t)
441 20 | I | Insoluble
27.3 10 S S | LCST (r.t.< Tep <70 °C)
Tri-n-decylamine 41.0 15 S I | LCST (0°C < Tgp <r.t)
54.6 20 | I | Insoluble




Table S4. Effects of diamines

Amount Equiv. Solubility Thermo-
Effector .
(mg) (mol%) cool r.t. heat responsiveness
1.6 2 S S I LCST (rt.< Te <70 °C)
N,N,N',N'-
LCST (rt.< T <70 °C)
Tetramethyl-1,3- 24 3 I S
- & UCST (0°C < Tgp<r.t.)
diaminopropane
3.3 4 I I I Insoluble
) ) 0.5 1 I I I Insoluble
Piperazine
1.1 2 I I I Insoluble
trans-1,2- 0.7 1 | | | Insoluble
Cyclohexane
diamine 1.4 2 [ | | Insoluble
cis-1,2- 0.7 1 | | | Insoluble
Cyclohexane
diamine 1.4 2 I | | Insoluble

Table SS. Effects of nitrogen-containing heterocyclic compounds

Amount Equiv. Solubility Thermo-
Effector .
(mg) (mol%) cool r.t. heat responsiveness
12.3 25 S S I LCST (r.t. < Tep < 70 °C)
o LCST (rt. < Tep <70 °C)
Pyridine 14.8 30 I S
& UCST(0°C<Tp<rit)
17.3 35 | I I Insoluble
1.5 2 S S I LCST (rt. < Tep <70 °C)
DMAP
3.0 4 | I I Insoluble
0.9 1 | | | Insoluble
DBU
1.9 2 | I I Insoluble
1.3 3 S S I LCST (rt. < Tep <70 °C)
) LCST (r.t. < T <70 °C)
Imidazole 1.7 4 | S I
& UCST (0°C<Tgp<rit)
2.1 5 | I I Insoluble
2.0 4 S S | LCST (r.t. < Tep < 70 °C)
o LCST (rt. < Tep <70 °C)
1-Methylimidazole 2.6 5 I S

& UCST(0°C<Tp<rit)
3.1 6 | I I Insoluble




Table S6. Effects of alcohols

Effector Amount Equiv. Solubility Ther-mo—
(mg) (mol%)  cool  rt.  heat responsiveness

Methanol 5.0 25 S S | LCST (80 °C< T¢p <90 °C)
Ethanol 7.2 25 S S | LCST (80 °C< T¢p <90 °C)
1-Propanol 94 25 S S | LCST (80 °C< T¢p <90 °C)
1-Butanol 11.6 25 S S | LCST (80 °C< T¢p <90 °C)
tert-Butylalcohol 11.6 25 S S I LCST (80 °C< T¢p <90 °C)
1-Hexanol 15.9 25 S S I LCST (80 °C< T¢p <90 °C)
1-Octanol 20.3 25 S S I LCST (80 °C< T¢p <90 °C)
0.8 2 S S | LCST (r.t. < Tep < 70 °C)

Ethylene glycol 1.0 2.5 I | | Insoluble

1.2 3 I I I Insoluble
2.9 5 S S | LCST (r.t. < Tep < 70 °C)
Glycerin 5.7 10 | S | HOST (1 < Tep < 70°C)
& UCST(0°C<Tegp<rit)

8.6 15 I | | Insoluble




3. Visual observation of thermo-responsiveness of PHS

After the polymer solutions were immersed in an oil bath at the appropriate temperature, the

appearance of the solution was observed. For polymer solution compositions; See Table S1-S6. LCST-

type phase separation was observed from a clear solution to a turbid suspension

Lot No. Effector
11 Triethylamine
12 Tributylamine
13 Methanol
14 Ethanol
15 1-Propanol
16 1-Butanol
17 tert-Butylalcohol
18 1-Hexanol
19 1-Octanol

Lot No. Effector
0 none
1 Aniline
2 1-Hexylamine
3 tert-Butylamine
4 Benzylamine
5 Cyclohexylamine
6 1-Nonylamine
7 1-Dodecylamine
8 N-Ethylpropylamine
9 Dibutylamine
10 N-Methylcyclohexyl

amine




4. Evaluation of thermo-responsiveness of PHS by temperature-dependent transmittance

measurements
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Figure S1. Transmittance change of PHS in 1,4-dioxane and toluene with tributylamine
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5. Plausible mechanism that small secondary amines could serve as strong effectors

H'
) H..‘o/' O'H

Figure S3. The formation of the cyclic hydrogen bond network formed by the 1:1 complexes of phenol

and amines alters the solvation of PHS

10
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Dual chemo- and thermo-responsive phase separations of poly(4-hydroxystyrene) in
non-aqueous media were demonstrated. The addition of small amounts of hydrogen-
bonding molecules as chemical stimuli caused a considerable change of LCST-type
thermo-responsiveness of poly(4-hydroxystyrene) in 1,4-dioxane/toluene. Secondary
amines or molecules containing two hydrogen-bonding functional groups could cross-
link the polymer chains through the hydrogen bonds, which altered the solvation state
and induced the UCST-type thermo-responsiveness or insolubility of the polymer. This
dual stimuli-responsive system worked as a chemical sensor to detect the presence of

acids.
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