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In this study we report the synthesis and photochromic properties of chiral azobenzene derivatives based
on the 2-azabicycloalkane skeleton. The photochromic properties of newly synthesized family of azoben-
zene derivatives have been studied using the UV/Vis spectroscopy. The interpretation of spectral features
was supported by the results of the electronic-structure calculations. The experimental data confirm -
typical for azobenzene - the occurrence of the trans–cis and the cis–trans photochemical reactions upon
irradiation with the visible and UV light, respectively. On the other side, atypical thermal relaxation pro-
cesses were observed, especially after UV light irradiation, which indicate that thermal back reaction can
be not as straightforward as one could expect. The substituents located on the 2-azabicycloalkane lead to
some changes in the electronic structure of studied compounds reflected in the changes of the band
shapes in the electronic spectra.
� 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license.

(http://creativecommons.org/licenses/by-nc/4.0/).
1. Introduction designed azobenzene-based photoswitches were applied for the
Azobenzene and its derivatives are well-known photochromic
compounds capable of reversible isomerization between the trans
and the cis isomers upon exposure to UV or visible light, or due
to thermal stimulus. Azobenzenes, known for over a century, are
still frequently investigated for their use in the fundamental and
applied research [1]. Susceptibility to light-induced transforma-
tions places azobenzene-based compounds in privileged spot as
they are used in optical processing and data storage, holography,
optical switching and fabrication of optical elements [2–10]. More-
over, there are numerous possible applications of various assem-
blies containing the azobenzene unit as the photoswitchable
molecules exhibiting various activities in biological systems [11]:
(i) they show potential for protein modulation as the cis–trans iso-
merization of a linker connecting two parts of the polypeptide
chain can result in significant conformational changes [12]; (ii)
the ability to control the enzymatic activity of a histone
deacetylase-like amidohydrolase with an azobenzene switch with
a long-lived cis form was demonstrated as well [13]; (iii) rationally
efficient two-photon neuronal excitation [14]; (iv) light-
controlled chloride binding was applied for the construction of
trans-membrane transporters of these ions [15]; (v) driving and
photo-regulation of myosin-actin motors at molecular and macro-
scopic levels could be performed by photo-responsive high energy
molecules [16]; and (vi) photoswitchable kinesin inhibitor enabled
a reversible chromosome movement and progression of mitose
[17]. The huge potential of the azobenzene-based compounds as
light-activated ingredients of biological systems encouraged us to
synthesize a series of derivatives bearing 2-azabicycloalkane scaf-
fold shown in Schemes 1–3. The aim of this study is to report on
the photochromism of this newly synthesized family of com-
pounds. More specifically, we seek to confirm the occurrence and
efficiency of photochemical reactions for all members of the series.
To that end we will apply experimental spectroscopic methods and
electronic-structure calculations.

2. Materials and methods

2.1. Materials for synthesis

Reagents and solvents were purchased from the chemical com-
panies (additional purification was not performed). Melting point
was determined by Schmelzpunkt Bestimmer Apotec melting point
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Scheme 1. The multi-step synthesis of chiral 2-azabicyclic substrates 3–4 and 6 for
further azobenzene derivatives synthesis.
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apparatus (WEPA Apothekenbedarf GmbH & Co. KG., Hillscheid,
Germany) in a standard open capillary. 1H and 13C NMR spectra
were measured with Jeol 400yh (Jeol Ltd., Tokyo, Japan).
Chloroform-d was used as a solvent. Chemical shifts and coupling
constants are expressed using standard units, ppm and Hz respec-
tively. Waters LCT Premier XE TOF spectrometer (Waters Corpora-
tion, Milford, MA, USA) was utilized for high-resolution mass
spectra measurement using the electrospray ionization mode.
The automatic polarimeter model AA-5 (Optical Activity, Ltd., Ram-
sey, UK) was used to determine the optical rotation ([a]D20 values
are expressed in 10�1 deg cm2 g �1). Infrared spectra were recorded
in a 4000–400 cm�1 range using Perkin Elmer 2000 FTIR instru-
ment (PerkinElmer, Waltham, MA, USA). The column chromatogra-
phy and thin-layer chromatography were performed using silica
gel 60 (60–200 lm, 70–230 mesh) as absorbent.
2.2. Preparation of starting compounds

Synthesis and modifications of aza-Diels-Alder adduct 1 were
conducted as reported in previous papers [17–20].
Scheme 2. The synthesis of the azo

2

2.3. Preparation of amines 3, 4 and 6

Amines (1S,3R,4R)-2-[(S)-1-phenylethyl]-3-aminemethyl-2-aza
bicyclo[2.2.1]heptane 3, (1S,4S,5R)-2-[(S)-1-phenylethyl]-4-amin
e-2-azabicyclo(3.2.1)octane 4 and (1S,4S,5R)-4-chloro-2-[(S)-1-phe
nylethyl]-2-azabicyclo(3.2.1)octane 6 were synthesized according
to the procedures developed and described previously by our group
[19–21].

2.4. Preparation of sulfonamides 8 and 9

Amine 3 or 4 (230 mg, 1.0 mmol) was dissolved in 15 mL of
dichloromethane.

4-(dimethylamino)azobenzene-40-sulfonyl chloride 7 (324 mg,
1.0 mmol) and powdered potassium hydroxide (100 mg, 1.8 mmol)
were added. The mixture was stirred at room temperature for 24 h.
The reaction was worked up by addition of water and extraction
with dichloromethane (3x10 ml). Combined organic phases were
dried over anhydrous sodium sulfate, filtered and the solvent
was evaporated under the vacuum. The residue was chro-
matographed on the silica with mixture of n-hexane- ethyl acetate
1:1 (v/v) as an eluent, to give pure compounds 8 and 9 in high yield
(450 mg, 87% and 361 mg, 70%, respectively). Copies of 1H and 13C
NMR spectra are available in Supplementary Material.

2.4.1. 4-((E)-(4-(dimethylamino)phenyl)diazenyl)-N-(((1S,3R,4R)-2-
((S)-1-phenylethyl)-2-azabicyclo[2.2.1]heptan-3-yl)methyl)
benzenesulfonamide (8)

Orange solid. Yield 450 mg (87%), mp. 194–196 ℃,
[a]D20 = +123.3 (c 0.69, CH2Cl2).

1H NMR (400 MHz, CDCl3): d 1.19–1.42 (m, 7H), 1.55–1.63 (m,
1H), 1.80–1.93 (m, 3H), 2.02–2.04 (m, 1H), 2.14–2.21 (m, 2H),
3.12 (s, 6H), 3.38 (q, J = 6.4 Hz, 1H), 3.58 (s, 1H), 6.76–6.80 (m,
2H), 7.03–7.07 (m, 3H), 7.15–7.18 (m, 2H), 7.62–7.64 (m, 2H),
7.83–7.86 (m, 2H), 7.92–7.94 (m, 2H) ppm. 13C NMR (100 MHz,
CDCl3): d 22.3, 22.5, 29.5, 35.7, 40.1, 41.9, 47.1, 58.8, 60.9, 67.6,
111.6, 122.5, 125.8, 127.5, 127.6, 127.9, 128.4, 139.1. 143.7, 145.7,
153.1, 155.4 ppm. IR (KBr): 824, 1092, 1136, 1164, 1364, 1516,
1602, 1735, 2871, 2936, 2971, 3271, 3437 cm�1. HRMS (ESI+, m/
z): calcd for C29H35N5O2S ([M + H]+) 518.2590; found 518.2585.

2.4.2. 4-((E)-(4-(dimethylamino)phenyl)diazenyl)-N-((1S,4S,5R)-2-(1-
phenylethyl)-2-azabicyclo[3.2.1]octan-4-yl)benzenesulfonamide (9)

Pale-orange solid. Yield 361 mg (70%), mp. 168–170 ℃, [a]D20 =
+19.8 (c 0.20, CH2Cl2).
benzene sulfonamides 8 and 9.
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Scheme 3. The synthesis of the azobenzene thioureas 11–14.

K. Kamińska, D. Iwan, A. Iglesias-Reguant et al. Journal of Molecular Liquids 363 (2022) 119869
1H NMR (400 MHz, CDCl3): d 1.24–1.28 (m, 7H), 1.62–1.68 (m,
3H), 1.84–1.90 (m, 1H), 2.06–2.09 (m, 1H), 2.28 (m, 1H), 3.04–
3.20 (m, 7H), 3.52 (m, 1H), 5.09 (br s, 1H), 6.76–6.80 (m, 2H),
7.14–7.16 (m, 2H), 7.21–7.25 (m, 3H), 7.71 (m, 4H), 7.90–7.92
(m, 2H) ppm. 13C NMR (100 MHz, CDCl3): d 21.1, 21.8, 27.2, 34.4,
39.9, 40.4, 49.1, 52.7, 55.8, 62.3, 111.6, 122.6, 125.7, 127.2, 127.7,
128.6, 140.3, 143.7, 144.9, 153.1, 155.2 ppm. IR (KBr): 821, 1140,
1167, 1336, 1366, 1421, 1520, 1603, 2821, 2947, 3435 cm�1. HRMS
(ESI+, m/z): calcd for C29H35N5O2S ([M + H]+) 518.2590; found
518.2596.

2.5. Preparation of thioureas 11 – 14

Amine 3 or 6 (1.0 mmol) was dissolved in 15 mL of
dichloromethane and commercially available 4-(4-
isothiocyanatophenylazo)-N, N-dimethylaniline 10 (1.0 mmol)
was added. The mixture was stirred at room temperature for
24 h. The reaction was worked up by addition of water and
extraction with dichloromethane (3x10 ml). Combined organic
phases were dried over anhydrous sodium sulfate, filtered and
the solvent was evaporated under the vacuum. The residue was
chromatographed on the silica with mixture of dichloromethane
and methanol 95:5 (v/v) as an eluent, to give pure compounds
11 and 14 in high yield (480 mg, 93% and 274 mg, 52%,
respectively).

Reaction between amine 4 (1.0 mmol) and 4-(4-
isothiocyanatophenylazo)-N,N-dimethylaniline 10 (1.0 mmol) led
to a mixture of thiourea 12 and a side-product thiourea 13. Both
products were isolated using column chromatography (n-hexane-
ethyl acetate 1:1 (v/v) on the silica), characterized and tested in
our studies (280 mg, 54% and 79 mg, 15%, respectively). Copies
of 1H and 13C NMR spectra are available in Supplementary
Material.
3

2.5.1. 1-(4-((E)-(4-(dimethylamino)phenyl)diazenyl)phenyl)-3-
(((1S,3R,4R)-2-[(S)-1-phenylethyl]-2-azabicyclo[2.2.1]heptan-3-yl)
methyl)thiourea (11)

Pale-orange solid. Yield 480 mg (93%), mp. 190–192 ℃,
[a]D20 = +10.1 (c 0.57, CH2Cl2).

1H NMR (400 MHz, CDCl3): d 1.18–2.57 (m, 13H), 3.09 (s, 1H),
3.26–3.81 (m, 2H), 6.49 (br s, 1H), 6.71–6.78 (m, 2H), 7.05–7.35
(m, 6H), 7.53–7.67 (m, 1H), 7.88–7.95 (m, 4H), 11.96 (br s, 1H)
ppm. ; 13C NMR (150 MHz, CDCl3): d 14.2, 22.2, 29.6, 35.9, 40.3,
43.4, 48.9, 58.48, 60.6, 61.4, 66.8, 68.9,111.5, 122.9, 123.8, 124.9,
125.2, 127.5, 127.7, 128.2, 128.4, 128.7, 136.9,140.8, 143.0, 143.5,
143.6, 143.8, 145.2, 151.6, 152.7, 179.0 ppm. IR (KBr): 703, 1139,
1151, 1279, 1365, 1517, 1600, 2871, 2968, 3214, 3436 cm�1. HRMS
(ESI+, m/z): calcd for C30H36N6S ([M + H]+) 513.2800; found
513.2807.
2.5.2. 1-(4-((E)-(4-(dimethylamino)phenyl)diazenyl)phenyl)-3-
((1S,4S,5R)-2-((S)-1-phenylethyl)-2-azabicyclo[3.2.1]octan-4-yl)
thiourea (12)

Orange solid. Yield 280 mg (54%), mp. 170–172 ℃, [a]D20 =
+251.0 (c 0.48, CH2Cl2). 1H NMR (400 MHz, CDCl3): d 1.20–1.47
(m, 5H), 1.59 (s, 3H), 1.71–1.76 (m, 2H), 2.22–2.41 (AB, 2H),
2.72–2.75 (m, 1H), 3.11 (s, 6H), 3.25 (q, J = 6.4 Hz, 1H), 3.51 (m,
1H), 4.12 (br s, 1H), 6.78 (d, J = 9.2 Hz, 3H), 7.03–7.04 (m, 2H),
7.16–7.20 (m, 3H), 7.30 (d, J = 8.4 Hz, 1H), 7.58 (br s, 1H), 7.96
(dd, J1 = 8.8 Hz, J2 = 36 Hz, 4H) ppm. 13C NMR (100 MHz, CDCl3):
d 21.0, 22.0, 27.2, 35.3, 37.5, 40.4, 49.4, 54.5, 55.9, 62.2, 111.6,
124.1, 125.2, 125.3, 127.0, 128.5, 136.6, 143.6, 145.4, 151.7,
152.8, 178.4 ppm. IR (KBr): 801, 1025, 1097, 1138, 1154, 1262,
1312, 1324, 1364, 1526, 1602, 2963, 3270, 3436 cm�1. HRMS
(ESI+, m/z): calcd for C30H36N6S ([M + H]+) 513.2800; found
513.2791.
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2.5.3. 3-(4-((E)-(4-(dimethylamino)phenyl)diazenyl)phenyl)-1-
methyl-1-((1S,4S,5R)-2-((S)-1-phenylethyl)-2-azabicyclo[3.2.1]octan-
4-yl)thiourea (13)

Orange solid. Yield 79 mg (15%), mp. 150–152 ℃, [a]D20 = +9.8 (c
0.96, CH2Cl2). 1H NMR (400 MHz, CDCl3): d 1.32–1.50 (m, 7H),
1.71–1.91 (m, 3H), 2.18–2.21 (m, 1H), 2.39–2.62 (AB, 2H), 2.73
(br s, 1H), 3.08 (s, 6H), 3.39 (q, J = 6.4 Hz, 1H), 3.50 (s, 3H), 3.88–
3.91 (m, 1H), 6.77 (d, J = 9.2 Hz, 2H), 6.97–6.98 (m, 2H), 7.12–
7.20 (m, 3H), 7.48 (d, J = 8.4 Hz, 2H), 7.87–7.91 (m, 4H) ppm. 13C
NMR (100 MHz, CDCl3): d 1.1, 20.6, 21.7, 27.0, 27.7, 33.5, 38.6,
40.4, 46.7, 56.5, 62.5, 63.9, 111.6, 122.6, 124.9, 126.9, 127.6,
127.8, 128.6, 142.1, 143.8, 150.5, 152.4, 180.6 ppm. IR (KBr) 701,
947, 1136, 1155, 1245, 1366, 1527, 1600, 1736, 2865, 2948,
3156, 3324, 3382 cm�1. HRMS (ESI+, m/z): calcd for C31H38N6S
([M + H]+) 527.2879; found 527.2626.

2.5.4. 1-(4-((E)-(4-(dimethylamino)phenyl)diazenyl)phenyl)-3-
(((1S,4R,5R)-2-((S)-1-phenylethyl)-2-azabicyclo[3.2.1]octan-4-yl)
methyl)thiourea (14)

Orange solid. Yield 274 mg (52%), mp. 125–127 ℃, [a]D20 =
+162.6 (c 0.02, CH2Cl2). 1H NMR (400 MHz, CDCl3): d 1.28–1.67
(m, 11H), 2.30 (m, 2H), 2.60 (s, 2H), 3.09 (s, 6H), 3.42–3.89 (m,
3H), 6.77 (d, J = 6.8 Hz, 2H), 7.33–7.52 (m, 8H), 7.83 (dd,
J1 = 8.8 Hz, J2 = 27.2 Hz, 4H). 13C NMR (100 MHz, CDCl3): d 14.1,
22.7, 23.5, 29.4, 29.7, 30.4, 31.9, 35.6, 40.3, 41.0, 70.6, 111.6,
111.9, 123.2, 123.3, 124.0, 125.0, 128.4, 129.2, 143.7, 152.4,
181.2 ppm. IR (KBr) 701, 947, 1136, 1155, 1245, 1366, 1527,
1600, 1736, 2865, 2948, 3156, 3324, 3382 cm�1. HRMS (ESI+, m/
z): calcd for C31H38N6S ([M + H]+) 527.2957; found 527.2955. Addi-
tionally, X-ray measurement was performed for 14 to confirm its
structure (see Supplementary Material).

2.6. Photochromic properties

The investigations were performed using a Shimadzu UV-
2101PC spectrophotometer which was modified by building-in
two LEDs. One of the diodes emits UV light at the wavelength
372 nm while the other emits visible light at 465 nm. Such config-
uration allows to illuminate the sample without removing it from
the spectrometer holder, thus daylight has no effect on measure-
ments. The cuvette holder was equipped with the magnetic stirrer
and modified in such a way to allow illumination of the sample
through an aperture perpendicular to the spectrophotometer
beam. The samples of studied compounds were dissolved in chlo-
roform (�10-6�10-4 M) and placed in the quartz cuvette (1 cm
optical path, 3 cm3 volume). Thanks to introduced modifications,
enabling simultaneous irradiating and stirring, the entire solution
of the sample was homogenously illuminated. Measurements were
carried out at ambient temperature (295 K).

2.7. Computational methods

Geometries of the cis and trans isomers of 8–9 and 11–14 in
chloroform solution were optimized based on the density func-
tional theory with the aid of the M06-2X exchange–correlation
functional [22] and the 6-31G** basis set. Solvent effects were
taken into account by means of the IEF-PCM model [23]. Minima
on the potential energy hypersurface were confirmed by the eval-
uation of hessian. The vertical excitation energies were computed
using the PBE0 exchange–correlation functional [24–25] and the
6-311++G** basis set. We have also performed electronic-
structure calculations using range-separated CAM-B3LYP func-
tional and highly-parametrized member of Minnesota functionals
(MN15). The results are shown in Table S3-S5 and demonstrate
that PBE0 delivers the most accurate spectral signatures for studied
4

compounds. All electronic-structure calculations have been per-
formed using the GAUSSIAN 16 program [26].

3. Results and discussion

3.1. Synthesis

In our study we synthesized the optically pure azobenzene
derivatives with 2-azabicycloalkane scaffold and sulfonamide and
thiourea functionalities. The base compound, necessary to obtain
the investigated derivatives, was an alcohol 2 with 2-
azanorbornane backbone, prepared by the stereoselective aza-
Diels-Alder reaction between cyclopentadiene and in situ generated
chiral Schiff base, a subsequent double bond hydrogenation, and
ester moiety reduction [18–21,27–31]. Further transformation of
an alcohol 3 allows for the preparation of bicyclic amines 3, 4
and 6 which play a crucial role in the final products synthesis
(Scheme 1). Based on the nucleophilic substitution reaction
between a chiral bicyclic substrate 3, 4, 6 and a commercially avail-
able azobenzene derivatives 7 and 10 (in the presence of base for
sulfonamides 8 and 9), it was possible to obtain the target products
with high chemical yield (52–93%) (Schemes 2–3). Interestingly,
the nucleophilic substitution of 4 with isothiocyanate 10 led to
the main product 12 (54%) and its N-methylated adduct 13 in
15% yield (Scheme 3) [32]. The newly obtained derivatives were
fully characterized and subsequently used in photochromic
studies.

3.2. Photochromic properties

Photochromic properties of the compounds 8–9 and 11–14 dis-
solved in chloroform were investigated using the UV–Vis spec-
troscopy [33–39]. Photochromic behavior was studied by using
two wavelengths, namely 372 nm and 465 nm (see Section 2.6
for details), in two separate experiments. In the first experiment,
before any irradiation, the absorption spectrum of the sample
was measured (the spectrum of so called the initial state). Subse-
quently, the sample was irradiated for 1 min with visible light
(10 mW/cm2) in order to induce photochemical reaction. The next
spectrum of the sample was recorded right after the light source
was turned off. The subsequent spectra were measured at different
times, counted from the moment when the light was turned off,
and they reflect thermal relaxation process. The second experi-
ment was conducted likewise, however UV light (10 mW/cm2)
was used instead to induce the photochemical reaction. Both
experiments were performed using the same sample solution.
The irradiation by UV light was performed the day after the exper-
iment with visible light. The sample was kept in the dark between
the experiments. As a result of that some differences in the initial
spectra before visible and UV light irradiation can be noticed.

Fig. 1 gathers the results of studies on photochemical reactions
in the synthesized 8–9 and 11–14 compounds. Graphs on the left
side (Fig. 1) demonstrate the changes in the absorption spectrum
due to the trans–cis isomerization induced by the visible light
and due to the following thermal relaxation process. Graphs on
the right side of the figure show the changes in the spectrum
resulting from the cis–trans reaction induced by irradiation with
the UV light and thermal back reaction. Each graph in Fig. 1 shows
the absorption spectrum of the compound solution before the irra-
diation and the change in the spectrum due to photochemical reac-
tion induced by 1 min of irradiation either by the visible
(Fig. 1.1a)–1.6a)) or UV light (Fig. 1.1b)–1.6b)), and the changes
in the absorption spectrum resulting from thermal isomerization.

The relative efficiency of the photochemical reaction, the reac-
tion efficiency RELIGHT(where LIGHT stands for VIS or UV irradia-
tion), has been defined and calculated according to the equation:
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RELIGHT ¼ A0 � ALIGHTj j
Aiso

ð1Þ
where A0 is the value of the absorbance at the wavelength that cor-
responds to the maximum of the band before irradiation, ALIGHT is
the absorbance after 1 min of the irradiation either by the visible
or UV light measured for the same wavelength as before irradiation,
and Aiso is the absorbance at the wavelength corresponding to the
position of the isosbestic point that is localized the closest to the
maximum of the absorption band. It is worth to emphasize that
the relative reaction efficiency defined by Eq. (1) is independent
Fig. 1. Changes in the absorption spectra resulting from the trans–cis (1a-6a) graphs) a
thermal back reaction for all studied compounds: (1) 8, (2) 9, (3) 11, (4) 12, (5) 13 and (6)
with a) visible light (kVis = 460 nm) (the darkest blue line) and b) UV light (kUV = 372 nm)
(marked by different shades of blue and black color) demonstrate the changes in the spec
light used for induction of photochemical reactions. (For interpretation of the references t

5

on concentration (in the wide range). The results are gathered in
Table 1.

Fig. 1 reveals photochromic properties of newly synthesized
family of azobenzene derivatives bearing 2-azabicycloalkane scaf-
fold. Photochemical reactions induced either by the visible (the
trans–cis isomerization) or UV (the cis–trans isomerization) light
effectively occur in compounds and once the light is turned off
the effective thermal back isomerization is observed. The effi-
ciency of reactions differs depending on which wavelength was
used for irradiation. For all studied compounds the reaction
induced by the visible light occurred more effectively in compar-
ison to the reaction induced by UV light (REVIS is significant larger
nd the cis–trans (1b-6b) graphs) photochemical reactions and due to the following
14. The absorption spectrum of the compound before (red line) and after irradiation
(the black line). Spectra measured at different times after the light was switched off
trum resulted from thermally driven isomerization. Arrows indicate wavelengths of
o color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 1 (continued)

Table 1
The relative reaction efficiency of photochemical reactions induced either by visible (REVIS) or UV (REUV) light.

Compound 8 9 11 12 13 14

REVIS 0.72 0.58 1.07 0.29 1.12 0.97
REUV 0.34 0.22 0.01 0.02 0.17 0.26

K. Kamińska, D. Iwan, A. Iglesias-Reguant et al. Journal of Molecular Liquids 363 (2022) 119869
than REUV , cf. Table 1). Among all studied compounds, the most
effective trans–cis isomerization with comparable efficiency was
measured for compounds 11, 13 and 14 which are thioureas.
Some differences in the chemical structure of these compounds
(the 6-membered 2-azanorbornane unit (11), the 7-membered
bridged azepane framework with the substituted NH group of
the thiourea moiety (13), the thiourea moiety moved away from
the bridged azepane system (14)) have no clear influence on the
efficiency of the reaction. Lower efficiency of the reaction, never-
6

theless meaningful, was observed for compounds 8 and 9 which
belong to the group of sulfonamide derivatives (slightly higher
efficiency was measured for the compound with a bicyclic 2-
azanorbornane system (8)). The lowest efficiency was observed
for 12. The cis–trans isomerization occurred with significantly
lower efficiency in comparison to the trans–cis one. The effective
reaction induced by UV light was observed for compounds 8, 9,
13 and 14, while for compounds 11 and 12 the efficiency was
very low.
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Table 2
Summary of the electronic-structure calculations for compounds 8–9 and 11–14 using the PBE0 exchange–correlation functional. Wavelengths (k) correspond to three the lowest-
energy vertical electronic excitations of the trans and the cis isomers of 8–9 and 11–14. The values of oscillator strengths (f, dimensionless) are given in parentheses.

Compound S0 ? S1 S0 ? S2 S0 ? S3

cis
k [nm]

(f)

trans
k [nm]

(f)

cis
k [nm]

(f)

trans
k [nm]

(f)

cis
k [nm]

(f)

trans
k [nm]

(f)

8 466
(0.1379)

460
(0.0010)

370
(0.0020)

437
(1.2464)

364
(0.2286)

414
(0.0007)

9 476
(0.2156)

461
(0.0002)

369
(0.2789)

439
(1.1950)

369
(0.0031)

410
(0.0270)

11 477
(0.1679)

444
(0.0017)

359
(0.2618)

431
(1.3776)

343
(0.0287)

366
(0.0099)

12 477
(0.1664)

444
(0.0257)

359
(0.2524)

432
(1.3843)

347
(0.0326)

369
(0.0094)

13 483
(0.1945)

444
(0.0023)

358
(0.2530)

431
(1.3792)

351
(0.0460)

375
(0.0157)

14 484
(0.1979)

444
(0.0017)

358
(0.2730)

431
(1.3776)

343
(0.0107)

366
(0.0099)
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Further detailed analysis of the experimental absorption spectra
will be supported by theoretical studies.

In order to unravel spectral features shown in Fig. 1, the elec-
tronic structures of the trans and the cis isomers of the compounds
8–9 and 11–14 were determined based on quantum chemical
calculations.

Table 2 contains summary of these calculations for three
lowest-energy electronic excitations (see also corresponding
Fig. S21 in the SI file). There are several interesting conclusions that
can be drawn from these results. The main intense absorption band
in experimental spectra with maxima in the range 421–439 nm
can be assigned to the S0 ? S2 electronic transition for the trans
isomer. The S0 ? S1 electronic excitation in the trans isomer has
Fig. 2. Frontier molecular orbitals (HOMO: left, LUMO: right) for th

7

negligible oscillator strengths, except the compound 12. The
long-wavelength shoulders close to 450 nm in the absorption band
in the spectrum before irradiation for this compound is due to the
S0 ? S1 electronic excitation. Moreover, the electronic S0 ? S1 tran-
sition for the cis isomer is found to be red-shifted with respect to
its counterpart for the trans isomer. The corresponding wavelength
for the cis isomer is to a large extent system-dependent and one
finds its variations close to 20 nm on passing from 8 to 14;
nevertheless in the case of all compounds the S0 ? S1 electronic
excitation for the cis isomer share a common feature – it is charac-
terized by a significant value of the oscillator strength. These
results, taken together, allow to explain the changes in experimen-
tal absorption spectra on passing from 8 to 14. Namely, the spectra
e trans (top) and the cis (bottom) isomers of the compound 8.
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Fig. 3. Changes in the absorption spectrum of the compound 8 solution in chloroform before and after irradiation with visible light (on the left: 1a), 2a) and 3a)) and UV light
(on the right: 1b), 2b) and 3b)) for different solution concentrations. Changes in the absorbance due to thermally driven isomerization - spectrum measured 50 min after the
light was switched off.
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of 8 (or 9) (sulfonamide derivatives) after irradiation shows struc-
tureless broad absorption band with maxima at 439 nm which is a
composition of neighbouring electronic transitions S0 ? S2 (large
intensity; the trans isomer) and S0 ? S1 (small intensity; the cis iso-
mer). For compounds 11–14 (thiourea derivatives) one finds that
the main band in the absorption spectra is more structured than
that observed for 8 and 9. For instance, the spectra of 11 shows a
8

band with the maximum at 426 nm and a shoulder at 450 nm, indi-
cating overlapping bands corresponding to at least two electronic
states (see Table 2). Upon irradiation of the compound 11 the rel-
ative intensity of the feature at 450 nm increases in comparison to
the feature at 426 nm. The same holds for compounds 12–14.
However, in the case of the compound 14, as revealed by
electronic-structure calculations, these two electronic transitions
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are distinctly separated which results in the well-structured wide
absorption band showing two distinct maxima.

As demonstrated by the analysis of the electronic structure, both
the S0 ? S2 transition (the trans isomer) and the S0 ? S1 transition
(the cis isomer) are dominated by one-electron HOMO ? LUMO
orbital transitions. These frontier orbitals for both isomers of 8
are shown in Fig. 2. The electronic density difference plots for both
isomers of all compounds (see Figures S22-S33 in the SI file)
demonstrate that in the case of the brightest transition (S0 ? S2)
the corresponding density changes are localized on the azobenzene
moiety. This holds for both isomers. One can thus conclude that the
azabicycloalkane scaffold is not involved in intramolecular charge-
transfer transitions to the lowest pp* excited states.

With the help of results from electronic-structure calculations,
we will now start the analysis of experimental spectra discussing
the results for the compound 8 as a representative of whole series.
As it can be seen on Figure 1.1 the absorption spectrum of the non-
irradiated sample (the initial state) is characterized by a single
strong absorption band localized at kmax = 438 nm which, as
demonstrated by the electronic-structure calculations, corre-
sponds to the S0 ? S2 electronic transition of the trans-isomer. Irra-
diation of the solution with visible light induces the trans–cis
reaction which leads to the photostationary state dominated by
the cis isomer. As a result, the intensity of the band was reduced
and it was bathochromically shifted from kmax = 438 nm to
kmax,1 = 442 nm, while in the range of shorter wavelength a new
absorption band was built up at wavelength kmax,2 = 384 nm (cf.
Fig. 1.1a)). The new band is related to the cis isomer and its concen-
tration in solution increases after irradiation. The assignment of
this band is supported by the results of the electronic-structure
calculations. The spectrum after irradiation shows the broad
absorption band which is a composition of neighbouring electronic
transitions S0 ? S2 (large intensity; the trans isomer) and S0 ? S1
(small intensity; the cis isomer). After the light is switched off ther-
mal cis–trans back reaction takes place, i.e. the spectrum returns
towards the initial state. Fig. 1.1a) shows that after ca. 75 min
the spectrum returned to its initial shape and intensity (before illu-
mination). Moreover, a further monitoring of the relaxation pro-
cess resulted in obtaining the spectrum with increased intensity
of the band maximum in comparison to the initial one, which is
a striking result (Fig. 1.1a)). It is worth to point out, that the
increase of the intensity of the band maximum above the value
of the initial state was observed for all studied compounds (cf.
Fig. 1.2a) � 1.6a)). The significant changes in the absorption spec-
tra and the preserved positions of the isosbestic points, observed in
Fig. 1.1a)–1.6a), confirm the occurrence of photochemical reaction
induced by visible light.

Illumination of the studied compound 8 with UV light, which
causes the cis–trans isomerization, resulted in an increase of the
intensity of the absorption band maximum, as one can notice in
Fig. 1.1b). The direction of the change of the spectrum is opposite
to the one observed when visible light was used. It is in accordance
with the mechanism of isomerization of the azobenzene core and it
is understandable since wavelengths corresponding to the UV and
the visible light range are located on the opposite sides of the isos-
bestic point. After the light is switched off and when the thermal
back reaction begins it could be expected that the intensity of
the main band in the spectrum will decrease as the result of the
return of the system to its thermodynamic equilibrium (the
decrease of concentration of the cis form). Unexpectedly, the
behavior of the absorption spectra measured during the relaxation
process shows something opposite – the intensity of the band
maximum, despite the lack of light, was further increasing (cf.
Fig. 1.1b)). The increase of the intensity of the band maximum dur-
ing thermal back isomerization was observed for the other studied
compounds as well (see Fig. 1.2b)–1.6b)). The results demonstrate
9

that the thermal back reaction is a complex process in studied
azobenzene derivatives. We will conclude the analysis of the spec-
troscopic data highlighting that the results demonstrate that pho-
tochemical reaction induced by UV light is observed and this holds
for all studied compounds.

Both striking observations related to the thermal back reaction,
i.e., (i) further increase of the intensity of the band after switching
off the UV light, and (ii) an increase of the intensity of the band
above the intensity of the initial state after switching off visible
light, suggest the preference of the compound to achieve the equi-
librium state by forming the larger amount of the trans isomers. In
order to shed light on this interesting photochromic phenomenon,
further additional experiments were carried out for 8. Three solu-
tions with a different concentration, namely 1.3�10-6, 1.7�10-5

and 1.0�10-4 M were prepared. The samples were subsequently
irradiated with the visible and UV light for 1 min. The initial spec-
trum, the change in the spectrum resulted from irradiation and the
spectrum after 50 min after switching off the light were measured.
The results have been gathered in Fig. 3.

The strongest and significant increase of the intensity of the
band above the intensity of the initial spectrum after UV irradiation
and further increase of the intensity due to thermal relaxation was
observed for the solution of the lowest concentration (Fig. 3.1b)).
For the solution of the intermediate concentration the effect was
still observed, however was less pronounced (Fig. 3.2b)). For the
solution with the highest concentration (two orders of magnitude
larger than the lowest concentration) UV caused a decrease of the
intensity of the band and no changes of the spectrum were
observed due to thermal relaxation (Fig. 3.3b)). The concentration
had no influence on the direction of spectrum changes due to visible
light irradiation (cf. Fig. 3.1a), 3.2a) and 3.3a)). In this case a
decrease of the band was observed regardless of the concentration
of the solution. The concentration affected the efficiency of the
trans–cis isomerization. The strongest change in the absorbance
due to visible irradiation was observed for the solution of the lar-
gest concentration. In that case the increase of the intensity of the
band above the intensity of the initial spectrum due to thermal
relaxationwas not observed. These results clearly demonstrate that
concentration is one of the factors which determine the direction of
the photochemical reaction in the studied azobenzene derivative.

Additional experiment using the 1H NMR technique was per-
formed to confirm the stability of 8 and monitoring thermal relax-
ation processes after UV/Vis light exposure. No changes in the
structure of the studied compound after UV/Vis irradiation were
observed. The NMR study could not shed light on which species
are present after irradiation due to very low sample concentration.
Themechanism behind the observed relaxation processes after irra-
diation in the studied compounds seems complicated. Presumably,
it may be related to the mixture of several conformers arising from
the presence of 2-azabicycloalkne-containing moiety. The presence
of the fixed isosbestic points excludes the hypothesis of unusual
photochromic behavior due to (trans)n?n(trans) processes. Despite
of the lack of full understanding of the mechanism, that could
explain observationsmade during relaxation processes at this stage
of the research, it is clear, based on reported results, that effective
photochemical reactions occur in the azobenzene derivatives with
2-azabicycloalkanemoiety. Taking into account the effective trans–-
cis-trans isomerization of the azobenzene core and the presence of
the chiral substituent (2-azabicycloalkane fragment), we plan to
perform the studies of light-controlled biological activity of the
investigated compounds which will be reported elsewhere.

4. Conclusions

The photochromic properties of newly synthesized azobenzene
derivatives containing 2-azabicycloalkane scaffold have been stud-
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ied using the UV/Vis spectroscopy and further supported by the
computational quantum-chemistry methods. The experimental
data confirm typical for azobenzene the trans–cis and the cis–trans
photochemical reactions upon irradiation with the visible and UV
light, respectively. However, the analysis of the spectra due to
the thermal back reaction for the samples illuminated by the UV
radiation shows the preference of the studied compounds to
achieve the equilibrium state by forming the larger amount of
the trans isomer (the band maximum further increased after expo-
sure to the UV radiation). Furthermore, we demonstrated that the
concentration is one of the factors which affects the thermal relax-
ation processes. In the case of some of the derivatives the spectra
after irradiation show well-structured shape which, as revealed
by electronic-structure calculations, arises from overlapping bands
from the trans and the cis isomers. Taken together, the results pre-
sented in this work have revealed that the mechanism underlying
the relaxation processes is rather complex, however, most impor-
tantly, they have proved that effective photochemical reactions
occur for all studied azobenzene derivatives. It opens the possibil-
ity of using of these newly synthesized compounds in studies of
light-controlled biological activity.
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[18] E. Wojaczyńska, J. Wojaczyński, K. Kleniewska, M. Dorsz, T.K. Olszewski, 2-
Azanorbornane—A versatile chiral aza-Diels–Alder cycloadduct: Preparation,
applications in stereoselective synthesis and biological activity, Org. Biomol.
Chem. 13 (2015) 6116–6148, https://doi.org/10.1039/C5OB00173K.
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