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1. Introduction

A large number of materials show a change of colour with
temperature, which is generally termed thermochromism. This
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Until now, only limited experimental knowledge and sparse theoretical treatment about the mechanisms
of thermochromism of azo dyes in solution has been available. Especially the coupling of thermorespon-
siveness of polymers with the inherent thermochromism of azo dyes is attractive to enhance the optical
response for applications like polymeric optical pH- and temperature-dual sensors. To elucidate the
different mechanisms contributing to the thermochromism of such azo chromophores, we synthesised
monomers based on the constitutional isomers of the common pH indicator methyl red. The ortho-
isomer was copolymerised with hydrophilic monomers and the photocrosslinker benzophenone acryl-
amide, with the resulting copolymers being converted to networks by irradiation with UV-light and yield-
ing hydrogels after swelling with water. N-Isopropylacrylamide was used as comonomer to introduce
thermoresponsiveness in the polymers in form of a lower critical solution temperature (LCST) behaviour.
Three different dye systems with varying protonation states were investigated by temperature-dependant
UV-vis spectroscopy: as monomers in solution, as part of copolymers in solution, and as photocros-
slinked hydrogels. Consequently, we were able to identify the four different mechanisms of vibronic ther-
mochromism, thermo-solvatochromism, thermo-perichromism and thermo-halochromism. Their inter-
play was investigated by choosing appropriate combinations of solvents, acid and comonomers. The
LCST behaviour of the N-isopropylacrylamide copolymers could be exploited to strongly influence ther-
mochromism, providing insight into the mechanisms of critical solution behaviour of polymers and ther-
mochromism alike. The experimental data suggest that various thermochromic mechanisms act simul-
taneously and mutually influence each other, specifically with thermo-solvato- and thermo-perichro-
mism affecting thermo-halochromism. These effects are best described by the terms thermo-solvato-
halochromism and thermo-peri-halochromism. Notably, on the basis of the identified thermochromic
mechanisms prevailing in the monomer solutions, the behaviour of the more complex polymer systems
can be elucidated, and consequently, the distinct properties of the dye in combination with polymer-
inherent phenomena can be deduced. To our knowledge, this is the first comprehensive study to harmo-
nise the understanding of the different thermochromic mechanisms in azobenzene, their mutual action,
and the strong influence of thermoresponse on thermochromism.

has been observed and exploited to sense temperature in
systems like dye-based luminescent sensors for biological and
biomedical applications,’™ nanomaterials," supramolecular
systems® and dye aggregates.® Generally, thermochromism
describes the change of colour due to a change of temperature
and depending on the scientific community, this is defined as
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being either purely reversible or both reversible and irrevers-
ible processes.”® Polymeric materials exhibiting thermochro-
mic behaviour are particularly versatile and can be used in a
variety of systems to achieve a change in absorption, emit-
tance, or reflectance of a system. The term thermochromic
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polymers entails a manifold of systems with either the
polymer itself being thermochromic or the polymer being a
matrix for thermochromic dyes, complexes or particles.” The
thermochromic mechanism relevant for the work presented in
this paper is based on the change in absorption of organic
dyes in dependence on temperature.

One class of optical thermometers entails solvatochromic
dyes coupled to a polymer phase transition. Owing to the
change in polarity in the polymer coil during the transition,
either the fluorescence or absorption change with
temperature.*’

Another established thermochromic system consists of a
pH-sensitive dye embedded in a hydrogel matrix that changes
colour reliant on a thermally dependant protonation equili-
brium, notably alkaline PVA-borax hydrogels with cresol red or
Reichardt’s dye as indicator dyes.'"'*

Azo dyes are a particularly interesting class of photochro-
mic molecules that show additional mechanisms for a colori-
metric response with respect to external stimuli, besides light,
such as thermochromism (responding to a temperature
change), halochromism (pH change) and solvatochromism
(change of solvent interaction). Thermochromism in azo-
benzene derivatives is often coupled to a thermochromic
matrix, with the azobenzene only enhancing the optical effects
in the matrix material. In one example, this was realised by
adding azobenzene to an LCST polymer-opal composite to
tune the transmission band over the whole visible spectrum
via trans-cis-isomerisation and temperature. The polymer
volume phase transition changes the distance between the par-
ticles in the opals, effectively tuning the optical interference,
while the photochromism of the azobenzene influences the
base colour of the composite.'® In other studies, azobenzenes
were combined with photochromic polyelectrolytes based on
polythiophenes or polydiacetylenes (PDA), enhancing the ther-
mochromic behaviour of the polymers or enhancing thermal
reversibility, apparently by acting as controlled defects or as
stabilising groups, in the case of PDA micelles."*>°

A thermochromic effect solely relying on the azo dye core
has been investigated for several phenylazonaphthols.*' The
tautomeric equilibrium between the enol and quinone forms
was followed in solution in dependence of temperature, with
the quinone form absorbing at longer wavelengths and being
more stable at low temperatures.

For pH-sensitive and thus halochromic azobenzenes, ther-
mochromism has been observed in different environments. In
one of the first examples, the well-known pH indicator methyl
red (2-{[4-(dimethylamino)phenyl]diazenyl}benzoic acid, in
short here MR) was adsorbed on silica gel. In aqueous solu-
tion, the MR chromophore changes from a red protonated
form with an absorption maximum at ~525 nm at pH 4.4 to a
yellow, deprotonated form above pH 6.2 (abs. max.
~430 nm).>>** Protonated MR exists in two different tauto-
meric cations, namely an ammonium ion with a protonated
tertiary amine, and an azonium structure protonated at the
azo bridge. In MR, the azonium form is stabilised via a quinoi-
dal resonance structure and intramolecular hydrogen bonding,
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rendering it the preferred structure.>* Adsorption on silica gel
results in a colour change of MR from red (acidic) to orange
(neutral/basic) upon heating. The authors attribute this effect
to an increase of basic sites at the silica gel surface at low
temperatures due to release of water and an increase in acidity
of the dye at higher temperatures.>® Another halochromic azo-
benzene has been shown to have the opposite behaviour when
immobilised in ion-exchange micelles: the protonated form
was more stable than the deprotonated form. This was
explained by a change in the partition of water between the
aqueous bulk and the periphery of the micelle.*® An example
for a dual colorimetric sensor to measure simultaneously pH
and temperature is established with the azobenzene derivative
Disperse Red 1 in thermoresponsive copolymers.>”*®

Besides halochromism, MR also shows an intense solvato-
chromism. An absorption band at ~425 nm dominates the spec-
trum in polar solvents, while in apolar solvents an absorption
band at ~500 nm prevails. The coexistence of the two absorp-
tion bands characterises the spectra in dependence of several
solvent parameters, such as solvent composition, solvent
polarity, hydrogen bonding and Kamlet-Taft-parameters.>°

Two scenarios have been proposed to explain the solvato-
chromic behaviour of MR.*"*? In both studies, the change in
absorption has been attributed to the change in the ratio of
intermolecular hydrogen bonding to solvent molecules versus
intramolecular hydrogen bonding of the carboxylic acid in
ortho-position to the azo bridge. The reasoning for the change
in absorption wavelength, however, is vastly different in the two
publications, as outlined below. The first study®! assumes solva-
tochromism to result from a solvent-dependant, intramolecular
prototropic equilibrium by relocating a proton between the azo-
benzene and an azonium form. The azonium ion absorbs at
longer wavelengths than the azobenzene, owing to its quinoid
character with lower energy of the n* orbital. The author
showed that the dominance of either the azonium or the azo-
benzene band does not only depend on solvent polarity but on
several other solvent parameters, like hydrogen bonding and
polarizability. Accordingly, prediction of the spectral features is
only reliable withing the same solvent family (hydrogen bond
donating or accepting, halogenated aliphatic and aromatic sol-
vents). The second study®” attributes the solvatochromic shifts
solely to the balance between the hydrogen bond accepting
parameter $ and donating parameter « of the solvent. According
to the authors, these parameters dictate whether intermolecular
(to the solvent molecules) or intramolecular hydrogen bonding
is preferred in MR. The absorption band at ~425 nm is con-
sidered here as the 1 — n* transition of MR, while the band at
~500 nm is considered to be the n — n* transition. Based on
the presented calculations, intramolecular hydrogen bonding,
which is increased in apolar solvents, spreads the n* orbital
over a larger part of the molecule and lowers its energy. With
that, the n — n* transition is energetically preferred.

The interpretation of the first study appears more plausible
based on the detailed UV-vis absorption behaviour of azoben-
zenes as discussed in the following.”’ Owing to a quinoid
orbital structure, the main absorption band of protonated MR
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lies at longer wavelengths than the absorption band of neutral or
anionic MR.*® Both the azonium ion of MR as well as a strongly
intramolecularly hydrogen bonded MR show a strong absorption
band around 500 nm. The similarity between the absorption
behaviour of the azonium ion of MR compared to the intramole-
culary hydrogen-bonded MR in certain solvents suggests that an
intramolecular hydrogen shift leads to a quinoid character of the
zwitterionic molecule, which is accompanied by a redshift. The
existence of the long wavelength absorption band of the azonium
ion corresponds to the © — n* and conforms to the general obser-
vation that the & — n* transition is lowered in energy upon proto-
nation of azobenzenes.* This is supported by the fact, that MR
belongs to the class of pseudostilbenes, in which the n — n* and
n — 7w transitions are energetically nearly degenerate.
Furthermore, the n — n* transition is generally weaker in azoben-
zenes.> A large shift in absorption without a considerable
decrease of the extinction coefficients involving the non-bonding
orbitals is, therefore, unlikely.

Concluding from the various experimental results found in
literature, the coexistence of several chromic mechanisms in
MR renders this dye a suitable candidate for sensing appli-
cations. Yet, a detailed understanding of the mechanistic inter-
play would be required for effective exploitation, but a compre-
hensive picture is still lacking. An early application example,
which is still in use today, is the determination of acid pro-
duction by some bacteria during glucose digestion by MR,
referred to in microbiology as the Methyl Red test.*’
Immobilisation of the MR probe is preferred for many sensing
applications, yet direct contact with a liquid medium is man-
datory, which can be provided by the open network structure
of swollen polymer gels. As such, polymer matrices based on
poly-N-isopropylacrylamide (PNiPAAm)*® and poly-N-(2-hydro-
xyethyl)acrylamide (PHEAm)*” are interesting candidates in
biomedicine, as they are known to be biocompatible and even
non-fouling in the case of PHEAm.

PNiPAAm is additionally interesting owing to its lower criti-
cal solution temperature (LCST)-type thermoresponsive behav-
iour in solution. It is soluble at low temperatures and under-
goes a volume phase transition when increasing the tempera-
ture, leading to insolubility of the macromolecule beyond the
transition temperature. This transition temperature can be
influenced by copolymerisation and added solutes, like salts
or small organic molecules that undergo hydrogen
bonding.**?° Recently, a new polymerisation method on the
basis of reversible activation-deactivation of the surface of Ni-
Co alloy nanoparticles has been proposed for the synthesis of
poly-methacrylate, which may become an interesting candidate
in the near future as well.*’

These research accounts inspired our present study about
the thermochromic behaviour of MR-containing polymer
systems. Here, the synthesis of a series of MR-based azo-
benzene monomers with acrylamide functionalities is
reported, from which copolymers were prepared, utilising N-(2-
hydroxyethyl)acrylamide (HEAm) or N-isopropylacrylamide
(NiPAAm) monomers and a benzophenone acrylamide
(BPAAm) photocrosslinker. By irradiation with UV-light, cross-
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linked networks were formed from these polymers, yielding
hydrogels after swelling with water. For the monomeric and
polymeric systems, the thermochromic behaviour was investi-
gated in alcoholic and aqueous media under neutral, slightly
acidic, and strongly acidic conditions.

2. Experimentals

2.1. Materials and equipment

All solvents used were of Milli-Q®, spectroscopic, or HPLC-
grade. Absolute ethanol was purchased from VWR Chemicals.
Tetrahydrofurane was dried and distilled over potassium.
Trifluoroacetic acid was purchased from Carl Roth (Germany)
in PEPTIPURE® >99.9% quality. Sulfuric acid (>95%, Fisher
Chemical), hydrochloric acid (37%, Anal. Reag. Gr., Fisher
Chemical), acetic acid (Anal. Reag. Gr., ChemSolute), methyl
red (Alfa Aesar), carbonyldiimidazole (97%, Alfa Aesar), N-(2-
hydroxyethyl)acrylamide (97%, Sigma Aldrich), 4-aminoben-
zoic acid (Merck) and 3-aminobenzoic acid (98%, Merck) were
used as received. 1,8-Diazabicyclo[5.4.0Jundec-7-ene was dried
over calciumchloride (anhydrous, technical, Bernd Kraft) and
distilled in vacuo. N-Isopropylacrylamide was recrystallised
from n-hexane. Azobisisobutyronitrile was recrystallised from
methanol. 4-Benzophenoneacrylamide was synthesised accord-
ing to literature.*’ 4-(3-Triethoxysilyl)propoxybenzophenone
was synthesised by Mr Daniel John according to literature."?

UV-vis measurements were performed on a Thermo
Scientific™ Evolution™ 220 UV-Vis-spectrophotometer. If not
stated otherwise, the measurements were done with 100 nm
min~" and a resolution of 1 nm.

NMR-measurements were performed on either a Bruker AV
400 or a Jeol EZC 500. Detailed assignments of peaks are given
in the ESIf in the corresponding spectra.

GPC/SEC was measured on a PSS GRAM linM column
(Polymer Standards Service GmbH, Mainz, Germany) in di-
methylacetamide with LiBr (0.1 g L") at 60 °C with PMMA-
standards as reference.

Only selected monomer and polymer syntheses are shown
here to illustrate the synthetic process. Full experimental
details and NMR-data are given in the ESL}

Synthesis of methyl red imidazolide. Methyl red (1 mol eq.)
was dissolved in tetrahydrofuran (0.1 mmol L"), carbonyldii-
midazole (1.8 mol eq.) was added and the solution was stirred
until no more gas evolution occurred, typically overnight or for
three hours at 45 °C. The solution was used without purifi-
cation for further syntheses (adapted from literature**~*°).

Synthesis of 2-(prop-2-enamido)ethyl-2-[(1E)-2-[4-(dimethyl-
amino)phenyl]diazen-1-yl|benzoate (o-methyl red ester of N-(2-
hydroxyethyl)acrylamide, o-MREAm). To a solution of methyl
red imidazolide in tetrahydrofuran (0.1 mmol L"), N-(2-hydro-
xyethyl)acrylamide (2 mol eq.) and 1,8-diazabicyclo[5.4.0]
undec-7-ene (1.5 mol eq.) were added. The reaction mixture
was stirred overnight, before the reaction was stopped by
addition of acetic acid. The solvent was removed azeotropically
with toluene and the remaining solid extracted with water. The

This journal is © The Royal Society of Chemistry 2022
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product was purified via column chromatography on neutral
AlOx in ethyl acetate, followed by column chromatography on
silica in diethylether. The yield was 90%.

SH(400 MHz; CDCl;) 7.82 (d, J = 9.3 Hz, 2H; Ph-H), 7.74
(dd, j = 7.9, 1.1 Hz, 1H; Ph-H), 7.56 (qd, J = 7.9, 1.6 Hz, 2H;
Ph-H), 7.39 (ddd, J = 7.6, 6.7, 1.9 Hz, 1H; Ph-H), 6.72 (d, = 9.3
Hz, 2H; Ph-H), 6.12 (dd, J = 17.0, 1.5 Hz, 1H; CHCHH(trans)),
5.85 (s, br, 1H; CONH), 5.63 (dd, j = 17.0, 10.4 Hz, 1H;
CHCHH), 5.43 (dd, J = 10.4, 1.5 Hz, 1H; CHCHH(cis)), 4.39 (t, ]
= 5.0 Hz, 2H; COOCH,), 3.59 (q, J = 5.3 Hz, 2H; CONHCH,),
3.07 (s, 6H; N(Me),).

5C(101 MHz; CDCl;) § 168.61 (COO), 165.49 (CONH), 152.99
(Ph), 152.54 (Ph), 143.54 (Ph), 132.08 (Ph), 130.59 (COCHCH,),
129.70 (Ph), 128.50 (Ph), 127.72 (Ph), 126.36 (COCHCH,),
125.35 (Ph), 119.50 (Ph), 111.70 (Ph), 64.35 (COOCH,), 40.35
(N(Me),), 38.79 (CONHCH,).

Copolymerisations with o-MREAm. The different copolymers
were obtained by radical polymerisation. The monomers
(0.6 mol L") and azobisisobutyronitrile were dissolved in 1,4-
dioxane or methanol. The solutions were purged with nitrogen
for 30 minutes and heated in an oil bath at 75 °C for 1,4-
dioxane or 60 °C for methanol for 24 to 63 hours. The poly-
mers were then precipitated up to three times in a non-
solvent. The details are summarised in ESI Table S1.}

P1 (poly(HEAm-co-o-MREAmM-co-BPAAm)): SH(500 MHz,
MeOD) 8.5-6.5 (br, aromatic H), 4.57 (COOCH,), 4.38 (Ar-
CONHCH,), 3.66 (CH,CH,OH), 3.51-3.12 (CONHCH,), 2.4-1.25
(backbone).

P2 (poly(NiPAAm-co-HEAm-co-0-MREAm-co-BPAAmM)): 6H
(500 MHz, D,0) 8.0-6.5 (br, aromatic H), 4.41 (COOCH,), 3.91
(NHCH(CHj,),), 3.68 (CH,CH,OH), 3.36 (CONHCH,), 2.3-1.25
(backbone), 1.16 (NHCH(CHj3),).

P2b (poly(NiPAAm-co-HEAm-co-0o-MREAmM-co-BPAAm)): 6H
(400 MHz, MeOD) 8.0-6.75 (br, aromatic H), 4.38 (COOCH,),
3.96 (NHCH(CHj,),), 3.65 (CH,CH,OH), 3.12 (N(Me),), 2.3-1.25
(backbone), 1.16 (NHCH(CHj3),).

P3  (poly(HEAm-co-MAA-co-o-MREAmM-co-BPAAm)):  6H
(400 MHz, D,0) 8.5-6.5 (br, aromatic H), 4.42 (COOCH,), 3.66
(CH,CH,OH), 3.34 (CONHCH,), 2.4-1.25 (backbone), 1.00
(backbone-CHj).

P4  (poly(NiPAAm-co-MAA-co-o-MREAm-co-BPAAmM)):  6H
(500 MHz, MeOD) 8.0-6.5 (br, aromatic H), 4.58 (COOCH,),
4.38 (Ar-CONHCH,), 3.91 (NHCH(CH,),), 3.12 (N(Me),),
2.3-1.25 (backbone), 1.16 (NHCH(CHj;),).

Film preparation. The glass slides used in photocrosslinking
experiments were cleaned with fresh Carothers’ acid (sulfuric
acid : hydrogen peroxide, 3:1) and rinsed thoroughly with
water. The slides were dried under a nitrogen stream. They
were submerged in an ethanolic solution of benzophenone
silane (1 mmol L") for 24 hours before they were rinsed thrice
with absolute ethanol and finally dried under a nitrogen
stream.

Polymers were drop-casted on the glass slides from metha-
nolic solution (1 w%, 200 pL on 2.4 cm x 2.4 cm slides).
Photocrosslinking was performed at 302 nm with an energy of
20.3 J ecm™ % The polymer films of P1 and P2 were annealed at
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170 °C prior to photocrosslinking. All films were washed with
water until the supernatant remained colourless before ther-
mochromicity measurements.

3. Results and discussion

The synthesis of the MR-based monomers and polymers is
briefly discussed first, followed by the analysis of their thermo-
chromic behaviour. The optical characteristics are described
for the individual monomers and then elaborated in relation
to the more complex thermochromism of the polymers in the
following order:

(i) The dye monomers in simple solvents.

(ii) The dye monomers in binary solvent mixtures.

(iii) Copolymers bearing the dye in solution.

(iv) Photocrosslinked, water-swollen polymer gels.

3.1. Synthesis of methyl red-based monomers and polymers

The monomers in this study were synthesised in a one-pot syn-
thesis in two successive steps by first reacting the parent com-
pound methyl red with carbonyldiimidazole (CDI) and sub-
sequent coupling of the resulting imidazolide with the
monomer N-(2-hydroxyethyl)acrylamide without intermediate
workup (c¢f. Scheme 1). The imidazolide synthesis was based
on a previously reported reaction procedure by Staab.***> The
subsequent esterification step of the MR imidazolide with an
alcohol does not occur spontaneously at room temperature
upon mixing, but only after addition of 1,8-diazabicyclo[5.4.0]
undec-7-ene (DBU) as strong base. DBU has previously been
reported to be an excellent catalyst for the amidation of aro-
matic acids employing CDI*® and proved here to be efficient
for the esterification with HEAm as well. The yields for the
target compounds around 90% were only achieveable upon
adding an excess of acetic acid before further purification by
extraction with water-dichloromethane. The obtained esters
are base labile and extraction with water without prior acidifi-
cation substantially reduced the yield by hydrolysis. It is worth-
while to note, that synthesis attempts for the target monomers
employing either N-hydroxysuccinimide (NHS) active esters,
acyl chlorides or carbodiimides were not satisfactory. The
active ester- and acyl chloride-routes failed to yield any
product. The target compound could be synthesised in reason-
able yields around 68% when utilising the coupling reagent
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDCI) with 4-dimethylaminopyridine as a catalyst. Yet, the
more convenient reaction conditions and higher yields, as well
as more affordable coupling reagents rendered the imidazolide
route as the preferred procedure. Overall, we established a
simple, high-yield synthesis for acrylamide monomers carrying
an azobenzene chromophore that is equally applicable to all
constitutional isomers of the parent compound MR.

Free radical copolymerisation of the ortho-MR monomer
with NiPAAm, HEAm, MAA and BPAAm comonomers in solu-
tion was successful, while attempts at homopolymerisation of
only the 0o-MR monomer failed. The obtained copolymers have

Polym. Chem., 2022,13,1186-1214 | 1189
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Scheme 1 a) Carbonyldiimidazole-mediated one-pot synthesis yielding the constitutional isomers of the methyl red ester of N-(2-hydroxyethyl)
acrylamide. (b) Free radical copolymerisation of two generic acrylic monomers, o-MREAm and BPAAm. (c) Benzophenone-based photocrosslinking
process optimised for the polymers containing an azobenzene chromophore, involving formation of a biradical, hydrogen abstraction, and cross-

linking with a second chain.*54”

dispersities > 2 and only about two thirds of the dye
monomer feed were built into the copolymers. With a M, of
15-22 kDa the copolymers remain rather small as well (cf.
Table 1). All these observations agree with previous studies
about the retardation effect of aromatic azo compounds on
free radical polymerisations.*®>* This effect was attributed to
the formation of stable radicals at the azo group, increasing
the rate of transfer, and lowering the overall polymerisation
rate and degree of polymerisation. Furthermore, the rather

Table 1 Copolymer characteristics as determined by UV-vis spec-
troscopy and GPC. The built-in ratios for o-MREAm and BPAAm are
given in weight percentages and the percentage of the monomer built-
in compared to the feed composition

0o-MREAm BPAAmM M, M, Yield
Polymer  [w%)] [W%)] [10° Da] [10’°Da] B (%]
1 4.5 (65%) 1.9(94%) 17.4 37.7 217 79
2 4.9 (63%) 2.0(91%) 14.9 32.2 2.16 70
2b 5.2 (67%) 2.1(96%) 22.1 51.9 2.35 81
3 4.8 (63%) 2.0 (95%) 15.5 31.7 2.04 85
4 4.4 (62%) 1.8(88%) 16.0 51.4 321 86

190 | Polym. Chem., 2022,13, 1186-1214

high initiator concentration of 2 mol% was used to offset the
retardation effects and obtain polymers in reasonable time
frames. The high initiator concentration, as well as the retar-
dation effects, increase the dispersity of the copolymers.

The built-in ratio of the photocrosslinker BPAAm, on the
other hand, was close to the feed ratio. For the chemical struc-
tures provided in the figures, the numbers given after parenth-
eses relate to the nominal feed composition and do not
necessarily reflect the built-in ratios.

The preparation of the photocrosslinked gels is discussed
further below in the context of their optical characterisation.

3.2. Proton-induced thermochromism of the constitutional
isomers of methyl red derivatives in solution

The major incentive of this section is the elucidation of a
structure-property relationship for three dye monomers with
respect to the influence of their positional isomerism on
thermo-halochromism and vibronic thermochromism. For this
purpose, we specifically investigated the three isomers of the
methyl red ester derived from N-(2-hydroxyethyl)acrylamide
(MREAm), that bear the ester linkage in ortho-, meta- or para-

This journal is © The Royal Society of Chemistry 2022
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position to the azo-bridge. All three derivatives show similar
absorption behaviours in the UV-visible range in neat ethanol.
The magnitudes of the extinction coefficients follow the order
ortho < meta < para. The absorption maxima for ortho- and
meta-derivatives lie almost at the same wavelength, while the
maximum is slightly red shifted for the para-isomer. These
derivatives show only minimal thermochromism in neat
ethanol (no acid present). With increasing temperature, the
maximum does not shift considerably (~0.5 nm/10 °C), but
the absorption bands slightly broaden and their asymmetric
shape decreases (cf: ESI Fig. S177).

In ethanolic trifluoroacetic acid at a concentration of 1
v/v%, the different constitutional isomers of MREAm are par-
tially protonated (c¢f Fig. 1). The azonium form is generated
upon addition of an acid by protonation of the azobenzene,
which acts as the base in the system. With rising temperature,
the absorption band of the protonated form, the azonium ion
(longer wavelength), diminishes for all isomers. In particular
for the ortho-isomer, the band corresponding to the neutral
azobenzene (shorter wavelength) visibly increases. This ther-
mochromic phenomenon involves deprotonation of the
azonium form (the conjugated acid of the azobenzene) upon
increasing the temperature. We refer to this process involving
a temperature-dependant ionisation/protonation equilibrium
as “thermo-halochromism” in relation to previous reports on
salt-concentration dependant thermochromism of betaine
dyes®*”® and the IUPAC definition of halochromism.>® The
main absorption band of p-MREAm is at 438 nm, with devol-
ving shoulders at around 505 nm and 540 nm upon increasing
temperatures. These shoulders correspond to the azonium
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cation. m-MREAm shows a similar behaviour compared to
p-MREAm, with the main absorption band lying at a shorter
wavelength of 417 nm. The attenuating shoulders are localised
at 506 nm and 537 nm and the bands of the neutral azo-
benzene and the azonium are better separated for this isomer.
In comparison to the para-isomer, the shoulders are overall
lower in intensity with respect to the main absorption band.
0-MREAm has a reversed ratio of the absorption of the proto-
nated species and the neutral species compared to the other
isomers. Here, the main absorption band is that of the
azonium ion (522 nm) while the absorption band of the
neutral species (~425 nm) is about a third in intensity.

Two analysis tools for UV-vis spectroscopy can be employed
to elucidate the origin of the small shift of the maximum in
neat ethanol and the spectral behaviour upon the changes of
the equilibrium between the neutral and the protonated
species with temperature variation. Derivative spectroscopy as
the first method allows to identify sub-band structures convo-
luted under an absorption peak by the appearance of negative
peaks in the second and fourth derivative at the position of
the sub-band maxima.”” Difference spectroscopy represents
the second tool. With this method, spectral differences occur-
ring upon variation of a system parameter are determined by
subtracting the UV-vis spectrum of a reference state from all
following variants. This has been shown to be effective in
determining the vibronic fine-structure in temperature-depen-
dant UV-vis measurements of neat trans-azobenzene.®

In neat ethanol, a slight change of the absorption band
asymmetry at 420 nm for ortho, at 419 nm for meta, or at
438 nm for para with temperature variation can be observed,

in 1 viv% ethanolic TFA
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Fig. 1 UV-vis spectra showing thermo-halochromism of ortho-, meta- and para-methyl red ester of N-(2-hydroxyethyl)acrylamide (2.7 x 10~ mol
L™Y) at different temperatures in ethanolic trifluoroacetic acid (1 v/v%) with a depiction of the underlying azobenzenze—azonium ion equilibrium.

This journal is © The Royal Society of Chemistry 2022

Polym. Chem., 2022,13,1186-1214 | 1191


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1py01361k

Open Access Article. Published on 14 January 2022. Downloaded on 4/20/2026 3:12:48 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

suggesting an underlying equilibrium of transitions between
energetically similar states (¢f. ESI Fig. S17, S31 and S327).
These transitions are expressed by a sub-band structure, which
are convoluted in the observed asymmetric absorption band.
The concomitantly observed decrease in absorbance may be
ascribed to the temperature-dependant change of the solvent
density or in the variation of the population of states with pro-
nounced differences in the extinction coefficients. To analyse
this behaviour, the second spectral derivatives were generated
for the main UV-vis bands at several temperatures. The wave-
lengths of the observable minima in these second derivatives
are summarised in Table 2. They lie at slighty shorter and
longer wavelengths than the convoluted maxima in the parent
UV-vis spectra and change in intensity with temperature (cf.
red arrows and colourful triangles in ESI Fig. S31 and S327).
The energy difference between these sub-bands is around
1590 ecm ™" (ortho) to 1870 cm™" (meta). A third sub-band may
be concealed by overlap with the second sub-band, being
visible only as a shoulder at 400 nm in the derivative spectra.

For the explanation of the sub-band structure, we consider
three possibilities:

First possibility: The observed spectroscopic features corres-
pond to a vibronic fine structure. The vibronic fine structure of
azobenzenes strongly depends on the substituents of the aro-
matic rings. It has been shown before that azobenzene and
aminoazobenzene dyes have a more pronounced fine structure
than pseudostilbenes (push-pull-type azobenzenes). This
vibronic structure has also been demonstrated to be tempera-
ture-dependant.’>®"®* Recently, the temperature-dependence of
vibronic transitions has been studied for neat trans-azo-
benzene.”® For 0-MREAm in ethanol, the determined energy
difference between the two sub-bands is in accordance with a
vibronic origin of the spectral features. Specifically, some
stretching modes of the aromatic rings as well as the -N=N-
stretching mode are found around that particular energy range
(ca. 1400 cm™") in the parent compound (MR).°*®® Even
though the energy difference between the sub-bands is higher
than the energy of the -N=N- stretching mode, coupling of
the involved vibrational modes is likely to influence the
observed maximum. This is indicated by significant broaden-
ing of the sub-bands and their apparent overlap, which is
apparent even in the derivative spectra.

Second possibility: A temperature-induced shift of the equi-
librium between several stable rotamers causes the sub-band
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structure. This effect has been ascribed to the features in the
fine structure of the optical absorption of isophthalaldehyde,**
but also to absorption®® or fluorescence characteristics of
stilbenes®®*® and to azo compounds.®’

Third possibility: The thermal peak shift may be associated
with a temperature-induced change in the structure of the
solvent shell, which has been reported for the related azo dye
methyl orange.”®

Considering previous studies about vibrational
and vibronic behaviour of azobenzenes, the first possibility is
the most probable explanation. Thus, we attribute these spec-
tral features to vibronic sub-bands.

The spectral changes with temperature are best scrutinised
by difference spectroscopy. For this purpose, the spectra at the
respective lowest temperature were taken as reference and sub-
tracted from each spectrum at higher temperatures (cf. ESI
Fig. S32g-it). The positive bands in the difference spectra result
from an increase in absorbance at wavelengths well below the
absorption maximum in the parent UV-vis spectra (~400 nm) at
higher temperatures, which coincides with the shoulder visible
in the derivative spectra (¢f. ESI Fig. S32d-f}). The negative
bands correspond to a decrease in absorbance and vary
between the positional isomers. For the ortho- and meta-
isomers, the decrease occurs at wavelengths related to both the
0-0 (vibrational ground state of the electronic ground state S, to
vibrational ground state of the first excited electronic state S;)
transition as well as the 0-1 transition (vibrational ground state
in S, to first excited vibrational state in S;). Owing to the involve-
ment of at least two vibronic sub-bands, this leads to a consider-
able asymmetric band structure. For the para-isomer, on the
other hand, the negative band is highly symmetric with its
minimum at the wavelength of the 0-0 transition, indicating an
absorbance change related to a single vibronic sub-band. This
suggests a correlation between the symmetry of the molecule
and the vibronic changes with temperature.

Summarising these results, we conclude that the observed
thermochromism is of vibronic origin, where vibronic sub-
bands of lower energy decrease and those of higher energy
increase with higher temperature. We call this phenomenon
“vibronic thermochromism”.

Besides the vibronic thermochromism of the neutral dyes,
as discussed above, thermochromism of the azonium ion
must be understood as well to fully embrace the underlying
mechanism of the thermo-halochromic behaviour in a par-

58,59,61-63

Table 2 Absorbance maximum at low temperatures (inay), Vibronic sub-bands as determined by derivative spectroscopy (0—0ax.0—1max). €nergy
difference between the sub-bands (ip1) and wavelength shift (1-shift) of the absorbance maximum with temperature increase from around 10 °C to
around 50 °C of neutral 0o-, m- and p-MREAm in ethanol or binary water—ethanol mixtures (Xgion = 0.31)

Derivative Solvent Amax{ M| 0-0payx [NM] 0-1pax [NM] Dor [em™] A-shift [nm]
0-MREAmM EtOH 420 450 420 1590 420 — 417
m-MREAmM EtOH 419 451 416 1870 418 — 415
P-MREAmM EtOH 437 470 434 1760 437 — 435
o-MREAmM H,0: EtOH 441 460 420 2070 441 — 430
m-MREAmM H,O : EtOH 449 462 417 2340 449 — 432
P-MREAmM H,0: EtOH 470 483 438 2130 470 — 461
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tially protonated system. Compared to the neutral isomers of
the MREAm dye, the corresponding azonium ions show a red-
shifted absorption band at 510-520 nm (cf. ESI Fig. S33a—c¥).
In the case of 4-aminoazobenzene-derived dyes, protonation
primarily occurs at the p-nitrogen of the azo-bridge (¢f. Fig. 1
and ESI Scheme S17). The resulting azonium ion has a partial
quinoid structure, lowering the energy of the electronic tran-
sition. However, alternatively protonation may occur at the
amino substituent, forming an ammonium ion, which absorbs
at ~320 nm. For the parent compound ortho-methyl red, the
tautomeric equilibrium between the ammonium and the
azonium form lies on the side of the azonium ion owing to
intramolecular hydrogen bonding to the carbonyl in ortho-
position.”*””® The same can be observed for the MR-monomers
discussed here, where the effect is particularly pronounced for
the ortho-isomer (cf ESI Fig. S33a-ct). The maxima of the
main absorption band of the azonium ions of all positional
isomers of MREAm at 510-520 nm do not shift with tempera-
ture. However, the fine structure of these bands, which is more
apparent than for the neutral dyes, changes characteristically.
Especially in the meta- and the para-isomers, sub-bands are
clearly visible in the unprocessed absorption spectra (c¢f ESI
Fig. S33a-ct).

The derivative and difference spectra of the azonium ions
in ethanolic solution can be analysed in the same way as the
neutral dye above (Table 3). This detailed analysis can be
found in the ESI (ESI below Fig. S337).

The temperature-dependant protonation equilibrium
between the azonium ion and the neutral dye were also ana-
lysed with derivative and difference spectroscopy. As stated
above, the fundamental process is a shift of the equilibrium
towards the neutral dye with increasing temperature (¢f. ESI
Fig. S34a-ct). This trend is visible both in the derivative
spectra (¢f. ESI Fig. S34d-f}) and difference spectra (¢f. ESI
Fig. S34g-if) as follows. In dependence of their initial degree
of protonation, the shape of the positive and negative peaks in
the difference spectra vary between the positional isomers. For
the ortho-isomer, the negative bands in the difference spectra
resemble the shape of the absorption band of the azonium
ion, just with the opposite sign (¢f. ESI Fig. S33a and S34gT).
The position of the positive band coincides with the one of the
main absorption band of the neutral species (¢f. ESI Fig. S32a
and S34gt). On the other hand, the samples of the initially
less protonated meta- and para-isomers exhibit spectral fea-
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tures of thermo-halochromism and additionally of vibronic
thermochromism from the neutral population. The negative
band in the difference spectra appears like a combination of
the negative bands in vibronic thermochromism (¢f. ESI
Fig. S32h and i}) with the absorption band of the corres-
ponding azonium ions of opposite sign (¢f ESI Fig. S33b and ¢
and S34h and if). We assume that the positive bands are
related to the vibronic thermochromism found for the neutral
species (¢f. ESI Fig. S32h and if). The appearance of overlap-
ping features is mainly a consequence of vibronic thermochro-
mism acting simultaneously to thermo-halochromism result-
ing from the shift of the protonation equilibrium, which affect
the absorption spectra with similar magnitudes under the con-
ditions of weak protonation. In the case of the ortho-isomer,
thermo-halochromism is prevalent, overshadowing vibronic
effects.

It is worthwhile to mention that the difference spectra of
the partially protonated meta- and para-isomers in ethanolic
TFA show more pronounced vibronic features in the negative
peaks than would be expected from a simple subtraction of the
azonium ion spectra (¢f. ESI Fig. S34h and it). This suggests a
vibronic contribution to thermo-halochromism.

3.3. Relationship of pK, and thermochromicity in MR
monomers

To determine a possible correlation between pK, and thermo-
chromicity (meaning the quantification of the extent of ther-
mochromism’®), the different constitutional isomers of the
MR derivative were titrated in H,O : EtOH (Xgop = 0.31) with 5
M HCI in H,0: EtOH (Xgon = 0.31) (¢f. Fig. 2). Water/ethanol
mixtures were chosen as solvent because the solubility in pure
water was too low for UV-vis measurements, and according to
literature, the pK, values of azo dyes do not change severely
with different percentages of ethanol.””

All three isomers show similar spectral changes upon titra-
tion. In the neutral state, they have an absorption maximum at
around 450 nm and with lower pH values, shoulders evolve
around 515 nm, which eventually result in distinct absorption
bands. In all three cases, the extinction coefficients are higher
for the azonium ion than for the neutral forms, following the
order meta < para < ortho. In contrast, the red shifts of the
absorption maxima are in the order para < meta < ortho.
Therefore, at similar degrees of protonation the visible change
in colour is strongest for the ortho-isomer (cf. Fig. 2a, ¢ and e,

Table 3 Absorbance maximum at low temperatures (inax) and vibronic sub-bands (0—0max, 0—1nax, 0—2max) as determined by derivative spec-
troscopy, as well as the energy difference between the sub-bands (¥, ¥1,) of the protonated o-, m- and p-MREAm in ethanolic sulfuric acid (1 v/v%)
or binary water—ethanol mixtures (Xgion = 0.31) with hydrochloric acid (5 M)

Derivative Solvent Amax [NM] 0—-Omayx [NM] 0-1max [NM] 0—2max [NM] o1 [em™] D12 [em™]
0-MREAmM EtOH 519 549 513 482 1280 1250
m-MREAmM EtOH 511 544 508 477 1300 1280
P-MREAmM EtOH 516 548 511 480 1320 1260
o-MREAmM H,0: EtOH 522 553 516 485 1300 1240
m-MREAmM H,O : EtOH 511 543 508 477 1270 1280
P-MREAmM H,0: EtOH 514 546 510 479 1290 1270

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 UV-vis spectra in H,O : EtOH (Xgion = 0.31) at different pH values at 20 °C for (a) o-MREAm, (c) m-MREAm and (e) p-MREAm (all 2.7 x 10~°
mol L™Y); and the spectra after titration (black arrow 1) with hydrochloric acid at ~6—7 °C to ~50% protonation at different temperatures (red arrow
2) for (b) 0o-MREAm, (d) m-MREAm and (f) p-MREAm (all 2.7 x 10> mol L™). The black curves in (b), (d) and (e) are spectra of intermediate titration

steps to emphasise the isosbestic points.

Table 4). The pK, values of the configurational isomers of
MREAm in H,0: EtOH (Xgon = 0.31) can be determined from
the spectral changes upon titration (ortho-isomer: pK, 2.24,
para-isomer: 1.83, meta-isomer: 1.54; cf. ESI Fig. S18f and
Table 4). This trend can be explained by two factors: firstly, the
mesomeric stabilisation of the azonium cation is higher for
the para- and the ortho-than for the meta-isomer. Secondly, the
ortho-isomer has the additional option for intramolecular
hydrogen bonding of the p-protonated azo bridge with the car-
bonyl oxygen, further stabilising the cation as observed for the
parent MR.”> The same tendency can be found for the pK,
values previously reported in the parent isomers in water (cf
ESI Table $27).>***7%7% In the ortho-isomer (ApK, 0.14), the
difference between the parent compound and the derivative is
small and may be explained with the change in solvent. This
difference, however, increases with the acidity of the isomer
(para: ApK, 0.25; meta: ApK, 0.45). This suggests that intra-
molecular hydrogen bonding is the dominating influence that
stabilises the ortho-azonium ion, while mesomeric and induc-

tive effects lower the pK, changing from the free acid (MR) to
an ester (MREAm).

In Fig. 2(b), (d) and (f), the dyes were first titrated (black
arrow 1) at low temperatures (6-7 °C) to a degree of 50% proto-
nation followed by a successive temperature increase (red
arrow 2) in order to observe maximal thermochromic vari-
ations. We refer to this process as “thermotitration”. Under
these conditions, all isomers of MREAm show similar thermo-
chromic behaviour. The decrease in absorbance of the proto-
nated species upon heating is in the same order of magnitude.
With increasing temperatures, the absorption bands around
515 nm decrease in intensity while those around 450 nm
increase, leading to an overall blueshift (¢f. Fig. 2b, d and f).

To determine the correlation between thermochromicity
and pK,, the thermochromicity must be quantified. For this
purpose, van’t Hoff analysis was chosen. Fig. 4(d) shows for
the ortho-isomer the van’t Hoff plot of the natural logarithm of
the absorbances ratio of the azonium ion and the neutral azo-
benzene R versus the inverse of the absolute temperature. The

Table 4 Compilation of pK,-values, extinction coefficients, and absorption maxima for the neutral and protonated forms of the different MREAmM

isomers, measured in H,O : EtOH (Xgon = 0.31) acified with HCL

Isomer  pK, é¢(dye)[Lmol™"em™]  e(H'dye) [Lmol ™' em™']  e(H'dye)/e(dye)  Amaddye) [nm]  Apa(H'dye) [nm]  Aldpa [nm]
ortho 2.2 24 600 50 600 2.06 438 519 81
meta 1.6 26 300 35900 1.37 445 510 65
para 1.8 31 800 56 800 1.79 467 513 46
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specifically selected absorbance wavelengths were chosen to
avoid a large spectral overlap.

While van’t Hoff plots of InK vs. T~' usually provide a
linear relationship, the plots in the present examples are non-
linear, suggesting a significant temperature dependence of the
reaction enthalpy. In order to account for this non-linearity,
the plots were fitted by eqn (1) according to previously
reported procedures for protein titrations and complexation

studies.®*8?
R\ AHy—ToAC, (1 1
In(—)|="—"2"P( 2 =
RO R T() T

+ A% In (1>
R To

A simplified representation of this equation introduces the
parameters “a”, “b” and “c” as follows: In(R) =a — b x 1/T + ¢ x
In(T). These fit parameters together with the extracted values
for AH, and AC,, are summarised in Table 7 and will be dis-
cussed in further detail after introducing all systems. The
enthalpy AH, may be used as a measure of the extent of proto-
nation (and in turn deprotonation) at 25 °C. It also tells
whether the process is endothermic or exothermic. The heat
capacity of ionisation AC}, quantifies how temperature-depen-
dant the enthalpy is. This provides information about whether
deprotonation becomes more favourable or disfavourable with
increasing temperatures. Both values may be considered as
thermochromicity parameters.

Plotting AH, and AC, for the different consitutional
isomers vs. their pK, shows an almost linear correlation with
both thermochromicity parameters (c¢f. ESI Fig. S197). As direct
consequences, both the magnitude of the thermochromic
effects as well as the pH, at which they can be observed,
depend on the pK,.

(1)

3.4. Variants of thermochromism for the MREAm monomers
in binary solvent mixtures

In order to analyse the individual thermochromic mechanisms
that contribute to the overall optical behaviour, we investigate
the effect of the different permutations for the combination of
ethanol, water, and acid as constituents for the liquid
medium. Isosbestic points can be observed in UV-vis absorp-
tion spectra when titrating the MREAm monomers in water—
ethanol mixtures with hydrochloric acid, which shifts the azo-
benzene protonation equilibrium between the neutral dye
(around 455 nm) and the azonium cation (around 515 nm). At
~20 °C these isosbestic points (¢f. Fig. 2a, ¢ and e) are at the
same wavelength as those found for thermotitration (following
the black arrow 1 in Fig. 2b, d and f) at low temperature
(6-7 °C) when partially titrating to 50% protonation.
Surprisingly, when raising the temperature from 6-7 °C to
above 50 °C for the partially protonated sample in the binary
solvent mixture, no isosbestic point is visible. Instead, the
intersections of the corresponding absorption spectra continu-
ously blueshift, which is particularly pronounced at lower
temperatures (cf. Table 5).

This journal is © The Royal Society of Chemistry 2022
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Table 5 Isosbestic points in titrations at different temperatures and
regions of intersections upon temperature change for the different
MREAmM isomers in H,O : EtOH (Xgon = 0.31) acidified with HCL, and for
o-MREAm in ethanol acidified with TFA

Isosbestic point Isosbestic point Regions of

Isomer ApH 19.8°C [nm] ApH 6-7°C[nm] intersections [nm]
ortho 465 465 455-434
meta 474 475 457-440
para 474 476 463-448

Since chemical equilibria are established between the free
proton, the azobenzene and the azonium ion upon titration as
well as during temperature variation, isosbestic points would
be expected for both cases. Apparently, a fundamental differ-
ence must exist between the proton concentration-influenced
and temperature-controlled equilibria to cause the blueshift.
To elucidate this phenomenon, we separately expatiate on the
individual mechanisms of thermochromism that coexist for
the dye in acidified water-ethanol-mixtures. For this purpose,
the following three scenarios are contrasted with each other:
(1) vibronic thermochromism (neat ethanol), (2) thermo-halo-
chromism (one solvent with added acid) and (3) thermo-solva-
tochromism (binary solvent mixture without acid). The
additional fourth scenario (4) combines the case of a binary
solvent mixture with that of added acid. It will be discussed
with respect to the findings of the first three scenarios.

In the first scenario (1) of neat ethanolic solution, the azo-
benzene monomers show only minimal thermochromism (¢f.
Fig. 3a). This phenomenon has been discussed above and
involves changes in the sub-band structure that is likely of
vibronic origin. Thus, we call it vibronic thermochromism.

The second scenario (2) of the monomer in a single solvent
with added acid (here ethanol with trifluoroacetic acid, cf.
Fig. 3b) has already been discussed above. As no appreciable
wavelength shift of the maxima with temperature is observed
for neither the protonated species (522 nm) nor the neutral
species (419 nm), a pure protonation equilibrium is more
likely than a change in the quality of solvation.

The third scenario (3) is the monomer in the binary solvent
system (H,O : EtOH, Xgon = 0.31) without addition of acid (¢f:
Fig. 3¢). In this case, a blueshift from 441 nm to 431 nm can be
observed over a temperature range of 46 K (7.5-53.5 °C). With
higher temperatures, the spectra shift towards that of the dye in
neat ethanol (¢f Fig. 3a and c). This effect may be attributed to
a temperature-dependant change of the solvent-dye interactions
at different rates for the two solvents. Such behaviour was first
described for betaine- and other zwitterionic dyes in binary
water-organic solvent mixtures and has been termed “thermo-
solvatochromism”.®>"®° In contrast to the present MR systems,
the literature suggests for the zwitterionic structures with large
dipole moments a quicker change of the balance between
hydrogen bonding and hydrophobic interactions for various
alcohols than for water, leading to a depletion of the alcohol in
the solvation complex.®* The inverse behaviour in our case
apparently results from the less polar MR dye being more
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Fig. 3 UV-vis spectra of o-MREAmM (2.7 x 10~ mol L™) at different temperatures with cartoons showing the corresponding thermochromic pro-
cesses involving (a) vibronic thermochromism in neat ethanol; (b) thermo-halochromism in ethanolic trifluoroacetic acid (1 v/v%); and (c) thermo-

solvatochromism in H,O : EtOH (Xg.on = 0.31).

soluble in ethanol, while being practically insoluble in water.
Thus, as the interactions of both solvents change with tempera-
ture and water being a non-solvent, the net result will be domi-
nated by the good solvent ethanol. The temperature-induced
change in solvent composition in the solvation shell also affects
the vibronic characteristics of the dye and as such thermo-solva-
tochromism resembles features of vibronic thermochromism
(1) for the neutral MR dye (cf ESI Fig. S32 and S35%).

Detailed analysis was performed with derivative and differ-
ence spectroscopy to show the exact differences between vibro-

196 | Polym. Chem., 2022,13, 1186-1214

nic  thermochromism  and  thermo-solvatochromism.
Interestingly, the thermochromic properties of the azonium
ion are not affected by the particular solvent systems in con-
trast to the neutral azo dye. The detailed analysis can be found
in the ESI (below Fig. S357).

In the fourth scenario (4) a more complex behaviour occurs
for the binary solvent mixture water-ethanol (Xgon = 0.31)
when adding free acid, for which the results are shown in
Fig. 4(a). Upon heating, the maximum of the azonium ion at

around 510 nm gradually decreases, while the absorption

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1py01361k

Open Access Article. Published on 14 January 2022. Downloaded on 4/20/2026 3:12:48 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer Chemistry

0.8
a) -0 mM HCI 6.9 °C c (HCIt
2.2 mM HCl 7.2 °C ®(—)>
2.2 mM HCI 52.8 °C
0.6

ortho

Absorbance
o
N

300

400 500
Wavelength [nm]

600

(@)
~
!—L
(@]

R=0.33+1.54*exp(-T/25.8)

=
N

L.
N

©
©®

Ap(552 nm)/An(400 Nnm)
o
(o)) =

o
n
o

10 20 30 40

Temperature [°C]

50 60

View Article Online

Paper
b)  EtOH EtOH
AT
o @2 o ®
> H,0 Sho
EtOH
A _» EOH
AT
o = G
SH,0 N H,0
d)
In(R)=155+0.081*1/T+31.4*In(T)
’é‘ 0.5
c °
(=] .
o
<
\zf .
; 0 p
E .
e °
(o]
m [ ]
~-0.5 )
< . ¢
£
0.003 0.0032 0.0034 0.0036
T![K?1]

Fig. 4 (a) UV-vis spectra demonstrating thermo-solvato-halochromism of o-MREAmM (2.7 x 107> mol L™ in H,O : EtOH (Xgon = 0.31) after titration
(black arrow 1) with hydrochloric acid at ~6—-7 °C to ~50% protonation at different temperatures (red arrow 2) with; (b) cartoon of competing pro-
cesses; (c) ratio of the absorption of the protonated species (552 nm) and the neutral species (400 nm) (“R" in the equation) vs. temperature, fitted
with a first order exponential decay function. The blue line along with the red slope triangles serve as a reference to emphasise the non-linearity of
the graphs; (d) natural logarithm of the ratio of the absorption of the protonated species (552 nm) and the neutral species (400 nm) vs. the inverse of
the absolute temperature, fitted with a function In(R) =a — b X 1/T + ¢ X In(T).

band corresponding to the neutral species around 450 nm
increases in intensity. However, no isosbestic point is
observed, but rather a region of intersecting spectra, which
shift to shorter wavelengths. In the ratiometric approach
shown in Fig. 4(c), the ratio of the absorbance of the azonium
ion and the neutral azobenzene R versus temperature is charac-
terised by a non-linear (exponential) decrease. This character-
istic signifies a temperature dependence of the protonation
equilibrium between the azonium form and the neutral form.
The equilibrium shifts at different rates for different tempera-
tures. In essence, more of the azonium ion is deprotonated per
temperature increment at lower temperatures, as indicated by
the red slope triangles.

To explain this behaviour mechanistically, the coexisting
species and their equilibria in the system must be analysed
separately and then harmonised. Owing to the presence of free
acid, two species exist: the neutral azobenzene and the posi-

This journal is © The Royal Society of Chemistry 2022

tively charged azonium ion. Each species has its distinct inter-
action with the binary solvent mixture. In the binary solvent
mixture, the protonation equilibrium follows the same trend
as in a single solvent with added acid (¢f: Fig. 3b). With rising
temperature, the protonation equilibrium shifts towards the
neutral azobenzene.

However, the thermally dependant equilibrium of the
water-ethanol composition in the solvent shell of each dye
species gains a new aspect. The blueshift indicative for the
negative thermo-solvatochromism of the neutral species has
been described previously in the third scenario (¢f. Fig. 3c),
with the effective influence of the solvent shell resembling that
of neat ethanol at higher temperatures. In contrast, the polar
azonium ion does not show any significant thermochromism
neither in ethanol with sulfuric acid nor water with HCI nor in
the binary mixture of water and ethanol with HCI (¢f ESI
Fig. S207t). The effective influence of the solvation shell and its

Polym. Chem., 2022,13,1186-1214 | 1197
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stabilisation of the ground and excited states does not change.
On the other hand, the ethanol-water ratio in the solvation
shell does most likely change, as has been described in the lit-
erature for zwitterionic dyes.?* This effect may be explained by
the fact that both water and ethanol are good solvents for the
azonium ion.

The thermal equilibrium between all solvated species is
reflected in the combined emergence of thermo-solvatochro-
mism and thermo-halochromism. This equilibrium and the
competing processes guiding their interconversion are sche-
matically depicted in Fig. 4(b). The temperature effects on
both the protonation equilibrium as well as on the compo-
sition of the solvation shell of the neutral azobenzene can be
followed by changes of spectral features. However, for the
azonium ion no spectroscopic signature is observed for a con-
ceivable temperature effect on the solvation shell, since in this
case water and ethanol are both good solvents. Yet, as with
increasing temperature water dominates the interactions in
the solvation shell for the binary solvent mixture,® the sol-
vated and less polar azobenzene is destabilised in relation to
the more polar azonium ion. Consequently, the two species
have a different proton affinity in dependence of their sol-
vation shell composition, which in turn is differently affected
by temperature. This means that also the shift of the protona-
tion equilibrium within a given temperature interval is differ-
ently affected at low compared to high temperatures. Thus, at
higher temperatures, the protonated species (azonium ion)
shows a lower incremental concentration decrease by the halo-
chromic pathway, which is characterised by the exponential
dependence in the non-linear reduction of its absorbance in
Fig. 4(c).

Additionally, the difference in the extent of thermo-solvato-
chromism between the neutral and the protonated species
results in the region of intersections of absorption curves for
different temperatures instead of an expected isosbestic point,
as visible in Fig. 4(a). An isosbestic point could be observed if
at least two absorbing species have an equal absorbance upon
variation of a system parameter like temperature.®”*° Yet, in
our present system, the absorbing species is not simply rep-
resented by only an isolated molecular framework of the dye,
but the chromophore being strongly influenced in its confor-
mation and electronic structure by its solvation shell in depen-
dence of the temperature. This fact is expressed by the
observed thermo-solvatochromism. Consequently, the protona-
tion equilibrium does not simply comprise two static absorb-
ing species, which would result in only thermo-halochromism,
but the equilibrium exists between the azobenzene with a
temperature-variable solvation shell and the azonium ion,
whose absorption is temperature invariant. We define the here
witnessed, combined effects of thermo-solvatochromism and
thermo-halochromism as thermo-solvato-halochromism, which
leads to the above-mentioned continuous shift of the curve
intersections with the absence of an isosbestic point.

As a further consequence, the graphs of A(protonated)/
A(neutral) vs. temperature in Fig. 4c and ESI Fig. S42} are non-
linear insofar that the shift of the protonation equilibrium
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becomes smaller with increasing temperatures. Consequently,
the magnitude of thermochromism is reduced and we refer to
this process as diminishing thermo-solvato-halochromism.

The difference spectra from the thermotitrations in ESI
Fig. S37g-it indicate distinct reaction pathways that establish
the protonation/deprotonation equilibrium in dependence of
either the proton concentration or temperature. Such spectra
exhibit a significantly different vibronic structure for several
proton concentrations compared to those resulting from temp-
erature variation. This suggests that a change in the molecular
gestalt, defined here as the conformation of the dye and the
structure of its solvent shell, is differently influenced by titra-
tion or temperature variation.

In essence, the results above corroborate the existence of
three different mechanisms of thermochromism of methyl red
(MR)-based azobenzene monomers in solution. The first and
simplest thermochromism on the basis of vibronic transitions
was identified via derivative and difference spectroscopy (cf:
Fig. 3a and ESI Fig. S31}). The second mechanism is thermo-
halochromism. Solutions of partially protonated MR-mono-
mers (e.g., in ethanolic trifluoroacetic acid) show a tempera-
ture-dependant equilibrium between the neutral azobenzene
and the ionic azonium species. The equilibrium shifts towards
the neutral species at elevated temperatures (¢f. Fig. 3b). The
third mechanism is thermo-solvatochromism in binary solvent
mixtures like H,O : EtOH (Xgon = 0.31). Here, the spectra shift
towards that in pure ethanol at higher temperatures (cf.
Fig. 3c).

The obtained data suggest that these mechanisms do
coexist and influence each other in binary solvent mixtures
containing free acid. Under these conditions, thermo-solvato-
chromism affects substantially the extent of thermo-halochro-
mism. In other words, the extent of deprotonation upon
heating is different at low and at high temperatures (c¢f. Fig. 4).
As such and stated above, this process may be best described
by the term thermo-solvato-halochromism.

3.5. Thermochromism of methyl red-containing copolymers
in solution

When transitioning from the individual dye monomer to a
macromolecular architecture, the polymer chain provides a
further contribution to the microenvironment of the polymer-
bound dye in addition to the solvent, which is reflected in the
concept of thermo-perichromism. The particular effects result-
ing from this transition will be elaborated for different
polymer systems in the following. Various copolymers were
prepared from the MR-based monomers by free radical poly-
merisation. By proper choice of the comonomers a thermo-
responsive behaviour can be imparted and with this an associ-
ated polarity change upon temperature variation. Furthermore,
copolymerisation of carboxylic acid-containing comonomers
provide the possibility of an intrinsic proton source.

As a reference, the first system (P1) comprises a non-thermo-
responsive, acid-free copolymer made from the azo-chromophore
0-MREAm, the hydrophilic main monomer HEAm, and the
photocrosslinker benzophenone acrylamide (BPAAm). HEAm

This journal is © The Royal Society of Chemistry 2022
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imparts a polar character to the copolymer, and thus the
polymer facilitates dissolution of the attached hydrophobic
dye in water. BPAAm is a versatile photocrosslinker that forms
covalent bonds between the polymer chains via C,H-insertion
upon UV irradiation.”®" In the second copolymer system (P2),
NiPAAm was copolymerised together with HEAm, o-MREAmM
and BPAAm to introduce thermoresponsive solution behaviour.
In the third polymer (P3), carboxylic acid functions were intro-
duced into the HEAm-based P1 system by copolymerisation
with methacrylic acid (MAA). For the fourth system (P4),
0-MREAm, NiPAAm, BPAAm, and MAA were copolymerised,
yielding an intrinsically acidic, thermoresponsive polymer.

The thermochromism of all copolymers P1-P4 was investi-
gated in aqueous and in ethanolic solution. Furthermore, all
four copolymers were also studied after transformation into
hydrogels by photocrosslinking and swelling with water. In the
following, the four different copolymers are discussed in order
of increasing complexity: (P1) non-thermoresponsive without
intrinsic acid moieties; (P2) thermoresponsive without intrin-
sic acid moieties; (P3) non-thermoresponsive with intrinsic
acid moieties and (P4) thermoresponsive with intrinsic acid
moieties.

The description will be provided in two parts. First, the
thermochromic behaviour of the polymers will be described
phenomenologically for each polymer before the systems are
quantified via van’t Hoff analysis and compared to each other.

Copolymer P1: no intrinsic acid, no thermoresponsive
behaviour. For the simplest, non-thermoresponsive copolymer
system P1 without acid moieties, thermochromism shows a
similar dependency on solvents as the free monomer. The
macromolecule acts like a local solvent and influences the
spectral changes with temperature. To illustrate this behav-
iour, the thermochromic behaviour was first studied in neat
ethanol and in pure water. While the hydrophobic MR-
monomer itself is not soluble in water, indeed the polar copo-
lymer P1 with the integrated dye is well soluble. Apparently,
the polymer provides a microenvironment analogous to
ethanol and acts as a solubilizer for the hydrophobic dye.

The P1 solutions both in ethanol and in water show a ther-
mochromic effect visible as a blueshift in Fig. 5 with tempera-
ture increase. In ethanol, the wavelength of the maximum
shifts from 423 nm at 7.5 °C to 420 nm at 48.5 °C (¢f. Fig. 5a).
The behaviour of the copolymer and the free dye are essentially
identical under these conditions. In aqueous solution, the
maximum blue-shifts from 454 nm at 7.4 °C to 448 nm at
48.7 °C (cf. Fig. 5b). This observation is reminiscent of thermo-
solvatochromism in the binary solvent mixture. However, the
more general term thermo-perichromism should be used here,
as perichromism describes a colour shift related to a change in
the local molecular environment (here, the macromolecular
structure behaves analogously to a solvent molecule interact-
ing with the dye).*>

By addition of TFA as acid to solutions of P1, which does
not contain any intrinsic acid-moieties in the polymer back-
bone, thermo-halochromism can be induced. This was demon-
strated by partial protonation leading to the coexistence of

This journal is © The Royal Society of Chemistry 2022
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neutral dye and azonium ion (¢f. Fig. 6). The general behaviour
is similar to the isolated dye monomer discussed above (cf.
Fig. 3 and 4). The absorbance related to the azonium ion
decreases and the one of the neutral azobenzene correspond-
ingly increases with higher temperatures. While an analogous
trend is observed for ethanol and for water, the details of ther-
mochromism vary considerably between the two solvents.

In ethanol with added acid (TFA), the absorption bands of
the neutral species at ~423 nm and the protonated species at
~525 nm are well separated (cf. Fig. 6a), which facilitates calcu-
lation of the peak ratios (¢f. ESI Fig. S43t). The occurrence of
an isosbestic point at 452 nm instead of a region of intersec-
tions suggests that the influence of the thermo-perichromic
mechanism on the thermo-halochromic mechanism is negli-
gible in ethanolic solution. Under these conditions of partial
protonation, the wavelength maximum of the absorption band
of the azonium ion does not shift appreciably upon tempera-
ture variation. Also, the polymer-bound, pure azonium ion
present in ethanolic sulfuric acid does not show a wavelength
shift upon temperature increase (¢f ESI Fig. S24af), yet the
measurement is affected by a stronger scattering background
because of reduced solubility.

In aqueous solutions of the same polymer P1 with added
acid (TFA) the overlap between the absorption bands of the
neutral dye at ~453 nm and the protonated species at
~500 nm is high, which leads to only a shoulder in the main
absorption band (¢f Fig. 6b). Similar to the spectral behaviour
of the parent dye monomer in binary solvent mixtures of water
and ethanol (¢f Fig. 4), a region of intersections exists instead
of an isosbestic point. The intersections of the curves between
adjacent temperature steps gradually blue-shift from 452 nm
at the lowest temperatures (6.2 °C) to 443 nm at the highest
temperatures (52.6 °C, cf. Fig. 6b and ESI Fig. S447). The exist-
ence of the region of intersections for the dye monomer was
attributed to the mutual influence of thermo-solvatochromism
and thermo-halochromism, with the former being only obser-
vable for the neutral azobenzene and not the azonium ion.

Interestingly, the completely protonated dye monomer
(azonium ion) shows no thermo-solvatochromism, while the
same azonium unit incorporated into the polymer is characer-
tised by a change in absorption upon temperature variation.
The wavelength maximum for the completely protonated
polymer P1 in aqueous HCI red shifts from 500 nm at 7.8 °C to
507 nm at 59.4 °C, while the absorbance of the shoulder at
around 530 nm increases slightly (c¢f. Fig. S25a7). Furthermore,
the P1 absorption maximum is considerably blue-shifted com-
pared to the one of the dye monomer at around 520 nm in
different solvent systems (¢f. Table 6). With the redshift upon
heating, the spectroscopic features of the polymer approach
those of the parent dye monomer. This significant difference
in thermochromic behaviour must result from specific inter-
actions between the polymer-bound azonium ion and the
macromolecular framework. In particular, the hydrophilic
OH- and amide side groups in the polymer can form polar
and hydrogen bonding interactions while the (CH,~CHR) back-
bone provides a hydrophobic character.

Polym. Chem., 2022,13,1186-1214 | 1199
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Fig. 5 UV-vis spectra of a poly(HEAm-co-o-MREAmM-co-BPAAmM) copolymer P1 at different temperatures (a) in neat ethanol (0.02 w% polymer) and
(b) in pure water (0.03 w% polymer), with the chemical structure of the copolymer and thermo-perichromic mechanism sketched on the right side.

This difference is also signified in derivative spectroscopy,
where the monomer shows three vibronic sub-bands in all sol-
vents, while the polymer only shows two vibronic sub-bands
(¢f: ESI Fig. S3971). The balance of the individual contributions
from the water-dye, water-macromolecule and dye-macro-
molecule interactions is affected by temperature and with this
the associated thermochromic mechanisms. Apparently, the
solvation of the dye substituent by water increases at higher
temperatures.

The similarity between thermo-solvatochromic and thermo-
perichromic behaviour can be revealed with derivative spec-
troscopy. In ethanolic solution, the second derivative of P1
evolves similarly to that of the dye monomer, with both sub-
bands decreasing uniformly (¢f. ESI Fig. S32d and S38ct). In
aqueous solution, the 0-0 sub-band of the copolymer shows a
stronger decrease compared to the other sub-bands, as in the
case of the dye monomer in the binary solvent mixture (¢f. ESI
Fig. S35d and S38d+).

1200 | Polym. Chem., 2022, 13, 1186-1214

Copolymers P2 and P2b: no intrinsic acid, thermoresponsive
behaviour. When combining thermoresponsiveness in poly-
mers, as expressed by a lower critical solution temperature
(LCST), with the particular optical features of thermochro-
mism, the experiments discussed below indicate that the
thermoresponsive behaviour dictates the magnitude and temp-
erature range of thermochromism. For this purpose, the same
measurement conditions used for the characterisation of the
non-thermoresponsive polymer system P1 were applied to the
thermoresponsive polymer system P2 without intrinsic acid
moieties. The thermochromic behaviour of P2 was studied
either in water and in ethanol or with acid added to induce
thermo-halochromism. As a reminder, the thermoresponsive-
ness (specifically, the LCST behaviour) of this particular
polymer is only present in aqueous solutions and is not
observed in ethanol.

In ethanol, the temperature-induced changes in the absorp-
tion spectra are virtually the same for the polymer systems P1

This journal is © The Royal Society of Chemistry 2022
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mic mechanism sketched on the right side.

Table 6 Absorption maxima of the monomer o-MREAmM and copolymers containing o-MREAm for different measurement conditions (solvent, pro-

tonation state) at low temperatures (7-10 °C) below the cloud point

Neutral aq. Neutral EtOH Neutral binary mixture Azonium aq. Azonium EtOH Azonium binary mixture
0-MREAmM — 420 nm 441 nm 522 nm 519 nm 519 nm
P1 453 nm 423 nm — 500 nm 520 nm —
P2 452 nm 422 nm — 499 nm 518 nm —
P3 — 422 nm — 501 nm 520 nm —
P4 — 421 nm — 501 nm 517 nm —

and P2 both for the neutral and the partially protonated form.
Thus, the same arguments as discussed above apply here (cf:
ESI Fig. S43, S23 and S4571). Yet, the behaviour of the comple-
tely protonated polymer in ethanolic sulfuric acid deviates
slightly between P1 and P2 (c¢f ESI Fig. S247). Under these con-
ditions, polymer system P2 has a higher solubility than
polymer system P1 and thus shows no scattering effects
(opposed to the inverse wavelength dependence of the baseline
in P1 due to scattering, cf. ESI Fig. S24a and b¥). Upon increas-
ing the temperature of the P2 solution, the absorption

This journal is © The Royal Society of Chemistry 2022

maximum slightly red-shifts from 517 nm at 5.7 °C to 520 nm
at 44.8 °C.

In aqueous solutions, the thermochromic behaviour of P1
and P2 differs considerably. For P2 and without the addition
of acid, the wavelength of the absorption maximum blue-shifts
from 450 nm at 7.0 °C to 443 nm at 53.4 °C. However, the
absolute value of absorbance at the peak maximum decreases
until ~43 °C to then sharply increase again upon further
heating (c¢f Fig. 7a and c). This can be explained by the LCST
phase transition of the P2 copolymer in aqueous solution.

Polym. Chem., 2022,13,1186-1214 | 1201
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thermochromic processes are shown in the middle section.

When the macromolecule passes the coil-to-globule transition,
the system starts to scatter, which increases the overall absor-
bance. As large agglomerates are absent at these low mass con-
centrations of the polymer,” the absorbance increase can be
attributed to stronger Rayleigh scattering (™ dependence)
due to the change of refractive index between coil and
globule.”® When adding acid to these aqueous P2 solutions,
thermo-halochromism is induced. Because of the large spec-
tral overlap between the neutral azobenzene and the azonium
ion in aqueous solutions, the presence of the azonium ion is
reflected by a shoulder of the main absorption band at around
550 nm. The absorbance decreases over a large temperature
range (7.1 °C to 51.4 °C) before scattering effects dominate,
leading to an overall absorbance increase again (cf Fig. 7 and
ESI Fig. S46a and bf). In comparison to the non-protonated
P2, the absorption maximum of the partially protonated
polymer shifts more strongly to shorter wavelengths upon
heating (465 nm at 7.1 °C to 449 nm at 56.8 °C). Owing to the
large spectral overlap, this blueshift occurs when the azonium
ion content decreases by the thermo-halochromic pathway.
The absorbance at maximum shows the same general behav-
iour as the neutral polymer, since it decreases until the phase
transition temperature, to then drastically increase again by
scattering upon the coil-to-globule transition. Yet, the associ-
ated minimum occurs at higher temperatures in the partially
protonated case (~48-49 °C) compared to the neutral case.
According to the literature, the cloud point of neat
polyNiPAAm homopolymer solutions is constant or decrease
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with lower pH values and higher anion concentrations.’>°°

Therefore, addition of trifluoroacetic acid should not influence
the phase transition significantly. Thus, the observed disparate
behaviour of the neutral and the partially protonated P2 copo-
lymer is attributed to the charge effect of the azonium ion. As
a direct consequence, the protonation equilibrium of thermo-
halochromism affects the LCST behaviour since the cloud
point temperature depends on the residual azonium content,
which directly accounts for the charge of the polymer and with
this its degree of hydrophilicity. The more hydrophilic the
polymer, the higher the transition temperature.®”*®

With the thermoresponsive transition, the polarity of the
polymer changes and with this the interaction with the dye.
Consequently, the thermo-perichromism is directly affected by
the thermoresponsiveness. To investigate this effect in further
detail, a more hydrophobic copolymer P2b with the same con-
stitutents but a reduced HEAm content was studied in
aqueous solutions. For this copolymer P2b without added
acid, the minimum in the graph of the absorbance maximum
vs. temperature lies at around 21 °C (¢f. ESI Fig. S22bt), which
is about 20 K lower than that of the more hydrophilic P2. This
trend follows the decrease of the cloud point temperature
being affected by a reduction in hydrophilicity. At the same
time, the absorption maxima shift from 447 nm at 7.7 °C to
436 nm at 28.0 °C (cf. ESI Fig. S227). Here, the blueshift of the
wavelength (A4 = —11 nm) for P2b in the temperature interval
of AT = 20 K is larger compared to copolymer P2 (AT = 46 K,
Al = -7 nm).

This journal is © The Royal Society of Chemistry 2022
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These data clearly support the hypothesis that the thermo-
perichromic shift directly depends on the thermoresponse.
The range of the wavelength shift is related to the difference in
hydrophobicity of the microenvironment of the dye below and
above the coil-to-globule transition. This difference is larger in
more hydrophobic polymers that show a lower cloud point
temperature, as in these systems the polarity change between
the hydrophilic coil and the hydrophobic globule is expected
to be larger.

When acid (TFA, 0.13 mM) is added to the P2b solution,
thermo-halochromism dominates the temperature-dependant
spectral changes in analogy to P2 and P1. At the same acid
concentration, the degree of protonation at low temperatures
is roughly the same for both copolymers P2 and P2b. Yet, the
temperature dependence of the protonation equilibrium is
different for the two copolymers. The lowest degree of protona-
tion is reached around the minimum in the graph of the
absorbance maximum vs. temperature, which we associate
with the coil-to-globule transition (¢f. Fig. 7b and ESI
Fig. S22bt). Apparently, the temperature influence on the pro-
tonation equilibrium levels off around the cloud point and the
corresponding coil-to-globule transition. Inside the collapsed
globule, the water content is reduced and hydrophobic inter-
actions dominate.”®®® As the neutral species partitions into
the hydrophobic regions, it is depleted from the protonation
equilibrium with the azonium ion in the aqueous phase.
Consequently, the concentration of the azonium ion, which
favours a polar environment, decreases. Therefore, the charac-
teristic LCST behaviour for a given polymer determines the
temperature range of thermo-halochromism.

These measurements suggest that apart from the rather
abrupt cloud point transition during the LCST-type collapse,
the polymer polarity changes gradually with temperature. This
gradual change is signified by the following two observations.
Firstly, the steady decrease in concentration of the azonium
species with increasing temperature for partial protonation in
acidic solutions, and secondly, by the gradual blueshift of the
main absorption band upon heating in acid-free aqueous solu-
tions (¢f. Fig. 7 and ESI Fig. S221). This continuous transition
has been shown in the literature for other PNiPAAm-based
systems with several methods, e.g., EPR (electron paramagnetic
resonance spectroscopy),”® AFM (atomic force microscopy),'*
and fluorescence/NRET (non-radiative energy transfer).""!

Copolymer P3: intrinsic acid and without thermoresponsive-
ness. The thermochromic behaviour of the copolymer systems
P3 (non-thermoresponsive) and P4 (thermoresponsive) with
intrinsic acid moieties (integrated MAA comonomer) in the
main chain was studied in pure water. In ethanol, the acid
strength and concentration was insufficient to protonate the
azobenzene moiety (¢f. ESI Fig. S23c¢ and df). The non-thermo-
responsive copolymer P3 in pure water shows the same ther-
mochromic features as P1 in aqueous solution with added
acid (TFA) (c¢f. Fig. 6b and 8a). Upon temperature increase, the
wavelength maximum gradually blue-shifts from 460 nm at
7.5 °C to 455 nm at 32.7 °C and its absorbance decreases line-
arly with temperature. At the same time, the absorbance of the
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shoulder (~550 nm) corresponding to the azonium ion
decreases as well (¢f. Fig. 8a and c). Again, no isosbestic point,
but a continuous shift of intersections between the spectra of
adjacent temperature steps is found. The intersections shift
spans a region from 442 nm at the lowest temperature (7.5 °C)
to 438 nm at the highest temperature (32.7 °C). This behaviour
can be explained by the interplay of thermo-perichromism and
thermo-halochromism, as discussed above for P1 in aqueous
solution with added acid.

Copolymers P4: intrinsic acid, thermoresponsive behaviour.
The thermochromic behaviour of the thermoresponsive copo-
lymer P4 with intrinsic acid in aqueous solution is similar to
that of the thermoresponsive copolymer P2b with a low LCST
in aqueous solution with added acid (¢f. ESI Fig. S22bt and
Fig. 8b), which is in contrast to the characteristics of non-
thermoresponsive P3 with intrinsic acid. For P4, the wave-
length of the maximum shifts from 458 nm at 2.4 °C (455 nm
at 7.6 °C) to 442 nm at 23.3 °C. At the same time, the absor-
bance maximum decreases nearly linearly to around 18 °C and
then increases again upon heating (¢f Fig. 8d). This can be
attributed to scattering effects of the collapsed macro-
molecules at higher temperatures, as in the case of P2 and
P2b. Under these conditions, the absorbance of the shoulder
at around 550 nm (azonium ion) decreases, like in all other
examples of partially protonated polymers shown before.

Compared to the non-thermoresponsive system P3, the
thermoresponsive copolymer P4 shows a stronger decrease in
absorbance per temperature increment (¢f Fig. 8a and b).
Apparently, the LCST transition in P4 augments both the
thermo-perichromic and thermo-halochromic effect. Upon
thermal collapse, the macromolecule provides a more hydro-
phobic environment in which the neutral dye is preferentially
accommodated over the charged azonium ion. Consequently,
the protonation equilibrium shifts towards the neutral dye, as
described above for P2 and P2b. Since the cloud point
depends on the polymer concentration, thermochromism of
P4 was measured at different concentrations. Upon decreasing
the polymer fraction below the concentration at the LCST
point, the cloud point, respectively the coil-to-globule tran-
sition temperature increases.'>'%® Accordingly, with lower
polymer concentration the position of the minimum in the
absorbance-maximum-vs.-temperature plot shifts to higher
temperatures (¢f. ESI Fig. S26a-ff), which we associate with a
shift of the coil-to-globule transition. In the globular state the
hydrophobicity of the polymer increases substantially, modify-
ing the interactions with the dye and therefore serving as a
measure for thermo-perichromism as well.

To understand whether polymer concentration affects the
thermo-halochromism, the evolution of two features upon
temperature variation can be considered. First, the change in
the degree of protonation can be determined by the ratio of
absorbance at 552 nm (azonium ion) and at 420 nm (neutral
dye), referred to as ratiometric approach. Second, the relative
variation in azonium ion content per temperature interval can
be determined via the change in absorbance at 552 nm. For
this purpose, the band is normalised by dividing the absor-
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("TR" = thermoresponsive). The lines are generated by a non-rounded Aki
copolymers are displayed in the middle section.

bance at each temperature by the absorbance at the lowest
temperature, termed normalisation approach. These parameters
were determined for three concentrations (0.15 g L™", 0.2 g ™"
and 0.3 g L™; ¢f. ESI Fig. S26g-it). There are at least five com-
ponents in the acid-base equilibrium of this system compris-
ing the neutral dye, the azonium ion, methacrylic acid, its
anion and H;O' as a proton shuttle (ignoring low concen-
trations of OH™ from self-dissociation of water). The equili-
brium between these components depends on temperature
and on polymer concentration, with higher concentrations
leading to higher degrees of protonation. At all concentrations,
the degree of protonation decreases with increasing tempera-
tures and the plots of the ratio of absorbances vs. temperature
converge around the coil-to-globule transition (c¢f ESI
Fig. S26gt). Simultaneously, the normalised absorbances
overlap and decrease linearly up to 20 °C to then level off at
around 25 °C (¢f. ESI Fig. S26et), indicating almost complete
conversion of the azonium ion into the azobenzene.

It follows, that the ratiometric approach shows a depen-
dence of thermochromism on polymer concentration, while
the normalisation approach is independent of polymer con-
centration. The seeming discrepancy between these
approaches may be explained by the effects of both the
thermo-perichromic and the thermoresponsive behaviour of
the copolymer P4. To rationalise this apparent discrepancy,
the position of the reference wavelengths, at which the ratio-
metric approach is performed, as well as the respective proto-
nation state of the chromophore in the spectrum of a partially
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protonated copolymer in water must be discussed (c¢f ESI
Fig. S277). The spectra of P4 result from a combination of the
absorption of the neutral azobenzene and the azonium ion
with considerable overlap of the absorption bands. This
overlap leads to an apparent redshift of the maximum in the
partially protonated case compared to the neutral copolymer.
On the other hand, the pronounced shoulder at long wave-
lengths in these spectra results from the absorption of the
azonium ion with only minor contributions of the neutral
species. The wavelength selected for the normalisation
approach is located in this shoulder. Even though minor con-
tributions of the neutral species do change the absorbance
here, these changes are small, and we assume that they are
caused by density fluctuations. Therefore, the variations are,
relative for both species, independent of the concentration. As
the absorption of both the neutral and the protonated species
is barely affected by temperature changes at this long wave-
length (c¢f ESI Fig. S277), thermo-perichromism plays appar-
ently a negligible role.

Accordingly, the decrease in normalised absorbance at
552 nm upon temperature increase for the partially protonated
case (c¢f ESI Fig. S26ht) is solely caused by thermo-halochro-
mism, and consequently unaffected by concentration. On the
other hand, the azonium ion has a low absorbance at the
shorter wavelength of 420 nm and is almost unaffected by
temperature variation. Thus, the observed thermal effect is
attributed to thermo-perichromism in consequence of the
thermoresponse of the polymer in solution, which primarily

This journal is © The Royal Society of Chemistry 2022
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affects the absorbance of the neutral species (c¢f Fig. S26if).
Since the thermoresponse is concentration-dependent, the
ratiometric approach must be concentration-dependant as
well.

Notably, the concentration dependence of the absorbance
ratio between 552 nm and 420 nm (ie., the slopes in the
curves of ESI Fig. S26gt) is smaller for higher concentrations
than for lower concentrations. This trend follows the variation
of the cloud point at low volume fractions in the phase dia-
gramme of LCST-type polymers in solution before the critical
point. In this phase diagramme, the slope increases with
decreasing polymer concentration.

Based on the observations above, the thermochromic
behaviour of the thermoresponsive P4 with intrinsic acid moi-
eties can be explained by the interplay of two mechanisms:
thermo-halochromism and thermo-perichromism. Thermo-
halochromism reflects the temperature-dependant protonation
equilibrium between the azobenzene and the azonium ion
and is polymer concentration independant. Thermo-perichro-
mism is a consequence of the modulation of the immediate
environment of the dye that varies with temperature. This
effect is enhanced by the LCST-behaviour of the copolymer,
which steadily decreases its polarity upon heating towards the
phase transition. As the polymer phase transition is concen-
tration-dependant, the thermo-perichromic effect is as well.

In their concerted action, thermo-perichromism strongly
affects thermo-halochromism via the thermoresponsiveness of
the polymer. Thus, upon the induced polarity shift in the
microenvironment of the dye, the susceptibility for protona-
tion is greatly altered. As a consequence, thermo-halochro-
mism is strongly enhanced below the cloud point and vanishes
above it, as the neutral dye is protected from protonation by
the collapsed polymer.

3.6. Thermochromism in photocrosslinked films of methyl
red copolymers

Gel preparation. Both the non-thermoresponsive copolymers
P1 and P3, and the thermoresponsive systems P2 and P4 were
photocrosslinked at 302 nm (20.3 J em™?) via their benzophe-
none side groups. This wavelength was chosen to match the
optical window with low absorption of the azobenzene
chromophore. In order to achieve covalent attachment of the
polymer network simultaneously to photocrosslinking, the uti-
lised glass substrates were treated with a benzophenone silane
prior to polymer deposition and irradiation. To improve the
film stability, the dried polymer layers of P1 and P2 were
annealed before irradiation. All crosslinked films were washed
with water and their thermochromic behaviour was analysed
in the swollen state. The resulting hydrogel films are termed
PXgel (X =1 to 4 being the polymer number).

Irradiating an unannealed, dry film of P1 reduced the
absorbance of the azobenzene chromophore by about 20% (cf.
Fig. S54at). After irradiation, the films were sufficiently cross-
linked to swell in water, but their mechanical integrity and
surface attachment were low, deeming measurements in the
swollen state impossible. As a remedy, annealing above the
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glass temperature was found to result in a substantial increase
in film stability to allow such measurements. This annealing
procedure leads to a slight decrease in absorbance and a small
blueshift (1 nm) of the absorption maximum alongside a
change in band asymmetry. Irradiation of such annealed films
reduced the absorbance by just about 10% instead of 20% in
the untreated films (¢f. Fig. S54b¥). For P2 the same increase
in film stability was observed after annealing. Both P3 and P4
showed sufficiently high intrinsic film stability after solvent
casting, drying, and crosslinking, thus no heat treatment was
required prior to photocrosslinking. Upon irradiation, the azo-
benzene content in the dry film of P3 decreased by about 20%
as for unannealed P1. Washing the crosslinked P3 film until
the supernatant remained colourless decreased the azo-
benzene content in the film by about 70%, indicating polymer
leaching as a consequence of a less efficient photocrosslinking
process (c¢f: ESI Fig. S551). The analogous leaching behaviour
was observed for the other polymer samples.

A factor that likely influences the crosslinking is the cis—
trans isomerism of the azobenzene dye. Although the dye itself
does not strongly absorb at the crosslinking wavelength
(302 nm, cf. ESI Fig. S56%), there is still residual absorption. As
cis-trans isomerisation occurs regardless of the wavelength at
which the chromophore is excited, albeit at varying
efficacies,® the dye will use up a certain amount of UV-light
either in the isomerisation process or in radiationless decay.
The cis-isomer thermally relaxes relatively fast to the trans-
isomer even in a rigid matrix,'®* which means that absorption
processes can be repeated. This secondary pathway of energy
consumption may decrease the crosslinking efficiency. Yet,
sufficient crosslinking is observed with the given conditions.

Comparison between gels and solution. When comparing
the gels and solutions a disparity in thermo-halochromism is
found, which can be related to the marked difference in their
protonation behaviour. This effect is further enhanced by the
critical phase transition characteristics in the thermo-
responsive polymer systems.

The most prominent effect that can be identified in the gel
systems is the strong halochromic effect of the integrated car-
boxylic acid function at much lower concentrations compared
to the cases of externally added acid, which is required in
much higher concentrations. This effect is much less pro-
nounced in polymer solutions and may be explained by a
proximity effect of the integrated carboxylic acid functions on
the neighbouring dye moieties, which apparently results in a
considerably more efficient protonation process. This pecular-
ity originating from the characteristic network architecture will
be elucidated in the frame of the individual polymer systems.

As already described for the dye monomers and the poly-
mers in solution, addition of acid to the polymer systems
leads to an “induced thermo-halochromism” (P1 and P2) upon
temperature variation, while in the copolymer systems with
integrated acid moieties we speak about “intrinsic thermo-
halochromism” (P3 and P4).

From an experimental point of view, two general differences
between the temperature-dependant measurements of the
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swollen gels compared to the polymer solutions have to be
considered. First, the gels may show substantial scattering
even in the swollen state, for which we applied a simplified
baseline correction by subtracting the absorbance at 750 nm
(neglecting the wavelength dependence of scattering as a first
approximation). Second, since the chromophore is directly
bound to the surface-attached polymer network the absor-
bance does not inherently decrease with temperature, which is
the case for the corresponding solutions due to a reduced dye
concentration by the thermal volume expansion of the solvent.
Owing to the confinement by surface-attachment, the average
number of chromophores in the illumination volume remains
essentially constant independent of potential temperature
effects on the swelling state.

Induced thermo-halochromism in Pigel and P2gel. The
non-thermoresponsive P1gel and the thermoresponsive P2gel
both without intrinsic acid were swollen and measured in pure
water, aqueous HCl (1 M) and aqueous TFA (0.01 v/v% or
1.3 mM). The P1gel and the P1 copolymer in solution show the
same behaviour upon temperature variation at both protona-
tion limits, when neutral and when completely protonated. The
absorption maxima for the neutral and for the completely pro-
tonated gel are blue-shifted by 4-5 nm compared to the P1
solution. Upon temperature increase under neutral conditions,
the absorption maximum shifts to shorter wavelengths by
6-7 nm for both in solution (¢f. ESI Fig. S38bt) and in the gel
(¢f. ESI Fig. S28aft). For the completely protonated systems (gel
and solution), the absorption maxima red-shift by 6-7 nm (cf.
ESI Fig. S25a and S28bt). We attribute the wavelength shifts
for the neutral and completely protonated case to thermo-peri-
chromism in relation to a change of the ratio of the vibronic
sub-bands. The reasoning for the gel is the same as discussed
above for the solution case, in that the polymer-dye inter-
actions vary with temperature.

In the partially protonated gel system thermo-halochro-
mism dominates. While the azonium ion content in the gel as
well as in solution decreases with increasing temperatures, the
degree of protonation differs considerably between both
systems. An order-of-magnitude higher acid concentration is
required in the gel to reach similar degrees of protonation as
in solution. Concomitantly, the decrease in the degree of pro-
tonation per temperature increment is lower for the gel com-
pared to the solution (¢f ESI Fig. S30at). This may result from
the substantially higher polymer volume fraction in the gel
network compared to the polymer chains in solution, increas-
ing the local dye concentration in the network. Higher degrees
of protonation amplify the Coulomb repulsion between the
like-charged azonium ions, in turn raising the osmotic
pressure, which is thermodynamically unfavourable.
Consequently, a higher acid concentration is required for pro-
tonation of the gel.

For the thermoresponsive copolymer P2, thermo-perichro-
mism of the neutral and the completely protonated gel is
similar to that in solution (¢f. Fig. 7a; ESI Fig. S25b and S28c
and df). At low temperatures, the partially protonated P2gel
and the P2 solution show a lower degree of protonation at the
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same acid concentration, and a higher variation in the degree
of protonation per temperature increment compared to the
Pigel and P1 solution (¢f ESI Fig. S297). Partially replacing
HEAm of P1 by the less polar NiPAAm comonomer decreases
the overall hydrophilicity of P2. Assuming a weaker hydration,
a higher polymer volume fraction of P2 owing to a more
compact coil in solution and a lower swelling ratio in the gel is
expected compared to P1. At the same acid concentration, the
degree of protonation in P2 is thus lower because of the higher
proximity of the charged groups and the resulting stronger
Coulomb repulsion.

The differences in behaviour of thermoresponsive P2 in
solution and in the gel state are more pronounced than for the
non-responsive P1 system. While an absorbance increase
because of scattering is observed for the P2 solution upon the
coil-to-globule transition (¢f Fig. 7), this scattering effect is
absent in the P2gel (¢f. ESI Fig. S517). Yet, based on the ther-
moresponsiveness of P2 in water, a variation of hydrophilicity
with temperature should still occur for the P2gel. This is
experimentally supported by the aforementioned higher vari-
ation of the degree of protonation per temperature increment
compared to the Pigel (¢f Fig. S29bt). This variation is similar
for both the P2gel and P2 in solution (¢f. ESI Fig. S30b¥). The
absence of scattering in the P2gel may be explained by the
higher polymer volume fraction in the gel compared to the sol-
vated coil. Thus, upon collapse, the refractive index variation
in the gel is smaller than in the polymer solution.

Intrinsic thermo-halochromism in P3gel and P4gel. The
non-thermoresponsive P3gel and the thermoresponsive P4gel
networks both with intrinsic acid functions show the same
general thermochromic behaviour as the respective polymers
in solution. The absorbance shoulder at 550 nm, relating to
the azonium ion, decreases upon increasing temperature with
the absorption maximum simultaneously shifting to shorter
wavelengths (¢f Fig. 9). However, distinct differences exist
between the gels and the corresponding polymer solutions
and must be discussed individually for each polymer system.

For the P3gel, the absorbance at maximum decreases line-
arly from 10 °C to 50 °C. At temperatures beyond, the absor-
bance stagnates and the absorption band broadens signifi-
cantly (¢f. Fig. 9a and c). The reason for this behaviour may lie
in fluctuations of the film thickness due to an increased gel
mobility by Brownian motion at higher temperatures. The
degree of protonation at low temperatures is higher in the
P3gel than in P3 solution (¢f. Fig. 8a and 9a). Two factors may
be considered to explain this observation. On the one hand,
photobleaching upon UV-irradiation during the crosslinking
step already leads to a relative decrease in the number of the
dye side groups in the network compared to the acid moieties.
On the other hand, for P1gel and P2gel without intrinsic acid
much higher acid concentrations are required to protonate the
non-bleached dye compared to their aqueous solutions. This
completely opposite behaviour suggests that the increase in
the degree of protonation for the P3gel is not solely due to
photobleaching. We hypothesise that the proximity between
the intrinsic carboxylic moieties and dye side groups in the

This journal is © The Royal Society of Chemistry 2022
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Fig. 9 UV-vis spectra at different temperatures of water—swollen, photocrosslinked films of (a) poly(HEAm-co-MAA-co-o-MREAm-co-BPAAm) P3
and (b) poly(NiPAAm-co-MAA-co-o-MREAmM-co-BPAAmM) P4. Plot of the absorbance at maximum (wavelength indicated in plot) versus temperature
for (c) P3 and (d) P4 ("TR" = thermoresponsive). The line in (c) was generated by hand, the one in (d) by a non-rounded Akima interpolation. Both
serve as guide to the eye. The absorbance was baseline-corrected by subtracting the absorbance at 750 nm.

P3gel and P4gel network offsets the requirement of higher free
acid concentration observed in P1gel and P2gel. The tempera-
ture range in which thermochromic behaviour may be
observed, is also larger in the P3gel than in the P3 solution.
Temperature-induced deprotonation leads to the same degree
of protonation at ~40 °C in solution and ~60 °C in the gel (¢f.
ESI Fig. S48 and S527). As the initial degree of protonation in
the gel system is higher but the extent of deprotonation per
temperature increment is similar, the larger dynamic range
cannot be attributed to the network architecture itself but is a
consequence of the acid proximity effects.

In the thermoresponsive P4gel, the temperature depen-
dence of the absorbance at maximum changes from a negative
to a positive slope between 20 °C and 21 °C (¢f. Fig. 9d). This
point assumably matches the transition temperature, as it
corresponds to the thermoresponsive behaviour in more con-
centrated solutions of P4 (0.3 g L™, c¢f. ESI Fig. S26ht). The
degree of protonation in P4 at low temperature is similar for
the solution and the gel. However, the deprotonation behav-
iour differs considerably between the two (¢f. ESI Fig. S26e,
S53b and S30d+).

Except for the P4gel, in all other systems (monomers, poly-
mers P1-P4, and P1-P3gels) the protonation equilibrium
shifts stronger to the deprotonated form at lower temperatures
than at higher temperatures, especially for the monomers in
the binary mixture of water and ethanol. This is documented
in Fig. 4c and ESI Fig. S52ct by the decrease in slope of

This journal is © The Royal Society of Chemistry 2022

A(protonated)/A(neutral) vs. temperature curves at higher
temperature as indicated by the red slope triangles. On the
other hand, specifically P4gel exhibits the opposite behaviour
with a stronger reduction of the degree of protonation per
temperature interval with increasing temperature (red slope
triangles in ESI Fig. S53ct). With the P4gel collapse at higher
temperatures, the polymer environment becomes more hydro-
phobic and thus more unfavourable for the polar azonium ion.
This drives deprotonation towards the neutral and less polar
azobenzene form, which is better accommodated in the hydro-
phobic environment. Yet, the formation of hydrophobic com-
partments from collapsing polymer chain segments is no
abrupt process. The gradual change in the degree of protona-
tion with temperature suggests that the hydrophobicity
increases over a large temperature range. The same effect has
been observed for the solution of P4 (¢f Fig. 7 and ESI
Fig. $261). In LCST hydrogels, EPR measurements involving
spin probe decomposition also suggest the formation of hydro-
phobic nanocompartments.®’

The rising hydrophobicity with temperature involving the
formation and growth of hydrophobic compartments, even-
tually leading to the gel collapse, can explain the differences
between the polymer in solution and as hydrogel. In solution,
the polymer chains have sufficient conformational freedom for
the azonium ion side groups to orient towards solvent rich
regions via chain rearrangement. In contrast, with gels, move-
ment of chain segments is considerably reduced by the cross-
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linked polymer network. Under these conditions the dye sub-
stituent cannot partition freely between the solvent-rich
regions and the hydrophobic compartments. Thus, with the
volume fraction of the collapsed gel growing upon heating, a
larger fraction of the dye is surrounded by a hydrophobic
environment, which increasingly shifts the protonation equili-
brium from the azonium ion to the neutral azobenzene.

The particular thermochromic behaviour of this P4 gel
system manifests in a thermo-halochromism that is amplified
along the temperature axis by a contribution from the thermo-
perichromic mechanism. In other words, the temperature-
dependant change of the microenvironment as the underlying
mechanism of thermo-perichromism does modulate the proto-
nation equilibrium of thermo-halochromism. The resulting
augmenting thermo-peri-halochromism of the thermo-
responsive P4gel behaves inversely to the diminishing thermo-
solvato-halochromism of the monomers in the binary solvent
mixture. The term “augmenting” indicates an increase in the
magnitude of thermo-halochromism with temperature.

3.7. Comparison of thermochromicity in different systems

In order to allow the quantification of the phenomenological
observations for all different combinations of solvents, dyes,
and dye-containing polymers, temperature-dependant van’t
Hoff analysis was applied to the temperature-dependant UV-vis
measurements of acidified, thermochromic solutions. For this,
the natural logarithm of the ratio of the absorbances of the
azonium ion and the azobenzene In(R) was plotted against the
inverse of the absolute temperature K™ and fitted according
to eqn (1) to extract AH, and AC,, as described above in the
context of pK, values of the dye monomers. In the case of
thermoresponsive systems, only the data below the coil-to-
globule transition was fitted because scattering effects prevent
accurate fitting. This analysis yields the enthalpy of protona-
tion under standard conditions and the heat capacity of ionis-
ation, which is connected to the interconversion between the
azonium ion and the neutral azobenzene and the corres-
ponding optical changes. It is important to note that this ana-
lysis is only viable to determine the magnitude of thermo-halo-
chromism, as only in this thermochromic mechanism an equi-
librium between different chemical species is of main rele-
vance. The enthalpy AH, may be regarded here as a measure
of the extent of protonation at 25 °C. It also tells whether the
process is endothermic or exothermic. A negative AH, means
that the equilibrium shifts away from the product, which
refers to the deprotonation of the azonium ion to yield the
neutral azobenzene. The heat capacity of ionisation AC}, quan-
tifies the temperature dependence of the enthalpy change. As
such, it provides information about whether deprotonation
becomes more favourable (negative value) or unfavourable
(positive value) with increasing temperatures. Both values can
be considered as thermochromicity parameters.

We define here the linearity factor T;, as a third quantity,
which is associated with the linearity of the thermo-halochro-
mic process. To obtain this value, the ratio of the absorbances
of the azonium ion to that of the azobenzene R was plotted
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against the temperature in °C. The resulting plot was fitted
with an exponential decay function

R=A+Ryxe (2)

where R, is the ratio of absorbances at 0 °C, A is the offset, and
Ty, is the linearity factor. With increasing value of the linearity
factor, the curvature decreases towards a linear dependency.
The linearity factor in eqn (2) is positive in all cases indicating
a curvature shift below the line between start and end values
(diminished thermo-halochromism), except for the thermo-
responsive gel P4, where a negative Tj represents a curvature
shift above the line between start and end values (augmented
thermo-halochromism). Examples are indicated in ESI
Fig. S52b and S53b.7

Based on these analyses the systems can be categorised into
four sub-groups highlighted by a colour code in Table 7, in
accordance with their tendencies regarding the enthalpy AH,
and the heat capacity of ionisation AC,.

0-MREAmM, m-MREAm, p-MREAm, P1, and P2 all in ethanol,
as well as the photocrosslinked and water swollen gels Pigel,
P2gel, and P3gel have a negative AH, and negative AC,,. This
category has been highlighted by an orange hue in Table 7.

P1, P2, and P3 in water have a small positive value both for
AH, and AC,, represented by the white entries in Table 7.

The constitutional isomers of the MREAm monomers in
the binary solvent mixture of water and ethanol have large
positive values both in AH, and AC},. These entries are marked
in green.

The thermoresponsive systems P2b, and P4 for all measured
concentrations in aqueous solution, as well as the photocros-
slinked and water swollen P4gel have large negative values of
AH, and AC,,, shaded in blue.

The linearity factor 7;, shows less variation between the
different dye monomer and polymer systems than the corres-
ponding thermochromicity parameters AH, and AC,. In
general, Ty is larger for the systems with a low influence of
thermo-solvatochromism and thermo-perichromism on
thermo-halochromism for the two categories with small nega-
tive (orange) or positive (white) AC,. Consequently, Ty is
smaller for those systems with a strong influence on thermo-
halochromism, as represented by the two categories green
with moderate positive AC, and blue with strongly negative
AC,,.

Several conclusions can be drawn from this categorisation.
First, incorporation of the dye by copolymerisation has little to
no influence on thermochromism in ethanolic solution with
added acid. Under these conditions both polymers, the non-
thermoresponsive P1 and the thermoresponsive P2, yield the
same negative thermochromicity parameters as the free dye
monomer. The water swollen gels P1gel, P2gel and P3gel also
have similar negative values for the thermochromicity para-
meters AH, and AC,, while the corresponding polymers in
solution have positive values for both parameters. The thermo-
halochromic behaviour of these gel networks is reminiscent to
that of the free dye monomers dissolved in acidified ethanol.

This journal is © The Royal Society of Chemistry 2022
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Table 7 Overview of the relevant parameters obtained from van't Hoff analyses of thermochromic solutions of methyl red-based monomers and
different polymer systems. “a”, “b", and “c term” refer to the raw data from the van't Hoff analyses and the colour code is applied to distinguish cat-
egories of thermo-halochromic systems with similar behaviour, both discussed in the main text

System Solvent Acid a term b term ¢ term AH, [K]] AC, [k K] Linearity factor [°C]
0-MREAm EtOH 130 mM TFA —03.7 0.071 —13.7 -34 =011 47
m-MREAmM EtOH 130 mM TFA —56.7 0.062 —13.0 —-32 -0.11 84
p-MREAmM EtOH 130 mM TFA —41.8 0.054 —10.0 —25 —0.08 62
0-MREAm H,0: EtOH 2.2 mM HCI 155 —-0.081 31.4 78 0.26 26
m-MREAmM H,0: EtOH 11 mM HCl 102 —0.049 20.4 51 0.17 33
p-MREAmM H,0: EtOH 5.9 mM HCI 125 —0.063 25.8 63 0.21 28
P1 EtOH 130 mM TFA =555 0.063 -13.2 -33 -0.11 83
Pl H,0 0.13 mM TFA 13.0 0.016 1.48 3:7 0.01 45
P1gel H,0 1.3 mM TFA -11.6 0.024 -3.23 -8.0 —0.03 97
P2 EtOH 130 mM TFA —55.4 0.061 -13.0 -32 -0.11 92
P2 H,O0 0.13 mM TFA 14.8 0.023 1.51 3.7 0.01 36
P2gel H,0 1.3 mM TFA =027 0.066 =12.6 =31 -0.11 51
P2b H,O0 0.13 mM TFA ~538 0.46 =119 295 ~(,99 29
P3 H,0 MAA 18.7 0.014 2.79 6.9 0.02 39
P3gel H,O0 MAA =73 0.076 ~16.6 —41 -0.14 75
P40.15¢g L H,0 MAA —-367 0.35 —82.2 —204 —0.68 23
P40.2¢g L H,O MAA —544 0.48 —-120 —298 —1.00 27
P40.3 g Lyt H,0 MAA —633 0.55 =139 —-345 =12 30
P4gel H,0 MAA —-1950 1.53 —422 —-1046 -3.51 —-34

Yet, this behaviour is contrary to the thermo-halochromism of
the constituting, non-crosslinked polymers in aqueous solu-
tion in a partially protonated state, which is affected by their
thermo-perichromism as reflected in the change of sign to
negative values of AH, and AC,. Apparently, this strong effect
of crosslinking is a consequence of the more uniform micro-
environment in the gel network and the reduced mobility of
the dye attached to the crosslinked polymer segments. In con-
trast to the free polymer coil, no sufficient conformational
rearrangement of the macromolecular segments in the
network is possible, inhibiting favourable interactions with the
surrounding medium. As the heat capacity of ionisation AC, is
negative for this category (orange in Table 7), deprotonation
becomes more favourable at higher temperatures.

Considering the similar thermochromicity values for
aqueous P3 (intrinsic acid) and for P1 and P2 (no intrinsic
acid) in acidic aqueous solution, there is no obvious difference
between intrinsic and induced thermo-halochromism.
Additionally, below the transition temperature the thermo-
responsive polymer P2 with high cloud point behaves the same
as the non-thermoresponsive P1. All three polymers P1, P2,
and P3 in water show almost no temperature dependence, with
their heat capacity of ionisation AC}, being close to 0.

The next category comprising the positional isomers of
MREAm in H,0 : EtOH (Xgon = 0.31) is highlighted in green in
Table 7. For these systems, the influence of thermo-solvato-
chromism on thermo-halochromism in the binary solvent
mixture of water and ethanol has been discussed above in the
context of Fig. 4. With increasing temperature, their thermo-
solvatochromism results in a reduction of the extent of depro-
tonation per temperature increment, which is reflected in the
positive heat capacity of ionisation AC;, in these systems. Both
thermochromicity parameters AH, and AC, correlate linearly

This journal is © The Royal Society of Chemistry 2022

with the pK, of the constitutional isomers of MREAm, increas-
ing from meta over para to ortho (c¢f ESI Fig. S19%). Even
though the difference spectra from thermotitration (¢f. ESI
Fig. S37g-it) show considerable deviation in the protonation
mechanism between the positional isomers, the linear
relationship between AC,, and pK, corroborate the dominance
of the acidity (i.e. pK,) of the dye monomers on their thermo-
halochromism in the binary solvent mixture.

Comparing the thermochromicity parameters of P1, P2, and
P3 in acidic aqueous solutions (white category in Table 7) and
the configurational isomers of the dye monomer in the binary
solvent mixture suggests that thermo-perichromism in these
particular polymers is analogous to thermo-solvatochromism of
the monomers. All these systems share positive values for AH,
and AC,, which evidences stabilisation of the azonium ion by
the respective microenvironment with increasing temperature.

The strongest impact of either thermo-solvatochromism or
thermo-perichromism on thermo-halochromism can be found
in the category of thermoresponsive polymers in aqueous solu-
tion and hydrogels, coloured blue in Table 7, for which the
absolute values of both thermochromicity parameters are the
highest among all categories. These parameters become more
negative with decreasing cloud point temperatures. This has
been observed for solutions of P4 with a concentration
increase, as well as for solutions of P2 (higher cloud point) in
comparison to those of P2b (lower cloud point), where even
the sign of AH, and AC, switches from positive to negative.
With lower cloud point temperatures, the coil-to-globule tran-
sition takes place in a narrower temperature interval,
accompanied by a more pronounced change in interactions of
the dyes with their microenvironment. This, in turn, results in
larger absolute values of the thermochromicity parameters
with lower cloud points. This hypothesis is further substan-
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tiated by the P4gel, for which the absolute values of the ther-
mochromicity parameters are yet larger by an order of magni-
tude compared to the respective thermoresponsive polymer
solutions, agreeing well with the phenomenological discussion
above about thermo-halochromism of immobilised dyes in
thermoresponsive gels containing intrinsic acid.

The obtained knowledge can be combined into the follow-
ing conclusions:

1. Varying the microenvironment of a dye via the liquid
medium or polymer composition provides the possibility to
control the protonation equilibrium by the corresponding
azonium ion concentration in dependence of the temperature
for partially protonated systems.

2. When the dye microenvironment shifts to a more hydro-
philic state upon a temperature increase, which is the case for
the binary solvent mixture of water and ethanol, the azonium
ion persists against thermally driven deprotonation owing to a
better solubilisation.

3. Vice versa, when the dye microenvironment becomes
more hydrophobic at higher temperatures, occurring with
LCST-type polymers, the azonium ion is deprotonated more
easily to yield the less polar azobenzene. This effect becomes
particularly obvious for a thermoresponsive polymer in solu-
tion, when the azonium ion concentration vanishes close to
the coil-to-globule transition at the cloud point.

4. Summary and conclusion

A synthesis route to novel azo dye monomers by esterification of
methyl red to N-(2-hydroxyethyl)acrylamide (MREAm) via carbo-
nyldiimidazole coupling could be established for all three pos-
itional isomers of the dye. From these monomers, copolymers
were obtained by free radical polymerisation employing N-(2-
hydroxyethyl )acrylamide (HEAm),  N-isopropylacrylamide
(NiPAAm), methacrylic acid (MAA), and 4-benzophenoneacryla-
mide (BPAAm). Here, HEAm provides water-solubility, NiPAAm
thermoresponsivity in aqueous solution, MAA the intrinsic acid
group as proton donor, and BPAAm the photocrosslinker unit
for network formation. Thermochromism was studied for solu-
tions of the monomer and polymer systems in pure water,
ethanol, and the mixture thereof. For hydrogels prepared from
these polymers by photocrosslinking and subsequent swelling
in water, the thermochromic behaviour was investigated.

In these experiments three different mechanisms of thermo-
chromism, namely vibronic thermochromism, thermo-solvato-
chromism, and thermo-halochromism, were identified for the
constitutional isomers of the azo dye monomer MREAmM.
Depending on the particular system and the experimental con-
ditions, various combinations of these thermochromic mecha-
nisms were found. In neat ethanol, the MREAm dyes show vibro-
nic thermochromism by a blueshift of a few nanometers upon
temperature increase that can be attributed to a change in the
vibronic sub-bands, as observed via derivative spectroscopy and
difference spectroscopy. In the binary solvent mixture of ethanol
and water, the observed thermo-solvatochromism shows simi-
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larities to the vibronic mechanism as a consequence of the com-
petition of the two solvent species in the solvation shell, also
suggested by temperature-dependant derivative and difference
spectra. By addition of extrinsic acid (trifluoroacetic acid) to a
MREAm dye solution in ethanol, thermo-halochromism can be
induced. When such a system is titrated to partial protonation
with coexisting neutral azobenzene and azonium ion, the proto-
nation equilbrium shifts towards the neutral azobenzene at
higher temperatures. However, thermo-halochromism is strongly
influenced by the nature of the solvent. Particularly, in the binary
solvent mixture with added acid, two phenomena are observed
with increasing temperatures: 1. instead of an isosbestic point, a
blue-shifting region of intersections exists for consecutive spectra
of adjacent temperature steps; 2. the extent of deprotonation per
temperature increment decreases. Both phenomena result from
the influence of thermo-solvatochromism on thermo-halochro-
mism, which we termed in this particular combination “dimin-
ishing thermo-solvato-halochromism”.

Similarly, solutions of copolymers bearing o-MREAm units
show thermo-perichromism as the polymer-related analogon
to thermo-solvatochromism observed for solutions of the free
monomers. The thermo-perichromic effect is stronger in water
than in ethanol, which is most pronounced in LCST-type
thermoresponsive polymers that undergo a coil-to-globule
transition alongside strong changes in the hydrophobicity of
the polymers in aqueous solution. The coil-to-globule tran-
sition for these systems can be best followed via the change of
absorbance at maximum by an increase in scattering. No
major differences in thermochromism can be identified for
the polymers in solution by the van’t Hoff analysis, neither
with added (extrinsic) nor with copolymerised (intrinsic) acid.
Thermoresponsive LCST behaviour in solution strongly affects
thermo-halochromism, which scales with the cloud point,
while in non-thermoresponsive polymers thermo-halochro-
mism is almost identical to that of the isolated dye monomers.
As the hydrophobicity of the LCST-type polymers increases
with temperature and reaches its maximum at the coil-to-
globule transition, the attached dyes are completely deproto-
nated at this point. For polymers with a lower cloud point, a
smaller temperature interval is available during this transition
for the deprotonation process, thus increasing the extent of
deprotonation per temperature increment. Consequently,
thermo-halochromism can be conveniently tailored by the
design of the molecular architecture of the copolymer.

All hydrogels prepared from the different copolymers also
show thermochromic behaviour. Remarkably, the thermo-
responsive hydrogels from the LCST polymers with intrinsic
acid exhibit the strongest thermochromic behaviour of all
examined systems. Here, the extent of deprotonation per temp-
erature increment increases strongly with temperature, and we
termed the resulting effect “augmenting thermo-peri-halochro-
mism”. We ascribe this behaviour to an azonium-destabilising
change of the microenvironment towards a more hydrophobic
character of the polymer.

In conclusion, we identified multiple mechanisms of ther-
mochromism for various azobenzene systems of moderate pK,

This journal is © The Royal Society of Chemistry 2022
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in solution and in the gel state, and elaborated the influence
of solvent, polymer architecture and especially LCST behav-
iour. Employing van’t Hoff analysis, a scaling of thermo-halo-
chromism with the pK, could be demonstrated and the contri-
buting effects were categorised with respect to thermo-solvato-
chromism and thermo-perichromism. Detailed understanding
of the underlying mechanisms is of great value for potential
applications of these dye-polymer systems, for example as
macromolecular optical thermometers, or in any other scen-
ario involving azobenzenes and temperature variation.
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