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Effect of Grafted Spiropyran on the Solubility and Film

Properties of Photochromic Amylose

David Barsi, Elena Buratti, Antonio Tarantino, Franco Dinelli, Valter Castelvetro,*

and Monica Bertoldo*

Four photochromic spiropyran-amylose (ASP) biobased polymers with
different spiropyran (SP) grafting density, DS, ASP,, (DS = 0.12), ASP,, and
ASP,,PA¢, (DS = 0.40), and ASP,, (DS = 0.97), are synthesized through
azide-alkyne cycloaddition of an alkynyl-functional SP derivative onto
Cé6-azidated-amylose (AN;), where the unconverted azide in ASP,,PA,,,
ASP; oo, and the AN; precursor are quenched by clicking with propargyl
alcohol (PA). All ASPs are poorly soluble in trifluoroethanol, ethanol, and
water but soluble in dimethyl sulfoxide, N,N-dimethylformamide, and
hexafluoroisopropanol irrespective of UV irradiation, switching reversibly the
grafted SP into zwitterionic merocyanine (MC). Only ASP;, and ASP,, are
slightly soluble in the low polarity tetrahydrofuran, with ASP,, showing a
marked photochromism and reduction of solubility on SP—MC switching.
The photochromism in solution is preserved in the solid state, although with
significant differences between the still relatively fast SP—>MC
photoisomerization and the much slower thermal retro-isomerization. The
dynamics of both processes, evaluated in a thin spin—coated ASP,, film and a
thicker ASP,, photoswitchable coating on glass and paper, is more clearly
affected than in solution by the grafting density. Switching the nearly apolar
SP into the zwitterionic MC does not significantly affect wettability of the
slightly hydrophobic ASP,, coating.

in the visible region, has been inten-
sively investigated for its potential ap-
plications, among others, to produce
stimuli-responsive materials. Applications
of photochromic materials have been envis-
aged and, to different extents, investigated
for different fields such as medicine,['”7]
biotechnology,®*)  actuators,*?)  optical
data storage,[1>1°] security documents, [16-18]
chemical sensors,'1*?’] and ophthalmic
lenses.[?®] The response of a photochromic
material can be tuned, in principle, by
appropriate selection of the photochromic
moiety. However, the overall effectiveness
in terms of sensitivity to the incident
light, selectivity to specific wavelengths,
reversibility under dark conditions, kinetics
of the direct (under light irradiation) and
reverse (upon light switch off) processes,
and stability of the interchanging species
under different conditions (pH, ionic
strength, temperature, etc.) can be strongly
affected by the matrix environment. In
particular, the interaction with solvating or
coordinating low molecular weight species
may provide additional features to the pho-
tochromic material (e.g., solvatochromic

1. Introduction

Photochromism, that is, the property of responding to photoex-
citation by a reversible change in the optical properties of a ma-
terial and, in particular, by a change in its absorption spectrum

responsiveness), while attachment of the photochromic dye to a
solid surface or to a polymer may affect the kinetics, induce, or
inhibit altogether, photo- and thermally-activated processes.

A potentially interesting class of photochromic materi-
als consists of natural polymers modified by attachment of
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Scheme 1. Spiropyran (black), zwitterionic merocyanine (violet), and protonated merocyanine (red).

photochromic dyes.}] Natural polymers are renewable, largely
available, and generally considered as low environmental impact
materials because of their sourcing from non-fossil biomass and
their usual biodegradability at the end of their lifecycle. Besides,
the high density of functional groups evenly distributed along
the backbone possessing a more or less differentiated reactivity
(e.g., primary and secondary alcohol as well as amine groups in
polysaccharides such as cellulose, amylose, and chitosan) may be
exploited for multiple functionalization processes.*’] Owing to
these peculiar properties, the resulting biobased photochromic
polymers may be employed for applications in which adhe-
sion and enhanced compatibility with either biological tissues
or biopolymers (e.g., cellulose, and collagen fibers and films),
biodegradability, and low cost are desired features and may al-
low the production of disposable smart responsive materials and
devices.

Among the various photochromic materials, spiropyran (SP)
derivatives are particularly attractive because of the multiple ef-
fects resulting from the photo-induced isomerization. Typically,
SP molecules absorb in the UV region to yield the correspond-
ing colored and fluorescent merocyanine (MC) (Scheme 1); such
conversion results in major changes not only in the optical
properties, |33 but also in physical properties since the MC form
has a different (more coplanar) conformation and is stabilized in
its zwitterionic form, being thus characterized by a high dipo-
lar moment.[23132] As a consequence, the interchange between
the SP and MC forms results in significant effects on the hy-
drophilic/hydrophobic character.?334]

Several strategies have been reported so far for the synthesis
of polymeric structures bearing spiropyran moieties in the side
chain. Among them, the Huisgen’s 1,3-dipolar azide-alkyne cy-
cloaddition, one of the so called “click” reactions,!*! has emerged
for its effectiveness in grafting SP derivatives onto synthetic (poly-
acrylates and polycarbonates), bio-based (poly-a-hydroxy acids),
and natural polymers (DNA, cellulose, and chitosan).[:3-6:2035.36]
In the case of amylose, the linear polysaccharide in starch, the
Huisgen’s reaction has been used for grafting a wide range
of molecular or even macromolecular side chains.[®-11:13-1637.38]
Among them, the preparation of spiropyran-functional amylose
derivatives (ASP) by selective C6-azidation of the repeating glu-
copyranoside units, followed by Cu(l) catalyzed azide-alkyne cy-
cloaddition of alkynyl spiropyran moieties, was reported by our
group.¥’]

While our previous paper aimed at describing the synthesis
and the molecular characterization of the prepared ASPs, the
main goal of the present research was to investigate the poten-
tial of such ASPs, featuring different degree of substitution (DS)
with SP, as photoswitchable coating materials. For this purpose
a preliminary study was carried out to assess the solubility of the
ASPs in solvents of different polarity, to identify the most sta-
ble isomer form among SP, MC, and protonated merocyanine
(MCH) under normal (temperature, light exposure) conditions,
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and to evaluate the photoresponse upon UV irradiation as well as
the retro-isomerization kinetics as a function of solvent and DS.

The persistence of photochromism and its thermal reversibil-
ity also in the solid state cannot be taken for granted for a poly-
meric material characterized by a relatively rigid backbone such
as amylose. For this purpose both thin films prepared by spin
coating and thicker/less uniform films prepared by casting on
glass or dip coating on paper were evaluated. The filmability,
photoresponse, and reversibility in the dark of the SP-MC or
MC—SP isomerization in the solid state were finally evaluated.
Such photochromic ASP polymers were expected to be particu-
larly suitable as coatings for paper, given the affinity between cel-
lulose and the amylose polymer backbone.

2. Experimental Section

2.1. Materials and Reagents

Amylose from potatoes (type III) was purchased from Aldrich
and dried at 50 °C and 0.5 mmHg overnight before use. Its num-
ber average molecular weight was 47.7 + 6.2 kDa by colorimet-
ric titration of the terminal aldehydel?! and 19.8 kDa by SEC
analysis in 0.5 M aqueous NaCl with polyethylenoxide as stan-
dard for the calibration. The synthesis of 3’,3’-dimethyl-6-nitro-
1’-(prop-2-yn-1-yl)spiro[chromene-2,2"-indoline] (SPCC) and of
amylose azidated by regioselective and exhaustive substitution
of the hydroxyl groups at the C6 position of the glucopyra-
noside repeat units (AN,) had been previously described.l”]
Dimethylformamide (DMF) was distilled over MgSO, (53 °C,
18 mmHg). Dimethylsulfoxide (DMSO) was distilled over CaH,
(82 °C, 18 mmHg). Tetrahydrofuran (THF) was dried over CaCl,,
refluxed over metallic Na and benzophenone (0.2% w/v), dis-
tilled and stored over 4A molecular sieves in the dark in a
N, atmosphere. Amylose from potatoes was purchased from
Sigma-Aldrich. Copper(I) chloride (97%), propargyl alcohol (PA)
(Sigma-Aldrich, 99%) trifluoroethanol (TFE), and hexafluoroiso-
propanol (HFIP) (Sigma-Aldrich) were used as received.

2.2. Photochromic Amyloses

Five amylose derivatives, differing in the degree of substitution
(DS = moles of grafted SP/moles of glucopyranose units) with
photochromic SP moiety attached to the glucopyranoside C6 po-
sition through a triazole bridging linkage, were prepared. The
polysaccharide functionalization was accomplished by Cu(I) cat-
alyzed azide-alkyne cycloaddition of the alkynyl derivative SPCC
onto ANj; as previously described (Scheme 2).1*’] In particular,
amylose was azidated by following the procedure described by
J. Shey et al.?]. Yield, calculated as the mass ratio between the
recovered modified polysaccharide and theoretical fully azidated
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Scheme 2. Structures and synthesis of spiropyran-functionalized amyloses.3’]

product (ANj;), was of 82%. The presence of azide groups in AN,
was assessed by IR and *C-NMR spectroscopy analyses show-
ing the azide stretching at 2096 cm™! and the azidated C6 reso-
nance at 51 ppm, respectively. In the second reaction step, C6-
azide groups in the AN, intermediate were partially (samples
ASP,, and ASP,,) or totally reacted with propargyl groups (sam-
ples ASP,,PA,, and ASP,,,) (Scheme 2). Derivatives with differ-
ent amounts of grafted SP groups were obtained by adjusting the
SPCC/azide feed ratio. Propargyl alcohol was fed together with
SPCC at a slight total SP+PA molar excess with respect to the
glucosidic units to ensure full conversion of the azide groups in
the case of samples ASP,,PA,, and ASP,,, (DS = 0.97).

In short, a slight stoichiometric excess of the required SPCC,
PA or SPCC/PA mixture was added to a DMSO solution of AN,
(0.2 mol L~! azide groups), then the catalyst (CuCl/PMDETA 1/1
mole ratio in DMSO) was added under nitrogen, followed by 4 m
sodium ascorbate aqueous solution (0.25 equiv.). After stirring at
40 °C for a few days up to the consumption of the reactants (SPCC
checked by TLC and the residual azide groups by FT-IR spec-
troscopy) the product was purified by twofold precipitation from
DMSO/ethanol, redispersion in distilled water, dialysis (MWCO
1 kDa) first against a 2 mol-L~! aqueous EDTA then against pure
water, followed by lyophilization. Yield, as weight of recovered
modified polysaccharide over the azidated polysaccharide plus
the total alkynes in the reaction feed, was 80-85%.13’]

The following SP-functionalized amylose derivatives were ob-
tained: ASP,, (DS = 0.12), ASP,,, and ASP,,PA, (DS = 0.40),
and ASP,,, (DS = 0.97); in addition, the precursor AN, (DS =
0) and APA,,, a derivative obtained by exhaustive reaction of the
azide moieties with propargyl alcohol, were also used as reference
materials bearing no grafted SP moieties.

ATR FT-IR spectra (cm™): ANj, 3325 (v, O-H), 2919, 2513,
(v, CH, and CH), 2098 and 2036 (v, N=N), 1438 (v, C-N), 1282,
1150 and 1078 (v, C-O glucosidic ring), 999, 849, 758, 559. ASP,,
3351 (v, O-H), 2923 (v, CH,), 2102 (v, N=N), 1607 (v, C=C), 1580
(v, N=O), 1483 (8, C-H aliphatic), 1458 (5, CH,), 1439, 1335 (5,

Macromol. Chem. Phys. 2023, 224, 2300092 2300092 (3 of 11)

CH,), 1279, 1151, and 1077 (v, C-O glucosidic ring), 1040, 1011,
949, 919, and 748 (6, C-H aromatic). ASP,,, 3369 (v, O-H), 2919
(v, CH,), 2112 (v, N=N), 1608 (v, C=C), 1579 (v, N-0), 1481 (5,
C—H aliphatic), 1459 (8, CH,), 1437, 1335 (8, CH,), 1272, 1151,
and 1087 (v, C-O glucosidic ring), 1032, 1014, 949, 911, 835, 808,
747 (8, C-H aromatic). ASP,,PA,, 3390 (v, O-H), 2922 (v, CH,);
1612 (v, C=C), 1516 (v, N-0), 1483 (5, C-H aliphatic), 1459 (5,
CH,), 1405; 1338 (8, CH,), 1271, 1227, 1153, and 1079 (v, C-O
glucosidic ring), 1041, 950, 920, 751 (6, C-H aromatic). ASP,,
3423 (v, 0-H), 2927 (v, CH3), 1608 (v, C=C), 1516 (v, N-0), 1483
(6, C-H aliphatic), 1459 (5, CH,), 1338 (5, CH,), 1266, 1155, and
1090 (v, C-O glucosidic ring), 1035, 949, 915, 810, and 748 (5,
aromatic C—H). APA,,, 3435 (v, O-H), 2926 (v, CH,), 1634 (v,
C=C), 1409, 1232, 1155, 1143, 791, and 763.

The 'H NMR spectra in DMSO-d;/D,0 75/25 of clicked prod-
ucts showed broad signals in the 3.0-5.2 ppm range due to amy-
lose, at 6.5 and 8.2 ppm (Ar-H), 5.8 and 6.0 ppm, (C=C-H of
SPCC), 0.7-1.5 ppm range (CH,;) of SPCC, and at 7.7 ppm the
proton of the triazole ring superimposed to other SPCC sig-
nals. The average number of grafted SP per glucopyranose unit,
DS was calculated from the ratio between the peak integral of
the spiropyran unresolved methyl resonances and that of the
anomeric proton of amylose at 5.15 ppm.[3”] Possible change in
the average molecular weight of amylose after modification was
checked for APA,,,, the only derivative whose '"H NMR spec-
trum had well resolved peaks. The intensity ratio between the
'H signals at 4.9 and 5.15 ppm attributed to the H4 proton of
the non-reducing glucopyranose chain-end*" and to the H1 pro-
ton of the internal glucopyranose units, was comparable to the
one observed in the pristine amylose, thus indicating that no
significant change in the backbone length occurred throughout
the chemical modification steps. Since the reaction conditions
were the same for all derivatives, it is reasonable to assume
that the backbone length for all amylose derivatives was simi-
larly unaffected and comparable with that of the pristine natural
polymer.
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2.3. Instruments and Methods

UV-Vis absorption spectra were recorded in the 300-700 nm
range using either a Perkin-Elmer Lambda 25 spectrophotometer
for solutions in 1 cm quartz cells, or an Agilent Cary 5000 UV-
vis—NIR instrument for cast films on glass. Pure solvent and pris-
tine glass were used as reference for the analysis of the polysac-
charide solutions and coating films, respectively. Spectra regis-
tered with pure solvents or glass as samples were used for base-
line correction. The Microcal Origin software (OriginLab Corp.,
Northampton, MA, USA) was used for spectral correction and
analysis.

AN; and ASP films were prepared by casting or dip coating
using polymer solutions in DMF (5 mg mL™!). Glass slides was
cleaned by rinsing with acetone, 2-propanol, and DMF, followed
by drying in an oven at 150 °C for 3 h, were used to prepare cast
films by spreading a uniform layer of the given polymer solution
that was then allowed to dry in the dark at room temperature in
a fume hood for 5 days. Dip-coated paper samples were prepared
by soaking filter paper disks (3 cm diameter, Whatman grade 1)
in the polymer solution for 2 min, then the disk was slowly with-
drawn to allow draining of the excess solution before placing it on
a glass slab, followed by drying in the dark at room temperature
in a fume hood for 5 days.

Films by spin coating were obtained on glass coverslips using
HFIP solutions (5 mg mL™). A drop (80 uL) of the solution was
spread all over the 10 x 10 mm glass surface, then spinning was
started at 500 rpm s~! and carried out at 1000 rpm for 90 s. The
glass surface was previously washed twice with 2-propanol, then
dried under a N, flux, sonicated in aqueous 10% NaOH for 5
min and finally rinsed twice in water. The procedure was repeated
twice, then the obtained activated glass was stored in water at 4°C
and dried under N, purge just before use.

The surface morphology of the films was recorded with an
AFM consisting of a commercial head (mod. SMENA, NT-MDT
Spectrum Instruments, Ireland) equipped with electronics and
in-house developed control software. The AFM was operated in
the so-called tapping mode, employing cantilevers with a nom-
inal spring constant of around 5-15 N m™! and a resonant fre-
quency of a few hundred kHz (NT-MDT, NSG11). The color code
of the images was the following: a brighter color corresponds to
a higher region.

Irradiation with UV-A light was accomplished during 10 min,
unless otherwise specified, by means of a 25 W fluorescent Wood
lamp (GBC spiral light T3 Black, from Kon.El.Co. SpA, Italy)
placed at 10 cm from the sample.

ASP solutions were prepared by addition to the given solvent
(water, DMF, DMSO, THF, TFE, HFIP, and ethanol) of the re-
quired amount of a concentrated ASP solution in DMSO (10 mg
mL™") obtained by stirring for 24 h at 70 °C.

Static water contact angle measurements were performed on
a KSV CAM 200 goniometric apparatus. The reported contact
angle values were the average of at least six measurements per-
formed by depositing with a microsyringe, a 13 pL droplet of de-
ionized water in different spots of the sample surface, and record-
ing the contact angle as quickly as possible to avoid artefacts due
to the modification of the film surface as a result of water vapor
adsorption.

Macromol. Chem. Phys. 2023, 224, 2300092 2300092 (4 of 11)
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Table 1. Solvatochromic Dimroth—Reichardt polarity indices EL of the sol-
vents tested for ASP,,[41].

Solvent HFIP Water TFE Ethanol DMSO DMF THF

EL 1.068 1 0.898 0.654 0.444 0.386 0.207

3. Results and Discussion

3.1. Solubility of the SP-Amylose Polymers in Solvents of
Different Polarity

In order to evaluate the combined effects of the solvent type, of
the degree of substitution (DS), and of the photoisomerization on
the solubility of the spyropiran-grafted amylose (ASP), systematic
solubility tests were performed on ASP,,, that is, the polysaccha-
ride with an intermediate DS. Six solvents were selected, accord-
ing to their different H-bonding character and polarity decreas-
ing in the order: 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), wa-
ter, trifluoroethanol (TFE), ethanol, dimethyl sulfoxide (DMSO),
N,N-dimethylformamide (DMF), and tetrahydrofuran (THF).[*!]
In Table 1 are reported the corresponding values of the normal-
ized solvatochromic Dimroth—Reichardt polarity index, E}. The
latter is a dimensionless empirical parameter obtained from the
transition energy of the longest wavelength charge transfer ab-
sorption band of the betaine dye 2,6-diphenyl-4-(2,4,6-triphenyl-
1-pyridino)-phenoxide in dilute solution in the given solvent, nor-
malized according to a scale assigning the values of ET = 1.00to
water and E, = 0.00 to the apolar tetramethylsilane (TMS, Equa-
tion (1)).

BN = Er(solvent) — Er(TMS) _ Er(solvent) — 30.7 1
T~ Ep(water) — E;(TMS) 324 @

The betaine phenoxide dye exhibits a very high sensitivity to
solvent polarity, with hypsochromic shifts covering a large wave-
length range for solvents of increasing polarity.

Upon stirring in the given solvent at 1 mg mL~! for 36 h in the
dark, ASP,, gave limpid yellowish solutions in DMF and DMSO,
and a red solution in HFIP. The good solubility in the three sol-
vents is proved by the negligible light scattering (apparent absorp-
tion) at 750 nm (Figure 1, left), a spectra region where no absorp-
tion occurs. Well detectable light scattering at 750 nm was instead
observed for the sample in water, TFE, and ethanol, all solvents
with quite high E values (Table 1). In these solvents, only mod-
erately stable dispersions could be formed, resulting in the slow
formation of a precipitate. Similarly, pristine amylose is insolu-
ble in water but it does solubilize in DMSO, DMF, and HFIP, an
indication that the solubility of the obtained amylose derivatives
is scarcely affected by the grafted groups and it mainly depends
on the backbone behavior.

Upon irradiation, further reduction of solubility was observed
in TFE and THF, the larger relative changes in solubility being
observed for THF, although TFE was still comparably less ef-
fective as a solvent even after irradiation (Figure 1, right). This
reduction can be ascribed to the increased polarity of the func-
tional polymer as a result of the photoisomerization of the grafted
spiropyran moieties into the zwitterionic merocyanine isomeric
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Figure 1. Apparent absorbance at 750 nm due to light scattering of particulate matter in freshly prepared 0.1 mg mL~" solutions/suspensions of ASP,,
(left) in the given solvent, and variations recorded after UV—vis irradiation (right). *Data are only indicative because sedimentation occurred during the
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Figure 2. Apparent absorbance at 750 nm before irradiation (left) and absorbance percent variation AAbs;s,,,, after UV irradiation (right) of ASP4q in

THF.

form. Thus the grafted groups as well as the SP/MC form do af-
fect to some extent the solubility of the polysaccharide. Being a
reasonably effective but borderline solvent for ASP,,, THF was
then selected as a test solvent to evaluate the solubility of each one
of the different ASP derivatives, all of which turned out to be less
soluble than ASP,, both before and after irradiation (Figure 2).
Based on the optical density due to scattering at 750 nm the less
soluble among the modified polymers was ASP,,, while ASP,,
appeared as the most soluble. This is counterintuitive, as the sol-
ubility in the low polarity THF was expected to be higher for
ASP,, that bears the largest amount of apolar SP moieties. One
can thus speculate that a combination of effects contributes to
the observed behavior. In fact, the low solubility of amylose in
water has been ascribed to the formation of ordered structures
mainly stabilized by inter-chain hydrogen bonds.*>**] Amylose
is soluble only in the presence of chemical species able to inter-
rupt these hydrogen bridges. In our case, grafting the SP moieties
at the less sterically hindered and most conformationally mobile
C6 in the glucosidic units seems to scarcely affect the ability of
amylose to self-assemble into the densely packed helical struc-
tures typical of its crystalline forms. On the other hand, replace-
ment of each OH group of amylose with an azide that, unlike the
—OH groups in the pristine amylose or in APA,,, cannot form
inter- or intra-chain hydrogen bonds, results in lower strength of

Macromol. Chem. Phys. 2023, 224, 2300092 2300092 (5 of 11)

the amylose inter-chain interaction and thus enhanced solubility.
Inter-chain H-bonding is again possible and solubility lowered
when the grafted azide is reacted with PA bearing an alcoholic
group. This is shown by the solubility of AN; in THF that was ob-
served to decrease upon complete replacement of the azide with
propargyl groups in APA,, the latter being insoluble and not
dispersible in THF. Overall, the good solubility of ASP,,, is likely
the result of a good match between the polarity of the solvent and
that of the SP-functional polymer. The slightly better solubility of
ASP,, than that of ASP,,PA,, may be ascribed to the higher den-
sity of H-bonding hydroxy groups in the latter, and thus a possibly
higher density of inter-chain hydrogen bonding.

Upon irradiation, variations of optical density at 750 nm due
to scattering by suspended ASP particulate were detected for all
investigated samples, APA,,, included (Figure 2). Since the lat-
ter has no bonded photochromic moieties, the variation is un-
likely to be simply related to a specific photoactivated process; in-
deed, a random and apparently not negligible contribution to the
measured optical density values comes from the intrinsic vari-
ability of the optical density measurements that were performed
before and after irradiation. However, when comparing the sam-
ples with similar good solubility (as deduced from the low and
comparable optical density at 750 nm) ASP,, and ASP,,, the sig-
nificantly larger variation on irradiation observed for the latter is
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Figure 3. UV-vis spectra of ASP,q in different solvents (0.1 mg mL™") be-
fore (left) and after (right) irradiation with UV light.

indicative of an active role of the grafted SP on the variation of
the solubility of ASP.

No settling was detected in HFIP, DMF, and DMSO, which
were found to be good solvents of the ASP derivatives irrespective
of DS and of the actual SP/MC ratio (Figure 1). In particular, while
the large E]; values of DMSO and DMF (Table 1) indicate their
good solvency for the polymers even after photoisomerization of
SP into the zwitterionic MC, HFIP has such a high a E; value
that the MC form becomes actually the most stable form even
under dark conditions.

3.2. Photoisomerization of ASP40 in Solvents of Different Polarity

ASP,, was selected among the synthesized SP-amylose poly-
mers to study the photoisomerization process in detail, because
it displayed the best combination of a good solubility when the
residues are in the spiropyran form, and the largest change in
solubility upon switching them into the MC form.

In Figure 3 the UV-vis spectra in the 300-750 nm
range, recorded from diluted (0.1 mg mL!) ASP,, solu-
tions/dispersions, show the typical main absorption from the
cyclic spiropyran with A, = 340-345 nm in all solvents but
THEF, in which A, is shifted at 332 nm. A shoulder at A ~ 400—
440 nm that can be ascribed to the MCH form is also present in
the aprotic DMF and DMSO.!*] The red transparent HFIP so-
lution presents an intense absorption by the open zwitterionic
merocyanine (MC) with 4, = 508 nm. A weak and broad ab-
sorption with 4, ~560 nm, indicative of the presence of a small
fraction of SP groups isomerized in the MC form, can also be
detected in the spectra of ASP,, in all the other solvents. This ad-
sorption is superimposed to a background scatter throughout the
visible region in the case of the poorest solvent (water, ethanol,
TFE, and, to a lesser extent, THF).

All the ASP,, solutions/dispersions obtained after 36 h of stir-
ring exhibited color change once irradiated with UV or green
light due to the photochromism of the spiropyran moieties
bound to amylose. The UV-vis spectra of the irradiated solu-
tions/dispersions showed an increased intensity of the merocya-
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Figure 4. UV-vis spectra in DMSO (0.05 mg mL™") before (dash lines)
and after (solid lines) irradiation with UV light and maximum band inten-
sity of the MC absorption band after UV irradiation as a function of DS
(inset).

nine z—x* absorption band with 4, in the 545-565 nm range
in all solvent except HFIP, in agreement with the observed color
changes. The absorption band of the protonated merocyanine
form (MCH) was only slightly affected by irradiation, causing
no appreciable wavelength shift and a modest increase of ab-
sorbance most likely due to the superposition with the MC one.

The hue developed after irradiation and the rate of subsequent
bleaching in the dark depended on the solvent, as typically ob-
served for the unbound SP chromophore.['??] In particular, the
ASP,, solutions in DMF and DMSO, as well as the dispersion of
solvent-swollen particles in THF, turned quickly violet on UV ir-
radiation and bleached out in less than 30 min in the dark. On the
other hand, the retro-isomerization of the ASP,, particle disper-
sions in ethanol required several hours, while it did not proceed at
all in water within 3 days in the dark, indicating a high stability (or
long relaxation time) of the violet merocyanine form of the chro-
mophore in the solid (particle) state, as previously reported for
similar systems.!>3] Interestingly, inverse photochromism was
observed in HFIP: its red ASP,, solution being unaffected by UV
irradiation but bleaching to a pale orange-yellow upon green light
irradiation, in agreement with a previously reported behavior of
a SP-grafted polypeptide in this solvent.[*]

3.3. Effect of the Grafting Density on the Photoisomerization and
Retro-Isomerization Kinetics in Solution

The effect of the grafting density DS on the SP-MC photoi-
somerization have been previously studied for the same SP-
functional amyloses in DMF, in which the functionalized amy-
loses are soluble irrespective of DS,!*] and the intensity of the
MC absorption band appearing upon irradiation with UV light
increases linearly with increasing DS. A slightly different result
was instead obtained here when studying the solutions in DMSO,
where the MC band intensity was observed to increase less than
linearly at increasing DS (Figure 4), with a slight hypsochromic
shift as a result of further substitution of the azides with PA.
The hypsochromic effect on the MC absorption, typically ascribed
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Figure 5. MC—SP retro-isomerization kinetics of a,c) ASP4qPA¢ and b,d) ASP;q, in a,b) DMSO and c,d) DMF solutions (0.1 mg mL™"): experimental

curve (black) and exponential fitting (red).

to a lower polarity environment, is larger in ASP, PA, than in
ASP,,, (with nominal DS = 100 but actually carrying a few PA
residues), suggesting a prevailing role of the less polar triazole
ring over the polarity of the hydroxymethylene group in the tria-
zole derivative generated by the PA grafting.

The retro-isomerization kinetics in DMF and DM SO solutions
was studied for ASP, PA, and ASP,, by following the MC band
intensity over time in the dark (Figure 5). The experimental data
were interpolated with the exponential function (1), to obtain the
retro-isomerization half-life = parameters (1).

AAmax = 6_% + Aoo (2)

The good fit (coefficient of correlation R? > 0.98) obtained with
the first order exponential equation for all four sets of experimen-
tal data (see Figure 5) indicates that the retro-isomerization ki-
netic mechanism is satisfactorily described as a monomolecular
process in both solvents and for both DS values. The obtained
kinetic parameters indicate a slightly faster process (smaller ¢
values) in DM SO than in DMF. Furthermore, while the retro-
isomerization in DMF is slower for ASP, PA, than for ASP,,
the substitution degree has a negligible effect on the same pro-
cess in DMSO (Table 2).

3.4. Effect of the Grafting Density on Film Formation

In order to study the effect of DS on the film formation, 100
300 nm-thick films were prepared by spin coating solutions in
HFIP of ASP,,PA,, and ASP,,, on thin glass coverslips. APA,,,

Macromol. Chem. Phys. 2023, 224, 2300092 2300092 (7 of 11)

Table 2. Kinetic parameters of the MC—SP retro-isomerization for
ASP,4oPAg, and ASP,y, in DMF and DMSO.

Sample Solvent 7 (min) R?

ASPPAg DMSO 5,24 0,02 0986
ASPg DMSO 5,29 + 0,02 0994
ASP,,PAg, DMF 6,23 + 0,03 0982
ASP100 DMF 5,69 + 0,03 0984

Figure 6. APA,q, (left), ASP,PA¢, (center), and ASP,y, (right) spin
coated films on activated glass.

was also studied as reference. Among the solvents able to sol-
ubilize the polymer (Figure 1), HFIP was selected, being much
more volatile than DMSO and DMF and thus easier to remove
from the spin coated film. Uniform spin coated films could be
obtained with ASP, PA,,, ASP,,, and APA,, covering the whole
range of DS values. Both ASP films exhibited a pale pink color of
increasing intensity with increasing DS, as already observed for
the respective solutions (Figure 6).

Since in the case of thin films the surface of the substrate may
affect the properties of the film during and after its deposition,
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Figure 7. A-D) AFM topography images of ASP;y films on glass (A and,
at higher magnification, B) and on activated glass (C and, at higher mag-
nification, D).

the polymers were spin coated on both pristine and activated
glass and then analyzed by atomic force microscope (AFM), to
highlight any differences that may be associated with the sub-
strate pre-treatment.

Activated glass surface was obtained by treatment with hot
NaOH in an ultrasound bath. The high silanol concentration gen-
erated on the glass surface by the alkaline treatment results in
higher affinity and improved wettability with a polar solvent such
as HFIP, enhanced hydrogen bond interactions with the polysac-
charides, and thus better adhesion of the (modified) polysaccha-
rides on the glass.

ASP,, films showed a morphology apparently consisting of
partially coalesced spheroidal particles about 100 nm in size, and
a high porosity with pores larger on untreated glass (%400 nm)
(Figure 7A,B) than on activated glass (%200 nm) (Figure 7C,D).
The particle-like morphology could be ascribed to incipient nano-
precipitation of the poorly soluble polymer during fast solvent
evaporation, and the apparently denser film morphology on acti-
vated glass to a better interfacial interaction between solvent and
glass surface possibly resulting in slower evaporation.

The AFM images of spin coated ASP,,PA,, and APA,, on ac-
tivated glass showed completely different film surface morpholo-
gies, without the particle-like structures previously observed in
ASP,, and smoother although still nanoporous surfaces, indicat-
ing a better polymer—solvent affinity along with some plasticizing
effect of the residual solvent during the final stage of evapora-
tion (Figure 8A,B). In particular, pores were about 200 nm in size
for ASP,,PA,, and smaller with an overall much denser film for
APA,, (Figure 8C,D). Such better filmability is clearly correlated
with the different solubility in HFIP of the polymers depending
on the SP and PA content, with APA,, giving the smoothest and
more homogeneous film, and ASP,, the most porous and irreg-
ular at the nanoscale.

Macromol. Chem. Phys. 2023, 224, 2300092 2300092 (8 of 11)
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Figure 8. A-D) AFM topography images of ASP,,PA¢, (A and, at higher
magnification, B) and APA,q, films on activated glass (C and, at higher
magnification, D).

3.5. Photoisomerization in the Solid State

The UV-vis spectroscopic characterization of the optical proper-
ties and photoisomerization in the solid state were studied on
ASP, o, as it could be prepared as a relatively smooth thin film by
spin coating from HFIP solution while providing the highest SP
absorption, and possibly the largest effects due to SP crowding
in the solid state as compared to the corresponding solution. The
absorption spectrum of the as prepared ASP,, film showed the
same two maxima at 560 and ~400 nm (Figure 9a) as those in the
HFIP solution (see Figure 3), indicating the presence of at least a
fraction of grafted SP in the MC form. Irradiation of the film with
UV or green light resulted in only minor spectral changes. On the
other hand, when the film was kept in the dark the originally pink
color bleached, although at a very slow rate, with the MC adsorp-
tion band intensity decreasing to half its initial value after about
3 weeks (Figure 9a). When the film was observed again after 1
year in the dark, it was completely colorless, in agreement with
the disappearance of the MC band at 560 nm. However, the opti-
cal properties of the freshly spin coated film could be regained by
irradiating the film with UV light for just a few minutes, as con-
firmed by the UV-vis spectra in Figure 9b showing the parallel
decrease of the SP band below 400 nm and increase of the MC
adsorption at 560 nm.

Covalent SP attachment to a macromolecular chain has been
reported to slow down the retro-isomerization process!*! by
limiting the conformational mobility involved in the cleav-
age/formation of the C-O-pyran bond. The latter occurs with as-
sociated rotation of one portion of the molecule around its long
axis so as to approach coplanarity, a phenomenon emphasized in
the solid state as compared to the polymer in solution.*®! Such
conformational change is further hindered if the amorphous
phase of the polymer is in a glassy state, as in the case of un-
plasticized polysaccharides at room temperature.!?!
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Figure 9. UV-vis spectra of ASP,, film on glass obtained by spin coating from HFIP solutions: a) spectral changes occurring upon ageing in the dark
the as prepared film; b) comparison between the film aged 1 year in the dark, and the same after further 2 min of UV irradiation.

ASP, It

Lk&h _~4

Figure 10. a) Coatings of AN3 and of ASP,, before and after UV irradiation on cast coated glass and dip coated paper; b) UV-vis spectra comparison
between AN; and ASP,, films on glass after (dashed line) and before (solid line) UV irradiation.

Thicker polymer films on glass and coatings on paper were
prepared with ASP,,, selected because of its better solubility and
film forming properties than ASP, PA,,, and also because the
unconverted azides groups may provide additional opportunity
for further functionalization or crosslinking.[?! Films on glass
were obtained by casting and on paper by dip coating. Glass is
inert and transparent in the visible region of the spectrum where
MC has its characteristic absorption band. On the other hand,
paper is a natural substrate used for many applications and with
high affinity for amylose.

Using glass as the substrate, #100 pm thick films were pre-
pared by casting from ASP,, solution in DMF, one of the three
good solvents among those tested for ASP,,. A film of AN;, the
precursor of ASP,,, was also prepared for comparison. The ob-
tained films were semi-transparent (Figure 10a), with some scat-
tering detectable from the nonzero absorption throughout the
300-700 nm range indicating the presence of heterogeneous do-
mains (Figure 10b).

Upon irradiation, the ASP,, film turned from pink to intense
burgundy red, its UV-vis spectrum showing the typical MC ab-

Macromol. Chem. Phys. 2023, 224, 2300092 2300092 (9 of 11)
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sorption at 4 ~ 550 nm along with a decrease of the SP ab-
sorption at 4 ~ 350 nm (Figure 10b). The presence of a weak
MC absorption in the as-cast film before irradiation may be as-
cribed to MC stabilization by solid state interaction with the hy-
droxyl groups of the polysaccharide; in fact, the casting solvent
is unlikely to play any role as the MC absorption of ASP,, in
DMF solution was negligible, similarly to the case of ASP,,, in
HFIP. Once stored in the dark, the irradiated ASP,, film bleached
out in about 3 weeks. These results confirm that both the pho-
toactivated SP—MC photoisomerization and the thermal retro-
isomerization also occur in the solid state, the rate of the latter
process being much slower (several days instead of few minutes)
than in solution, but also quite faster for ASP,, than for ASP,,,.
Such difference in the retro-isomerization rate could be ascribed
to a higher activation energy (by steric hindrance and/or electro-
static interactions among the highly concentrated MC moieties)
in ASP,, than in ASP,,, although some plasticizing contribu-
tion from residual DMF, the casting solvent used for ASP,; and a
much less volatile one than HFIP used to spin coat ASP,,,, could
not be ruled out.
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Figure 11. Contact angle value obtained by deposition of a water drop on
AN; and ASP,, coatings on glass and paper before and after exposition
under UV light.

Films of ASP,, and AN, prepared by dip coating on paper
showed similar color hue and slightly higher lightness (due to
light scattering) as the films on glass, both before and after UV
irradiation, indicating that the different substrate and film mor-
phology do not significantly affect the photochromic behavior
(Figure 4a).

The static contact angle (Figure 11) with water measured on
the ASP,, film on glass decreased very slightly from 80.0 +
4.9 to 76.6 +1.8 deg upon irradiation, as a result of the photo-
isomerization of the side chain moieties from the neutral and
mildly hydrophobic SP to the more hydrophilic zwitterionic MC
form. An even higher hydrophobicity was observed for the AN,
film (contact angle of 97.7 + 4.4 and 95.5 + 2.2 deg before and
after irradiation, respectively). Thus the mild hydrophobization
of the glass substrate upon coating with the modified amylose
cannot be specifically ascribed to the SP moieties, but rather to
a generic effect of the amylose functionalized with nearly apolar
moieties. In all cases the effect of irradiation resulted in negligi-
ble decrease of the static water contact angle, irrespective of the
occurrence of SP photoisomerization.

4, Conclusions

The effects of photo-isomerization on the solubility of
spiropyran-amylose in solvents of different polarity and H-
bonding effectiveness allowed to distinguish four distinct
behaviors: i) in good solvents (DMF, DMSO) spiropyran is in an
equilibrium mixture of closed- and open-ring (zwitterionic or
cationic) structure; ii) in poor solvents (water and alcohols) the
functionalized polysaccharide is partially or totally in the form
of colloidally unstable aggregates but the photo-isomerization
of the spiro to MC form is not inhibited; iii) in intermediate
solvents, such as THF, the grafted SP moieties of the moderately
soluble functionalized polysaccharide are mostly in the apolar
spiro-form and can be effectively switched into the MC form
by irradiation with UV-vis light, iv) in the very polar HFIP
the MC form is preferentially stabilized, resulting in inverse
photochromism.

In the solid state the SP-MC photoisomerization and the
thermal retro-isomerization processes of the functionalized amy-
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lose were not inhibited but only slowed down, as assessed for a
thick cast film of ASP,,, a thin spin coated film of ASP,,,, and
ASP,, coating on paper. While the photoisomerization was al-
ways relatively fast, the dynamic change of the thermally activated
reversible MC—SP retro-isomerization was quite slower in the
solid state than in solution, and was also more clearly affected by
the grafting density. The photoisomerization always resulted in
significant chromatic changes of the treated substrates. On the
other hand, switching the pendant photochromic moieties be-
tween the nearly apolar SP and the zwitterionic MC forms in the
solid state did not significantly affect the wettability, as shown
for the slightly hydrophobic ASP,, coating surface. The obtained
results suggest that the investigated materials may be used as
photochromic coatings for paper, given its good affinity with the
SP-modified amylose.
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