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ARTICLE INFO ABSTRACT

Keywords: The spectroscopic properties of a series of para-hydroxyazobenzocrowns, including three novel compounds, were

AZOmacrtjcydeS investigated using UV-Vis absorption and emission spectroscopy. This study presents, for the first time, deter-

Tautomerism mined quantum yield (QY) values for macrocycles of this category, ranging between 0.122 and 0.195. The

Hydrogen bond . . . . . . .

Fluorescence highest values were obtained for crowns bearing two phenyl substituents in benzene rings. The impact of aro-
matic ring substituents and macroring size on the spectral characterization (\H NMR and FTIR) of p-hydrox-
yazobenzocrowns was examined in consideration of the azophenol 2 quinone-hydrazone tautomeric
equilibrium. Dipole moments of p-hydroxyazobenzocrowns in the ground and excited states have been deter-
mined. The alignment between experimental findings and theoretical studies was established.

1. Introduction diverse fields in science, medicine, and industry [1]. Of particular in-

terest are macrocyclic azo compounds, including those where the azo

Azo compounds represent some of the earliest and most compre- group is an integral component of the macrocycle [2]. Among them are
hensively understood synthetic organic compounds, continuing to be in azobenzocrowns - macrocyclic compounds in which azobenzene moiety
high demand owing to their potential extensive applications across is joined in 2,2-positions with oligoether linkage. Azobenzocrowns were
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first obtained almost simultaneously, however on different synthetic
ways, by Nakamura and coworkers in Japan [3,4] and in Biernat’s group
in Poland [5]. The integration of a chromogenic azo group and a
macrocyclic complexation site within a singular molecule enables azo-
benzocrowns to function as chromophores, exhibiting a color change
upon the complexation of a metal cation (with one nitrogen atom from
the azo group acting as a donor atom). Macrocyclic site provides the
discrimination of ions, among others, by their diameter. Since the first
synthesis of azobenzocrowns many of their derivatives were obtained,
studied and finally used as e.g. ionophores in ion-selective membrane
electrodes (e.g. [6-11]) or/and were investigated as chromogenic ion
receptors in solution (e.g. [6,8,12,13]).

The optical properties of azobenzocrowns are of particular interest
among their features. Although much work has been done, there is still a
gap in reports on their photoluminescent properties. It is because, in
general, similarly to linear aromatic azo compounds [14,15], which are
usually in the trans form, they do not show emission (with some ex-
ceptions). When emission is observed it is enhanced only for cis isomers
[16,17]. Fluorescent are protonated forms of azo compounds [17,18].
The fluorescence of acyclic hydroxyazo compounds, which can exist in
tautomeric forms as azophenol or quinone-hydrazone, has been exten-
sively documented. Specifically, fluorescence is observed solely in the
quinone-hydrazone forms [19-24].

In 1984, Kunitake and Simomure reported one such instance of
fluorescent azo compounds, investigating azobenzene-containing
bilayer membranes [25]. Additionally, Bisht et al. investigated the
fluorescence properties of simple acyclic azo compounds, namely
Methyl Orange and Direct Yellow 27, in solvents of varying polarities
[26,27]. The relationship between the structure and fluorescence
properties has been investigated for azo dyes when bound to tissues
[28].

2-Borylazobenzenes bearing various substituents at the 4- and 4-
positions show intense yellow, green, orange, and red fluorescence [29].
It was stated that the stronger electron-donating group at the 4’-position
the larger red shift of the n—n* absorption maximum and larger Stoke’s
shift. Additionally, the presence of a strong electron-donating group
correlated with a higher fluorescence quantum yield. Interestingly, the
optical properties of this category of azobenzenes appeared to be largely
unaffected by the positioning of the electron-donating group.

An interesting example of unforeseen fluorescence in aromatic azo
compounds was recently reported for macrocyclic derivatives by Hosgor
and Akdag [30].

Given that fluorescence stands as a pivotal signal in domains like
analytical chemistry [31,32], bioimaging [33], and others, the design,
synthesis, and comprehension of fluorescence properties of azo com-
pounds remain among the most compelling and pertinent research ob-
jectives [34]. The fluorescence characteristics of a system are
undeniably influenced by structural factors. However, the chemical
environment, particularly the solvent type and its polarity, can signifi-
cantly impact the emission spectra of fluorophores and their quantum
yields [35].

The fluorescence of acyclic hydroxyazo compounds, which may exist
in tautomeric azophenol and quinone-hydrazone forms is fairly well
documented in literature. In our prior studies, we highlighted the fluo-
rescence of quinone-hydrazone forms of macrocyclic hydroxyazo com-
pounds [6,18,37-39]: a series of macrocyclic para- and ortho-
hydroxyazo compounds has been recently obtained and investigated in
our group [6,8,12,13,18,36-39]. The general formulas of these com-
pounds, comprising macrocycles where the azobenzene moiety is linked
at 2,2' positions by an oligoether chain, are depicted in Fig. 1. The
investigation of the tautomeric equilibrium of these compounds
revealed that ortho-hydroxy derivatives obtained so far predominantly
exist in azophenol forms both in solution and in the solid state.
Conversely, para-substituted derivatives tend to crystallize in the
quinone-hydrazone tautomer [6,8,12,13,18,36-39]. Furthermore, our
research demonstrated that the quinone-hydrazone form predominates
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Fig. 1. The general formulae encompassing macrocyclic azo com-
pounds—azobenzocrowns and ortho-hydroxyazobenzocrowns—as well as the
tautomeric equilibrium exhibited by para-hydroxyazobenzocrowns.

in many cases in organic solvent solutions. Notably, the equilibrium
between tautomers was found to be influenced by macrocycle size, the
presence of ionic species (such as metal cations, acids, or bases), and the
type of solvent.

The objective of this study is to explore the correlation between the
structure of p-hydroxyazobenzocrowns (including macroring size and
the impact of substituents in benzene rings) and their spectral proper-
ties, specifically fluorescence. This investigation aims to establish a
groundwork for utilizing this relationship in the future design of effi-
cient fluorogenic molecules.

2. Results and discussion

Until now, the quantitative investigation of the emission properties
of p-hydroxyazobenzocrowns has been lacking. This study marks the
first comprehensive examination of the fluorescence characteristics of p-
hydroxyazobenzocrowns, establishing a correlation between chemical
structure and quantum yield. To achieve this, macrocycles of various
sizes (13-, 16-, and 19-membered) and differing types and positions of
substituents in the benzene rings were used (Fig. 2).

2.1. Synthesis

The synthesis of the majority of the macrocycles studied in this work
followed previously described procedures by our group
[6,8,12,13,18,36-39]. Among them, compound I, di-Ph-19-p-OH
(Fig. 2), previously obtained via a photochemical rearrangement [39],
was newly synthesized using a reaction analogous to the Wallach rear-
rangement (Scheme S1). This synthetic route was pursued for compar-
ative purposes with previously studied cases. Despite being more labor-
intensive and less environmentally friendly, this method exhibited a
higher yield of transformation compared to the photochemical rear-
rangement. Notably, in the photochemical reaction conducted in
propan-2-ol, this macrocycle was obtained with a yield of 31.6 % [39],
while in Wallach’s rearrangement it was obtained with a yield of 49%.

Three of the macrocycles—di-t-Bu-13-p-OH (D), di-t-Bu-16-p-OH (E),
and NO2-C6-19-p-OH (L)—are novel compounds previously unreported
in the literature. The synthetic approach is shown in Scheme S1 and
detailed synthetic procedures are provided in the Supplementary Ma-
terial. The influence of substituents on the resultant products and their
respective ratios in the photochemical rearrangement processes was
discussed in [39].

The synthesis of compound L followed the Williamson protocol as in
previously described procedure [13]. The yield of macrocyclization
appeared to be linked to the macrocycle’s size. Compounds J and K, with
13- and 16-membered rings, were obtained via this method with yields
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Fig. 2. The tautomeric equilibrium of p-hydroxyazobenzocrowns with varying sizes of the macrocycle and different types and positions of substituents in the

benzene rings.

of 10 % and 7 %, respectively [13]. However, the 19-membered mac-
rocycle (compound L) was obtained with a yield of 2 %. The structure of
newly obtained compounds was confirmed by spectroscopic methods.
The respective spectra are included in Supplementary Material.

2.2. Spectral characterization of p-hydroxyazobenzocrowns

The molecular structures of the quinone-hydrazone (QH) forms of all
investigated p-hydroxyazobenzocrowns A-L are shown in Table 1. In
current research p-hydroxyazobenzocrowns featuring unsubstituted
benzene rings, namely macrocycles of 13-, 16- and 19-membered rings
(compounds A, B, C) serve as reference compounds to which the

Table 1

properties of their substituted analogs are compared. Next group of
macrocycles consists of the symmetrical derivatives bearing two sub-
stituents in para positions to oligoether moiety, namely alkyl (t-Bu:
compounds D, E and F) or aryl (Ph: compounds G, H and I). The third
group comprises macrocyclic azo compounds in which two different
substituents, namely nitro- (meta to oligoether moiety, para to azo
group) and n-hexyl (para to oligoether moiety) groups, are located in
adjacent benzene rings (compounds J, K and L).

In previous studies we have demonstrated that the tautomeric
equilibrium of p-hydroxyazobenzocrowns depends on various factors,
including the macrocycle size, the type of substituents in benzene rings.
Additionally tautomeric equilibrium is influenced by the concentration

The contribution of quinone-hydrazone (QH) tautomer of p-hydroxyazobenzocrowns in acetonitrile (results from 'H NMR measurements at concentration of mac-

rocycles ~ 107 M).

Macrocycle size
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and the type of the solvent [cf. [37,38]]. The plausible mechanism of
quinon-hydrazone-azophenol tautomerization is presented in Supple-
mentary Material (Fig. S40). It was found that in acetonitrile for the
majority of the investigated p-hydroxyazobenzocrowns tautomeric
equilibrium is, in most cases, shifted towards quinone-hydrazone form.
This rule is also obeyed for newly synthetized macrocycles namely
compounds D and E, with the well observable across the series of
macrocycles the reduction of the contribution of quinone-hydrazone
form for 19-membered ring compounds. This characteristic is also
evident for compounds J-L, which have not previously been investigated
so far in this aspect. Worth noting is also the comparison of the influence
of the effect of the substituents in benzene rings on the quinone-
hydrazone equilibrium of 19-membered macrocycles. The steric effect
of the m-substituents (to azo group) is observed to stabilize the quinone-
hydrazone tautomer. In Table 1 the contribution of the quinone-
hydrazone form (QH) for compounds A-L determined on the basis of
'H NMR (see Supplementary Material) in acetonitrile is listed. In
acetonitrile, spectra of 13- and 16-membered macrocycles show only
one set of proton signals indicative to the quinone-hydrazone tautomer.
In spectra of 19-membered crowns double set of signals is observed
reflecting the presence of both tautomeric forms under spectra regis-
tration conditions. The most characteristic signal for quinone-hydrazone
tautomer is singlet typically positioned between 5-6 ppm, correspond-
ing to proton at ortho-position to oligoether linkage in quinone ring. H
NMR spectra this group of compounds were analyzed in details in pre-
vious studies [cf. [37-39]]. For further studies in solution in this
research we used acetonitrile.

Firstly, UV-Vis and fluorescence spectra of p-hydrox-
yazobenzocrowns were recorded in acetonitrile to investigate the in-
fluence of macrocycle size and substituents on the absorption and
emission spectra. Table 2 consolidates the spectral characteristics:
including the position of longwave absorption band, molar absorption
coefficient values, emission maximum position, quantum yield values
and the Stokes shift for compounds A-L.

Table 2
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UV-Vis absorption spectra of the investigated series of p-hydrox-
yazobenzocrowns were registered in acetonitrile and all of them are
shown in Supplementary Material. Generally, the absorption spectra of
hydrazones exhibit a bathochromatic shift in comparison to their cor-
responding azo tautomers [41,42] which is also observed for p-
hydroxyazobenzocrowns [37-39]. The position of absorption band of
quinone-hydrazone form of p-hydroxyazobenzocrowns typically falls
within 430-450 nm range, whereas azophenol tautomers absorb at ~
350 nm. The tautomeric equilibrium is dependent on the macrocycle
size, the type of substituent(s) and the properties of solvent [37-39].

It is well known that for azobenzene derivatives the position of ab-
sorption maxima is primarily influenced by the substituent in the para
position to azo group [24,43-45]. Substituents in ortho or meta positions
usually have a lesser or negligible effect on the spectral properties. In
fact, the presence of electron donating t-Bu groups in the meta position to
azo group causes a minor shift of absorption band of p-hydrox-
yazobenzocrowns towards lower energy levels, which is observed as
bathochromic shift of absorption band (+6 nm for D and E and + 8 nm
for F). This is apparent when comparing the position of the longwave
band in the spectra of unsubstituted p-hydroxyazobenzocrowns (A-C).

This rule is similarly observed for diphenyl derivatives G-I, dis-
playing a red shift in the absorption maximum by 18, 16, and 19 nm,
respectively, when compared to the position of the absorption band in
unsubstituted crowns A-C. The greater shift observed in diphenyl de-
rivatives compared to t-Bu-bearing macrocycles can be attributed to the
resonance effect of the phenyl substituent. Phenyl substituents can adopt
a planar arrangement, which enhances their donor potential. This re-
sults in the more pronounced bathochromic shift of the absorption band
[46].

The presence of electron-withdrawing nitro group in the para posi-
tion to the azo moiety intensifies the delocalization within the conju-
gated system in compounds J-L and is the cause of the bathochromic
shift (+20 nm for J and + 18 nm for K and L) of absorption band, when
compared to their unsubstituted analogs. The effect of substituents on

Spectral characteristics of macrocycles A-L, azobenzene and p-hydroxyazobenzene in an acetonitrile.

Compound/ring size/substituents Absorption Emission band* Stoke’s shift [nm] Stoke’s shift [cm ]
Aa [nm](g) [dm®mol *.em™] AE(max) [Nm] QY

A. 13-p-OH 432 526 0.158 94 4137
(2.31-10%

B. 16-p-OH 432 534 0.138 102 4422
(2.05-10%

C. 19-p-OH 434 536 0.128 102 4385
(1.60-10%

D. di-t-Bu-13-p-OH 438 540 0.151 102 4313
(8.09-10%)

E. di-t-Bu-16-p-OH 438 544 0.147 108 4449
(1.92:10%

F. di-t-Bu-19-p-OH 442 546 0.146 104 4309
(3.19-10%

G. di-Ph-13-p-OH 450 556 0.195 106 4237
(3.20-10%

H. di-Ph-16-p-OH 448 560 0.186 112 4464
(2.60-10%)

L. di-Ph-19-p-OH 453 562 0.183 111 4281
(2.87-10%

J. NO2-C6-13-p-OH 452 514 0.146 62 2669
(3.20-10%

K. NO2-C6-16-p-OH 450 514 0.128 64 2767
(3.65-10%)

L. NO2-C6-19-p-OH 452 512 0.122 60 2593
(9.32:10%)

azobenzene [14] 316 nd nd nd nd
(2.24-10%

p-hydroxyazobenzene [40] 345 390 nd 45 3345
(2.04-10%

* Excitation at wavelength of absorption maximum; nd - no data.

** Stokes’ shift (- AE(max)) given in relation to the long wavelength maximum of QH-form.
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the position of absorption band regarding macrocycles of the same ring
size, is demonstrated in Fig. 2 by absorption spectra of 19-membered
crowns (solid lines).

Evident fluorescence, as it is often found for azo compounds existing
in quinone-hydrazone form [47], is also observed for all of investigated
macrocycles A-L in acetonitrile. The position of emission band for the p-
hydroxyazobenzocrowns is illustrated using the spectra of 19-membered
macrocycles C, F, I, L in Fig. 3 (dashed lines). Complete data for all the
macrocycles studied herein are collected in Table 2 and are included in
Supplementary Material. It suggests a little dependence of the position
of emission maxima on the size of the macrocycle when comparing p-
hydroxyazobenzocrowns with the same type of substituents. Further-
more, the emission spectra are influenced by the type and the position of
substituents in benzene rings (Fig. 3). An interesting trend is observed in
the Stoke’s shifts (Fig. 4a). Namely, the most significant difference be-
tween the positions of the absorption and emission maxima is observed
consistently for the 16-membered macrocycles (B, E, H and K) regard-
less of the substituent types. This may correlate with the alterations in
the molecule flexibility attributed to the length of the oligoether linkage,
which can affect the planarity of the molecules. The lowest Stoke’s shift
exhibit macrocycles J-L bearing electron withdrawing nitro group.
Another interesting relationship was found for quantum yield values
(Fig. 4b). The primary influencing factor appears to be the size of the
macrocycle. When comparing the quantum yield values of the unsub-
stituted p-hydroxyazobenzocrowns A-C, it becomes evident that the
quantum yield value decreases with increasing size of the macroring.
This trend is observed across all investigated macrocycles, regardless of
the type of substituents.

In our earlier studies we have established the dependency of the
tautomeric equilibrium p-hydroxyazobenzocrowns on various factors
including among the others the macrocycle size [37,38]: generally the
smaller macrocycle the greater the tendency to exist in quinone-
hydrazone tautomer. One of the factors contributing to stabilization of
the quinone-hydrazone form appears to be a presence of intramolecular
hydrogen bond N-H O (cf. Fig. 1 and Fig. 5). Spectroscopic methods
such as NMR and FTIR spectroscopy can be useful tools in investigation
of the hydrogen bonded systems [48-50]. In 'H NMR of the p-hydrox-
yazobenzocrowns the low-field shift of N-H proton signal can be used
for the estimation of the hydrogen bonding system. The positions of the
N-H proton signal in 'H NMR spectra of compounds A-L registered in
acetonitrile-ds are collected in Table 3. The effect of the macrocycle size
is exemplified with partial 'H NMR spectra of compounds A-C (aceto-
nitrile-d3) in Fig. 5 (left). Additionally, in Fig. 5 (right) the relationship
between the macrocycle size and the position of N-H proton signal in H
NMR spectra of compounds A-L is shown.

C. 19-p-OH F.di-t-Bu-19-p-OH 1. di-Ph-19-p-OH L.NO2-C6-19-p-OH
T T

1.0 i Lig

0.8 Lo.8
3 0.6 0.6 “g
& | 3
_8 [0
2 04- L04 §
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Fig. 3. Comparison of the absorption (solid) and emission (dashed) normalized
spectra of 19-membered p-hydroxyazobenzocrowns C, F, I, L in acetonitrile.
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The strength of the intramolecular hydrogen bond can be measured
by the chemical shift value of the N-H proton signal. The stronger
hydrogen bond the higher position [ppm] of the proton signal, which is
engaged in the hydrogen bond formation. From the presented compar-
ison it is clear that the strongest hydrogen bonded system occur for the
smallest 13-membered macrocycles. In 16-membered crowns the posi-
tion of signal of the N-H proton is found at lower ppm values indicating
comparatively weaker hydrogen bond, when compared to 13-membered
analogs. Furthermore, in 19-membered macrocycles with a longer oli-
goether chain, the increased flexibility of the molecule might contribute
to a slight enhancement in the strength of the hydrogen bonds compared
to the 16-membered p-hydroxyazobenzocrowns.

Another spectral measure of the strength of the hydrogen bond can
be the position of the stretching vibrations band of N-H group in FTIR
spectra. Therefore, the low-frequency shift of the vibrational band of the
covalent N-H bond in infrared spectra of p-hydroxyazobenzocrowns was
analyzed (ATR spectra, solid state). In Fig. 6 (left) FTIR spectra of
unsubstituted macrocycles A-C are shown. Inset illustrates the position
of the band of stretching vibrations of N-H group in compounds of
different macrocycle size:13-, 16- and 19-membered. The strongest
hydrogen bond system, estimated on the basis of the comparison of the
position of vN-H band is for 13-membered crown A. The position of the
N-H band shifts towards higher wavenumbers for 16-membered mac-
rocycle pointing the weakening of the hydrogen bond. The difference
between the position of the N-H vibration band for 16-membered (B)
and 19-membered (C) crowns is not significant. Fig. 6 (right) presents
the comparison of the position of the stretching vibrations band of N-H
group in ATR spectra. Among series of macrocycles sharing identical
substituents, but differing in size, the strongest hydrogen bonding is
observed in the 13-membered macrocycles. Variations substituted
macrocycles series could potentially arise due to steric and electron ef-
fects of substituents. However saying this, the trend of the position of the
stretching vibrations band of the N-H group serving as a measure of the
strength of the intramolecular bonding aligns with data obtained from
'H NMR measurements in solution.

The analysis of the 'H NMR and to some degree FTIR (solid state)
data indicate that factors such as the size of the macrocycle and the
stabilization of the quinone-hydrazone form via intramolecular
hydrogen bond significantly influence the fluorescence properties,
including the quantum yield values, of macrocycles A-L. This relation-
ship is shown in Fig. 7 ilustrating the correlation between the position of
the N-H proton signal in 'H NMR spectra and quantum yields (QY).

The analysis of the quantum yields values (Fig. 4 and Fig. 7) shows
that besides the macroring size, other factors, also influence at the
fluorescence properties. The effect of substituents on the photo-
luminescence characteristics of different fluorophores, including tauto-
merizable azo derivatives, has been relatively widely studied in the
literature [29,51-54]. Electron-donating groups in general increase the
fluorescence. It is seen in case of macrocycles bearing two tert-butyl
substituents, compounds D-E, (Fig. 4b, green frame), when comparing
unsubstituted p-hydroxyazobenzocrowns A-C. Only in the case of the 13-
membered compound D, it can be seen that the quantum yield is lower
compared to the unsubstituted analog A. This may be due to the fact that
two bulky substituents can significantly affect the structure of the
molecule and reduce its planarity leading to reduced fluorescence. The
highest values of quantum yield, among studied here macrocycles, have
compounds G-I with two phenyl groups (Fig. 4b, orange frame). This
could be attributed to the influence of phenyl groups on molecular ge-
ometry. The two extra aromatic rings increase the number of the con-
jugated double bonds which can also enhance the fluorescence [54].

The macrocycles J-L feature two additional functional groups: nitro
group and n-hexyl moieties (Fig. 4b, violet frame) in opposite sides of
molecule. The nitro group, as an electron-withdrawing substituent, is well
known fluorescence quencher [54]. Nevertheless, there are known systems
containing a nitro group that exhibit significant fluorescence properties
[52,55]. The electro-donating effect of n-hexyl group is relatively small
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[54] and additionally the long, alkyl chain can affect the molecular ge-
ometry, potentially reducing its planarity in comparison to the unsub
stituted compounds. This can be a reason of the lowest fluorescence of this
group of p-hydroxyazobenzocrowns. Another notable point of fluores-
cence properties of macrocycles J-L is their small Stoke’s shift - the lowest

among investigated series of p-hydroxyazobenzocrowns.

The azophenol 2 quinone-hydrazone tautomerism of macrocycles A-

L was also investigated in theoretical studies. For all studied compounds,
the structures (see: Table S1) were computed using the Gaussian [56]. In
Fig. 8 the computed structures of macrocycles A-C in the quinone-
hydrazone form are shown. The bottom line shows side views of
molecules.

The calculated energy bandgaps for molecules A-L are compiled in
Table 3 and presented in Fig. 9a.

The energy gap values plotted for molecules A-L (Fig. 9a) consis-
tently indicate lower values for quinone-hydrazone tautomer compared
to azophenol form. The results obtained by subtracting energies Et(AZ)
and E«(QH) are positive in each case, pointing the higher stability of
quinone-hydrazone form (Fig. 8b). This is in good agreement with the
spectroscopic results obtained from solution and solid-state studies,
namely FTIR studies and X-ray structure analysis of single crystals
[37-39,571].

In Fig. 10 the relationship between certain experimental and theo-
retical data for compounds A-L are shown. The trends observed in the
position of the emission maxima and Stokes’s shift correlate with the
energy gap E¢(QH) of quinone-hydrazone tautomer. The deviation from

the observed trend is prominent for macrocycles J, K and L bearing nitro
group, both in the position of emission band and the Stokes’s shift
When analyzing the computed energy parameters for both forms, a
relationship can be observed: the smaller the difference in energies be-
tween the two forms, the lower the quantum yield. The lowest differ-
ences between the energies of both forms are characteristic for
compounds containing a nitro group and a 6-membered alkyl chain, and
these compounds have the lowest quantum yield. On the other hand,
compounds containing two phenyl substituents exhibit the highest en-
ergy difference, matching with the highest observed quantum yield
values. All above reflects the tendency of the p-hydroxyazobenzocrowns
to exist in quinone-hydrazone form.
The characterization of fluorophores often involves assessing the
dipole moment. Following molecular optimization, dipole moments
were computed for both quinone-hydrazone and azophenol forms
(Fig. 11a), and the obtained values are listed in Table S3. A trend
observed in this comparison indicates that quinone-hydrazone tauto-
mers generally exhibit higher polarity compared to their azophenol
forms, which is well-documented in the literature [e.g., [58,59]].
However, it’s important to note that compounds J-L characterize with
higher dipole moment values for the azophenol tautomers, which aligns
with expectations when considering these compounds as push-pull
molecular systems.
Using solvatochromic method (vide experimental part and Supple-
mentary Material) excited pe and ground pg state dipole moment values
were estimated and compared (Fig. 11b) for compounds A-L. The values
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Table 3
Spectroscopic properties and energy band gaps of molecules of compounds A-L.

Compound/ Chemical Position of E4(AZ) E4(QH) Etot(AZ)

Substituents, shift of N-H the [eV] [eV] -

macroring proton signal vibrational Ewo(QH)

size in '"H NMR band of [kJ/mol]

(acetonitrile) N-H group
[ppm]* (FTIR)
fem 1%

A. 13-p-OH 12.62 3260 3.62 3.15 45.35

B. 16-p-OH 11.68 3301 3.65 3.14 49.21

C. 19-p-OH 11.81 3307 3.58 3.11 45.35

D. di-t-Bu-13- 12.50 3261 3.59 3.10 46.21
p-OH

E. di-t-Bu-16- 11.55 3315 3.61 3.09 53.30
p-OH

F. di-t-Bu-19- 11.70 3324 3.55 3.07 46.31
p-OH

G. di-Ph-13- 12.71 3261 3.49 2.97 50.17
p-OH

H. di-Ph-16- 11.71 3301 3.51 2.97 52.10
p-OH

1. di-Ph-19-p- 11.90 3325 3.46 2.94 50.17
OH

J. NO2-C6- 12.54 3257 3.03 2.96 6.75
13-p-OH

K. NO2-Cé6- 11.54 3305 3.08 2.97 10.61
16-p-OH

L. NO2-C6- 11.82 3282 3.05 2.95 9.65
19-p-OH

" Spectra are in Supporting Information.
" Calculated using Gaussian 16 [56]; AZ — azophenol and QH-quinone-
hydrazone tautomers.

of excited and ground state dipole moment for macrocycles A-L are
collected in Table S4. The calculations were performed for limited
number of solvents (dichloromethane, acetonitrile, methanol and
DMSO) so the data should be considered as approximate estimates.
Nevertheless an interesting trend in the values of the excited state dipole
moment can be observed. The value of the excited state dipole moment
shows an increase corresponding to the increse of the macrocycle size in
unsubstituted p-hydroxyazobenzocrowns A-C. Concerning macrocycles
bearing substituents in benzene rings, the highest values of the excited
state dipole moment were observed in the 16-membered crowns. Typi-
cally for fluorophores, the excited state dipole moment is higher than

3400 3200 3000 1750 1500 1250 1000 750 500
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ground state dipole moment as it is observed for compounds A-C and J-
L, and to smaller degree for G and H. For t-butyl derivatives D-F and 19-
membered crown bearing two phenyl substituents (compound I) in
ground state dipole moment is higher than in excited state. This may
suggest that the distribution of charges in the excited state is more
symmetrical or balanced compared to the ground state or be connected
with the molecular geometry factors caused by the presence of bulky
substituents and the flexibility of macroring in case of 19-membered
crowns. The lower value of excited state dipole moment is not
observed very often however it was reported for some cases. Namely for
pyronin B [60] or ketones [61,62].

3. Conclusions

The spectroscopic properties of selected p-hydroxyazobenzocrowns
were investigated. Among investigated macrocycles three compounds
(D, E and L) are newly obtained. The analysis of the obtained quantum
yields for compounds A-L indicates a dependency of fluorescence
properties on macrocycle size: smaller macrorings exhibit higher
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Fig. 7. A) the position of the N-H proton signal in 'H NMR spectra of A-L
(acetonitrile-d3); b) quantum yields (QY) values for macrocycles A-L in
acetonitrile.
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0

O H

Fig. 8. Computed structures of quinone-hydrazone forms of molecules A-C
(see: Theoretical studies).

quantum yield values. Compounds containing phenyl substituents show
the highest value of quantum yield, which can be attributed to the
presence of electron donating nature and geometrical effect of these
substituents. Conversely compounds (J-L) with nitro group and a n-

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 308 (2024) 123721

hexyl alkyl chain show the lowest quantum yield value and the smallest
Stokes shift. Computed dipole moments for optimized structures
confirmed higher polarity of push—pull macrocyles in their azophenol
forms. Dipole moments of p-hydroxyazobenzocrowns in the ground and
excited states have been determined. The polarity of macrocycles in the
ground and excited states appears to depend on the size of the macro-
cycle and the presence of substituents in the benzene rings.

4. Experimental
4.1. Materials and methods

All used solvents and reagents were of analytical grade derived from
Sigma-Aldrich or POCh. UV-Vis measurements were carried out with
the use of an UNICAM UV 300 series spectrometer. Fluorescence spectra
were recorded on a luminescence spectrometer (AMINCO Bowman Se-
ries 2 Spectrofluorimeter) with the flash xenon lamp. The bandpass of
excitation and emission monochromators was 16 nm. UV-Vis and
fluorescence measurements were carried out in 1 cm quartz cuvettes.
UV-Vis absorption and emission spectra were normalized according to
absorption/emission maximum. 'H and '*C NMR spectra were recorded
on a Varian INOVA 500 spectrometer at 500 and at 125 MHz,
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Fig. 9. A) plot of energy gap values of compounds A-L calculated using DFT-B3LYP/6-31+G (AZ - azophenol, QH - quinone-hydrazone forms of A-L); b) the dif-
ference between the energies of azophenol and quinone-hydrazone tautomers of compounds A-L.

a) 580
T [
Ese0 .\\H\
g .G e
o F: E
| |
s "D
2 540 J\.\.\
2 B
£ c
ks n
A

5520
3
2 e®®
o LJK

500

29 3.0 3.1 3.2

E_(NH) [eV]

4500

b) 60 -
T 50

Y
o

w
o

=
o

Eiot(AZ)-Eqot(Q
N
o

o

13-membered 16-membered 19-membered

5 4000 1+
£ 3500
7]
© 3000

o
$ 2500
n

Fig. 10. a) Energy band gaps for quinone-hydrazone (QH) form of compounds A-L vs. position of fluorescence maximum in acetonitrile; b) the comparison of the

energy band gaps with the Stoke’s shift values for macrocycles A-L.



P. Szulc et al.

a) T T T T T T T T T T T T
104 - m
1 RN .8 S~ 10
9 , ® AN S m
{n i\ //-\ ’ - 4
N ’ \
— 8- NS wepem e —
g | L/ Twis @
z 7 - \,\/\ /// "qg::
[} i N
£ 64 K \‘\ / €
e ] "] m 6 2
o 54 ! )
o J / o
2 / o
T 44 ! L4 T
T 1 ! D
[CHE — K <
4 -7 N m--m
24" - -2
1 T T T T T T T T T T T T T
A B C D E F G H I J K L
b) 18 T T T T T T T T T T T T 18
16 1 - -16
5 ., g
8 144 N L14 =
c 4 AR s
[0 7 \,
g 124 ah A L12 €
o j Sm \ ’ \ o
1S 10 "0 \ | \ | 10 E
o 1T owms ! 7 \ / e
5 I A B
- 6 \ ' \ B L6 =
© v Vol =
® 1 o W
v [ °
2 49 . Wi -4 2
3 | W S
5 24 . L2 ©
O L UL L L O
A B C E F GH I J KL

Fig. 11. A) dipole moments calculated for optimized structures of molecules A-
L; b) calculated (experimental spectroscopic data) values of ground and excited
state dipole moments for molecules A-L.

respectively. Chemical shifts are reported in 6 (ppm) units. FTIR spectra
(film or ATR) were taken on Nicolet iS10 apparatus. All ATR FTIR
spectra were ATR and baseline corrected using spectrophotometer
commercial software. Spectra were normalized according to signal of
the highest intensity. High resolution mass spectra (HRMS) were taken
on a SYNAPT G2-S HDMS (Waters) spectrometer with electrospray
ionization source (ESI) and a TOF mass analyzer. Photochemical re-
actions were carried out in quartz flasks using a photoreactor prototype
designed by Dariusz Wysiecki MSc. Eng. and constructed in cooperation
with the Enviklim Company (Gdansk, Poland). The reactor is equipped
with 3 UVA diode arrays (2xUV-D6565-4LED, 40 W and 1xUV-D6565-
15LED, 150 W, A = 365-370 nm).

The reaction progress and purity of products were monitored by TLC
using aluminum sheets covered with silica gel 60F354 (Merck). UV light
(254 nm) was used as the detection method. Reaction mixtures were
separated using a classical column (silica gel 60, 0.063-0.200 mm,
Merck) or preparative thin layer chromatography (PLC plates, silica gel

60F354, 1 mm, 20 x 20 cm size, Merck). Reagent grade solvents were
used.

4.2. Determination of quantum yield

Quantum yield standard. The standard for determining the quan-
tum yield was selected so that it absorbs and emits in a similar wave-
length range as the studied compound. Therefore, fluorescein (Aex = 490
nm, Aey = 520 nm, 0.1 M NaOH as solvent) was chosen as a standard for
the study of compounds A-L.

Determination of the fluorescence quantum yield of hydrox-
yazobenzocrown consisted of the following steps: (i) registration of
absorption spectra of the particular hydroxyazobenzocrown and stan-
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dard solutions in concentration of absorbance below 0.1, (ii) selection of
standard so that the measurement range of the standards would match
that of the sample (iii) registration of the emission spectra of hydrox-
yazobenzocrown and standard solution (instrument settings, excitation
wavelength Ay and emission wavelength Aep, the same for the standard
and sample: Aex = 434 nm, Aey, = 536 nm), (iiii) calculation of quantum
yield using equation (1), where x - sample, s - standard, QY - quantum
yield, a - slope of the plot line A = f(F), where: F — integrated intensities
of spectra, area under the emission spectrum, A - absorbance value at
maximum of absorption [63-67].

ax

QY =—eQY; @

A
4.3. Determination of the dipole moment in ground and excited states

The excited p. and ground i, state dipole moments were estimated
using solvatochromic method [68-71]. The calculations were based on
difference (2) and sum (3) in absorption v, and emission v¢ [em™!] band
shifts and the solvent polarity functions (2a, 3a):

Vo — Vg = myf(g;, n) + const (2)

where n stands for refractive index of the solvent, €, is permittivity of the
solvent

2n* 41 (e —1 n*—1
= - 2
flenm) =7 (e,+72 n24—2) (22)
Va + v = -my[f(gr, n) + 2 g(n)] + const 3)

and solvent polarity function (3a):

3( n*—1
g(n) = 2 (M) (3a)

Plots v, — vg vs. f(ep, n) and v, + vg vs. [f(g,n) + 2 g(n)] allow to obtain m;
and my parameters:

2(p, — p,)*

m = A “
2 (ug — 1)

™= ®)

where h - Planck’s constant, c is the velocity of the light in vacuum, pe
and g are the excited and ground state dipole moments, a — is Onsager
cavity radius.

Onsager cavity radius was calculated according to equation (6) [71]:

Viaw = gﬂa3 ©)

where V,qw is van der Waals volume (A3/molecule) and can be calcu-
lated using formula (7) below:

Viaw = Z(allatomcontributions) —5.92Nz — 14.7R, — 3.8Ry,4 7)

Np is the number of bonds, Ry is the number of aromatic rings, and Rya is
the number of non-aromatic rings. If the total number of atoms in the

molecule is N, then the number of bonds Np can be calculated using
formula (8):

Ng =N—14+Rs+Rps ®

The van der Waals volumes (Vyqw) for carbon, hydrogen, nitrogen and
oxygen are: 20.58, 7.24, 1.55 and 14.71 A% [72], respectively.1 For
example, the molecular formula of A is Cl6H16N204. Thus, the sum of
all atom contribution for this molecule can be calculated as:
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z(allatomcontributions) = (16 x 20.58) + (16 x 7.24) + (2 x 1.55)
(4 % 14.71) = 535.16

Calculated values of van der Waals volume and Onsager cavity radii are
listed in Table S2.

On the basis of above the dipole moments of compounds A-L in the
ground () and excited () were estimated according to equations:

_|my —my| (e d
He= 2 \om

[mi +my| (hea® :
)ue =17 \57-
[my — my| \ 2m,
Note: Dipole moment values in the Lippert-Mataga equation is in the
unit of esu cm. Conversion of units: 1D =1 x 108 esucm, 1 esu =1 g'/2
em®?s71,1 erg=g cm? s7% Planck constant, h = 6.626 x 1027 erg s;
speed of light, ¢ =3 x 101 ecm s 1A =1 x 108cm.
The values of obtained dipole moments determined on the basis of

the spectral measurements in acetonitrile, DMSO, methanol and
dichloromethane are listed in Table S3.

9

(10)

4.4. Theoretical studies

Starting conformations of the molecules were based on structures of
similar compounds deposited to CSD [73]. For each compound,
quinone-hydrazone and azophenol isomers were prepared. Then the
optimizations were performed in vacuo using Gaussian 16 [56] at
B3LYP/6-31+G(d,p) level of theory with Grimme’s D3 dispersion
correction. In each case the vibrational analysis showed that there are no
negative frequencies, so the optimized structures are in a local minimum
of the potential energy surface. Bandgaps were calculated as a simple
HOMO-LUMO energy differences. Dipole moments have been calculated
for molecules after optimization.
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