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Light-triggered molecular switches are extensively researched for their applications in medicine,
chemistry and material science and, if combined, particularly for their use in multifunctional smart
materials, for which orthogonally, i.e. individually, addressable photoswitches are needed. In such a
multifunctional mixture, the switching properties, efficiencies and the overall performance may be
impaired by undesired mutual dependences of the photoswitches on each other. Within this study, we
compare the performance of the pure photoswitches, hamely an azobenzene derivative (Azo) and a
donor—acceptor Stenhouse adduct (DASA), with the switching properties of their mixture using time-
resolved temperature-dependent UV/VIS absorption spectroscopy, time-resolved IR absorption
spectroscopy at room temperature and quantum mechanical calculations to determine effective cross
sections, switching kinetics as well as activation energies of thermally induced steps. We find slightly
improved effective cross sections, percentages of switched molecules and no increased activation

barriers of the equimolar mixture compared to the single compounds. Thus, the studied mixture Azo +

rsc.li/pccp

Introduction

Nowadays, molecular switches are extensively applied in biology,
chemistry and material science."” The switching is initiated by
external stimuli such as light, temperature, pH or electric fields.
Light-triggered switching is of particular interest since light
offers high spatiotemporal resolution while being omnipresent
and sustainable.>® Hence, molecular photoswitches are widely
studied and used in e.g. information storage, biomedicine,
functionalised surfaces and nanotechnology."*°™® To date,
several classes of photoswitches are available e.g. azobenzenes,
diarylethenes, spiropyranes and the novel class of donor-accep-
tor Stenhouse adducts."”2° Each class is characterised by
distinct properties. Azobenzenes, for instance, show absorption
in the UV and blue spectral region, which stimulates a reversible
E/Z isomerisation,'®*'* and hold great potential for applica-
tions in robotics, medicine and solar thermal batteries.>*2°
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DASA is very promising for future applications in multifunctional smart materials.

Similar to azobenzenes, diarylethenes, spiropyranes and most
other classes of photoresponsive switches are addressed by UV
or blue light which induces reversible E/Z isomerisation or, as in
the case of spiropyranes, reversible ring closure/opening. In
contrast, the class of donor-acceptor Stenhouse adducts exhibits
tuneable absorption at longer wavelengths ranging from the
green to the red region of the electromagnetic spectrum."”*”
Donor-acceptor Stenhouse adducts offer high fatigue resistance
and a high change in solubility upon switching."”

In order to create multifunctional smart materials, compo-
nents with orthogonal, ie. independent, addressability need
to be combined. Research in such materials is a growing
field providing solutions e.g. for robotics, lithography and DNA
nanotechnology.’®?®**  However, for orthogonal photo-
addressability materials with different excitation wavelengths
are required. Thus, most of the well-known classes absorbing
in the UV and blue spectral region cannot be combined.
Therefore, a promising way is to combine compounds of
the well-known classes of photoswitches with donor-acceptor
Stenhouse adducts.

Recently, Hsu et al used a mixture of an azobenzene
derivative (Azo, Fig. 1a) and a donor-acceptor Stenhouse adduct
(DASA, Fig. 1b) to demonstrate the first 4D printed multifunc-
tional smart material with wavelength-selective microactuator
properties.”® Thereby 4D printing terms the 3D printing of

This journal is © the Owner Societies 2024


https://orcid.org/0000-0001-5986-6974
https://orcid.org/0000-0003-3012-3901
https://orcid.org/0000-0002-0849-4223
https://orcid.org/0000-0002-5071-9385
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cp05786k&domain=pdf&date_stamp=2024-02-13
https://doi.org/10.1039/d3cp05786k
https://doi.org/10.1039/d3cp05786k
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp05786k
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026008

Open Access Article. Published on 08 February 2024. Downloaded on 5/9/2026 7:56:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper PCCP
a ’L EZi isati ? \
i \ﬁ,l; isomerisation o N%
Nin hv, ! g
kBT/ h'Uz
(0] ,
(Z)
o
A B
b o N0 |
6 ’L o ZJ/E isomerisation . OH \[4 C-C bond rotation HE O NYO
,OH b hv, S A~ N keT ) L AN
N =~ = N KT T
SN2 ~ 8 % o B \5\ o
o V4,V > V3 N
~N Thermal _J _\
A j B electrocyclisation B’
N IL o
H@'—Transfer
N\ kgT
4 O kT
®N
I\
c' C
C
1.0 1 ——1:1 Azo+DASA /\
[0 ] !
0 — Azo [
3 0.8 4 DASA
2 e f
o 0.6 f \
© \
8 | A
o 0.4+
t_és i
5 0.2
Z ]
0 S o - 'T"l"‘l—l-’l’ L
350 400 450 500 550 600 650

Wavelength [nm]

Fig. 1 Reversible switching of the molecular switches (a) Azo and (b) DASA. The absorption spectra in toluene of (c) Azo, DASA and their equimolar
mixture Azo + DASA show the orthogonal addressability of the photoswitches in the mixture.

smart materials reacting to external stimuli with the time upon
response as the fourth dimension.?*** In order to demonstrate
the orthogonal addressability of the Azo + DASA mixture, which
is important for the performance of such a multifunctional
smart material, we recently studied the photophysical proper-
ties and especially the ultrafast excited states dynamics of the
single compounds and the mixture by means of static UV/VIS
spectroscopy and femtosecond time-resolved transient absorp-
tion spectroscopy.>* Therein, we investigated the reversible E/Z
isomerisation of Azo (Fig. 1a) and reversible Z/E isomerisation

This journal is © the Owner Societies 2024

of DASA (Fig. 1b) using different environments, namely toluene
as non-polar solvent, acetonitrile as polar solvent and PMMA-
blend thin films, for all possible combinations of switching one or
both photoresponsive molecules. Especially important for the
performance of such a multifunctional smart material is whether
there are modified switching properties or undesired mutual
dependencies in the mixture compared to the pure compounds.
For the ultrafast dynamics, we found no relevant interactions
diminishing the performance of the photoswitches.>* However,
since important steps of the switching processes are thermally
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activated and occur on longer time scales, different experimental
methods are needed to elucidate the dynamics of these steps and
complete the picture upon switching the orthogonally addressable
mixture of the photoswitches Azo and DASA.

In this work, we utilise time-resolved temperature-dependent
UV/VIS absorption spectroscopy and time-resolved IR absorption
spectroscopy at room temperature both on longer time scales to
study the dynamics of the orthogonally addressable mixture Azo
+ DASA and the respective pure compounds upon switching.
In addition, quantum chemical calculations are utilised. By
using time-resolved temperature-dependent UV/VIS absorption
spectroscopy, we determined the effective cross sections of the
photoinduced switching and the activation barriers of the ther-
mally driven switching processes. Additionally, the last step of
switching DASA, the proton transfer, is analysed by kinetic IR
absorption spectroscopy. We find small changes resulting
in optimised switching properties, e.g. higher effective cross
sections, in the mixture compared to the pure compounds, while
the activation energies are mainly unchanged.

Experimental and
computational details
Temperature-controlled kinetic UV/VIS measurements

The temperature-controlled kinetic UV/VIS measurements were
performed using an Agilent 8453 spectrometer with a USP 203 A
cooling unit from Unisoku. The measurements were conducted
under inert gas atmosphere using cuvettes with 10 mm optical
pathway. The integration time for a single measurement was kept
at 500 ms. The solutions were constantly stirred to guarantee
homogeneous samples and kinetics. Before starting a kinetic
measurement series, steady state conditions are ensured by
subsequent measurements until no changes are observed.
To induce photoswitching, LEDs (mounted LEDs MA430L5,
M590L4 and M505L4 with focusing unit from Thorlabs) were
used. For orthogonal Azo photoswitching, the LED with max-
imum intensity at a wavelength of 434 nm held an output power
of 2.78 mW. For orthogonal DASA photoswitching, the LED with
maximum intensity at a wavelength of 594 nm held an output
power of 4.85 mW. For simultaneous photoswitching of Azo and
DASA, the LED with maximum intensity at a wavelength of
507 nm hold an output power of 20.04 mW.

Kinetic IR absorption measurements

Kinetic IR absorption measurements at room temperature were
performed using the FTIR spectrometer Tensor 27 from Bruker
equipped with the flow-through measuring cell Aquaspec
which contains a calcium fluoride measuring cell with an
optical pathway of about 7 pm. The whole FTIR spectrometer
was purged with dry air to avoid atmospheric absorptions. The
integration time was kept at 6 s. The solutions were injected
into the flow-through system which includes a filter prior to
the transmission cell to ensure complete solvation. Before
starting a kinetic measurement series, steady state conditions
are ensured by subsequent measurements until no changes are
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observed. To induce photoswitching of DASA, an LED (mounted
LED M590L4 with focusing unit from Thorlabs) with maximum
intensity at a wavelength of 594 nm held an output power after
reflection on a high-reflective mirror of 2.5 mW and 56.1 mW
for toluene and acetonitrile solution, respectively.

DFT calculations

In order to relate the experimentally observed IR absorption
bands to the different DASA isomers, DFT calculations were
carried out. Therefore, the B3LYP functional, the 6-311G(d,p)
basis set and a scaling factor of 0.9682 was used. The literature
known scaling factor®> was validated by plotting the calculated
frequencies against the experimentally observed frequencies of
DASA in an KBr pellet with no environmental influences and
applying a linear fit curve. The calculations of the energy land-
scape to extract the activation energies were performed using the
Qchem 5.3 software packages.*® Ground state geometry optimi-
zations were done at the density functional theory (DFT) level,
employing the range-separated hybrid exchange-correlation (xc)-
functional ®B97X-D3 with the 6-311G(d,p) basis set.>”*® Solva-
tion was considered using the conductor-like screening model
(COSMO, acetonitrile ¢ = 37.5).>° For the approximate transition
states, the freezing-string method was used as implemented and
afterwards the received structures were further refined employ-
ing a P-RFO algorithm.">*' Subsequent frequency calculations
verified the geometries as local minima with no imaginary
frequencies or as transition states with exactly one imaginary
frequency (along the reaction coordinate). For computational
efficiency, the long alkyl chains of the azobenzene derivative
were substituted with short methyl chains. This is expected to
have little to no influence on the general potential energy surface
landscape of the system.

Results and discussion
Optical properties of the molecular switches

The studied molecular photoswitch Azo undergoes reversible
light-induced E-to-Z isomerisation (Fig. 1a) via excitation with
blue light with maximum absorption at around 435 nm (Fig. 1c
and 2). The Z-to-E backswitching can be stimulated either
photochemically with light of shorter wavelengths or thermally.
The shorter wavelength of the Z-to-E photoisomerisation com-
pared to E-to-Z isomerisation is caused by the push-pull character
of the azobenzene substituents.>* In contrast, photoexcitation of
DASA causes a linear-to-closed switching composed of a photo-
chemically induced Z-to-E isomerisation of the linear Z-DASA
(isomer A) followed by a thermally induced C-C bond rotation
and electrocyclisation (isomer C) with subsequent thermally
driven proton transfer to generate the zwitterionic end product
(isomer C', see Fig. 1b)."”*> The first step, the Zto-E isomerisa-
tion, is initiated by absorption of green or yellow light with a
maximum absorption at about 570 nm (Fig. 1c). All steps of the
closed-to-linear backswitching are thermally activated. Due to
the different excitation wavelengths, Azo and DASA can be
addressed orthogonally in a mixture containing both molecular

This journal is © the Owner Societies 2024
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Fig. 2 UV/VIS absorption spectra upon switching Azo. UV/VIS absorption spectra upon (a) photochemically initiated E-to-Z isomerisation of Azo in
toluene using an LED with maximum emission at a wavelength of 434 nm and (b) thermally activated Z-to-E backswitching at 30 °C. The absorption
maxima of E-Azo and Z-Azo are observed at around 450 and 380 nm, respectively. UV/VIS absorption spectra upon (c) photochemically initiated E-to-Z
and (d) thermally activated Z-to-E isomerisation of Azo within an equimolar mixture of Azo and DASA in toluene at 20 °C. The absorption maxima of E-
Azo at around 450 nm decreases in intensity while the absorption maxima of Z-Azo at about 380 nm increases in intensity upon E-to-Z isomerisation and
vice versa. The absorption of Z-DASA stays basically constant upon E-to-Z isomerisation of Azo while it slightly increases upon Z-to-E isomerisation of
Azo. UV/VIS absorption spectra upon (e) photochemically initiated E-to-Z isomerisation of Azo and simultaneous Z-to-E photoisomerisation of DASA
and (f) thermally activated Z-to-E isomerisation of Azo and simultaneous E-to-Z isomerisation of DASA within an equimolar Azo and DASA mixture in
toluene at 20 °C.
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photoswitches. Due to a small spectral overlap, simultaneous
switching of both photoswitches can still be induced by choosing
a wavelength of e.g. 505 nm. This way, an additional wavelength
selectivity exists which broadens the range of future applications.

The absorption bands of both photoswitches are sensitive to
the environment with Azo and DASA exhibiting positive and
negative solvatochromism, respectively (Fig. S1, ESIt). For
example, by changing the nonpolar solvent toluene to the polar
solvent acetonitrile, the absorption maximum of Azo shifts
about 10 nm towards longer wavelengths while the absorption
maximum of DASA shifts around 20 nm towards shorter
wavelengths. Quantum chemical calculations reveal a higher
polar character of the excited state of Azo and a less polar
character of the excited state of DASA compared to the respec-
tive ground states causing the observed solvatochromism.**
Hence, the absorption wavelength can be fine-tuned by altering
the environment.

Time-resolved UV/VIS spectroscopy: dynamics, cross sections
and activation energies

Upon irradiation with blue light using an LED with maximum
emission at around 434 nm, Azo undergoes E-to-Z isomerisa-
tion (Fig. 2a and b). During illumination, the intensity of the
absorption band of the thermodynamically stable E-Azo isomer
at about 450 nm decreases while the hypsochromically shifted
absorption band of Z-Azo at around 380 nm increases (Fig. 2a).
The thermally activated backswitching, i.e. the Z-to-E isomer-
isation, shows the reverse process in the absorption data
(Fig. 2b). These switching processes of Azo can also be initiated
in an equimolar mixture of Azo and DASA (Fig. 2¢ and d). Upon
E-to-Z photoisomerisation of Azo, the Z-DASA signal stays
basically constant whereas a small increase in Z-DASA absorp-
tion is observed upon thermally activated Z-to-E isomerisation
of Azo with the reason being subject of current research. By
changing the excitation wavelength to green light with max-
imum LED emission at about 507 nm, Azo and DASA are
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addressed simultaneously with successful E-to-Z isomerisation
of Azo and the same effect of slightly increased Z-DASA absorp-
tion upon thermally activated Z-to-E isomerisation of Azo is
observed (Fig. S2e and f, ESIt). In order to compare the photo-
and thermally induced isomerisation processes in terms of their
kinetics and efficiencies, the maximum absorption of the ther-
modynamically stable E-Azo isomer is studied at around 450 nm
which slightly hypsochromically shifts with increasing tempera-
ture (Fig. S42a, ESIT). By monitoring the temporal evolution of
the maximum absorption wavelength of E-Azo upon E-to-Z
photoisomerisation and extracting the lifetimes from monoex-
ponential fit curves (Fig. S3, ESI{), the effective cross section is
determined (Table S1, ESIY). It increases in the presence of DASA
and is higher for orthogonal switching with maximum LED
emission at 434 nm compared to simultaneous switching with
maximum LED emission at 507 nm amounting to 6.8 X
107'® cm?. Hence, the determined effective cross sections of
Azo are in the typical range of other azobenzene derivatives in
solution.*®

Analysing the thermally initiated Z-to-E backswitching of Azo
at different temperatures, the corresponding lifetimes are fitted
to generate an Arrhenius plot in order to determine the activa-
tion energy (Fig. 3, lifetimes see Table S2, ESIf). The Arrhenius
plot reveals an activation energy for thermally initiated Z-to-E
backswitching reaction of 86.2 k] mol " for a pure Azo in toluene
solution (Table 1). Computing this activation barrier using
density functional theory (DFT) and the ®B97X-D3 functional
yields a value of 124 kJ mol " (Tables S13-S15, ESI{). The
functional is chosen due to the presence of push-pull charge
transfer and dispersion contributions although it is known to
overestimate reaction barriers.** Studying this isomerisation in
the presence of Z-DASA within an equimolar Azo + DASA
solution in toluene reveals a similar behaviour (Fig. S4, lifetimes
see Table S2, ESIt) but a slightly smaller activation energy of
83.6 k] mol " (Table 1). However, if the thermally initiated back-
reactions of Azo (Z-to-E) and DASA (E-to-Z) occur simultaneously

Normalised absorbance %

= In(k)
— linear fit

In(k)

-8.0 1E, = (86.2 £ 2.1) kJ mol”

| L L

0 2 4 6 8
Time [10° s]

LA L N L R B B BN B S |

10 12

Fig. 3
toluene at different temperatures with the respective monoexponential fit

L I R
3.0 3.1 3.2 3.3

1T [10° K]

(a) Temporal evolution of the absorption of E-Azo at its maximum absorption wavelength upon thermally activated Z-to-E isomerisation of Azo in

curves. Using the fitted lifetimes, the corresponding rate constants are

calculated and an (b) Arrhenius plot is applied to extract the activation energy.
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Table 1 Activation energies of the thermally activated Z-to-E isomerisa-
tion of Azo in toluene in different environments regarding DASA

Activation energy of the Z-to-E
isomerisation of Azo [k] mol ]

Azo 86.2 + 2.1
Azo + Z-DASA 83.6 £ 1.4
Azo + DASA upon simultaneous 89.0 + 0.5

thermal backswitching

(Fig. S5, lifetimes see Table S2, ESIf), the activation energy is
highest at 89.0 kJ mol ' (Table 1). Overall, the determined
activation energies of Azo in different environments are similar
to the activation energy of the parent azobenzene molecule which
amounts to 95 kJ mol ™ *.*®

Since the switching of DASA includes several isomers, multi-
ple absorption features are observed upon photoinduced
linear-to-closed switching and thermally activated closed-to-
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linear backreaction (Fig. 4a and b). The linear Z-DASA isomer
exhibits an absorption band at about 570 nm whereas the E-
DASA isomers shows a bathochromically shifted absorption
feature at around 625 nm while the closed isomers C and C’
exhibit no absorption feature in the experimentally available
spectral window, but at higher energies at around 270 nm."”
The assignment of the absorption bands to the corresponding
isomers has been validated by quantum chemical calculations.**
The linear/closed switching processes of DASA can also be
initiated in an equimolar mixture of DASA + Azo when E-Azo is
present (Fig. S4c and d, ESIt) or when Azo undergoes simulta-
neous E/Z isomerisation (Fig. S2e and f, ESIf). Note that the
photostimulated Z-to-E isomerisation of DASA as well as the
thermally stimulated E-to-Z isomerisation occur on the picose-
cond time scale which is orders of magnitude faster than the
subsequent thermally initiated ring closure/opening reaction.>***
Hence, the ring closure/opening is the rate determining step such
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Fig. 4 UV/VIS absorption spectra upon switching DASA. UV/VIS absorption spectra upon (a) photochemically initiated Z-to-E isomerisation and
subsequent thermally activated ring closure and (b) thermally activated ring opening with subsequent E-to-Z isomerisation of DASA in toluene at O °C.
The absorption maxima of the linear Z-DASA and E-DASA isomers are observed at about 570 and 625 nm, respectively, while the closed species exhibit
no absorption in the studied UV/VIS region. UV/VIS absorption spectra upon (c) photochemically initiated Z-to-E isomerisation and subsequent thermally
activated ring closure and (d) thermally activated ring opening with subsequent E-to-Z isomerisation of DASA within an equimolar mixture of Azo and
DASA in toluene at 10 °C. The absorption features of Azo stay basically constant upon switching and backswitching.
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that the absorption of E-DASA is clearly observed upon linear-to-
closed switching (Fig. 4a) whereas it is barely observed upon
closed-to-linear backswitching due to the fast interconversion to
Z-DASA (Fig. 4b). Consequently, the temporal evolution of the
Z-DASA absorption band is pseudo monoexponential and in order
to characterise the ring closure and opening, it is thus sufficient to
describe the absorption feature of Z-DASA by monoexponential fit
curves (Fig. S6, ESIt).

To determine the activation barrier of the thermally acti-
vated electrocyclisation of DASA in toluene, the maximum
absorption wavelength of Z-DASA at around 570 nm is studied
as a function of time at different temperatures (Fig. 5). The
exact maximum absorption wavelength shifts slightly hypso-
chromically with increasing temperature (Fig. S42b, ESIT).
Furthermore, the relative amount of closed isomer decreases
with increasing temperature (Fig. 5a). Using the fitted lifetimes
(Table S3, ESIt) and the resulting Arrhenius plot (Fig. 5b),
the activation energy numbers 15.4 k] mol™ ' (Table 2). The
measured low activation energy corresponds most likely not
to the absolute energetic barrier but to an effective barrier.
Our quantum chemical calculations yield barriers for the two
subsequent steps of the C-C bond rotation and the ring closure
of 69 k] mol " and 59 kJ mol ™", respectively, with a difference
of the total energies of the transition states of 6 kJ mol "
(Tables S6-S12 and Fig. S18, ESIt). Since the reaction coordi-
nate of both steps is very similar, molecules passing the first
rotation barrier will most likely immediately undergo ring
closure thereby having higher energy. Since the first step
cannot be resolved experimentally, a smaller effective barrier
is observed for the second step.

Inducing the linear-to-closed switching of DASA in an
equimolar mixture of DASA + Azo in the presence of
E-Azo (Fig. S7, lifetimes see Table S3, ESIT) yields a similar
value of the activation energy (Table 2). Inducing the linear-
to-closed reaction of DASA while Azo undergoes simultaneous
E-to-Z isomerisation (Fig. S8, lifetimes see Table S3, ESIt),
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Table 2 Activation energies of the thermally initiated ring closure and
opening of DASA in toluene in different environments regarding Azo

Activation energies of
DASA [kJ mol ']

Electrocyclisation ~ Ring opening
DASA 154 £ 1.2 49.7 £ 2.2
DASA + Azo 15.6 £ 2.6 51.1 £ 2.3
DASA + Azo upon si-multaneous  21.7 + 0.6 51.2 £ 1.3
switching

however, increases the activation energy to 21.7 k] mol "
(Table 2).

Although the ring closure is thermally activated, the photo-
initiated Z-to-E isomerisation has to occur first. Thus, the
effective cross section for the linear-to-closed switching can be
calculated based on the fitted lifetimes. The values are tempera-
ture dependent with higher effective cross sections at higher
temperatures (Table S3, ESIT). Similar to Azo, the effective cross
sections of DASA are higher for orthogonal switching compared
to simultaneous switching of both photoswitches and they are
higher within the equimolar mixture compared to pure DASA
with a maximum effective cross section of 3.8 x 107'* cm”
(Table S4, ESIY). Thus, the values are in the same order of
magnitude than the effective cross sections of Azo.

In contrast to the linear-to-closed switching, all steps of the
DASA closed-to-linear backreaction are thermally activated. Based
on the lifetimes fitted to the temporal evolution of the Z-DASA
absorption feature of a pure DASA in toluene solution and the
respective Arrhenius plot (Fig. S9, lifetimes see Table S5, ESIt), an
activation energy of 49.7 k] mol ™" of the ring opening is deter-
mined (Table 2). The activation barrier is supported by our
quantum chemical calculations (Tables S9-S11, ESIt). Inducing
this closed-to-linear backswitching of DASA within an equimolar
Azo + DASA mixture in toluene with E-Azo being present (Fig. S10,
lifetimes see Table S5, ESIT) does not change the activation energy
(Table 2). In contrast to the closed-to-linear backswitching of

a 1.0 = R b
& —0°C -2.84 ) = In(k)
Q t fit 17 — linear fit
g %874 —10°C 3.0
S 1 % ——1{ff§ ]
2 0.6 —20°C < -3.2
g | £
2 0.4 3.4 -
© ]
g —
2 024 -3.6
] 1E = (15.4 £ 1.2) kJ mol”’
| JESIEEE N B LN A LR O N N T RN A R -38 T 1T " T T T°7
0 50 100 150 200 250 300 32 33 34 35 36 37
Time [s] 1T [10° K]

Fig. 5

(a) Temporal evolution of the absorption of Z-DASA at its maximum absorption wavelength upon linear-to-closed switching of DASA in toluene

at different temperatures with the respective monoexponential fit curves. Using the fitted lifetimes, the corresponding rate constants are calculated and
an (b) Arrhenius plot is applied to extract the activation energy for the thermally activated electrocyclisation.

7196 | Phys. Chem. Chem. Phys., 2024, 26, 7190-7202

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp05786k

Open Access Article. Published on 08 February 2024. Downloaded on 5/9/2026 7:56:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

DASA in a pure DASA solution, the efficiency of this process is
increased in the Azo + DASA mixture since the number of back-
switched molecules is near 100% for all studied temperatures
(Fig. S9a and S10a, ESIt). If the closed-to-linear backswitching of
DASA is induced in an equimolar mixture of DASA + Azo in
toluene while Azo undergoes simultaneous Z-to-E isomerisation,
the kinetics of the ring opening are described within the first
1000 s by a monoexponential rise of the Z-DASA absorption band
(Fig. S141, ESIt). The corresponding Arrhenius plot provides the
same activation energy of the ring opening of DASA compared to a
pure DASA in toluene solution (Table 2). In comparison to other
donor-acceptor Stenhouse adducts, the determined activation
energies for the ring closure and opening are lower but in the
same order of magnitude.*>*¢*’

Time-resolved IR spectroscopy: dynamics

The switching process of DASA is not completed by the electro-
cyclisation but a proton transfer occurs afterwards to form the
zwitterionic isomer C’ (Fig. 1b). Since the protonation does not
affect the electronic absorption, time-resolved IR absorption
measurements at room temperature were conducted to study
the formation of C’. To relate the observed IR absorption bands

View Article Online

PCCP

Table 3 Lifetimes of the electrocyclisation (B — C) and proton transfer to
generate the zwitterionic structure (C — C’) of DASA in different environ-
ments and vice versa

Reaction Lifetime in toluene [s] Lifetime in acetonitrile [s]
B' - C 1216 + 12 4194 + 21

Cc - C 3843 + 35 1988 £ 25

C - B — 8332 + 131

Cc' - C — 18384 + 889

to the vibrational transitions of the different isomers, quantum
chemical calculations at the level of DFT were carried out.
Within these calculations, the linear Z-DASA isomer A, the
closed isomer C and the zwitterionic closed isomer C’ were
considered. The calculated spectra show distinct features with
several bands in the spectral window of 1000-1550 cm ™" related
to the linear species whereas less features are observed for the
closed DASA isomers which are sensitive to the protonation of
the tertiary amine (Fig. S12, ESI{). Comparing the calculated
IR absorption bands to the experimentally observed features
of Z-DASA in a KBr pellet, acetonitrile solution and toluene
solution reveals only small shifts caused by the different
environment (Fig. S13, ESIf).
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(a) Changes in IR absorption upon linear-to-closed switching of DASA in toluene-dg at room temperature. IR absorption bands related to the

linear species, e.g. at (b) 1501 cm™2, disappear while new absorption bands of the closed isomers C and C’, e.g. at (c) 1616 cm™?, emerge.
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First, the changes in IR absorption of Z-DASA upon linear-to-
closed switching in acetonitrile were studied (Fig. 6). In order to
distinguish between absorption bands of the linear and closed
isomers, the spectra were referenced to Z-DASA in acetonitrile in
the dark. Thus, a zero line is observed for times up to 0 s at
which an LED with maximum emission at a wavelength of
594 nm is turned on to induce the linear-to-closed switching.
With increasing illumination time, the IR absorption bands
related to the linear DASA isomers decrease in intensity while
absorption bands of the closed DASA isomers appear. The

View Article Online
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absorption band at 1501 cm™' was chosen as representative
feature of the Z-DASA isomer. It is caused by high vibrational
activity of the C-C bonds between the barbituric acid ring system
and the hydroxyl group and is thus characteristic for all linear
DASA isomers. In turn, the IR absorption band at 1616 cm ™" is
related to the zwitterionic closed DASA species C’ and is caused
by a vibration centred at the barbituric acid ring system with
contribution of the vibration of the ammonium proton.

Hence, in order to describe the electrocyclisation, the tem-
poral evolution of the band located at 1501 cm ™" is fitted by a

a -
o r\‘l o solution: 3.3 - 4.3 ps solution: 5.3 - 9.2 ps € 1 N
K OH \f hv film: 5.5 - 8.8 ps film: 50.7 - 77.9 ps
(2) > > > o
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o] \/Nw
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ke T
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Fig. 7 Complete switching scheme of the (a) linear-to-closed and (b) closed-to-linear switching of DASA including the determined lifetimes and
activation energies found for pure DASA solutions and in an equimolar mixture of DASA + Azo in different environments, namely toluene solutions,
acetonitrile solutions and thin PMMA blend films. The lifetimes in the picosecond range were determined within our former study of the ultrafast
kinetics** while the longer lifetimes and activation energies are provided by this study.

7198 | Phys. Chem. Chem. Phys., 2024, 26, 7190-7202

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp05786k

Open Access Article. Published on 08 February 2024. Downloaded on 5/9/2026 7:56:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

monoexponential fit curve (Fig. 6b) resulting in a lifetime of
4194 s (Table 3). The subsequent proton transfer is charac-
terised by the monoexponential rise of the band at 1616 cm ™+
(Fig. 6¢) resulting in a lifetime of 1988 s (Table 3). The
respective closed-to-linear backswitching reveals a lifetime of
18384 s for the proton back-transfer to generate the non-
zwitterionic closed DASA isomer C as well as a lifetime of
8332 s for the ring opening (Fig. S14, lifetimes see Table 3).
Since the proton transfer occurs faster than the ring closure
upon linear-to-closed switching but one order of magnitude
slower than the ring opening upon closed-to-linear backswitch-
ing, the zwitterionic closed DASA isomer C’ is favoured com-
pared to the non-zwitterionic closed DASA isomer C.

Analysing the linear-to-closed switching of DASA in toluene
reveals vanishing absorption bands related to the linear DASA
isomers and appearing IR absorption features related to the
closed DASA species (Fig. S18, ESIt). The same vibrations
representing the Z-DASA isomer A and the zwitterionic closed
isomer C’ are chosen which are shifted due to the altered
environment to 1487 cm ' and 1576 cm™’, respectively. The
characteristic lifetime of the ring closure amounts to 1216 s
while the lifetime of the proton transfer generating the zwitter-
ionic structure C’ numbers 3843 s (Fig. S15, lifetimes see
Table 3). This determined lifetime of the electrocyclisation is
orders of magnitude longer compared to the UV/VIS results,
however, the concentrations used in the IR experiments are
higher due to the experimental method such that the formation
of the zwitterionic product C’ precipitates in the non-polar
environment which affects the kinetics and need to be taken
into account. This hypothesis is confirmed by the closed-to-
linear backswitching of DASA in toluene which shows neither
decreasing IR absorption bands, which are expected for the
features related to the closed DASA species upon closed-to-
linear switching, nor an exponential temporal behaviour of all
features (Fig. S16, ESIt). However, the resolvation of the pre-
cipitated zwitterionic closed DASA isomer C’ upon closed-to-
linear backswitching affects the kinetics. These results are in
line with other IR absorption studies of donor-acceptor Sten-
house adducts.*

Summary of the single steps upon switching

Combining the results of our former transient absorption
measurements>* with the results of the herein presented results
on longer time scales, a complete picture of the switching
processes of DASA (Fig. 7) and Azo (Fig. S17, ESIt) upon
photoisomerisation and thermally driven isomerisation
emerge. The photoinitiated Z-to-E isomerisation of DASA and
the E/Z isomerisation of Azo happen on the ultrafast time scale
with no significant changes within an mixture of these
photoswitches.>® The subsequent steps of C-C bond rotation,
ring closure/opening and proton transfer of DASA as well as the
Z-to-E isomerisation of Azo are thermally driven and were
investigated within this study using time-resolved temperature-
dependent UV/VIS spectroscopy and time-resolved IR spectro-
scopy at room temperature. The ring opening/closure of DASA
occur on the second time scale. The effective activation barrier of
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the ring closure amouts to around 18 kJ mol~" while the
activation energy of the ring opening is about 50 kJ mol*. The
seemingly lower activation energy of the ring closure is an
effective barrier since the ring closure happens along the same
reaction coordinate as the preceding C-C bond rotation such
that molecules overcoming the barrier of the C-C bond rotation
exhibit higher energy leading to a lower effective barrier of the
subsequent ring closure as confirmed by our quantum chemical
calculations. The proton transfer takes place on an hour time
scale revealing that the zwitterionic closed isomer C’ is favoured
compared to the non-zwitterionic closed isomer C. The thermally
initiated Z-to-E isomerisation of Azo happens also on the hour
time scale. The time scales of switching are not affected within
the orthogonally addressable mixture of both photoswitches Azo
and DASA compared to the pure compounds.

Conclusions

In summary, we have studied the dynamics of two orthogonally,
i.e. independently, addressable photoswitches, namely an azo-
benzene derivative (Azo) and a donor-acceptor Stenhouse
adduct (DASA). We confirmed the orthogonal addressability
of the mixture of Azo and DASA which is a prerequisite for their
application as multifunctional smart materials in 3D and 4D
printing. We used time-resolved temperature-dependent UV/
VIS experiments to determine the effective cross sections,
activation energies and dynamics of the E/Z isomerisation of
Azo and the linear/closed switching of DASA with particular
attention to the changes upon mixing the photoswitches in an
equimolar ratio. In order to study the proton transfer after
electrocyclisation of DASA, further time-resolved IR absorption
measurements were carried out at room temperature. The
thermally initiated ring closure and opening of DASA occur
on the second time scale showing improved performance in the
orthogonal equimolar mixture of DASA + Azo since the effective
cross section and the number of backswitched DASA molecules
are increased independent of the temperature. The activation
energies are not significantly increased in the mixture, beside
the activation energy of the electrocyclisation of DASA while Azo
undergoes simultaneous E-to-Z isomerisation. However, this
activation barrier is still very low and thus does not affect the
performance negatively. The time-resolved IR absorption study
revealed that the proton transfer, occuring on the hour time
scale, plays an important role as the zwitterionic closed DASA
isomer C’ is favoured compared to the non-zwitterionic closed
DASA isomer C. At very high concentrations, the zwitterionic
DASA isomer C’ precipitates in non-polar toluene solution
which hinders the switching process. The thermally initiated
Z-to-E isomerisation of Azo happens on the hour time scale
with improved performance in an orthogonally addressable
equimolar mixture of Azo + DASA as the effective cross section
increases. All activation barriers are validated by our quantum
chemical calculations revealing that the experimentally
observed activation barrier of the DASA ring closure represents
an effective activation barrier since the C-C bond rotation and
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the subsequent ring closure happen along the same reaction
coordinate.

Overall, the equimolar mixture of the orthogonal photo-
switches Azo + DASA shows improved performance compared
to the pure compounds on the longer time scale, e.g. higher
effective cross sections and higher percentage of backswitched
DASA molecules. Most important, our studies show that both
the photochemically and the thermally induced switching steps
of Azo and DASA are orthogonal such that Azo and DASA is a
well-suited combination for application in 3D and 4D printed
devices.
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