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1.1. Abstract

A profound understanding of how the degree of deacetylation (DDA), degree of polymerization
(DP) and photoswitch concentration impact the photomodulation of properties of chitosan (CS)-
based responsive materials can serve as a framework for future applications. Herein, we report
responsive thin-films manufactured from chitosans with DDAs ranging from 70-94% and DPs
ranging from 170-3380, incorporating 10-30mol% of the light-responsive azobenzene derivative
Sodium-4-[(4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)phenyl)diazenyl]-benzenesulfonate

(TEGABS). During UV irradiation of the 10-30% TEGABSICS thin-films, e.g. a significant
increase in the indentation modulus of 10 + 5% is observed. UV illumination leads to a decrease
in water vapor permeability (WVP), which is reduced by up to 81 = 17% compared with that of
the native state. We demonstrate that TEGABS up to 10% remains as a solid-solution in CS films
with differing amounts of H-aggregates depending on the DDA and DP. TEGABS at
concentrations >10% in CS leads to phase separation of TEGABS crystallites with a diameter of
21 £ 8 nm. To conclude, photothermal heating by UV irradiation and the resulting water
evaporation are identified as the primary driving force for the variation in mechanical properties
and WVP, with photoisomerization acting as a subordinate factor. These findings provide a new
pathway for the design of polysaccharide-based water vapor permeable photoresponsive

membranes.
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2. Introduction

Chitosan (B-1,4-linked MN-acetyl-D-glucosamine units (GIcNAc) and d-glucosamine units

(GIcN)) has been a major focus of research, with over 110 000 publications' since its discovery in
1859 by C. Rouget.> The biopolymer chitosan, derived via partial deacetylation from one of the
most abundant polysaccharide chitin, exhibits solubility in dilute acids with a pH below 6.5, which
is achieved through protonation of the amino groups of the D-glucosamine subunit.* Depending
on the treatment process of partial deacetylation, variations in the degree of deacetylation (DDA),
molecular weight (MW) and crystallinity emerge,* thereby influencing the performance of the
chitosan-based materials.’

Overall, chitosan is particularly intriguing due to its film forming ability,*’ biodegradability,?
biocompatibility,’ antimicrobial ability,' and mechanical properties, resembling those of common
synthetic polymers.!'> Consequently, chitosan has been used as a membrane material in
applications such as food packaging!®!* and wound coverage.!'*!> Furthermore, chitosan has been
widely utilized as an effective matrix, for instance, in the manufacturing of complex composites
incorporating nanocellulose,'®!” metal oxide nanoparticles,'®!° or azo dyes.?*?!

In recent years, interest in materials responsive to light as an external stimulus has increased,
offering unique advantages to enhance material functionality through the implementation of a
photoswitch.?223 Light as a trigger offers high energetic and spatiotemporal resolution, along with
a non-invasive character.?* Azobenzene and its derivatives stand out as the most prominent
photoswitches, due to their efficient photochemistry, excellent reversibility, high fatigue

resistance, substantial change in free volume and accessible synthesis.?>?® Numerous studies have
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explored how irradiation affects the mechanical properties of smart materials, including
azobenzene-containing petrobased polymers,>’=? synthetic protein fibers,>* liquid crystalline
elastomers®*-* and the biopolymer chitosan.* In addition, previous reports have indicated that the
water vapor permeance can be irreversibly modified by UV irradiation.’’3* To date, no
photoresponsive biogenic membrane capable of reversibly changing water vapor permeability is
known.

Currently, there is a significant gap in the utilization of polymeric matrices for light-responsive
materials that meet criteria such as biocompatibility, biodegradability, and reliance on renewable
resources.

Herein, we introduce a procedure for manufacturing light-responsive films containing up to

30 mol% Sodium-4-[(4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)phenyl)diazen-yl]-benzene-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

sulfonate (TEGABS), with chitosan having a viscosity ranging from 4-460 mPas (degree of

polymerization (DP): 170 = 24-3380 + 59) and DDA varying from 70 £ 2% to 94 +2%. We

Open Access Article. Published on 23 September 2025. Downloaded on 10/3/2025 3:36:30 AM.

investigate the impact of different chitosan types on the interactions between TEGABS and the

(cc)

polysaccharide, as well as their spectroscopic switchability, the photomodulation of the
mechanical characteristics of thin films at 30% relative humidity (RH) and the application as

reversible photoresponsive membrane.

3. Results and Discussion

3.1. Characterization of the chitosans involved

To refine the categorization of the TEGABSIchitosan films, size-exclusion chromatography

(SEC) is applied to assess the degree of polymerization (DP) of the different kinds of chitosan,
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revealing a range from 172 + 24 to 3378 + 59 (see Figure 1b; refer to the ESI Table S1 for details).
The degree of deacetylation was taken from the datasheets provided by the manufacturer.
Consequently, the following nomenclature is used for chitosans (CS) with varying DDA/DP
values: 70/172 (CS7172), 94/226 (CS°¥?26), 81/538 (CS833%¥), 86/1103 (CS#1193) and 84/3378
(CS3¥378), Variations in dispersity (#) are observed among the chitosan types, ranging from
1.47 + 0.08 for CS83378 to 2.54 + 0.20 for CS8538 (see ESI, Table S1). By maintaining a constant
DDA, the impact of the DP on the spectroscopic and mechanical properties of the CS8/338 CS86/1103
and CS3%8 films are investigated (see Figure 1a). Simultaneously, the influence of the DDA on
the sample characteristics of CS°¥?2%¢ and CS7'2 is studied by keeping the DP steady (see
Figure 1b). The crystallinity indices (CI) of the chitosans are between 15% and 31% for all the
samples except the highly crystalline CS8'538 sample, with a value of 62% (see Figure 1c, see ESI,
Figure Sla-f). Importantly, the CIs of all our chitosan samples fall within the range reported in the

literature.39*!

3.2. Fabrication of the TEGABS/Chitosan films

TEGABS is incorporated into chitosans, ranging from 10mol% to 30mol% in relation to the
amino functionalities of the biopolymer (see Figure 1d).*® A solution of TEGABS in 4 wt%
aqueous acetic acid was gradually added to a chitosan (with a certain DP and DDA) solution
prepared in the same solvent. After each addition step, the mixture was homogenized using a dual
asymmetric centrifugal mixer (see ESI, Section 1.3 for details). Aqueous acetic acid is commonly
used as a solvent for chitosans due to its ability to protonate its amino groups and allow dissolution.

It is important to note that as the molecular weight of the chitosan increases, the concentrations of
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the TEGABS and chitosan solutions are reduced. This decrease in concentration helps facilitate
easier handling and prevents phase separation during mixing (see ESI, Table S2 and Table S3).
The homogeneous solutions are casted onto etched microscope slides. The samples are first dried
under a fume hood for 16 h to avoid detachment of the film before a final drying step at 35 °C for
24 h is performed. Phase separation of TEGABS in chitosan is not detected on the length scale of
the microscope between cross polarizers (see ESI, Figure S2-S5, see Figure S6 for a picture of a
TEGABS crystals.). Under these conditions we previously have shown that positively-charged

ammonium groups of the chitosan pair with the negatively charged sulfonate groups of TEGABS.3¢
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Figure 1: Overview of the employed chitosans in this study. The degree of deacetylation (a) (given
by manufacturer), the degree of polymerization (b) (determined by SEC), and the crystallinity
index (c) (determined by PXRD) of employed chitosans. The gray shading indicates the

classification for comparison between CS'72 (blue) and CS®¥?*¢ (orange), as well as CS8!538
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(green), CS#119 (red), and CS3*378 (violet). d) indicates the schematic fabrication of the material,

which was established by von Seggern et al.*

3.3. Characterization of the TEGABS/Chitosan films

Nanoindentation provides insight into how the load-displacement curves are affected by the
DDA, DP and TEGABS concentrations at 30% relative humidity and 20 °C (see ESI, Figure S7-
Figure S15, Figure S37 for a photograph of an exemplary film). It is important to note that there
is no variation in E;r or Hy within replicates of the 0-30% TEGABSICS film (see ESI,
Figure S16). In the native films, the indentation modulus £ decreases with increasing DDA at
DDA<300 by 19 + 4% (see ESI, Figure S18), e.g., cp. 7.0 £ 0.1 GPa in CS"72 vs, 5.6 + 0.2 GPa
in CS*¥2% (see Figure 2a) and stays constant at DP>500 at 5.4 + 0.2 GPa. This finding is consistent
with the findings of H. Wang ez a/., who reported that a lower DDA leads to more chain extension,
stronger intermolecular interactions and enhanced mechanical properties.*> The stiffness of CS
with a DP<300 is due primarily to intermolecular interactions of the rod-like chains. In contrast,
the stiffness of CS with a DP>500 is derived mainly from chain entanglement.*

The addition of 10% TEGABS leads to a softening effect, which is strong at DP<300 (19 + 2%
decrease in £ ;) and weak at DP>500 (11 + 2% reduction in £ ;7). More (>10%) TEGABS lead to
a linear reduction in £+ of 10+3%, indicating a softening effect (see Figure 2a-b, see ESI,
Figure S18).

The rod-like arrangement of chitosan chains through intermolecular interactions, mainly
contributing to the stiffness of CS with DP<300, is disrupted by TEGABS, resulting in an increase

in the free volume.* We hypothesize that in the low molecular weight chitosans CS’'7> and
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CS%2%6 the percentage decrease in stiffness is disproportionately greater from 0% TEGABSICS to
10% TEGABSICS, since the mean stiffness primarily arises from intermolecular interactions of
chitosan rod-like chains. In contrast, an additional contribution of chain entanglement is found in
high molecular weight chitosans. In a chitosan/poly(vinyl alcohol) (PVA) blend, the robust rod-
like structure of low molecular weight chitosan (My, = 44 kDa) disappears when PV A is added
due to the weakening of chitosan interactions.* This categorization of chitosans could be
consistent with the critical entanglement molecular weights documented in the literature for
synthetic polymers, such as polystyrene with 31 kDa or poly(methyl methacrylate) with 18 kDa.*
For the polysaccharide starch, it has been established that its stiffness and strength originates from

a combination of chain entanglement and chain-chain interactions.*
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Figure 2: Nanoindentation of native 0-30% TEGABSICS films. Influence of different TEGABS

concentrations as well as the DDA (a) and DP (b) of chitosan on £ .

Similar to £, the indentation hardness Hr of the native films at DP<300 decreases with
increasing DDA by 32 + 3%, e.g., cp. 236 £ 2 MPa in CS7”172 ys, 160 = 6 MPa in CS°#2?¢ (see ESI,

Figure S17a). CS33378 has the highest hardness of 196 + 4 MPa, which is 16% greater than that of
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the other DP>500 samples (see ESI, Figure S17b). We hypothesize that the low dispersity values
of 1.52 + 0.09 for CS™'72 and 1.47 + 0.08 for CS3433"8 contribute to their high hardness. B. Calleja
et al. noted that the hardness of amorphous polymers tends to diminish with increasing molecular
weight and dispersity, a phenomenon attributed to an increase in free volume.*’

The creep sensitivity reveals no distinct trends within the variations in DDA, DP, and TEGABS

(see ESI, Figure S17-Figure S18).

3.4. Characterization of the TEGABS/Chitosan films after UV irradiation

After the thin films are irradiated with UV light (365 nm, dose of 33 J cm™2), nanoindentation
measurements are performed. The average change after irradiation in £ ;; of the 10-30% TEGABS
content in CS, regardless of the DDA or DP, is 10 + 5% (see ESI, Figure S19 and Figure 3a-b),
which is consistent with previous findings of 9% for TEGABSICS films at 30% relative humidity.*
Other studies have indicated divergent trends in the modification of stiffness following UV
irradiation of azobenzene derivative containing polymeric materials. It has been reported that the
elastic modulus of a sample can be increased by 5% to 94%.2+%"-364849 In reviewing the literature,
a decrease in stiffness ranging from 4% to 74% was revealed, which was attributed to a light-
induced reduction in the glass transition temperature.?*-3!° The values of H;; increase by 13 + 4%
for CS, regardless of DDA or DP (see ESI, Figure S20). We previously demonstrated the thermal
reversibility of the mechanical properties £ ;r and Hr.* The creep rate sensitivity of the DP>500
TEGABSICS films decreases on average by 15 + 6% with illumination (see ESI, Figure S21). We
attribute this phenomenon to the evaporation of water from the chitosan matrix. Water molecules

act as plasticizers for the chitosan matrix.** Owing to the partial removal of water, the mobility of

10
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the entangled polymer chains of chitosan is restricted, resulting in a reduction in the creep rate

sensitivity (see ESI, Figure S21).
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Figure 3: Nanoindentation of 0-30% TEGABSICS films before and after UV irradiation.

Ilustration of the influence of UV-light on £ ;; (a and b) in 20% TEGABSICS films with varying

DDA (a) and DP (b) before and after UV irradiation (A.,. = 365 nm, dose of 33 J cm™2). Notably,

the student’s t-tests were conducted at a significance level of 0.01 (* = p< 0.01).

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

3.5. TEGABS/Chitosan water vapor membranes show reduction of transport while

irradiated
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We determined that upon UV irradiation, light-induced evaporation and the associated heat

(cc)

generation play a significant role in the behavior of the TEGABSICS thin-films. In principle, the
observed photothermal evaporation of residual moisture could influence the permeability of water
vapor membranes. To investigate this possibility, we studied the water vapor permeability of CS
membranes with varying DDA and DP, with and without 10% TEGABS, in the native and
irradiated states (see ESI for details, Figure S22-Figure S24). We have prepared CS thin film-
membranes with a thickness of 9.9 + 1.6 um by casting or doctor-blading (see ESI, Table S3 for

thicknesses of individual membranes, Figure S36 for a photograph of a membrane). They show a

11
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native WVP of 1.53x10'' £0.17x10"' g m! 5! Pa’!, with no statistically significant (0.05 > p)
difference concerning the DDA, DP and presence of TEGABS (see Figure 4, see ESI, Figure S25
and Table S4, for comparison with literature value, see Table S5).

Regarding the DDA and DP, the results are in agreement with the findings of Leceta ef al. and
Kim et al>'? These results indicate that there is no significant variation in the permeability of the
chitosans when the DDA is changed from 79% to 92% for membranes produced from acetic acid
at a pH of 3 or when the viscosity is modified from 20-200 cP to 800-2000 cP.

Concerning the addition of TEGABS, the results are in agreement with those reported in the
literature , indicating that the addition of the plasticizer glycerol to the chitosan matrix, in amounts

comparable to those used in our 10% TEGABSICS membranes, does not significantly affect the

WVP.51:53
a b [ native B irradiation
3.0 x10711 [ after irradiation
— ' n.s. n.s. n.s. Nn.s.
‘ﬂ] 2'5 ] *ok * Hok ok deok *k Aok Aok
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2 051 -
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Figure 4: Water vapor permeability measurements of 10% TEGABSICS membranes in cup tests.
Influence of UV light (365 nm, 55 mW cm?) on the WVP of DP<300 (a) and DP>500 (b)

membranes with 10% TEGABSICS. Notably, the student’s t-tests were conducted using a

12
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significance level of * = p< 0.1 (probability of a type-II error (£) <0.35), ** = p< 0.05 and *** =

p<0.01.

Upon illumination (365 nm, 55 mW cm?), when DP<300, the 10% TEGABSICS™!2 and
10% TEGABSICS®#?26 membranes show a significant decrease in WVP by 50 + 14% regardless of
the DDA, e.g., from 1.39x10-!' £ 0.15x10!"! g m! 5! Pa! to 0.68x10!'" £ 0.12x10-'"! g m'! s! Pa‘!
and from 1.38x10"" + 0.17x10"" gm' s7' Pa't0 0.73x10!"" + 0.10x10"" g m™! s”! Pa’!, respectively
(see Figure 4).

When the 10% TEGABSICS?5*8and 10% TEGABSICS?!19% membranes (DP>500) are exposed
to UV-light, they show a statistically significant different decline in their WYVP:
10% TEGABSICS31538 declined by 81 +17% from 1.33x10!! +0.24x10"" g m!s!Pa! to

0.26x10" £ 0.18x10!" gm' s Pa!' and 10% TEGABSICS3¥11% declined by 58 +9% from

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

1.52x10" + 0.13x10" gm! st Pa! to 0.63x10! +0.12x10"" gm' s! Pa!, respectively (see

Open Access Article. Published on 23 September 2025. Downloaded on 10/3/2025 3:36:30 AM.

Figure 4).

(cc)

No change in WVP is observed in the pure CS films with and without UV-irradiation (see ESI,
Figure S25). Upon removal of the UV irradiation, the WVP of the membranes returns to its initial
value, indicating a reversible change in permeability.

The implementation of TEGABS enables the introduction of reversible modification of the WVP
upon UV irradiation of the membrane. To the best of our knowledge, this is the first report of a
polysaccharide-based smart membrane with reversible and temporal control over the permeability

of water vapor.

13


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta05276a

Open Access Article. Published on 23 September 2025. Downloaded on 10/3/2025 3:36:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

Page 14 of 32

View Article Online
DOI: 10.1039/D5TA05276A

We hypothesize that the photoinduced decrease in WVP can be attributed to two main
mechanisms. The first process involves the photoinduced evaporation of water from the chitosan
matrix,* leading to decreased segmental mobility due to the loss of free volume and, consequently,
a lower WVP.5* The second mechanism is attributed to the temperature dependence of
adsorption. In general, the water vapor uptake of materials is reduced with increasing
temperature,*® e.g., hydrogels’° due to an increasing vapor pressure of water at higher
temperatures. As a result of the selective UV absorption by TEGABS, heating occurs solely within
the TEGABSICS-membrane. As UV light penetrates and heats the entire membrane, it is assumed
that water uptake is temporarily inhibited, which is expected to influence the WVP. Several reports
have shown that UV light can modify barrier properties, such as the permeance of caffeine,*
water®! or water vapor.¥-32 The WVP exhibited varying trends upon irradiation in the literature.
For instance, the WVP of a gelatin-chitosan-based composite film increased overall,*” whereas that
of starch-TiO, nanocomposites decreased.’® However, it is important to note that the changes in
permeance reported in these studies were not reversible. UV radiation induced permanent cross-
linking, which lead to the observed alterations in permeance. Furthermore, the WVP was measured
after illumination, unlike in this study, where it is measured during the irradiation process.
Additionally, the increase in the dipole moment after E->Z isomerization of TEGABS could
potentially contribute to a reduced vapor transport rate of water molecules within the film, and

may thus influence both mechanical and diffusion-related properties.

Thermogravimetric analysis (TGA) indicates that upon heating (>RT), more residual water is

removed in 10% TEGABSICS81/538 than in 10% TEGABSICS®¥?2%, For example, at 55 °C, the

14


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta05276a

Page 15 of 32 Journal of Materials Chemistry A

View Article Online
DOI: 10.1039/D5TA05276A

10% TEGABSICS?3% sample loses 1% of residual water, whereas the 10% TEGABSICS®422¢
sample loses 0.8% (see ESI, Table S6 and Figure S26). Since water acts as a plasticizer,% the more
pronounced water removal in 10% TEGABSICS?85% results in reduced chain mobility and free

volume, leading to a lower WVP.

3.6. Reasoning for the Photomodulated transport properties of TEGABS/Chitosan
films I: Phase separation of TEGABS and Chitosan in films

To gain a deeper understanding of the mechanism behind the photomodulation of the membrane
properties, additional spectroscopic characterizations are conducted on the TEGABSICS samples.
These characterization methods include X-ray diffraction (PXRD), Ultraviolet—visible
spectroscopy (UV-Vis), scanning electron microscopy (SEM), and Raman spectroscopy.

PXRD is employed to examine the phase separation behavior of TEGABS in TEGABSICS in

relation to the TEGABS concentration, DDA, and DP. The deconvolution method is applied to the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

diffractograms to quantitatively assess phase separation (see Figure Sa-b, see ESI,

Open Access Article. Published on 23 September 2025. Downloaded on 10/3/2025 3:36:30 AM.

Figure S27-Figure S29).% On the basis of the TEGABS content in the TEGABSICS samples and

(cc)

the determined part of the crystalline TEGABS, the ratio of crystalline to solid-solution-like
TEGABS in the TEGABSICS thin films can be estimated (see ESI , section 1.11 for details).

Up to 10% TEGABS, no reflections of TEGABS are visible in TEGABSICS. Thus, all TEGABS
is present in a solid-solution-like state within the chitosan matrix, leading to the absence of
TEGABS crystals in our photoresponsive membranes.

Notably, we previously reported the solid-solution-like behavior of TEGABS in the chitosan

matrix.*®* Above 10% TEGABS, phase separation becomes evident in all 20% and
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30% TEGABSICS films, e.g., the crystalline TEGABS content increases from 0% at
10% TEGABSICS™72  to 25% at 20% TEGABSICS™'7> and further to 67% at
30% TEGABSICS™!72 (see Figure 5b). No trend between the amount of crystalline TEGABS in
TEGABSICS and DP and DDA is observed (see Figure 5¢). The solubility of TEGABS in the
solid-solution of TEGABSICS is between 10% and 20% according to our data. This is consistent
with the WVP results, which show no variation in permeability across any 10% TEGABSICS thin
film. The absence of TEGABS crystallinity, which would otherwise alter water vapor diffusion,

accounts for this consistency.53-6¢

a led b 1e5
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3 cryst. TEGABS: 0.0% " cryst. TEGABS: 66.9%
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Figure 5: Evaluation of phase separation via PXRD. Analysis of phase separation of crystalline
TEGABS in the 10% TEGABSICS?72 (a) and 30% TEGABSICS"72 (b) films (see ESI section

1.11 for details, black refers to measured data, blue to fitted data with various gaussians (other
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colors)). c¢) shows the fraction of phase-separated TEGABS crystals within the 10%-
30% TEGABSICS matrices. d) illustrates the PXRD-derived crystallite size of the phase-separated

TEGABS, which is calculated via the Scherrer equation (see ESI for details).

The average crystallite sizes of the TEGABS domains are calculated via the Scherrer equation.
Based on sample preparation and the generally low symmetry of organic molecules®’, it is assumed
that the Scherrer equation for spherical particles also applies to our TEGABSICS systems.

From the onset of crystalline phase separation above 10% TEGABS, the crystal size (@
20.6 + 8.3 nm) remained independent of the TEGABS concentration, the DDA, and the molecular
weight. Within the resolution limits of SEM, no clear morphological differences could be
identified between the native and UV-irradiated states of an exemplary TEGABS/CS8 film (see

ESI, Figure S40).

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

3.7. Reasoning for the Photomodulated transport properties of TEGABS/Chitosan
films: H-Aggregation
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To investigate the subtle differences between the 10% TEGABSICS samples, we have measured

(cc)

0.4-1 ym thin films (see ESI, section 1.3 for preparation, Figure S38 for a photograph of an

exemplary film ) in UV-VIS spectroscopy (see ESI, Figure S30).% Fits by Gaussian functions (see

ESI, Figure S31a) reveal that the maximum wavelength of the TT—TT* transition (A=) (see

Figure 6a-b) and the full width half maximum (FWHM) (see ESI, Figure S31b-c) are affected by
the TEGABS content. For TEGABS>10% in TEGABSICS, we determine a hypsochromic shift

and a broadening of the FWHM, e.g., there is a shift from 343 nm to 332 nm and broadening from
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0.74eV to 091eV as the TEGABS content increases from 10% TEGABSICS337 to
30% TEGABSICS3¥3¥7% (see ESI, Table S7). The hypsochromic shift and peak broadening,
observed due to the presence of both aggregated and matrix-bound dye molecules, serve as
characteristic indicators of the aggregation of TEGABS molecules into H-aggregates.®"!
Crystalline TEGABS shows a much stronger hypsochromic shift compared to TEGABS in
10% TEGABSICS present in solid-solution. This aligns with the literature, as a pronounced
hypsochromic shift from 345 nm at 10% TEGABSICS to 329 nm at 30% TEGABSICS was
observed.** At 10% TEGABS, TEGABSICS?5% shows the greatest bathochromic shift of 346 nm,
probably indicating the lowest presence of H-aggregates.

Within the DDA category (see Figure 6a), an increase in blue shift (e.g., 343 nm for
10% TEGABSICS172 and 337 nm for 10% TEGABSICS®¥2¢) and peak narrowing (e.g., 0.72 eV
for 10% TEGABSICS"'"2 and 0.75 eV for 10% TEGABSICS®*#2%) indicates that a lower degree of
deacetylation contributes to less TEGABS aggregation.

To conclude, UV-Vis spectroscopy qualitatively detects differing degrees of H-aggregation in
solid-solution 10% TEGABSICS thin films, which remain undetectable using PXRD (see

Figure 6¢).
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Figure 6: UV-Vis characterization of native TEGABSICS thin films. a) and b): UV-VIS spectra

showing the wavelength A, of the TT-17* transitions of the TEGABSICS films. c¢) indicates the

two kinds of aggregates detectable via PXRD and UV-Vis spectroscopy. It has also been

demonstrated that UV-Vis can be used to qualitatively differentiate the proportion of H-aggregates

After irradiation of the films at 365 nm with a dose of 3.3 J cm™ (see Figure 7a, see ESI, Figure

S39 for estimation of equilibrium dose), we observe a shift of A, of the typical TT-TT* transition
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of the photostationary state (PSSz.,,), e.g., for 10% TEGABSICS™!2 from 343 nm to 339 nm
(please refer to the ESI, section 1.11 for a detailed description of the UV-Vis testing procedure for
the native, irradiated, and reverted TEGABSICS films). For TEGABSICS*#??6, TEGABSICS?!/3,
TEGABSICS®1193 and TEGABSICS?3¥78 the decrease in intensity after irradiation changes from
47% to 35% as the TEGABS content increased from 10% TEGABSICS to 30% TEGABSICS (see
Figure 7b-c). This phenomenon can be explained by the increasing aggregation with a higher
proportion of TEGABS, as aggregates lose the ability to undergo isomerization.®-’> The thermal
half-lives (see ESI, Figure S32, Table S7) at 30 °C after UV irradiation are 20h for
10% TEGABSICS*#226 and 29 h for 10% TEGABSICS™'"2, indicating a faster reisomerization rate
for a higher degree of deacetylation (see Figure 7d). This can be attributed to more pronounced
molecular aggregation in the 10% TEGABSICS*#?? film compared to the 10% TEGABSICS"!72
sample. The DPs do not correlate with a clear trend in the half-lives of the TEGABSICS films (see

ESI, Figure S32 and Figure 7d).
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Figure 7: UV-Vis characterization of native and irradiated TEGABSICS thin films. In a), the UV-

Vis absorbance spectrum of the 10% TEGABSICS333™ film is depicted as native, irradiated

(Aexe = 365 nm, dose of 3.3 J cm™2), and thermally reisomerized states. The arrow represents the

isosbestic point. The percentage decrease in area for the TT-TT* transition from the native to

isomerized state is shown for varying DDA (b) and DP (c), respectively. d) illustrates the influence

of the DDA (left) and DP (right) on the thermal half-life of TEGABS at 30°C.

Raman spectroscopy reveals a hypsochromic shift of the -SOs- stretching, independent of the

chitosan type, upon increasing the TEGABS content, potentially caused by interactions via
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hydrogen bonding between the sulfonate groups of TEGABS and the ammonium groups of
chitosan (see ESI, Figure S33 and Figure S34b-c).’® The extent of the hypsochromic shift varies
within the TEGABSICS, with a tendency to be more pronounced in higher DP TEGABSICS, e.g.,
from 1120 cm™! for 10% TEGABSICS3¥3%78 to 1125 cm™! for 30% TEGABSICS®378 compared
with those with a different DDA, e.g., from 1121 cm™! for 10% TEGABSICS™!”2 to 1122 cm! for
30% TEGABSICS™172 (see ESI, Figure S34), which aligns with the findings of UV-Vis
spectroscopy.

Given the absence of a band at 1210 cm™! (gray shaded) in chitosan (see ESI, Figure S35), this
region in attenuated total reflection Fourier transform infrared (ATR FT-IR) spectroscopy serves
as an effective indicator for the qualitative assessment of the TEGABS content within the chitosan
matrix.

To obtain the relationships between the individual measurements, a Spearman’s rank
correlation” is created. Spearman’s rank correlation indicates an inverse correlation between the
creep sensitivity 777 and both the stiffness and indentation hardness (see. Figure 8).

Moreover, alongside the correlations within the mechanical properties, the Spearman rank

correlation between the spectroscopic and mechanical properties reveals that A, £r and Hy

demonstrated a strong positive correlation. A negative correlation is observed between crystalline

TEGABS, FWHM (UV-Vis) and the sulfonate stretching (Raman) with stiffness, hardness and

Aax (see. Figure 8).
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To summarize, we detected qualitatively and quantitatively two different phase separations of
TEGABS in TEGABSICS. First, in TEGABSICS with TEGABS>10%, the TEGABS is present as
a crystalline solid independent of DDA and DP by PXRD. Second, 10% TEGABSICS thin films
show smaller hypsochromic shifts and FWHMs in the UV-VIS spectrum and presumably the lower
number of H-aggregates. Among the different 10% TEGABSICS thin films, the
10% TEGABSICS?'538 film has the smallest hypsochromic shift and FWHM and therefore least
amounts of H-aggregates. These findings indicate that phase separation and the accompanying
change in ability of TEGABS to photoisomerize do not influence the photomodulation of £ ;; or
Hyr.

After two years of storage, the 10% TEGABS/CS®>*# film exhibits a slight shift in the absorption
maximum from 346 nm to 344 nm, accompanied by a ~20% increase in the full width at half

maximum (FWHM) (see ESI, Figure S41). These spectral changes suggest an increase in H-type

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

aggregation over time.
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Figure 8: Spearman correlation matrix of the (mean) values of the spectroscopic and mechanical
variables measured in their native states. It should be noted that the significance levels, indicated
by p-values, are shown in the upper triangle with * = p < 0.05, ** = p < 0.01 and *** = p<

0.001.

4. Conclusion

In this work, we have successfully fabricated TEGABSICS films with 0-30% TEGABS content
using five different chitosans with DDA/DP of 70/172, 94/226, 81/538, 86/1103, and 84/3378.
Compared with the CSs of different DDA and DP, CS™!72 stands out with the highest values for

E 1, Hr, and creep rate sensitivity m. Independent of the DDA and DP, significant increases in
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E i+ (10 £ 5%) and Hir (13 +£4%) are observed for all TEGABS-containing thin films after UV
irradiation.

10% TEGABSICS are presented for the first time as photoresponsive membranes, with the WVP
decreasing in all TEGABS-containing films during UV irradiation and reversible recovery to the
initial WVP within 16 h in the absence of irradiation, regardless of DP and DDA. The greatest
reduction of 81 + 17% is found for 10% TEGABSICS?538, We postulate that the decrease in WVP
results from the interplay between change in the dipole moment after £~ Z photoisomerization,
decreased water vapor adsorption caused by photothermal heating of the membrane and reduced
segment mobility due to photoinduced water evaporation within the membrane.

PXRD indicates the presence of TEGABS crystallites with a diameter of 21 = 8 nm in films

containing more than 10% TEGABS. The hypsochromic shift and FWHM of the TT-1T* transition

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

observed in UV-Vis reveals H-aggregates in the 10% TEGABSICS films, with the lowest amount

observed in 10% TEGABSICS?'538, The 10% TEGABSICS?8'538 film also shows the highest loss of

Open Access Article. Published on 23 September 2025. Downloaded on 10/3/2025 3:36:30 AM.

(cc)

water during heating in the TGA. Altogether, we conclude that the 10% TEGABSICS8538 film do
show the greatest decrease in WVP because CS85% seems to stabilize the solid-solution of
TEGABS better, cp. to CS with other DDA, DP and dispersity based on H-aggregate formation
observed in UV-Vis.

We have demonstrated that the photomodulation of £, Hr and the creep rate sensitivity m are
not influenced by varying phase separation or photoisomerization in the 10-30% TEGABSICS
films. As a result, our conclusion is that photothermal heating by UV irradiation and the resulting

water evaporation are responsible for the variation in mechanical properties, with
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photoisomerization acting as a subordinate factor. This study has the potential to serve as a key
reference for developing smart membranes based on polysaccharides for various applications, such
as responsive humidifying membranes. Moreover, the ability to reversibly modulate water vapor
permeability through light irradiation introduces a dynamic and tunable functionality to thin film
materials. This photodriven control could enable advanced applications in smart packaging for
moisture-sensitive goods, breathable textiles that adapt to sunlight exposure, and humidity-

regulating coatings for building materials or biomedical environments (e.g. ,wounds).
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