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Abstract

Solvatochromism exhibited by azobenzene-4-sulfonyl chloride (here abbreviated as Azo-SCl) has been investigated in a series
of non-polar, polar-aprotic and polar-protic solvents. The UV—-vis spectra of Azo-SCl exhibit two long-wavelength bands,
observed at 321-330 nm (band-I) and 435-461 nm (band-II), which are ascribed to the n*-x (S, <« S;) and n*-n (S, «S;)
transitions, respectively. The shorter wavelength band indicates a reversal in solvatochromism, from negative to positive
solvatochromism, for a solvent with a dielectric constant of 32.66 (which is characteristic of methanol), while the longer
wavelength band signposts negative solvatochromism in all range of solvent’s dielectric constant investigated, demonstrating
different interactions with the solvents in the S, and S, excited states. Using Catalan and Kamlet-Taft solvation energy models,
we found that the shift in the solvatochromic behavior of band-I (S, <— S;;) happens because solvent dipolarity/polarizability
and hydrogen bonding affect the S, state in opposite ways. Dipolarity/polarizability stabilizes the S, state compared to the
ground state, while hydrogen bonding destabilizes it. In contrast, for S;, both effects work together to destabilize the excited
state. For all studied solvents, UV irradiation (4>311 nm; room temperature) was found to lead to fast frans—cis azo pho-
toisomerization. In the absence of light, the photogenerated cis form quickly converts back to the trans form. Interpretation
of the experimental data is supported by quantum chemical calculations undertaken within the Density Functional Theory
(DFT) framework, including Time Dependent DFT calculations for excited states.
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1 Introduction

Azobenzene can exist in trans and cis isomeric forms, with
the first being ~40-60 kJ mol~! more stable than the latter
[1-3]. The reversible trans—cis isomerization in azobenzene
and its derivatives in solution has been extensively investi-
gated, and found to be significantly influenced by the solvent
properties, including polarity and H-bonding ability, as well
as by specific characteristics of the substituents present in
the aromatic rings [1-9]. Nevertheless, no single mechanism
can satisfactorily explain all aspects of the isomerization
process in azobenzenes, even for the unsubstituted parent
compound, so that this is still a topic of current research [3].
Trans-to-cis isomerization in azobenzenes may occur upon
excitation with ultraviolet (UV) light [1, 2, 4, 5], mechanical
stress [6], or electrostatic excitation [7, 8], while easy ther-
mal cis — trans isomerization is in general observed due to
the usual low thermodynamic stability of the cis isomer [4,
5, 9]. Besides trans—cis isomerization, azobenzene exhibits
remarkable photostability, with negligible decomposition
occurring even after prolonged UV irradiation [3].

Azobenzenes are substances exhibiting colors that cover
the whole visible spectrum. In these compounds, the azo
bond (-N =N-) brings the two aromatic systems into con-
jugation, leading to an extended system of delocalized
n-electrons whose specific electronic properties depends
on the substituents present in the rings and their positions
[10]. The electronic spectra of the cis and trans isomers
are also distinctive [11, 12].

The photochromic properties of the azobenzene moiety
have been used as a light-triggered switch in various poly-
mers [13-15], surface-modified materials [16—18], protein
probes [19-22], molecular machines [23-25], holographic
recorders [26-28] and metal ion chelators [29-32]. The
change in geometry following isomerization directs mol-
ecules to perform a function [33-35], modulates interactions
that alter the structure of the bulk material [36-38], changes
spectroscopic properties [39—41], or moves a substituent that
blocks or unblocks activity [20, 42-44]. Azobenzene motif
is also used as a chromophore in various pH [45, 46] and
metal ion indicators [47, 48], as well as in the production of
industrial dyes and nonlinear optical devices [49].

The electronic properties of a compound, including its
absorbance spectrum, are influenced by the solvent char-
acteristics. Solvatochromism is indeed a convenient and
simple method to interpret solute—solvent interactions [50,
51], and to obtain information on specific characteristics
of the relevant electronic states of the solute, since the
solvatochromic effects may affect differently the different
electronic states [52].

The present study focused on the solvatochromism
exhibited by azobenzene-4-sulfonyl chloride (abbreviated
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as Azo-SCl) in a series of non-polar (hexane, heptane,
cyclohexane, 1,4-dioxane, benzene, toluene, diethyl ether),
polar-aprotic (chloroform, n-butyl acetate, chlorobenzene,
ethyl acetate, dichloromethane, acetonitrile, dimethyl for-
mamide, dimethyl sulfoxide) and polar-protic (1-octanol,
1-butanol, 2-propanol, ethanol, methanol, ethylene gly-
col) solvents. Ultraviolet—visible (UV-vis) absorbance
spectroscopy has been selected as probing technique.
Azo-SCl is expected to show interesting solvatochromic
behavior because it carries the sulfonyl chloride moiety,
which is able to establish different types of interactions
with the solvent. The SO,Cl substituent is a deactivating
group and tends to pull the electron density towards the
ring. This group tends to interact with solvent through
dipole—dipole interactions and is also expected to possess
a strong H-bond acceptor ability due to the S=0 group
it carries. Therefore, the effect of this substituent on the
solvatochromic behavior and photoisomerization proper-
ties of the parent azobenzene molecule appeared of inter-
est to further our understanding of azobenzenes’ physi-
cal chemistry. The solvent effects have been evaluated by
applying the multiparametric Cataldn and Kamlet-Taft
solvatochromic models. In addition, photoisomerization of
Azo-SCl upon UV irradiation (4 >311 nm) was studied in
all investigated solvents. Interpretation of the experimental
data is supported by quantum chemical calculations under-
taken within the Density Functional Theory framework.

2 Materials and instruments

Azobenzene-4-sulfonyl chloride (>98%) was purchased
from TCI and used without any further purification. All sol-
vents were obtained high purity (spectroscopic grade) from
Sigma-Aldrich. The concentrations of solutions were kept as
low as possible (<5 x 107 M) in order to avoid aggregation
of the compound. The UV-vis spectra were obtained in the
190-800 nm wavelength range using a Schimadzu UV-Vis
spectrophotometer UV-2600i. All measurements were per-
formed using a quartz cell (standard cell, with I cmX 1 cm
optical path), at room temperature, and after the solutions
were kept in the dark for five days after preparation. The
wavelengths of the band maxima were determined after
band deconvolution, performed using OriginPro 2021 [53]
and UVProbe spectroscopy (version 2.71) (SHIMADZU)
software. In the photoisomerization experiments, the solu-
tions were exposed to radiation provided by a broad-band 18
W UV source (A>311 nm). Irradiation was first performed
during 1 min and then in consecutive series of 5 min, the
UV-vis spectrum of the sample being recorded after each
irradiation period in order to follow the progress of the
photoreaction.
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3 DFT calculations

All calculations were carried out at the DFT/B3LYP level of
theory, with the 6-311+ + G(d,p) basis set [54-59], using
GAUSSIAN 09 (revision C.01) [60]. Possible isomeric
structures of the investigated azobenzene were subjected
to geometry optimization in their electronic ground states,
and their relative energies and vibrational frequencies were
calculated. The frequency calculations were performed to
confirm that the optimized geometries correspond to true
minima. Excited state calculations were done within the
time-dependent DFT (TD-DFT) theoretical framework [61,
62], the UV—vis spectra being calculated using the same
functional and basis set as for the ground state calculations.
For representation of the calculated UV—vis data, a scale fac-
tor of 0.92 (adjusted by fit of the calculated to experimental
data) was used in order to allow for a better comparison
between the experimental data and the theoretical predic-
tions. The GaussView 5.0 [63] and ChemCraft (version 1.8)
[64] programs were used both for the preparation of input
files and visualization of the results.

4 Results and discussion

4.1 Structural and energetical characterization
of the cis and trans Azo-SCl isomers

A conformational search on the potential energy surface
of the two isomers of Azo-SCI revealed that the cis form
has two different conformers differing in the orientation of
the SO,Cl group (cis1 and cis2 forms; see Fig. 1), while
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in the case of the trans isomer only one conformer was
located. All forms are C; symmetry and have a symme-
try-equivalent form. The calculations show that the trans
isomer is ~62 kJ mol~! lower in energy than both cis1 and
cis2 forms, which are nearly degenerate (the energy differ-
ence between cisl and cis2 is only 0.4 kJ mol~!, indicating
that the different orientation of the SO,CI substituent with
respect to the ring plane does not causes a significant change
in energy). In parent azobenzene, the trans—cis energy dif-
ference has been reported as 64.2 kJ mol™' [65]. Similar
values have also been reported for other azobenzenes, such
as azobenzene-4-hydroxy (69.5 kJ mol™!), azobenzene-
4-(2-hydroxy)ethanol (66.2 kJ mol™!) or azobenzene-4-
dimethylamine-4"-sulfonylamide (69.8 kJ mol™!) [65].

In trans Azo-SCI, the C;-N; =N,-C, dihedral angle
is~180° (= 179.8°, the signal + or — referring to the value
of the angle in each one of the two equivalent-by-symmetry
minima), whereas in both cis1 and cis2 conformers this
angle is~10° (+9.4° and +9.5° in cis1 and cis2, respec-
tively). The orientation of the SO,Cl substituent in both
trans and cis isomers is such that the chlorine atom stays
nearly perpendicular to the ring, allowing for hypercon-
jugation with the ring & system, and additional stabilizing
C-H:--:O =S interactions are also present in all forms, the
H---O distances being calculated as~2.591 — 2.601 A. The
arrangement of the SO,C1 group is similar to that observed
experimentally for benzene sulfonyl chloride [66], where
refinement of the gas phase electron diffraction data was
compatible with two models where the angle formed by the
S—CI bond and the ring plane is either 73.5 or 90.0°, the
H---O distances being slightly longer than those calculated
for Azo-SCl (ca. 2.631 IOA) [66] (Table 1).
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Fig. 1 Relevant DFT(B3LYP)/6-311+ +G(d,p) optimized minimum energy structures for Azo-SCl isomers
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Table1 B3LYP/6-311+

. trans cisl cis2 Exp. [661°

+G(d,p) calculated geometrical

parameters, relative electronic AE,/kJ mol™! 0 62.5 62.8

energies (AE), zero-point AEYKI mol™! 0 62.0 623

corrected electronic energies

(AE,) and standard Gibbs AGY/K] mol™! 0 63.7 63.9

energies (AG ,g) for trans and ¢C,-N, =N,-C,/° —-179.8 -94 -95

cis forms of Azo-SCI* $Cl1,-8,-C,-Cy; ¢C1,-S,-C,-Cs/°  —90.9;89.7  —90.8;90.3  —90.2;89.8  753+5.0 or 90.0°
0C1,-S,=0,; Cl;-S,=0,/° 106.0; 105.9 105.8; 105.8 105.9; 105.9 105.5+1.8
00,=S,=0,/° 122.3 1224 122.3 122.5+3.6
0C,-S,=0,; 6C,-S,=0,/° 109.7;109.7 109.7;109.7 109.6;109.6 110.0+2.5
0C,-S,-Cl, /° 100.8 100.9 101.2 100.9+2.0
rO,-Hy; rO,-Hy/A 2.591;2.598  2.593;2.592 2.596;2.601 2.631
1$,=0,; rS,=0,/A 1.451; 1.451 1.451; 1.451 1.451; 1.451 1.417+0.012
rS,-Cl,/A 2.144 2.147 2.143 2.047+0.008
rS,-C/A 1.787 1.783 1.783 1.764 +0.009

#For structures, see Fig. 1

PExperimental data (gas phase electron diffraction) for benzene sulfonyl chloride [66]

“Two alternative refinement models were reported in [66]

4.2 Solvatochromism - UV-vis spectra of Azo-SCl
in different solvents

Solid Azo-SCl (C,,HyCIN,0,S, M=280.73 g mol™') is
matte brown toned red powder in appearance. The solutions
of the compound are yellow in all solvents studied, appear-
ing lighter in non-polar solvents due to the reduced solubility
of the compound in these solvents.

The UV-vis absorption spectra of Azo-SCl in solutions
of non-polar, polar-aprotic, and polar-protic solvents are

depicted in Figs. 2, 3 and 4, respectively. The two longest
wavelength bands are observed in the 321-330 nm (band-I;
Aax) and 435-461 nm (band-11; 4., ") ranges. As for par-
ent azobenzene [9, 67-71], band-I can be attributed to the
n¥- 7t (S, S) transition and band-1I to the n*-n (S; <« S;)
transition, though the SO,CI substituent in Azo-SCI leads
to red-shifts of ~10 nm in the two bands compared to the
corresponding bands of parent azobenzene.

In the studied non-polar solvents (solvents 1 to 7; see
Table 2) 4, and A, are observed between 323 and

Fig.2 UV-vis absorption spec- T
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Fig.3 UV-vis absorption spec-
tra of the Azo-SCl molecule in
polar-aprotic solvents
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328 nm and between 448 and 461 nm, respectively, with
a trend to red shift with the increase of solvent dielectric
constant (¢), this shift being more noticeable for 4_,.!, which
globally shows a stronger dependence on the solvent.

For the majority of the polar-aprotic solvents investi-
gated (8-12, 18, 19, 21), /lmaxl is observed nearly in the
same range as for the non-polar solvents, 322-330 nm,

—
400 450 500

550 600 650 700 750 800
Wavelength (nm)

exhibiting a red shift of ~8 nm in going from the least
polar solvents (ethyl acetate/acetonitrile) to the most polar
one (DMSO). In turn, in the studied polar-aprotic solvents
Amax | is Observed within the range 442-450 nm, but con-
trarily to A,,,,' it exhibits a general blue shift (of ca. <7 nm)
in going from the least to the most polar aprotic solvent.
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Table 2 Solvent dielectric constant (g), wavelengths (1

max

lated by Catalan and Kamlet-Taft multiparametric models

) of band-I and band-II and wavenumbers (

) extracted from wavelengths and calcu-

No Solvent € band-I band-I band-I band-I band-II band-II band-II band-II

2 I v I v I v I 2 I I v I v I

m)  Emh)  @mH  @m?)  @m @m)  @m?)  (em)

Catalan Kamlet- Catalan Kamlet-Taft
Taft
1 Hexane 1.88 3235 30,912 30,980 30,887 454 22,026 21,890 21,841
2 Heptane 1.92 3245 30,817 30,930 30,907 454 22,026 21,895 21,825
3 Cyclohexane 2.02 3245 30,817 30,798 30,868 455 21,978 21,896 21,856
4 1,4-dioxane 2.21 324.5 30,817 30,660 30,676 448 22,321 22,087 22,178
5 Benzene 227 327.5 30,534 30,491 30,602 454.5 22,002 22,028 22,118
6 Toluene 2.38 328 30,488 30,521 30,628 455.5 21,954 22,034 22,101
7 Diethyl ether 4.20 323.5 30,912 30,992 30,831 460.5 21,716 22,128 22,096
8 Chloroform 4.89 327 30,581 30,522 30,728 450 22,222 22,210 22,295
9 n-butyl acetate 5.07 324.5 30,817 30,829 30,735 452 22,124 22,192 22,165
10 Chlorobenzene 5.62 330 30,303 30,377 30,538 457 21,882 22,155 22,157
11 Ethyl acetate 6.02 322.5 31,008 30,877 30,692 450.5 22,198 22,223 22,201
12 DCM 8.93 326 30,675 30,580 30,532 450 22,222 22,286 22,271
13 1-octanol 10.30 323.5 30,912 30,853 31,084 445.5 22,447 22,465 22,608
14 1-butanol 17.51 322.5 31,008 30,963 31,071 443.5 22,548 22,570 22,665
15 2-propanol 19.92 322 31,056 31,050 31,070 440.5 22,701 22,589 22,675
16 Ethanol 24.55 322 31,056 31,084 31,028 442 22,624 22,653 22,681
17 Methanol 32.66 321 31,153 31,216 31,001 438 22,831 22,862 22,710
18 Acetonitrile 35.94 322.5 31,008 30,898 30,628 446 22,422 22,387 22,331
19 DMF 36.71 328.5 30,441 30,599 30,580 442.5 22,599 22,428 22,399
20 Ethylene glycol 37.70 324.5 30,817 30,793 30,816 435.5 22,962 22,967 22,794
21 DMSO 46.45 330 30,303 30,420 30,536 442 22,624 22,482 22,466
In the case of polar-protic solvents (13-17,20), A, ' is The 4,,,, values obtained from the UV absorption spec-

within the 321-325 nm range, whereas 4

max

T stays in the

tra in the different solvents are plotted as a function of the

range of 435-446 nm and shows a maximum blue shift
of ca. 11 nm for ethylene glycol (compared to 1-octanol).
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solvent dielectric constant € in Fig. 5. The plot for band-1
(Fig. 5a) highlights a reversal in solvatochromism: in going
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Fig.5 Plots of maximum absorption wavelength of band-I (a) and band-II (b) versus dielectric constant of the solvent
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Amax Values decrease from ca. 328-324 to 321 nm with
the increase of the polarity of the solvent (negative solva-
tochromism), while in going from methanol to DMSO
(e =46.45) the A, ! values increase from 321 to 330 nm
(positive solvatochromism). Thus, band-I of Azo-SCl
exhibits a general negative solvatochromism for solvents
with e values in the 1.88-32.66 range, and positive solva-
tochromism for solvents with € values higher than 32.66, the
reversal occurring at an € value of 32.66, which is character-
istic of methanol. On the other hand, 4,,,,"" values indicate
a general negative solvatochromism in all range of solvent’s
dielectric constant investigated (Fig. 5Sb). The distinct solva-
tochromic behavior of band-I and band-II demonstrate dif-
ferent interactions of Azo-SCl with the different solvents in
its S, and S, excited states.

4.3 Solvatochromism in Azo-SCl at the light
of the Catalan and Kamlet-Taft multiparametric
models

In order to shed light on the solute—solvent interactions
effects on the S; < S, and S, < S, transitions of Azo-SCI,
Kamlet-Taft [72-75] and Catalan [52, 76] multiparametric
models were applied to the obtained spectroscopic data.
These models obey empirical relations given by Egs. 1 and
2, respectively:

Vmax = Vo + a(@) + b(p) + p(x *) (1)
Vmax = Vo + asa(SA) + bgp(SB) + dgp(SP) + eg,p(SdP)

(@)

where 1 is the wavenumber corresponding the 4,,,, value

for a solvent-unaffected solute, and a, b, p, agy, bgg, dgp and
eg p are coefficients that reflect the contribution of the dif-
ferent solvent parameters to the v, values determined from
the observed band positions in the different solvents. The
Kamlet-Taft model uses three parameters related with the
hydrogen bonding acceptor (HBA) and hydrogen bonding
donor (HBD) capabilities, and dipolarity/polarizability of a
solvent, a, B and ©*, respectively, while the Catalan model
uses four parameters, SA, SB, SP and SdP, which are related
with the solvent acidity, basicity, polarizability and dipolar-
ity, respectively (Table 3).

Application of the Kamlet-Taft and Catalan models to
the v,,,, and v,,,."" experimental data for Azo-SCl yields
the results given in Table 4. Figure S1, provided in the
Supporting Information, shows the plots of the calcu-
lated v,,,," and v,,,,"" values for band-I and band-II using
the developed models as a function of the experimental
Voo and v, T values, whose R? values for linear fittings
demonstrate the good agreement between the calculated
and experimental data, with the Catalan model providing
slightly better results (in particular in the case of band-I).

Table 3 Dielectric constants (g),
and Kamlet-Taft and Catalan

Catalan parameters Kamlet-Taft parameters

solvent parameters for the used No Solvent SA SB SP Sdp o (HBD) f (HBA) =*
solvents [48, 63, 67, 68]
1 hexane 1.89 0.000 0.056 0.616 0.000 0.00 0.00 - 0.04
2 heptane 1.94 0.000 0.083 0.635 0.000 0.00 0.00 —0.08
3 cyclohexane 2.02 0.000 0.073 0.683 0.000 0.00 0.00 0.00
4 1,4-dioxane 221 0.000 0444 0737 0312 0.00 0.37 0.55
5 benzene 227 0.000 0.124 0.793 0.270  0.00 0.10 0.59
6 toluene 238 0.000 0.128 0.782 0.284 0.00 0.11 0.54
7 diethyl ether 420 0.000 0562 0617 0385 0.00 0.47 0.27
8 chloroform 489 0.047 0071 0783 0.614 044 0.00 0.58
9 n-butyl acetate 5.07 0.000 0525 0.674 0.535 0.00 0.45 0.46
10 chlorobenzene 5.62 0.000 0.182 0.833 0.537 0.00 0.07 0.71
11 ethyl acetate 6.02 0.000 0542 0.656 0.603 0.00 0.45 0.55
12 DCM 893 0.040 0.178 0.761 0.769 0.13 0.10 0.82
13 1-octanol 1030  0.299 0923 0.713 0454 0.77 0.81 0.40
14 1-butanol 1751 0.341 0.809 0.674 0.655 0.79 0.88 0.47
15 2-propanol 1992 0.283 0.830 0.633 0.808 0.76 0.95 0.48
16 ethanol 2455 0400 0.658 0.633 0.783  0.83 0.77 0.54
17 methanol 32.66 0.605 0.545 0.608 0.904 0.93 0.62 0.60
18 acetonitrile 3594  0.044 0286 0.645 0974 0.19 0.31 0.75
19 DMF 36.71 0.031 0.613 0.759 0977 0.00 0.69 0.88
20 ethylene glycol  37.70  0.717 0.534 0.777 0910 0.90 0.52 0.92
21 DMSO 46.45 0.072 0.647 0.830 1.000 0.00 0.76 1.00
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Table 4 Multilinear regression

i ! ! Band-I (v,,,,) Band-II (v,,,, ™) Band-I (v,,,,) Band-1I (v,,,,™)
coefficients obtained using . .
the Catalan and Kamlet-Taft Dye analysis  Catalan Catalan Dye analysis ~ Kamlet-Taft Kamlet-Taft
solvatochromic models for the Y 32,662.1+£2259 21,846.7+381.7 v, 30,867.8£87.5  21,856.2+84.1
S, =S, and S, < S, transition
of Az0-SCl as observed in the ag 358.3+123.4 841.8+208.6 a 321741334 474411324
UV-vis absorbance spectra beg 52.0+101.9 136.7+172.2 b 200.4+161.4 281.8+£160.2
- - - P —484.4+144.7 395.7+143.7
dgp —27353+3172 58.3+5359 - - -
esap -30.8+87.9 437.7+148.4 - - -
N 21 21 N 21 21
R 0.940 0.904 R 0.758 0.877
R? 0.883 0.817 R? 0.574 0.769
F 30.304 17.810 F 7.643 18.838
P 0.000 0.000 P 0.002 0.000
It shall be noted that the relative modest fit between the  polarizability/dipolarity of the solvent to v,,,.' and v,,,, "

experimental and calculated data resulting from the mod-
els may indicate that non-linear effects resulting from syn-
ergistic (positive or negative) effects between the different
solvent—solute interaction types are relatively important in
for the studied solute in some of the solvents investigated.

As seen from Table 4, the magnitudes of the coeffi-
cients estimated from Cataldn model vary in the order
dgp>agy > bgg>egyp for band-I (n*-m, S, S;) and
agy > egap > bgp > dgp for band-1I (n*-n, S, <« S;). In the
case of the Kamlet-Taft model, the magnitude of the
parameters follows the order p >a > b for band-I, and
a> p > b for band-II. It can then be concluded that both
models predict that the solvent HBD ability (affected by
the a and ag, coefficients in the models’ equations) has a
larger contribution to v, ' and v, ' than the solvent HBA
ability (affected by b and bgy coefficients), with both sol-
vent parameters resulting in a wavenumber shift to higher
values (wavelength shift to lower values; bathochromic
shift). The Catalan model predicts that the effect of sol-
vent polarizability (as measured by the coefficient dgp)
on band-I is ~47 times larger than on band-II, being of
opposite sign, while the effect of dipolarity (measured by
the value of the eg,p coefficient) is ~ 15 times smaller and
also of opposite sign. Polarizability and dipolarity effects
lead to a reduction of v, ' and to an increase of v, "
(hypsochromic and bathochromic shifts in wavelengths,
respectively). It is significant to point out that the Catalan
model predicts the solvent polarizability as the most effec-
tive solvent property in determining the spectral shifts of
band-I, followed by a relatively smaller contribution of
solvent HBD ability, while spectral shifts of band-II are
dominated mostly by solvent acidity alongside a smaller
contribution of dipolarity.

In agreement with the Cataldn model, the Kamlet-
Taft model also indicates that the contributions of the
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(as measured by the coefficient p) have opposite sign, lead-
ing to a reduction of v, ! and to an increase of v, .

As seen from the sign of the estimated parameters
(negative dgp, eg,p and positive agy, bgg in Cataldn model;
negative p and positive a an b in Kamlet-Taft model) pre-
sented in Table 4, the observed reversal in the solvatochro-
mic behavior of band-I (S, <« S;) can then be assigned
to the opposite effects of solvent dipolarity/polarizability
and hydrogen bonding ability on S,, the first stabilizing
and the second destabilizing this excited state in relation
to the ground state. When taken together, these effects
explain the observed bathochromic shifts of band-I in
solvents such as acetonitrile, DMF, ethylene glycol and
DMSO as a consequence of their high polarity, while the
hypsochromic shifts observed in for the remaining solvents
result from the moderate/weak HBA and HBD effects of
the solvents. On the other hand, dipolarity/polarizability
and hydrogen bonding ability of the solvents act syner-
gically in the case of S, (both destabilizing the excited
state) leading to the general negative (hypsochromic)
solvatochromism exhibited by band-II. We shall turn to
this subject in the next section.

The maximum wavelengths of solvent-unperturbed
bands (v, values) estimated by Catalan and Kamlet-Taft
models are 306+ 2 and 324 + 1 nm (for band-I) and
458 +2 nm (for band-II; both models). Though for band-
I the v, values predicted by the models differ in some
amount, they point to occurrence of an hypsochromic shift
in going from the gas phase to solution, while both mod-
els indicate that band-II undergoes a bathochromic shift.
These results are also a clear indication of the different
solvent interactions with the S, and S, solute states and
their effects on the S; < S, and S, < S, transition energies
along the series of the studied solvents.
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4.4 UV-induced photoisomerization and S, and S,
excited states of the isomers of Azo-SCI

The UV-vis absorption spectra of the three forms of
Az0-SClI were calculated at the TD-DFT/B3LYP/6-311 +
+ G(d,p) level, in the gas phase. The simulated spectra
are shown in Fig. 6 and the results are summarized in
Table 5. The results of these calculations show a good
general agreement with data obtained using the same basis
set and the range-separated functional CAM-B3LYP [77],
which is known to be generally more reliable to take into
account charge/transfer transitions (Table S1 and Figure
S2).

The TD-DFT/B3LYP/6-311 + + G(d,p) calculations
predict the S« S, and S, «<— S, transitions at 470.8 and
326.3 nm (B3LYP values scaled by 0.92; CAM-B3LYP:
471.2 and 319.6 nm) for trans Azo-SCIl, at 454.7 and
327.8 nm for cisl, and at 452.9 and 326.9 nm for cis2
(Table 2) (CAM-B3LYP: 469.8 and 281.8 for cis/, and
469.4 and 280.3 for cis2). In agreement with the obser-
vations, for the trans isomer, the S; < S transition was
predicted by the calculations to have a very low oscilla-
tor strength (f<0.0001), whereas the a S, < S, transition
has a large oscillator strength (f=0.8365, B3LYP calcu-
lated value; CAM-B3LYP: 0.9728). These data are also
in agreement with the known experimental data for the
parent azobenzene, where the trans isomer gives rise to an
absorption spectrum exhibiting two well separated bands
in the region above 300 nm [9, 67-71]: a strong UV band
at~315 nm ascribed to n*-n S, «— S transition, and a very

weak band in the visible region (at ~445 nm) assigned to
the symmetry forbidden n*-n S; <— S, transition.

In the case of the cis isomer of Azo-SCl (both conform-
ers), the TD-DFT calculations predicted the S, «+ S, and
S, S, transitions at wavelengths that do not differ very
much from those predicted for the trans isomer, but in this
case with oscillator strengths relatively large (f>0.05) and
nearly equal (see Table 5 and Table S1). This spectral profile
is similar to that observed experimentally for the parent cis
azobenzene, where the n*-n S, «+— S, and n*-n S| < S, bands
were observed at 250-270 and ~450 nm, respectively, with
relatively similar intensities [9, 70].

According to the calculations, the HOMO-1, HOMO,
LUMO and LUMO + 1 are the orbitals contributing the
most to the S; < S, and S, < S, transitions in trans and
cis Azo-SCl. In the trans isomer, the B3LYP calcula-
tions predicts the S; < S, as corresponding mostly to the
HOMO — LUMO transition while the S, <« S is domi-
nated by the HOMO-1 — LUMO transition. These orbit-
als are represented in Tables 5. The HOMO orbital is an
n-type orbital localized on the oxygen and chlorine atoms of
the sulfonyl chloride substituent; the HOMO-1 is a n-type
orbital distributed on the azomethine and the nearby located
ring carbon—carbon bonds, and the LUMO is also a n-type
orbital delocalized through the whole azobenzene fragment.

The CAM-B3LYP results invert the order of energies of
the two highest energy occupied orbitals, so that the HOMO
is now the p orbital and the HOMO-1 the n-type orbital,
but the descriptions of the transitions are identical to those
predicted by the BLYP calculations (see Table S1). These
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TDDFT/B3LYP/6-311++G(d,p) |
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cis1 .
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Fig.6 TD-DFT/B3LYP/6— 40 .
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UV-vis absorption spectra of
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Table 5 TD-DFT/B3LYP/6-311+ +G(d,p) calculated lowest singlet excitation energies (4, in nm; scaled by 0.92), oscillator strengths (f) and
orbitals involved (with amplitudes in parenthesis) in the longest wavelength transitions for trans and cis isomers of Azo-SCl in the gas phase.

State A f Major contribution Donor orbital Acceptor orbital

. 2 Jc :ﬁ
dT e °
S 3263 0.8365 HOMO-1—LUMO (0.69)

] g‘.. O’“

S3 306.3 0.0627 HOMO-2—LUMO (0.69)
Sq 2872 0.0029 HOMO—LUMO+1 (0.68)
Ss 277.5 0.0265 HOMO-3—LUMO (0.67)

trans S 470.8 0.0000  HOMO—LUMO (0.70)

cisl S 4547 0.0531 HOMO—LUMO (0.63) o
HOMO—LUMO+1 (-0.26) ~ %
S, 3278 0.0545 HOMO—LUMO+I (0.62)

HOMO—LUMO (0.29) &
4

HOMO LUMO+1
S;  290.0 0.0161 HOMO-1—LUMO (0.67)
S, 280.7 0.0650 HOMO-2—LUMO (0.64)
Ss 2688 0.0016 HOMO—LUMO+2 (0.61)
HOMO-4—LUMO+1 (0.32)

cis2 Sy 4529 0.0569 HOMO—LUMO (0.64) .Q
HOMO—LUMO+1 (0.26) °”
Sz 3269 0.0536 HOMO—LUMO+I (0.62)
HOMO—LUMO (-0.29)
HOMO LUMO
% o
o o
} ¥
HOMO LUMO+1
Ss 288.2 0.0220 HOMO-1—LUMO (0.67)
Sa 279.4 0.0657 HOMO-2—LUMO (0.64)
Ss 268.4 0.0019 HOMO—LUMO+2 (0.62)
HOMO-4—LUMO+1 (0.31)
results indicate that the S, <— S, transition has a high charac-  the major reasons for the different solvatochromic behavior
ter of charge transfer from the sulfonyl chloride group to the ~ observed for bands-I and II.
azobenzene moiety, which should be highly sensitive to the It shall also be pointed out that the S;« S, and

polarizability/dipolarity of the solvent, and may be one of S, < S, transitions in the cis Azo-SCl isomer have
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similar major contributions in both cis/ and cis2 conform-
ers, corresponding essentially to HOMO — LUMO and
HOMO — LUMO + 1 transitions, respectively. In these
forms, the HOMO, LUMO and LUMO + 1 orbitals have a
predominant n-type character (justifying the appreciable
intensity of the corresponding absorbance bands), the two
first being delocalized over the whole azobenzene moiety
and the last on the rings.

It has been shown that parent azobenzene cis—trans pho-
toinduced interconversion can be triggered by pumping
S, =Sy and S, < S, transitions [4, 74]. In the present study,
photoisomerization of Azo-SCI was investigated in all the
21 solvents used in this work (see Figure S2 in Supporting
Information). Irradiation of the solutions was carried out at
A>311 nm for 30 min as described in Sect. 2. Upon irradia-
tion, noticeable changes in the relative intensities of band-I
and band-II were observed, the first reducing of intensity
and the second increasing. Observation of an isosbestic
point (at~389 nm) indicates that the observed reaction cor-
responds to a clean, two-component system without the for-
mation of intermediate species. These results are consistent
with occurrence of trans-to-cis isomerization. Notably, the
photoisomerization starts promptly upon irradiation and
a photostationary equilibrium state is fastly reached, con-
firming that the irradiation promotes the trans—cis photoi-
somerization in both directions. The photostationary state is
solvent dependent being attained at different times of irradia-
tion depending on the solvent, being tendentially reached
faster for more polar solvents, as exemplified in Fig. 7 for
chloroform (~30 min.), methanol (~20 min.), and DMSO
(~5 min.).

For some representative solutions (heptane, chloroform,
methanol and DMSO), the room temperature thermal con-
version of the photogenerated cis isomer into the trans form
was investigated by recording the UV-vis spectra of the
solutions kept in dark after UV irradiation for 1 min (Fig. 8).
In all the cases analyzed, it was found that band-I inten-
sity rises while band-II intensity decreases after the storage
of solution in the dark, in consonance with the conversion
of the cis isomer into the trans. The changes completed in
1 min. in methanol and DMSO and in 5 min. in heptane and
chloroform, demonstrating the fast room temperature decay
of the higher energy cis isomer into the trans form, which
appears to be also accelerated in more polar solvents.

5 Conclusion

In this article, the solvatochromism of azobenzene-4-sul-
fonyl chloride (Azo-SCl) has been investigated in a series
of non-polar, polar-aprotic, and polar-protic solvents. The
UV-vis spectra of the compound exhibit two prominent
long-wavelength absorption bands: one at 321-330 nm
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irr. 5 min.
——irr. 10 min.
irr. 15 min.
irr. 20 min.
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T
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wavelength / nm

T
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s 0.6+ E
Q
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0.4 -
0.2 i
0.0 I ——
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Fig.7 Absorbance spectra of Azo-SCl in chloroform, methanol and
DMSO solutions as a function of time (up to 30 min.) of UV irradia-
tion (A>311 nm)

(band-I) and another at 435-461 nm (band-II). These bands
were assigned to the n#-x (S, «S;) and ©*-n (S, «S) tran-
sitions, respectively.

A notable reversal in solvatochromism is observed for
the shorter wavelength band (band-I), which shifts from
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Fig.8 UV-vis absorbance spectra of non-irradiated Azo-SCl in heptane, chloroform, methanol and DMSO solutions, of the samples irradiated

during 1 min. (1>311 nm), and after subsequent storage in dark

negative to positive solvatochromism in solvents with a die-
lectric constant of around 32.66 (characteristic of methanol).
In contrast, the longer wavelength band (band-II) exhibits
negative solvatochromism across the entire range of solvent
dielectric constants studied. This suggests different solvent
interactions in the S, and S, excited states.

Using multiparametric Cataldn and Kamlet-Taft solvation
energy models, the reversal of solvatochromism in band-I
(S,«=S;) could be attributed to opposing effects of solvent
dipolarity/polarizability and hydrogen bonding on the S,
excited state. Solvent dipolarity/polarizability stabilizes this
state, while hydrogen bonding destabilizes it relative to the
ground state. In contrast, both factors act synergistically to
destabilize the S, excited state, leading to consistent negative
solvatochromism in band-II. These nuanced solvent interac-
tions suggest that Azo-SCl can be finely tuned for specific
responses, making it highly a versatile material.

Under UV irradiation (A >311 nm) at room temperature,
Az0-SCl undergoes rapid trans—cis photoisomerization. In
the absence of light, the photogenerated cis form quickly
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reverts to the more stable trans form. Both photoisomeri-
zation and thermal cis — trans thermal decay appear to be
favored in more polar solvents. The rapid trans—cis photoi-
somerization under UV irradiation and the subsequent ther-
mal cis-to-trans relaxation highlight Azo-SCI’s potential in
dynamic applications. The influence of solvent polarity on
these processes further indicates that environmental condi-
tions can modulate the compound's performance, offering
adaptability for tailored functionalities in photoswitches,
sensors, and molecular machines.

The interpretation of the experimental data was supported
by quantum chemical calculations using Density Functional
Theory (DFT), including Time-Dependent DFT for excited-
state analysis.

Overall, the study bridges the gap between fundamen-
tal photophysics and practical applications, demonstrating
how Azo-SCI’s sensitivity to intermolecular interactions
and reversible isomerization make it a promising candidate
for advanced technologies. By leveraging these properties,
Az0-SCl could play a pivotal role in the development of
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responsive materials that depend on precise control over
molecular states.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43630-025-00684-0.
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