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A B S T R A C T

The synthesis and ion-binding properties of amide-based derivative of embonic acid and p-aminoazobenzene
were described. The new compound was characterized by X-ray structural analysis and spectroscopic methods.
Ligand interacts in acetonitrile with Y-shaped anions (benzoates and acetates) and dihydrogen phosphates
forming complexes of 1:1 stoichiometry. In more polar DMSO the complexes stoichiometry changes to 2:1
(L:anion). Light-induced trans to cis isomerization was studied. The effect of anions on thermal back iso-
merization was investigated.

1. Introduction

For many years one of the key areas of research within supramo-
lecular chemistry is the design, synthesis and studies of properties of ion
receptors. This interest is connected with vast spectrum of potential
applications of such compounds as for instance in development of
chemical sensors [1], obtainment of new therapeutic systems enabling
ion transport through cell membrane [2], remediation of waters and
soils contaminated with radioactive ions [3] and others. One of the
conditions of selective recognition of ionic species by molecular re-
ceptors is their geometrical molding. In the presence of complementary
ion, the host molecule can undergo preorganization to suit better the
size and shape of the ion. However, the change of ligand configuration
requires energy inputs, which if they exceed the energy of host-guest
interactions, cause that additional energy must be supplied to the
system. The changes of ligand geometry can be induced by external
factors, such as temperature, type and polarity of solvent, electric
current flow or pH change. The presence of photoactive groups in li-
gand structure causes that geometrical changes can be also controlled
by electromagnetic radiation [4]. Light, contrary to other external
factors, has an inert character and generally ensures that configura-
tional changes occurring upon its action are relatively fast and re-
versible. Among photoactive compounds derivatives of spiropyran [5],
diarylethene[6], and azobenzene [7] can be distinguished. Particular
importance have azo compounds as due to their relatively simple
synthesis and interesting properties they find diverse applications such

as in digital electronics [8], data recording devices [9], photo-
pharmaceutics [10], and others. Irradiation of azobenzene derivatives
with UV or visible light induces configurational changes from almost
planar trans (E) isomer to cis (Z) form of geometry resembling the V
letter. In darkness or after irradiation with green or blue light the
system reequilibrates to thermodynamically more stable trans isomer.
Ravoo et al. [11] investigated photoswitching properties of a series of
water-soluble arylazopyroles and their host-guest interactions with
cyclodextrins. Depending on the type and position of benzene ring
substitution, the thermal stability of compounds could be tuned over a
broad timescale, from several seconds to days and months. Jurczak and
co-workers [12] described anion-controllable cis to trans thermal iso-
merization of urea-bearing azobenzene receptors in DMSO. The pre-
sence of anions accelerated thermal back isomerization, what was ex-
plained by electron density transfer from anionic species to the complex
resulting in increased repulsion of lone pairs in azo group. The inter-
actions of cis isomer, obtained after solution irradiation, with anions
were weaker than for the trans form, what is a consequence of config-
urational changes and spatial arrangement of binding pocket in both
isomers. Light-induced isomerization of azo group was also employed to
controlled transport of chloride anions across cell membranes [13]. The
described transporters bearing urea units linked via azobenzene spacer
were practically inactive in their trans form, however after UV light-
triggered isomerization their transport activities were switched on due
to more preferable preorganization of the binding sites in cis isomers.

Taking all above into consideration, we decided to synthesize amide

https://doi.org/10.1016/j.jphotochem.2019.112307
Received 16 August 2019; Received in revised form 13 December 2019; Accepted 13 December 2019

⁎ Corresponding authors.
E-mail addresses: natalia.lukasik@pg.edu.pl (N. Łukasik), ewa.wagner-wysiecka@pg.edu.pl (E. Wagner-Wysiecka).

Journal of Photochemistry & Photobiology A: Chemistry 390 (2020) 112307

Available online 24 December 2019
1010-6030/ © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/10106030
https://www.elsevier.com/locate/jphotochem
https://doi.org/10.1016/j.jphotochem.2019.112307
https://doi.org/10.1016/j.jphotochem.2019.112307
mailto:natalia.lukasik@pg.edu.pl
mailto:ewa.wagner-wysiecka@pg.edu.pl
https://doi.org/10.1016/j.jphotochem.2019.112307
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jphotochem.2019.112307&domain=pdf


derivative of embonic acid, that due to the presence of hydrogen bond
donors: NH or OH groups in its structure should potentially enable
anion recognition. The introduction of azo moieties gives a possibility
to control ligand configuration and its binding ability by external sti-
muli i.e. light. Complexing properties of the compound were tested in
acetonitrile and DMSO.

2. Results and discussion

2.1. Synthesis

Amide L was obtained according to synthetic route shown in Fig. 1.
The first step was the protection of hydroxyl groups of embonic acid in
order to prevent intramolecular hydrogen bonds formation between
hydroxyl moieties and ortho positioned carboxyl groups [14]. Then
acetylated embonic acid (1) was used as a substrate for acyl chloride
preparation. Condensation of 2 with p-aminoazobenzene and sub-
sequent hydrolysis yielded the desired bisamide L (total yield 50%). To
the best our knowledge (according to Chemical Abstracts) it is the first
time when synthesis of this compound is described. Details about
synthesis of ligand L and its spectral characteristic are included in
Supplementary Material (Fig. SM 1–6).

2.2. X-ray structure of L

Compound L crystallizes in triclinic system in the space group P1̄,
Z= 2. Molecular view is presented in Fig. 2. Experimental details and
refinement parameters are given in Table 1. Asymmetric unit contains
the main organic molecule C47H34N6O4 which is solvated, due to
NH⋯O hydrogen bridges, by one acetone molecule and by water.
Analysis of size of the displacement ellipsoid on O6 indicated that the
water molecule has actually site occupation factor of half, so mean
chemical formula is given as C47H34N6O4·C3H6O·0.5(H2O). It means
that each two molecules of L are solvated by two molecules of acetone
and one molecule of water. Both azobenzene fragments are in trans
form.

One terminal azobenzene group (with N3 N4) was refined as dis-
ordered over two positions with occupancies of 0.632(17)/0.368(17).
The naphthyl groups form an open, anti-parallel, conformation so no

hydrophilic cavity was created by the molecule itself (naphthyl residues
form dihedral angle of 100.52°). Bond lengths and valence angles are
within their expected values ranges. Reported size of N3-N4 bond is
affected by the disorder and cannot be regarded as precisely de-
termined. Hydrogen bond geometry is given in Table 2. Both hydroxyl
groups (O2, O4) form intramolecular hydrogen bonding OH⋯O with
the most proximate C]O groups giving S(6) motif (for graph set no-
tation, see: [15]). The remaining hydrogen bond donors NeH bind
acetone and water molecules via their O atoms. One branch of the main
molecule, solvated by water, has almost coplanar aromatic rings (the
one with N1, N2, N6 etc.) while the second branch (solvated by acetone)
shows distinct deviation from planarity: dihedral angle between the
naphthyl C-atoms (C25-C33) and azobenzene C,N-atoms (C36-C47) is
ca. 63.0(1) degree. This part is also affected by disorder of azobenzene
group bonded in two orientations. Packing of solvated molecules in
crystal is controlled mainly by CH⋯O hydrogen bonds (see Table 2) and
to some extent by stacking interactions, which are not frequent: only
two rings have centroid distance less than four angstrems, i.e.
3.8760(10) Å for centroids of C6-C11 and C36-C41 (its 1-x, -y, -z
equivalent) phenyl rings (Fig. SM 7).

Additional information concerning crystal data can be found in
Supplementary Material (Tab. SM 1–5).

2.3. Theoretical calculation

To check what kind of excitation is most responsible for the UV–vis
absorption, the TD-DFT calculations were performed in vacuo at B3LYP/
6-31+G(d,p) level of theory. Detailed information on the calculation
procedure can be found in the experimental part. The strongest oscil-
lator was found at 437.87 nm (excitation energy= 2.8315 eV; oscillator
strength=0.0706). The HOMO-LUMO transition has the greatest
contribution to this excitation (Fig. 3).

2.4. Ligand-ion complexation studies

Ion binding studies were carried out using spectroscopic methods in
aprotic solvents of different polarity: highly polar DMSO and less polar
acetonitrile.

Among investigated TBA salts (see Experimental section), changes

Fig. 1. Synthesis of amide L.
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in absorption spectra of L were observed in the presence of acetates,
benzoates, dihydrogen phosphates and fluorides. Spectral changes upon
titration with TBA salts in acetonitrile are exemplified with titration
trace for benzoates and fluorides in Fig. 4. Spectral changes upon ti-
tration with tetra-n-butylammonium acetate and dihydrogen phosphate
are shown in Figure SM 8. Similarities in spectra upon titration with
benzoates, acetates, and dihydrogen phosphates may indicate similar
nature of the interactions with the host molecule L. Molar ratio plots
obtained from titration experiments at 430 nm suggest 1:1 complex
formation in acetonitrile. Different character of changes was observed
in spectra registered upon titration with tetra-n-butylammonium
fluoride (Fig. 4b). No clear isosbestic point can imply that more than
one equilibrium under measurement conditions exists. Molar ratio plots
obtained from spectrophotometric titration point out formation of
species of 1:2 stoichiometry (L: TBAF). It can indicate stepwise depro-
tonation of the amide L. To suppress potential ligand deprotonation,
titration experiments with TBAF were carried out in the presence of

acetic acid [17]. Changes in UV–vis spectra in the presence of acid are
less significant than in neutral acetonitrile, but still observable. This can
suggest that ligand-ion interaction may take place in the system even in
the presence of highly basic anions (Fig. SM 9). Opposite to pure
acetonitrile in acetic acid environment complexes of sandwich type
(2:1, L: TBAF) are formed, what is supported by the molar ratio plots
obtained from titration experiments.

From spectrophotometric titrations the values of stability constant
(logK) for complexes of L with anions were estimated in pure acetoni-
trile and in the presence of acetic acid (Table 3). In pure acetonitrile,
stability constant values of 1:1 complexes of L with carboxylates are
higher than with tetrahedral dihydrogen phosphates pointing out the
higher affinity of L towards Y-shaped anions. The highest value of
stability constant, for 1:1 complexes, was obtained for L-PhCOO−.
Detection limit for benzoate anions determined from spectro-
photometric measurements is 3.57×10-7 mol/dm3.

From spectrophotometric titrations carried out in more polar DMSO
it can be concluded that in this solvent amide L forms 2:1 (L:A) type
complexes with anions. As an example spectral changes registered in
experiments with dihydrogen phosphates and benzoates are shown in
Fig. 5. In this case, ligand shows the strongest affinity towards dihy-
drogen phosphate anions (Table 4).

Fig. 2. Molecular structure of L with atom labelling scheme, displacement ellipsoids drawn at 50% probability level. Atoms of the second disorder part shown as
small spheres.

Table 1
Crystal data, data collection and structure refinement details for L.

Crystal data

Chemical formula C47H34N6O4·C3H6O·0.5(H2O)
Mr 813.89
Crystal system, space group Triclinic, P1̄
Temperature (K) 120
a, b, c (Å) 8.0814 (12), 12.020 (2), 22.340 (6)
α, β, γ (°) 96.510 (19), 94.019 (18), 107.976 (14)
V (Å3) 2038.1 (8)
Z 2
Radiation type Mo Kα
μ (mm−1) 0.09
Crystal size (mm) 0.28× 0.04× 0.03

Data collection
Diffractometer STOE IPDS 2 T diffractometer
Absorption correction none
No. of measured, independent

and observed [I > 2σ(I)]
reflections

15151, 7166, 2781

Rint 0.129
(sin θ/λ)max (Å−1) 0.595

Refinement
R[F2 > 2σ(F2)], wR(F2), S 0.111, 0.360, 1.01
No. of reflections 7166
No. of parameters 598
No. of restraints 33
H-atom treatment H atoms treated by a mixture of independent

and constrained refinement
Δ〉max, Δ〉min (e Å−3) 0.40 −0.35

Table 2
Hydrogen-bond geometry (Å, º) for L.

DeH⋯A D—H H⋯A D⋯A D—H⋯A

N5—H5⋯O5 0.88 2.03 2.889 (7) 164
N6—H6⋯O6 0.88 2.3 3.078 (16) 148
O2—H2⋯O1 0.84 1.77 2.525 (6) 149
O4—H4⋯O3 0.84 1.85 2.583 (7) 145
O4—H4⋯O3i 0.84 2.64 3.092 (6) 116
C14—H14⋯O1 0.95 2.35 2.917 (9) 118
C15—H15⋯O1ii 0.95 2.56 3.411 (9) 149
C18—H18⋯O2iii 0.95 2.59 3.221 (11) 124
C18—H18⋯O6 0.95 2.5 3.18 (2) 128
C20—H20⋯O2ii 0.95 2.61 3.512 (8) 158
C38—H38⋯O6iv 0.95 2.54 3.368 (17) 146
O6—H6B⋯N4iv 0.82 (2) 2.59 (15) 3.06 (2) 118 (14)
N5—H5⋯O5 0.88 2.03 2.889 (7) 164
N6—H6⋯O6 0.88 2.3 3.078 (16) 148
O2—H2⋯O1 0.84 1.77 2.525 (6) 149
O4—H4⋯O3 0.84 1.85 2.583 (7) 145
O4—H4⋯O3i 0.84 2.64 3.092 (6) 116
C14—H14⋯O1 0.95 2.35 2.917 (9) 118
C15—H15⋯O1ii 0.95 2.56 3.411 (9) 149
C18—H18⋯O2iii 0.95 2.59 3.221 (11) 124
C18—H18⋯O6 0.95 2.5 3.18 (2) 128
C20—H20⋯O2ii 0.95 2.61 3.512 (8) 158
C38—H38⋯O6iv 0.95 2.54 3.368 (17) 146
O6—H6B⋯N4iv 0.82 (2) 2.59 (15) 3.06 (2) 118 (14)
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Changes observed in UV–vis spectra upon titration with tetra-n-
butylammonium fluoride are similar to these registered in acetonitrile.
Taking into account strongly basic character of fluoride in highly polar
DMSO, ligand deprotonation can be here considered. Spectral changes
registered upon titrations with TBAF in DMSO in the presence of acetic
acid point out the possibility of host-guest interactions (Fig. SM 10). It
was found that under measurement conditions 2:1 type complexes (L:A)
are formed (Table 4).

Complex formation with anions was also proved by 1H NMR ex-
periments. In 1H NMR spectrum of complex of L with benzoates the
shift of OH and NH proton signals to higher ppm values in comparison

to the free ligand spectrum is observed. It indicates that in complex
formation hydrogen bonds can be involved (Fig. 6). Double signals of
unequal intensity seen in the L-PhCOO− spectrum may suggest dif-
ferent involvement of particular protons in interactions with the anion.
This may mean that benzoate anion is bound in unsymmetrical manner
by the ligand molecule or that complexation of anion triggers iso-
merization of ligand. In comparison to the free ligand spectrum ma-
jority of aromatic protons signals of L are shifted to lower ppm values in
the presence of the anionic guest. Signals corresponding to aromatic
protons of guest, seen in the spectrum of “free” salt at 7.20 and
7.80 ppm (Fig. SM 11), in the complex spectrum are shifted to higher
ppm values (seen as overlapping signals at around 7.55 and 7.95 ppm).

The comparison of FTIR spectra of L-PhCOO− complex and the free
ligand indicates that the most significant changes are observed in the
range of the I amide band (C]O), which in the spectrum of free ligand
is observed at 1652 cm-1 (Fig. SM 12). In the complex spectrum the
band in this region becomes flat. Double, weakly separated bands ob-
served in the spectrum of ligand at around 1440 cm-1, that can be as-
cribed to CeN stretching and OeH bending vibrations, in the complex
spectrum are seen as one sharp band shifted to 1453 cm−1.
Additionally, well observable changes in the range 1330−1200 cm−1

Fig. 3. HOMO and LUMO molecular orbitals visualized using GaussView 5.0.9 [16].

Fig. 4. Spectral changes observed upon titration of the ligand solution with: a) tetra-n-butylammonium benzoate (cL= 2.17×10−5 mol/dm3, cs= 0–4.70× 10−5

mol/dm3), inset molar ratio plot at 430 nm; b) tetra-n-butylammonium fluoride (cL= 1.32× 10−5 mol/dm3, cs= 0–1.89×10-4 mol/dm3), inset molar ratio plot at
430 nm in acetonitrile.

Table 3
Stoichiometry (L:A) and values of stability constants (logK) for ligand L com-
plexes with anions (in the form of TBA salts) in pure acetonitrile and * in the
presence of acetic acid (20-fold molar excess in relation to ligand concentra-
tion).

Stoichiometry (L:A) PhCOO− AcO− H2PO4
− F−*

1:1 7.09 ± 0.05 6.64 ± 0.01 5.32 ± 0.04
2:1 9.87 ± 0.50
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corresponding to ν(CeO) and δ(NeH) out-of-plane vibrations, may in-
dicate that amide and hydroxyl groups of ligand are involved in com-
plex formation, what is supported by 1H NMR experiments. The pre-
sence of benzoate anions influences also on the shape of bands in the
region of γ(CeH)ar out-of-plane and ω(NeH) out-of-plane bands
(600−800 cm-1).

1H NMR spectra were registered also in the presence of dihydrogen

phosphates (Fig. SM 13). Addition of 0.5 equivalent of the salt in re-
lation to the ligand concentration caused broadening of all signals and
loss of their multiplicity. Signals of OH and NH protons are doubled. It
may suggest that under measurement conditions an equilibrium mix-
ture exists and perhaps two forms of the ligand molecule are present. In
the presence of equimolar amount of dihydrogen phosphates solution
the signals are sharp pointing out that the equilibrium is reached.
Again, as in the case of benzoate ions, some of aromatic protons signals
are doubled and shifted to lower values of ppm. The OH and NH signals
are shifted downfield suggesting the complex formation via hydrogen
interactions.

Similar character of changes is observed in the spectrum of L-F−

(Fig. SM 14). Here also, as in the case of benzoate and dihydrogen
phosphate ions, NH and OH signals are shifted to higher ppm values
pointing out that the main process occurring between ligand and
fluoride anions is host – guest complexation. Observed in UV–vis

Fig. 5. Spectral changes registered upon titration of L (cL= 1.81× 10−5 mol/dm3) solution with a) tetra-n-butylammonium dihydrogen phosphate
(cs= 0–3.31×10−5 mol/dm3); b) tetra-n-butylammonium benzoate (cs= 0–2.78×10−5 mol/dm3) in DMSO. Inset: molar ratio plot at 440 nm.

Table 4
Values of stability constants (logK) for ligand L complexes (2:1, L:A) with an-
ions (in the form of TBA salts) in pure DMSO and * in the presence of acetic acid
(20-fold molar excess in relation to ligand concentration).

Stoichiometry
(L:A)

H2PO4
− PhCOO− AcO− F− *

2:1 11.46 ± 0.40 10.46 ± 0.13 10.29 ± 0.77 11.42 ± 0.06

Fig. 6. The comparison of partial (6.4−14 ppm) 1H NMR spectra of the free ligand L (top) and its 1:1 complex with tetra-n-butylammonium benzoate in DMSO-d6.
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studies ligand deprotonation, in 1H NMR experiments is suppressed due
to higher concentration of host and guest. Additional evidence of
complex formation rather than deprotonation is a lack of triplet as-
cribed to [HF2]− adduct at around 16 ppm [18]. Similarly to changes
observed in the presence of benzoate and dihydrogen phosphate ions, in
the L-F− spectrum additional signals are observed in the region of
aromatic proton signals, however their intensity is here much lower
(c.a. 10-times as estimated on the basis of integrals).

Among tested metal cation (see Experimental section) changes in
UV–vis spectra in acetonitrile were observed only in the presence of
copper(II) perchlorate (Fig. 7a). According to molar ratio plots 1:1 type
complexes are created under measurement conditions.

Stability constant of 1:1 complex of L with copper salt was de-
termined as logK 5.04 ± 0.12. Selectivity of L towards copper(II) was
estimated as %RR (Fig. 7b). Among tested metal cations the most sig-
nificant influence on spectrophotometric response of ligand L towards
copper(II) cations have cobalt(II) and lead(II) cations, however this
effect is lower than 10% of relative response. The influence of sodium,
magnesium, calcium, nickel(II), and zinc cations is within the mea-
surement error, i.e. ± 5% [19], what makes this effect insignificant.
Change of solvent to more polar DMSO made ligand-copper(II) inter-
action studies impossible as it this highly competitive environment no
spectral changes in the ligand solution upon addition of copper(II)
perchlorate were observed.

2.5. Photoisomerization studies

Due to the presence of two azo groups the compound L may po-
tentially exists in three forms: as trans, trans (E,E) and trans, cis (E, Z)
and cis, cis (Z, Z) isomer. The photoisomerization process was studied
for ligand solution in DMSO. In UV–vis spectrum registered upon ligand
irradiation with UV light (λ =365 nm) two isosbestic points are ob-
served, what points out that only one process occurs: trans to cis iso-
merization. After 6min of UV-irradiation hypo- and hipsochromic shift
of the π → π* band is seen until a photostationary state is reached what
is characteristic for photoismerization of azo compounds (Fig. SM 15)
[20]. The band attributed to n → π* transition is poorly separated from
the π → π* band and upon irradiation a gentle hyperchromic effect for
it is observed. According to the graphical method UV-induced iso-
merization is a reaction of the first order (Fig. SM 16). According to DSL
experiments ligand solution contains particles of around 1 nm size.
Upon light-triggered isomerization particles of bigger size i.e. around
1540 nm appear. In emission spectra of L registered before and after
UV-irradiation, a decrease of fluorescence intensity is observed (Fig. SM
17). This effect can be connected with the loss of planarity of L mole-
cule upon trans to cis isomerization. Taking into account DSL results it
may be also assumed that upon irradiation aggregates are formed that

cause fluorescence quenching. The process is reversible after heating
sample at 50 °C in darkness. In UV–vis spectrum of Z-enriched mixture a
batho- and hyperchromic effect of the π→ π* band is observed (Fig. SM
18a). According to the graphical method the thermal back reaction is
the first order process with half-life time of 22min (Fig. SM 18b).
Spectral characteristic of both isomers is presented in Table 5.

In the 1H NMR spectrum registered after irradiation of L solution,
additional signals corresponding to Z form are seen (Fig. 8). The ob-
served upfield shifts of aromatic (for instance Δδ8= 1.03 ppm) and NH
protons (ΔδNH= 0.24 ppm) point out a characteristic shielding effect of
overlapping phenyl rings of the cis form [21]. According to observed
changes it was concluded that two form are present in the mixture.
After 1.5 h of irradiation with UV light the concentration of Z form in
the mixture was estimated as 16%.

Two doublets seen at around 6.9 ppm in the spectrum of UV-irra-
diated ligand solution are also observed in the spectrum of L in the
presence of tested anions (Fig. 6, SM 13–14). This may suggest that
upon anion binding the isomerization of ligand takes place. In the
presence of benzoate and dihydrogen phosphate the content of Z form
was estimated at around 4% and 9% respectively, whereas in the case of
fluoride anions it was lower: c.a. 1%. Thus the affinity of the Z isomer
towards anions was studied. The presence of selected anionic species
that interact with L (without irradiation), slows down the rate of
thermal reisomerization (Table 6). For the sake of comparison, chloride
anions, that do not interact with L in DMSO (no spectral changes were
observed), speed up thermal back reaction of Z-enriched mixture,
probably due to the increased repulsion on the N]N group being a
consequence of electron density transfer from chloride anion to the
complex. In UV–vis spectrum of Z-enriched mixture changes are ob-
served in the presence of phosphate, acetate and dihydrogen phosphate
anions indicating host-guest interactions between the Z form and anions
(Fig. SM 19). According to the spectrophotometric titrations the most
probable model binding, under measurement conditions, is 1:1 type for
complexes with benzoate, acetate and dihydrogen phosphate ions
(Fig. 9). UV irradiation-trigger change of complex stoichiometry is
probably an effect of different position of binding sites affected by
isomerization of azo groups. On the basis of obtained data the stability

Fig. 7. a) Spectral changes observed upon titration of the ligand solution (cL= 2.17× 10−5 mol/dm3) with copper(II) perchlorate (cs= 0–5.21×10−5 mol/dm3) in
acetronitrile; b) The influence of metal cations (10-fold molar excess in relation to copper(II) perchlorate) on the spectrophotometric response of L solution
(cL= 1.82× 10−5 mol/dm3) in acetonitrile towards copper(II) perchlorate (cs= 1.81× 10−5 mol/dm3), λ =475 nm.

Table 5
Spectroscopic data of E and Z isomers of L in DMSO, including absorbance
maxima (λmax), separation for the π→π* transition (Δ), molar extinction
coefficients (ε) determined at the irradiation wavelength.

λmax [nm] Δ [nm] ε [dm3mol−1 cm−1]

E Z E Z

368 338 30 4.7× 104 2.6× 104
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constant values were estimated and presented in Table 6.

3. Conclusions

Described for the first time amide L being derivative of embonic
acid interacts with benzoate, acetate, dihydrogen phosphate and
fluoride ions in acetonitrile and DMSO. Among tested metal cations, the
compound selectively binds copper(II) perchlorate in acetonitrile. The
highest affinity of ligand, in the case of 1:1 complexes in acetonitrile,
was determined for Y-shaped anions, which are bound via hydrogen
bonds of NH and OH groups. In more polar solvent the stoichiometry of
species changes as 2:1 (L: anion) complexes dominate under measure-
ment conditions. UV light irradiation of ligand solution induces trans to

Fig. 8. Comparison of partial (4.4–13 ppm) 1H NMR spectra of L a) before irradiation b) and Z-enriched mixture of L (bottom) in DMSO-d6 obtained after 1.5 h of
irradiation with UV light (λ =365 nm).

Table 6
Kinetic data of Z→E thermal isomerization in the presence of equimolar amount
of selected tetra-n-butylammonium salts. Values of stability constant (logK)
determined for 1:1 complexes of Z-enriched mixture with selected anions in
DMSO, – not determined due to lack of interaction.

PhCOO− AcO− H2PO4
− Cl−

τ1/2 [min] 32 38 37 4
logK 4.54 ± 0.20 3.41 ± 0.36 4.12 ± 0.02 –

Fig. 9. Changes in UV–vis spectrum of Z-enriched mixture of L solution (cL = 2.44× 10−5 mol/dm3) in the presence of a) tetra-n-butylammonium dihydrogen
phosphate (cs= 0–1.77× 10-4 mol/dm3); b) tetra-n-butylammonium benzoate (cs= 0–1.65×10-4 mol/dm3) in DMSO.

N. Łukasik, et al. Journal of Photochemistry & Photobiology A: Chemistry 390 (2020) 112307

7

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


cis isomerization. The process is reversible by heating solution in
darkness. The speed of thermal back reaction can be controlled by
anionic species. The presence of acetate, benzoate and dihydrogen
phosphate ions in irradiated ligand mixture extends half-live times of
thermal back isomerization what is an effect of host-guest interaction of
Z isomer with tested anions. However, chloride anions, in the case of
which no interactions with ligand were observed, accelerate this pro-
cess.

4. Experimental

4.1. General

All chemicals of the highest available purity were purchased from
commercial sources and used without further purification. The reaction
progress was monitored by TLC using aluminum sheets covered with
silica gel 60F254 (Merck). 1H NMR and 13C spectra were recorded on
Varian Unity Inova 500 apparatus at 500MHz and at 125MHz re-
spectively. Chemical shifts are reported as δ [ppm] values in relation to
TMS. FTIR spectra (KBr pellets) were taken on a Nicolet iS10 apparatus.
UV–vis titrations were carried out in acetonitrile (LiChrosolv MERCK)
and DMSO (POCH) using an UNICAM UV 300 spectrophotometer. For
spectrophotometric measurements 1 cm quartz cuvettes were used. UV
irradiation experiments were carried out in a prototype photoreactor
designed by Dariusz Wysiecki M.Sc.,Eng. and constructed in coopera-
tion with Enviklim Company (Poland). The reactor is equipped with 3
UVA diode arrays (2×UV-D6565-4LED, 40W and 1×UV-D6565-
15LED, 150W, λ=365−370 nm). The particle size distribution of li-
gand solution before and after UV-light irradiation was measured by
DSL (dynamic light scattering) method using a Zetasizer Nano appa-
ratus (Malvern Instruments Ltd).

4.2. X-ray single crystal structural analysis

Single crystals of L were obtained by slow evaporation of acetone
from solution (cL ∼ 10−3 mol/dm3) at room temperature. X-ray dif-
fraction data were collected on an IPDS 2 T dual-beam diffractometer
(STOE &Cie GmbH, Darmstadt, Germany) at 120 K with Mo-Kα radia-
tion of a microfocus X-ray source (GeniX 3D Mo High Flux, Xenocs,
Sassenage, France, 50 kV, 1.0 mA, λ = 0.71073 Å). The crystal was
thermostated in nitrogen steam at 120 K using CryoStream-800 device
(Oxford, CryoSystem, UK). Data reduction was performed by STOE X-
AREA software [22]. The structure was solved and refined by SHELXS
[23] and SHELXL2014 [24] programs. Molecular graphics were ob-
tained with the use of Olex2 software [25]. Crystal data, data collection
and structure refinement details are summarized in Table SI 1. All
specimens had very weak diffracting power, therefore long frame ex-
posure time (4min) was applied. Despite rather low resolution, electron
density maps give molecular structure of reasonable quality. All atoms
accept hydrogen were refined using anisotropic model. For isotropic
hydrogen atoms Uiso was fixed to be 1.2 times of Uiso heavy atoms for
CH2, CH and NH groups, 1.5 times of Uiso of heavy atoms for CH3 and
OH groups. OH hydrogen atoms were refined with the OeH distance
constrained to 0.82(2)Å.

4.3. Theoretical calculation

The starting structure of L was taken from crystallographic data. As
one of the azo-fragments of the molecule is disordered over two posi-
tions the more symmetric isomer (approx. C2 point group) was selected.
Optimization of L was performed in vacuo using Gaussian 09W rev.
D.01 [26] at B3LYP/6-31+G(d,p) level of theory with D3 dispersion
correction by Grimme. The vibrational analysis shows that there are no
negative frequencies, so the optimized structure is in a local minimum
of the potential energy surface. Later on, excited states were calculated
using time-dependent DFT at the same level of theory. Calculations

were performed within PL-Grid Infrastructure.

4.4. Ligand-ion interaction studies

Complexation studies were performed by UV–vis titration of the
ligand solution in acetonitrile or DMSO with the respective metal per-
chlorates (for metal cations complexation studies) or tetra-n-buty-
lammonium (TBA) salts (for anions complexation studies). In studies
TBA salts (halides, nitrate(V), hydrogen sulfate, thiocyanate, per-
chlorate, p-toluenesulfonate, benzoate, acetate, dihydrogen phosphate)
and metal perchlorate salts (Li+, Na+, K+, Mg2+, Ca2+, Sr2+, Ba2+,
Co2+, Ni2+, Cu2+, Pb2+, Zn2+) were used. The stock solutions of li-
gands (∼10−4 M) and metal perchlorates or TBA salts (∼10-2 mol/
dm3) were prepared by weighing the respective quantities of them and
dissolving in pure acetonitrile or DMSO in volumetric flasks. Titrations
were carried out in a quartz cuvette with path length of 1 cm with
starting volume of the ligand solution equal to 2.3mL. To suppress
deprotonation process, titrations were also carried out in the presence
of acetic acid (20-fold molar excess in relation to ligand concentration).
On the basis of experimental data the stability constant values were
determined using OPIUM software [27]. The detection limits (LOD)
were calculated from plots A= f (concentration of TBA salt) using
equation:

=LOD 3σ
K

Where σ is the standard deviation of the blank and K is the slope of the
linear calibration range. The influence of selected interfering metal
cations on spectrophotometric copper(II) recognition by amide L in
acetonitrile is presented as relative response (%RR):

=
−

×RR A A
A

% 100%0

0

where A0 is the absorbance of the ligand solution in the presence of
copper(II) perchlorate at fixed concentration (1 equivalent) and A is the
absorbance recorded after addition to the ligand solution containing the
analyte of interfering metal cation (as perchlorate salt) in the con-
centration 10-times higher than the analyte.

4.5. Complex preparation for spectroscopic studies

Samples for 1H NMR analysis were prepared by dissolving of L
(0.007mmol) and tetra-n-butylammonium dihydrogen phosphate,
benzoate or fluoride (0.007mmol) in 15ml of acetone. The resulting
mixture was stirred until complete dissolution. After solvent evapora-
tion under reduced pressure, the respective sample was dissolved in
DMSO-d6 and its spectrum was registered. Similar procedure (without
dissolution in DMSO-d6) was applied for complexes prepared for FTIR
analysis.

4.6. Photoisomerization studies

UV irradiation experiments were carried out in a quarz cuvette (l
=1 cm) in DMSO. The progress of photoisomerization was monitored
by UV–vis spectrophotometry and 1H NMR spectroscopy. For UV–vis
spectrophotometric experiments ligand solution of c ∼ 10−5 mol/dm3

was prepared. In 1H NMR measurements more concentrated solution (c
∼ 10-3 mol/dm3) was used. The reverse isomerization was led in
darkness at 50 °C. The stability constant values for anion complexes
were determined on the basis of spectrophotometric titration of irra-
diated ligand solution with the selected tetra-n-butylammonium salts.
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