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The fluorescent properties of a recently synthesized photochromic naphthopyran containing a 1-aza-15-

crown-5 moiety (1b) and its crownless analogue (1a) were studied. 1b emits fluorescence with a

maximum at 528 nm, quantum yield 0.1 and characteristic lifetime 2.4 ns (in acetonitrile at room temp-

erature). Its luminescence could be switched off photochemically in two ways using two parallel photo-

chemical reactions characteristic for this type of naphthopyran. The first way is the ireversible trans—cis

photoisomerization of a closed form (“stilbene-like reaction”). The second way is the thermally reversible
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reaction of closed form transition to the open form (“chromene-like reaction”). The fluorescence of 1b is

quenched by alkali earth metal cations by the mechanism of static quenching. Stability constants for 1:1

DOl 10.1039/c3pp50051a

obtained by UV spectroscopy.
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1 Introduction

Macroscopic properties of materials can be modulated by light

through switching between the two stable states of a photo-

1-4

chromic system. In particular, photochemical transtorm-

ations associated with photochromic compounds can be

exploited to switch the luminescence of molecules under the

5-11

action of light. Compounds with photocontrolled fluore-

Y=

scence are of interest for 3D optical memory,
16

imaging
technologies, visualizing sensors, ” and characterization of
diffusion in polymers and biological systems.”

According to estimations, the information capacity of 3D
optical memory could be more than 1 Thyte."™ Luminescent
readout is considered to be one of the most promising
approaches in optical information technologies.? Light-sensi-
tive materials can exhibit fluorescence either in their initial
state (negative photoluminescent media) or in the photo-
induced form (positive lumineseent media). For negative
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complexes of 1b with Mg?* and Ba?* determined from Stern-Volmer plots are in agreement with that

media, fluorescence disappears upon recording, while for posi-
tive media it emerges upon irradiation.

Light-modulated luminescence was reported for diaryl-

. TL.20-23 . =g, 8,24-256 5,6,17,27
ethenes,” fulgides,™ 5,6,17,

-3 : 42

¥ chromenes'**4¢

spiropyrans,

1y

: : I B ,
spirooxazines, and proteins. In the

case of chromenes the fluorescence of the closed form was
observed in ref. 32-40. In several cases, both closed and open

. " . 11,34,35,39
forms are fluorescent, 5"

[ncorporation of a crown-ether fragment into the structure

of a photochromic compound opens the possibility to control

145-47
g&F In

45,46,48-50

its properties via complexation with metal cations.

particular, control of fluorescence is possible.

Addition of alkali earth cations to azacrown styryl dyes was
found to result in both enhancement and quenching of flue

rescence.*”** A number of fluorogenic crown-ether based che-
49

and references therein. Addition of alkali earth metal cations

mosensors for different metal cations are described in ref.
to  naphthalimide derivatives bearing an N-benzocrown
ether fragment was reported to significantly enhance the
luminescence.™

Recently we described the synthesis and properties of
several crown-containing naphthopyrans and their crownless
analogues (Scheme 1).°' These compounds were found to
demonstrate two types of photochemical reactions. One of
them was trans—cis isomerisation of a closed form (“stilbene-
like™ reaction, Scheme 2a), and the second reaction was the
spiro-bond cleavage that resulted in the occurrence of an open
form (“chromene-like” reaction, Scheme 2b). Geometrical

Photochem. Phatobiol Sci., 2013, 12,1803 1810 | 1803
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Scheme 2

isomerization of the closed form (Scheme 2a) is irrevers-
ihle 7?2
reversible. Stilbene-like and chromene-like reactions were
found to be parallel photochemical processes.”

Among the chromenes shown in Scheme 1, only com-

The electrocyclic reaction (Scheme 2b) is thermally

pounds 1a and 1b were found to be fluorescent in closed trans-
form. This paper describes the effect of irradiation and com-
plexation with metal cations on the fluorescent properties.

2 Experimental

Synthesis, physical properties and NMR-spectra of 1a (4-2-
(3,3-diphenyl-3H-benzo| flchromen-5-yl Jethenyl |-N,N-4- 2-(3,3-
diphenyl-3f-benzo fJchromen-5-yljethenyl |- N N-diethylaniline)
and 1b were reported in ref. 51. Naphthopyran 1b was a
mixture of ¢is- and trans-isomers with a ratio of 1:5, respect-
ively®" (Scheme 2a). We failed to separate the individual
isomers. Compound 1a exists as only the trans-isomer of the
closed form. Mg(ClO,), and Ba{ClOy), (Aldrich) were used as
the sources of Mg and Ba®' cations. Spectrophotometric
grade acetonitrile was used as solvent. When necessary, solu-
tions were deoxidized by bubbling with argon. UV absorption
spectra were recorded using Agilent HP-8453 and Cary 50

1804 | Photachem. Photobiol. Sei, 2013, 12, 1803 1810
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spectrophotometers.  Stationary  luminescence spectra  at
ambient and lower temperatures were recorded on a Hitachi
MPF-4 spectrofluorimeter. Quantum yield of luminescence
was measured using quinine bisulfate as a reference.
Quantum yield of the open form formation was determined
from the kinetic data by means of the method described else-

where.?**

Time-resolved luminescence was recorded using
the FLSP-920 spectrofluorimeter (Edinburgh Instruments). In
these experiments luminescence was excited by the irradiation
of the Xe-900 xenon lamp or the EPLED-280 laser diode (Ag =
280 nm, pulse duration 600 ps). Stationary photolysis was per-
formed using a high pressure mercury lamp with sets of glass
filters to select light with the necessary wavelengths.

Trans-cls photoisomerization and formation of the open
form are parallel processes. In order to distinguish their
inputs in the absorption and emission changes we used the fol-
lowing procedure: between the sample irradiation and measure-
ments we were waiting until the complete disappearance of the
open form in the course of the thermal reaction. When studying
the input of open form formation we have neglected the trans-
cis isomerisation because this reaction proceeds with a
quantum yield that is 40 times smaller than the ring opening.

3 Results and discussion
3.1 UV spectrum of 1b

The electronic absorption spectra of the naphthopyrans
studied are temperature-dependent. Fig. 1 demonstrates the
changes in the absorption of 1b in closed form. In the case of
a closed form in acetonitrile solution (Fig. 1) two isosbestic
points {at 343 and 354 nm} are conserved upon the change of
temperature. This fact gives an indication of transitions
between two isomeric forms. These forms are not trans- and
cis-isomers of 1b closed form {Scheme 1a), because the finger-
print of trans-cis isomerization of 1b is the conservation of a
single isosbestic point in the region of 292 nm (see Fig. 2a).

0.6
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0,0

! T ¥ T
300 400 500 600 700

Al nm

Fig. 1 UV spectra of closed form 1b at 20, 0, =15, —30, —40 °C (curves 1-5,
correspondingly) and open form (curve ) at =40 °C (3.1 x 107" M ina 1 cm
cell) in acetonitrile.
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Fig. 2 Spectral evolution in the course of £-Z photoisomerization of 1b
{313 nm). 2.5 x 107 M of chromene in CHyCN, 1 cm cell, 295 K. (a) Changes in
the UV spectra in the course of photolysis. Curves 1-6 correspond to 0, 0.5, 2, 5,
10, and 15 min of rradiation. (b) Changes in the emission spectrum (excitation
at 291 nm). Curves 1-4 correspond to 0, 0.5, 5, and 15 min of irradiation.

trans-1b

Scheme 3

The possible explanation of the observed spectral changes is
the equilibrium between two conformers of trans-1b closed
form (A and B in Scheme 3). Conformer B is energetically
more favorable than conformer A due to the interaction of
H{6') and H{Ph) protons. A decrease in temperature results in
the shift of equilibrium. The similar equilibrium between two
conformers of trans-1b closed form supported by NOESY spec-
trum was described in ref. 51. For the open form, the influence
of the thermal reaction did not allow us to measure correctly
the temperature dependencies of the UV-spectrum.

3.2 Fluorescence of 1b

Emission, excitation and absorption spectra of naphthopyran
1b are shown in Fig. 3. The emission spectrum consists of one
band with a maximum at 528 nm (curve 3 in Fig. 3). The

This journal is @ The Rovyal Society of Chemistry and Owner Societies 2013
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Fig. 3 Absorption (curve 1), excitation (curve 2) and emission (curve 3) spectra
of 1b (trans-closed form) in acetonitrile solutions. Arbitrary units.

excitation spectrum almost coincides with the absorption
spectrum of the grans-closed form of 1b (Scheme 2a). The
quantum yield of luminescence in acetonitrile solutions was
measured to be 0.10 £ 0.01 (297 K). The kinetic curves of
luminescence decay in deaerated acetonitrile solutions were
monoexponential with a lifetime of 2.4 + 0.1 ns,

Fig. 2 demonstrates the changes in the UV absorption spec-
trum (Fig. 2a) and emission spectrum (Fig. 2b) caused by the
irradiation of naphthopyran 1b in acetonitrile at room temp-
erature. Absorption and emission spectra were recorded using
the same sample. The changes in the UV absorption spectrum
correspond to trans—cis isomerization of the closed form.”'™
This process leads to the complete disappearance of fluore-
scence. The process of (rans—cis isomerization is not reversible,
therefore, the fluorescence could only be switched off in this
manner, but switching on is not possible. The quantum yield
of this reaction in acetonitrile at room temperature is 0.013 +
0.001 for compound 1a and 0.007 + 0.001 for 1h.

Chromene-like reaction of 1b results in a significant
decrease of the emission band due to the transition to the
open form (Fig. 4). The quantum yield of this reaction in aceto-
nitrile at room temperature is 0.28 + 0.05 (the same for both
1a and 1b). The occurrence of the open form could be moni-
tored at lower temperatures. Backward reaction of the open
form transition to the closed form results in complete restor-
ation of luminescence. The fluorescence could be restored by
heating the sample (the rate constant of the open form tran-

sition to the closed form at ambient temperature is 0.08 s *,

and the activation energy is 15 keal mol '

233 K the characteristic time of this reaction is about 3 h).

therefore, at

Theretore, naphthopyran 1b at lower temperatures acts as a

thermally reversible photoluminescent media. The photo-
chemical reactions’ quantum yields and fluorescence para-
meters are collected in Table 1.

3.3. Effect of metal cations on 1b fluorescence

Naphthopyran 1b forms 1:1 complexes with Mg*" and Ba®'
cations.® The Mg™ cation has an ionic radius of 0.72 A.>° This
is smaller than the radius of the cavity in aza-15-crown-5-ether

Photochem. Phatobiol Sci, 2013, 12,1803 1810 | 1805
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Fig. 4 Spectral evolution of 1b (2.3 % 107 M in acetonitrile, 1 cm cell) in the
course of the open form formation (a and b depict changes in absorption and
Cuorescence, correspondingly). Temperature —40 °C. Curves 1-7 correspond to
0, 10, 20, 30, G0, 90 and 150 s of irradiation (313 nm). After 150 seconds of
irradiation, the sample reaches a photostationary state; further irradiation leads
to the irreversible changes caused by oisTtrans photoisomerisation. The exci-
tation spectrum of the solution does not change during the experiment.

Table 1 Quantum yields of the photochemical reactions and the Tuorescence
parameters of compounds investigated

Compound " et AWOr (m) - @MU £ (ns)
ia .28+ 0,05 0L013 20,001 440 0.10 2.4
1b .28+ (L,O5  0.007 £ 0.001 505 0.11 24

(0.85-1.1 A).°® Therefore, Mg”" is situated inside the cavity,
and the formation of the 1:1 complex is essential. The Ba®™
cation with an ionic radius of 1.36 A% is situated outside the
cavity. In this case, one could expect the formation of [Ba®']:
[chromene] = 1:2 sandwich complexes. These complexes are
formed for crown-containing naphthopyran 2h,>* but not for
azacrown-containing naphthopyran 1b. The formation of sand-
wich complexes is not characteristic for azacrown ethers, prob-
ably due to the steric hindrances caused by the nonplanar
structure of the molecules.*®

The formation of complexes between metal cation and
crown-containing naphthopyran affects the UV spectra of the
compounds. The spectral changes of 1b caused by complexa-
tion with Mg*" are shown in Fig. 5a. Formation of a complex
results in the quenching of 1b fluorescence (Fig. 5b). Fig. 6
demonstrates changes in UV absorption and fluorescence
spectra caused by the addition of Ba* cations to 1b. To obtain
the quantitative results, the excitation of fluorescence was

1806 | Photachem. Photobiol. Sei, 2013, 12, 1803 1810

View Article Online

Absorbance

Intensity / a.u.
g

Al nm

Fig. 5 EZect of complexation with Mg~ on the UV absorption (panel a} and
Tuorescence (panel b} of naphthopyran 1b. 2.9 % 107° Mot 1b in CH3CN, 1 am
cell, 295 K. Excitation of luminescence at 354 nm. Curves 1-6 cn both panels
correspond 10 0, 35 %107, 27 % 1073, 66 % 1073, 1.1 x 1072 and 43 x 1072 M
of Mg{ClO4)a.

Absorbance

Intensity, a.u.

Al nm

Fig. 6 EZect of complexation with Ba®™ on the UV absorption (panel a) and
Tuorescence (panel b) of naphthopyran 1b. 2.0 x 107° Mot 1b in CHyCN, 1 am
cell, 285 K. Excitation of Zuorescence at 360 nm. Curves 1-6 on both panels cor-
respond to 0, 4.6 x 107°, 9.2x 107%, 35x 1079, 78 x 107% and 20 x 1073 M
of Ba(ClO,),.

performed in the region of the isosbestic point corresponding
to the equilibrium between chromene and its complex with

This journal is © The Royal Society of Chemistry and Owner Societies 2013
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Fig. 7 Stern-Volmer plots for the quenching of 1b Tuorescence in acetonitrile
by alkali earth metal cations. Experimental curves and Zts obtained by means of
eqn (1) with parameters listed in Table 2. Treatrment of the data in Fig. 5b and
Bb. Integral intensity of luminescence is used for plotting. Panel a: system (1b-
Mg?T), 2.9 x 107 M of chromene; panel b: systemn (1b-Ba®™), 2.0 x 107° M of
chromene.

the metal cation (354 and 360 nm for the cases of (1b-Mg*")
and (1b-Ba') systems, correspondingly). At high concentrations
of Me™", weak residual fluorescence with a maximum in the
region of 440 nm is observed (curve 6 in Fig. 5b). Addition of
Ba™ also results in the quenching of 1b fluorescence.

Fig. 7 shows the Stern-vVolmer plots for (1b-Mg*') and
(1b-Ba') systems. Integral intensity obtained by numerical
integration of the fluorescence spectra was used to construct
these plots. In both cases, no linearity typical for simple
dynamic or static quenching was observed. Experimental Stern-
Volmer plots were analyzed in the framework of static quench-
ing in which both free ligands (L) and complexes (LM} are fluo-
rescent with different quantum yields. Under the experimental
conditions, the observed intensity can be described by eqn (1),
where [ and Iy corresponds to the intensity of solutions with
[L] = [L]o and [LM] = [L], correspondingly.

§ ) TR ) i
Lig

I

For the formation of the 1:1 complex, eqn (2) and (3)

express the dependencies of [L] and [LM], correspondingly (K =

stability constant for the LM complex).*”

1 KLy KMy 1| KLl Kl’\-’lg2 AK Ll
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Table 2 Stability constants (K} and Tuorescence parameters for L-M
complexes

gk, IgK,
absorption fluorescence
System (M) (M) Pt At (nm)

2.85x .05
3.85 = 0.05

(L0112 = 0.001 440
(L0353 = (.00 505

1b-Mg 2.78+0.05
1b-Ba 3.87 = 0.05°

“ Measured in ref. 52.

LM/ | | [Lig! | I 3
B o
2010
I

_ KT _

=i : EE |
O ORI O KM 0O OFKLE DKMEE O ARLGTE, 015,00 2K, LG

4

Since [, = Iy, substituting eqn (2) and (3) into (1) and follow-
ing the use of eqn (1) in 1,/ — 1 gives the final 1:1 binding iso-
therm (4). Eqn (4) satisfactorily describes the Stern-Volmer
plot for both (1b-Mg*") and (1b-Ba®") systems (Fig. 7). The
results of the experimental curve fitting are shown in Table 2.

The stability constants obtained by the Stern-Volmer plots
(1) were compared with the values calculated from the data
obtained from UV spectroscopy (Fig. 5a and 6a). The UV data
were analyzed by a numerical method described previously®™
{consult ESIT for details). The obtained values are shown in
Table 2. The values of the stability constants obtained from
the quenching of fluorescence are in fair agreement with those
obtained from the UV absorption spectra. Note that in ref. 51
we have reported the overestimate value of & for the [1b-
Mg*') complex. Now we report the corrected values based on
the application of two independent methods.

An interesting point is that the value of K for the Mg**
cation which is situated inside the crown-ether cavity is
smaller than that for the outside Ba®" cation. The low value of
K, for Mg*" could be explained by the steric hindrances caused
by the nonplanar structure of the azacrown-containing
chromene.

4 Conclusions

The present work deseribes the fluorescent properties of an
azacrown-containing chromene (naphthopyran) 1b. This chro-
mene exhibits two parallel photochemical reactions: irrevers-
ible trans—cis isomerization of a closed form and the thermally
reversible transition to an open form. Among the different
isomers of 1b, only the trans-isomer of the closed form is
fluorescent. Its fluorescence could be switched off either irre-
versibly by means of trans—cis isomerization of the closed form
or by a thermally reversible transition to the open form.
Fluorescence is quenched by alkali earth metal cations via the

mechanism of static quenching.

Photochem. Phatobiol Sci., 2013, 12,1803 1810 | 1807
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In this work we have presented the phenomenological

description of the fluorescent properties of 1b. The detailed

study of the mechanism (including solvent effects and time-

resolved measurements) is in progress.
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Determination of stability constants from the UV data

Spectrophotoelectric titration data and nonlinear regression analysis were used to determine the binding
constants (K) of the complexes. This procedure was described in details elsewhere .

In the case of 1b binding of Mg*™ and Ba®" cations the scheme of complexation is

L +M = complex

Eqn (1) was used to determine the binding constant (K) and molar absorptivity of the complex (€comp)-
It was used as the input for a user-defined function in the nonlinear fitting function of Origin, which will

then determine the values of K and &.omp from the best-fit curve. The procedure was carried out at 2
different wavelengths.

A= G
2—(1-KGC,, +KC,) +/4KGC,, +(1-KC,, +KC, )’

X

(D

X(28 + E.gmp X (-(1-KC,, +KC_) +/4KC,, +(1-KC,, +KC_)*))

where A — optical density (cuvette — 1 cm), Cyp and Cp — [M]p and [L ] correspondingly.
Model Func binding 11 (User)

Complexation 1b-Mg*"

®  abs(400)
—— Func_binding_11 (User)Fit of H
' Func_binding_1
0.6 - Model 1 (User)
' y=C0/(2-(1-
K™ + K*CO) + (4
. R+ (1- K%+
K*C0)"2)"0.5) * (
—_ 0,5 - . 2°E0 + E1%(-(1 -
£ T Equation K + KCO) + (4
c | Cx + (1- K%+
8 | K*C0)*2)"0.5))
€ o4 M
Q | | Reduced 1,2458E-4
c .. . Chi-Sgr
_g | Adj. R-Square 0,99579
5 0.3+ ".‘ Value Standard Error
D \ 'H co 2 9E.5 0
g 'H EO 17685 86868 271,74567
02 - \- 'H E1 2438 83511 250,0644
’ \5 'H K 608,71898 63,60751
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