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Photocontrolled reversible changes in the electronic and vibrational
spectra of photochromic diarylethene in various nanostructured systems
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Introduction

One of development areas in the modern electronics
is design of hybrid devices, whose properties depend on
the molecular structure of the used compounds, with the
potential of use in optical integrated circuits [1,2]. For these
purposes, photochromic compounds are most promising,
especially thermally irreversible diaryl ethenes (DAE) [3-
5], irreversibly changing their properties when exposed to
light and used to design photoswitches of various types [6].

Nanostructured photochromic hybrid (composite) sys-
tems [7], including molecules of photochromic organic
compounds, in particular, from DAE class, and nanoparticles
of noble metals, namely gold [8-14] and silver [9,15,6], as
well as inorganic semiconductors [17] are of special interest.

Previously the possibility was theoretically pre-
dicted [18,19] and experimentally studied [20,21] to im-
prove efficiency of photochemical processes together with
amplification of the signal of Raman scattering (RS) of
light and luminescence when molecules are adsorbed on
the metal surface with nanosized irregularities related to
plasmon effects (fig. 1,a4). Properties of photochromic
compounds next to nanostructured surface of noble metals
were also studied experimentally [22].

Plasmon amplification of electromagnet field near a
metal nanoparticle provides for higher effectiveness of
photochromic transformations both because of formation of
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two-photon photochromic reaction of DAE cycloreversion,
and 2-5-fold increase of one-photon reaction speed [23].
Isomerization of a switch (photochromic molecule) causes
variation of its electronic properties, thus varying dielectric
permeability in close proximity to the nanoparticle surface,
which makes it possible to reversibly control plasmon
resonance frequency and interparticle interaction [23].

In promising molecular systems, containing fluophor (for
example, a semiconductor quantum point (QD CdSe/ZnS)
and a photochromic fragment, phototransformation of a pho-
tochromic molecule may cause modulation of fluorescence
intensity through variation of quantum yield of fluorophor
(with inductive-resonant energy transfer (FRET) from fluo-
rophor to photochrome), and also as a result of reabsorption
of fluorescence light by photochromic compound (effect of
internal filter) [23-23].

Based on composite structures ,,nanoparticle—molecular
switch “ it is possible to create nanosystems operating
in non-equilibrium mode, which may change the internal
procedure (structure) and adapt to external effects.

This paper (to develop previous research of authors [26—
34]) presents analysis of results from comprehensive ex-
perimental and theoretical study of photoinduced changes
of spectrial properties of photochromic DAEI in various
environments. According to the results of previous studies,
DAEL has free photochromic properties (light sensitivity and
amplitude of dynamic variation of spectral photoabsorption)



Photocontrolled reversible changes of electron and vibration spectra... 361

both in solutions and in solid-phase films. The study of this
compound properties is of utmost interest in nanocomposite
structures (systems) with metal nanoparticles — for poten-
tial use in photocontrolled switches of electric and optic
signal [4,23] or sensors [23], and also with semiconductor
nanoparticles — for use in fluororescent photoswitched
chemosensors and multifunctional photo- and electrically
controlled displays [23].

Experimental part

The objects of research in this paper were a photochromic
compound DAE1 from class of cyclopentene derivatives
of DAE, and also composite systems based on molecules
of this compound, containing nanoparticles of silver, gold
or CdSe/ZnS (including films and polymer nanospheres,
which contain semiconductor QDs CdSe/ZnS and DAEl
molecules, scheme 1).

DAEI

The spectral characteristics and structure of photochromic
nanocomposites obtained in solutions and solid-phase films
and their changes during photochromic transformations
were studied using spectrophotometry, vibrational spec-
troscopy (infrared (IR) absorption, Raman Scattering (RS)
and Surface Enhanced Raman Scattering (SERS) of light
and quantum chemistry methods.  The photoinduced
modulation of the fluorescence in such systems, including
that due to FRET, was studied by steady-state and kinetic
fluorimetry methods.

Silver nanoparticles with sizes of 30—40nm were ob-
tained by citrate reduction of silver ions in aqueous
solution [35], and those with sizes of 8—10nm — boro-
hydride reduction of silver in aqueous solution [36]. Gold
nanoparticles with a diameter of about 20 nm were prepared
by citrate reduction of gold in aqueous solution [37,38].
To prepare silver and gold colloidal films, a method of
layer-by-layer deposition of silver colloids (or nanocom-
posite systems of noble metal particles with a shell of
photochromic DAE molecules) was used by dipping a
glass substrate into a colloidal solution and subsequent
drying [26]. The maximum of plasmonic absorption band
of solid-phase systems based on silver borohydride sol is
located at 415nm and that based on citrate sol — about
428 nm. To obtain nanocomposite systems containing silver
or gold nanoparticles with a shell of photochromic DAE
molecules (fig. 1,a), solutions of noble metal nanoparticles
and photochromic compounds were mixed at a volume ratio
of 1:1 [26].
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The semiconductor nanoparticles — CdSe/ZnS QDs
containing a CdSe core and a passivating shell of the wider-
band-gap ZnS material used in this paper were synthesized
at the Research Institute for Physical Chemical Problems
of the Belarusian State University according to an adapted
protocol.

The photochromic systems based on DAE and QD
CdSe/ZnS were prepared in chloroform or toluene using
methods [30]. In addition, polymeric nanospheres syn-
thesized according to the method of Professor M.V. Arte-
myev [31] were used, which included semiconducting
QDs and molecules of photochromic DAE1 compound
(fig. 1,b). To obtain such polymeric nanospheres, the
method of introducing DAE1 molecules into a thin polymer
shell on top of hydrophobic CdSe/ZnS QDs during their
encapsulation and solubilization in water using the well-
known procedure [39] was applied.

Spectral and kinetic studies of photochromic transforma-
tions of DAE in solutions and in composite nanostructures
were performed using SPECORD 200 (Carl Zeiss, Ger-
many) and Cary 50 Bio (Varian, Australia) spectropho-
tometers, as well as LC-4 lamp (Hamamatsu, Japan). A
UV filter UFS-1 was used to isolate the UV component
of the radiation. Irradiation of samples with visible light
was carried out through light filter ZhS-16. In some cases
LEDs with maximum bands at 365 (LED365) and 514 nm
(LED514) were used for irradiation. Half-widths of the
LED365 and LED514 light diodes radiation were 9 and
32nm, and the optical power — 0.45 and 3 W, respectively.
The irradiation time required to translate the DAE between
forms A and B was determined from the absorption spectra
measured in the equilibrium state. Possible scattering and
reflection from the sample were not taken into account
when recording the absorption spectra.

IR spectra were recorded using Nicolet iS10 FTIR
spectrometer (Thermo Scientific, USA). 3D scanning con-
focal Raman microscope with Nanofinder S spectrometer
(Solar TII, Belarus) was used for registration of RS and
SERS spectra. RS and SERS spectra of the studied
objects were recorded in the range of 200—1800cm~!.
The power density of laser radiation on the sample was
5—10 mW/mm?.

Spectrofluorimeter SM2203 (Solar, Belarus) was used
to record the fluorescence spectra, and the laboratory
setup described in [40], operating in time-correlated photon
counting mode (TCSPC) [41], was used to measure the
fluorescence decay time. The excitation source was a PDL
800B picosecond diode laser with LDH-405 and LDH-470
laser heads (PicoQuant, Germany), which generates light
pulses of 70 ps duration with a repetition rate up to 40 MHz
and wavelengths of 407 and 467 nm respectively. The reg-
istration system includes a PMA-182 photoelectric detector
and a TimeHarp200 time-correlated photon counting system
from PicoQuant (Germany).

Results of quantum-chemical calculations were used to
interpret vibration and electron spectra. In this paper all
quantum chemical calculations are made using software
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Figure 1.

(a) Schemes of optical processes in solid-phase photochromic nanocomposite systems based on metal nanoparticles and

(b) photoinduced modulation of fluorescence of nanocomposite polymer nanospheres containing a semiconductor nanoparticle (QD) and
molecules of DAE1 in process of photochromic transformations of DAE.

suite PC GAMESS 7.1.G (Firefly). Equilibrium geometry
and vibration spectra of DAE1 molecule are calculated using
RHF method. Vibration (IR and RS) spectra of molecules
were calculated using basis 6-31G. Calculation of potential
energy surface (PES, surface cross section) depending
on the distance between atoms of carbon participating
in photoisomerization reaction, was made using density
functionality theory (DFT) methods, hybrid three-parameter
exchange Becke functionality with correlation functionality
Lee—Yang—Parr (B3LYP) [42-44]. To calculate energy of
main () and excited (S;, S, S3) states, DFT and TDDFT
methods were used accordingly (using B3LYP functionality
and 6-31G basis). PES cross section of DAE1 molecule
was obtained with using the reaction coordinate in the
form of distance between carbon atoms, where linkage is
formed (broken) in process of reversible photoisomerization
reaction. PES cross section of the main state was obtained
by DFT method through fixation of the mentioned distance
(at every value of such distance — reaction coordinate) and
optimization of the remaining structure of the molecule.
When calculating PES cross sections of states S;, S, Ss,
TD DFT method was used, as well as molecule geometry
in every point produced during calculation of PES of the
main state S.

Results and discussion

Calculation of DAE1 electron structure and its
phototransformations

Photochromic transformations of DAE are caused by
reversible valent photoisomerization between open (A) and

cyclic (B) forms (scheme 2) [3-5]:

I Y T A

Open colorless isomer A, absorbing UV radiation, is
reversibly transformed into colored isomer B, which, when
exposed to visible radiation absorbed by it, turns again
into the initial open isomer. A distinctive feature of
photochromic DAE is thermodynamic resistance of both
isomers.

To interpret results produced by experimental methods of
electron spectroscopy, and also to analyze mechanisms of
photoinduced transformations of DAE1 molecule, quantum
chemical study of electron structure and properties of this
molecule was conducted. Results (estimated spectra of
electron absorption and cross section of PES states &, S,
S;, S3 of DAEI] molecule) are given in fig. 2, 3 and in
table 1, 2.

From fig. 2,a and table 1 it is seen that for open isomer
DAE]1 the most intense absorption bands (with maximum
at 333nm and oscillator power 0.39; with maximum at
402 nm and oscillator power 0.15) are related to transitions
in excited singlet states of molecule: $§ — S;, S — S
accordingly. Excitation of electron with 145 molecular
orbital (MO) to 148 MO makes the main contribution to
absorption band at 333 nm; from 147 MO (HOMO) to 148
MO (LUMO) — to absorption band at 402nm (fig. 2, b).
Calculation results demonstrate that when DAE1 molecule
is radiated in a long-wave absorption band of open form A,
transition Sy — S; takes place, related to transition of charge
from alken fragment and thiophen rings (including from
sulfur atoms) to end groups of DAE1 molecule. Besides,
transition Sy — S; has near-zero probability.

Optics and Spectroscopy, 2022, Vol. 130, No. 3



Photocontrolled reversible changes of electron and vibration spectra... 363

0.6 |

DN
[\
on

0.5F

0.4 |

~ 03F

0.2 -

0.1F

L

147MO
E=-6.0545 ¢V

9

200 300 400 500 600
A, nm

269

0.6

0.5F

592

0.1

L UMJ,.,. il

1
200 300 400 500 600
A, nm

E=-3.0178 eV

Figure 2. Calculated spectra of electronic absorption (g, ¢), shapes of boundary MOs involved in formation of DAE1 absorption spectrum

(b, d) of open (a, b) and cyclic (c, d) isomers of DAE1 molecule.

For closed (cyclic) isomer DAE1 (fig. 2, ¢ and table 1) the
most intense absorption bands (with maximum at 401 nm
and oscillator power 0.37, with maximum at 592nm and
oscillator power 0.41) are related to transitions in excited
singlet states of molecule: § — S, S — S; accordingly.
Excitation of electron with 145 MO to 148 MO makes the
main contribution to absorption band at 401 nm; from 147
MO (HOMO) to 148 MO (LUMO) — to absorption band
at 592 nm (fig. 2,d). As a result of DAE1 molecule radiation
in long-wave absorption band of cyclic form B, & — 7*-
transition S — §; takes place, localized in alken fragment
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and in thiophen and coupled rings, related to redistribution
of charge in these fragments (at the same time charge is
transferred from sulfur atoms). Specified redistribution of
the charge leads to considerable improvement in DAFEI1
molecule electric conductivity, which makes it possible to
treat this compound as promising for use in photocontrolled
switches of electric signal.

In process of analysis of boundary molecular or-
bitals in DAE1 compound, the following were calcu-
lated: ionization potential |P = —Egomo, electron affin-
ity Ea = —Erumo, total hardness n = (IP — Ea)/2, elec-
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Table 1. Electron structure of open and cyclic isomers of DAE1 molecule calculated relative to main peaks

Isomer State A,nm AE, eV Decomposition of wave functions f
along singly excited configuration
Open S — Sp 253 490 —0.61 (146 — 151) + 0.49 (147 — 152) — 0.40 0.11
(140 — 149) — 0.20(145 — 150)
S-S 333 372 —0.78(145 — 148) — 0.34(144 — 149) 0.39
+0.29(145 — 149) + 0.29(146 — 149)
S—S 402 3.08 —0.98(147 — 148) 4+ 0.09(143 — 148) — 0.09 0.15
(145 — 148)
Cyclic S — Sis 277 447 —0.36(135 — 148) 4+ 0.35(142 — 149) — 0.34 0.12
(137 — 148) — 0.32(147 — 152)
S—S 401 3.09 —0.85(145 — 148) — 0.36(146 — 149) — 0.25 0.37
(147 — 150)
S — S 592 2.09 —0.99(147 — 148) — 0.14(145 — 148) 0.41
Note. 2 — transition wave length, AE — transition energy, f — oscillator power.
Table 2. Estimated electron properties of open and cyclic isomers of DAE1 molecule
Isomer Enomo, eV ELumo, eV IP, eV Ea, eV Ey, eV u, eV n, eV S eV X, eV w,eV
Open —6.06 —-2.59 6.06 2.59 347 —4.32 1.73 0.58 432 5.39
Cyclic —5.46 —3.02 5.46 3.02 244 —4.24 1.22 0.82 424 7.36

- From fig. 3 you can see that in its main state the PES cross
section of DAE1 molecule has two minima corresponding to
open (colorless, around 3.9A) and closed (cyclic, colored,
around 1.5 ,&) forms. It should be noted that for an open
isomer the minimum is rather wide, while for a cyclic
isomer it is narrow. These isomers are divided by energy
barrier with width of ~ 2.4eV.

Before UV radiation DAE1 molecule is in open form
(point 1, fig. 3), and after photoexcitation from state S it
changes (with transition energy 3.08 eV and oscillator power
0.15) to state S3 (point 2). Then intra-conversion transition
S; — Sy, occurs, and for molecules to go to closed form (to
achieve state 4 with minimum energy), it has to overcome

C g S N energy barrier ~ 0.5 eV. Further return to PES of the main

(U} <R, & AR L state Sy takes place through transition over point 3 in cyclic
1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 55 6.0 6.5 7.0 form (point 4)
R A '

Under reverse photochromic transformation of DAFEI1
(from cyclic form to open one) after photoexcitation, DAE1
molecule from point 4 changes (with transition energy
2.09¢eV and oscillator power 0.41) to excited state S
(point 5). For cycloreversion reaction to occur, the system
should reach point 6 (aroundl.7 A) and further change to
point 1 (open isomer of DAE1 molecule).

Figure 3. Cross sections of potential energy surfaces of states S,
Si, $ and S; of DAE1 molecule and routes of direct (points 7, 2,
3, 4) and reverse (points 4, 5, 6, I) photochromic transformations.

tronegativity y = (IP + Ea)/2, electron chemical potential
p = —(1P + Ep)/2, electrophilicity @ = x*/2n and chemi-
cal softness S= 1/n.

Results of DAE1 compound boundary molecular orbitals
analysis are given in table 2.

Photoinduced changes of electronic spectra of
photochromic nanostructured systems based on
DAE1

To analyze processes of photoinduced DAE1 molecule
transformations, PES of states &, S;, S;, S3 were calculated.

All photochromic systems based on inorganic nanopar-
ticles and DAE1 molecules that we studied undergo pho-

Optics and Spectroscopy, 2022, Vol. 130, No. 3



Photocontrolled reversible changes of electron and vibration spectra...

365

0.6

0.5

0.4
Q

0.3

0.2

0.1

450 500
A, Nm

550 600

0.40 F b
035
Q030
24
025F
020 1
l l l l l l
200 300 400 500 600 700
A, Nm

Figure 4. (a) DAE1 absorption spectra in solutions in DMSO before (curve 1) and after (2) UV radiation with LC-4 lamp light through
light filter UFS-1; DAE concentration in solution C = 2 - 10* mol/dm?, cuvette thickness 0.2cm. (b) Absorption spectra of solid-phase
composite nanostructured systems ,,metal nanoparticle-photochromic molecule” (1,2) based on DAEl and silver sols on quartz and
solid-phase DAEL films on quartz (without sols, 3, 4) before radiation (7, 3) and after UV radiation through a light filter UFS-1 (2, 4) [26)].

Table 3. Spectral characteristics of photochromic nanostructured systems based on DAE1 and metal nanoparticles (NP)

System State AR nm (D) AR nm ADR™ ADY™ /Do

DAELI Solution in DMSO 305 (0.61) 520 0.20 0.50
355 (0.40)

DAE1 + NP Ag 305 (0.62) 520 0.20 0.50
355 (0.40)

DAELl . 308 (0.82) 520 0.20 0.40
Solution in mix 354 (040)

ACN with water (1:1)

DAE1+ NP Au 308 (0.92) 520 0.20 0.33
354 (0.60)

DAELl 317 (0.13) 544 0.05 042
Solid-phase 368 (0.12)

DAEI + NP Ag amorphous 317 (0.13) 544 0.06 0.50
film 368 (0.12)

DAE1+ NP Au 310 (0.19) 544 0.07 047
364 (0.15)

Note. 2™ and Ag™ — wave lengths of absorption band maxima of open A and cyclic B forms accordingly, Do — maximum value of optical density in

maximum of absorption band of open form A, ADghot — maximum value of photoinduced optical density in maximum of long-wave absorption band of

cyclic form B in photoequilibrium state, ADPBhOt

toinduced reversible changes of absorption spectra. Results
of comparative spectral-kinetic research of photochromic
transformations of DAE1 (in a solution and solid phase)
in absence and presence of silver and gold nanoparticles
are given in table. 3 and in fig. 4. Absorption spectrum
of DAE1 open form in dimethyl sulfoxide (DMSO) is
characterized by two absorption bands with maxima at 305
and 355nm (fig. 4,a, curve 1, table 3). When exposed
to UV light, a new absorption band appears in the visible
region of the spectrum with maximum at 520 nm (fig. 4, q,
curve 2; table 3), caused by formation of cyclic form B. This
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/Da — normalized optical density determining light sensitivity of compound.

compound manifests photochromic properties in solutions
(in acetonitrile (ACN), methanol, toluene, DMSO) both
in absence and in presence of silver and gold sols [26].
After introducing silver nanoparticles into the solution of
the photochromic compound, the absorption bands of the
open form A of DAE1 are not shifted. Llight sensitivity
(ADY'/D») of DAE1 when noble metal nanoparticles
are added to the solution either does not change (for
Ag) or slightly decreases (for Au). Kinetic characteristics
of phototransformations of DAE1 compound do no vary
without and in the presence of metal nanoparticles.
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Figure 5. Spectra of absorption and fluorescence of photochromic system QD525-DAEL1 in various matrices. (a) Spectra of absorption
(curves I—3) and fluorescence on excitation wave length 440 nm (4—6) of system in toluene before (7, 4), after UV radiation (2, 5) and
visible (3, 6) light exposure. (b) Spectra of absorption (/—3) and fluorescence on excitation wave length 440 nm (4—6) of solid-phase
amorphous film of QD525-DAE1 before (1, 4), after UV radiation (2, 5) and visible (3, 6) light exposure. (c) Spectra of absorption (I—4),
excitation of fluorescence when measured on wave length 516nm (6) and fluorescence on excitation wave length 395nm (5, 7—9)
of system in polymer film PMMA before (1, 5, 6), after UV radiation (2, 7) and visible (3, 8) light exposure and after repeated UV
radiation (4, 9). (d) Spectra of absorption (/—3) and fluorescence on excitation wave length 500 nm (4—6) of system in polymer film of
copolymer AS before (1, 4), after UV radiation (2, 5) and visible (3, 6) light.

Absence of changes in the spectral-kinetic characteristics
of DAE1 both in solutions and in solid-phase layers upon
introduction of nanoparticles (table 3) can be explained by
the fact that the molecules of this compound experience
physical interaction with the surface of nanoparticles in
contrast to chemisorption observed for functionalized sulfur-
containing DAEs and manifested in a bathochromic shift of
the absorption maximum of cyclic form [43].

DAE1 also exhibits photochromic properties in solid-
phase films obtained by solvent evaporation after deposition
of DAE solution in ACN or in DMSO on a quartz plate
(fig. 4,b). Bathochromic shift of the absorption band of
the cyclic form of DAE1 observed in solid-phase layers
as compared to solutions is probably due to an ordered
arrangement of molecules in solid-phase layers.

From table 3 and in fig. 4,¢ d it is seen that presence
of noble metal nanoparticles in solid-phase films results
in insignificant growth of light sensitivity value ADP™'/Dx

(compared to films without nanoparticles). It is probably
caused by specific nature of DAE molecules interaction
with surface of metal nanoparticles and to contribution of
plasmon effects depending on the value of overlapping in
metal nanoparticle plasmon excitation band and absorption
bands of initial open (A) and photoinduced cyclic (B) forms
of DAE1 [26].

Varying the material and size of metal nanoparticles, it is
possible to manage parameters of photochromic processes
in nanocomposites [46]. In addition, the presence of metal
nanoparticles allows their use as contacts in molecular pho-
tocontrolled electric signal switches based on photochromic
nanocomposites containing DAE [4,23].

For  the composite systems »semiconductor
nanoparticle—of DAE1 molecule” (containing QD525
luminescing at wave length 1 = 525nm, and DAE1) both
in solutions and in solid-phase and polymer films, the
phenomenon of reversible change in QD fluorescence

Optics and Spectroscopy, 2022, Vol. 130, No. 3
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Table 4. Absorption and fluorescence characteristics of photochromic nanostructured systems based on DAE1 and QD525 CdSe/ZnS

System State AX®™ nm (Da) ™, nm ADR™ Agp, M I, arb. units I, arb. units
DAE 1 Solution 357 (0.64) 519 0.64 - - -

DAE 1+ QD525 in toluene 355 (0.58) 511 0.42 527 156 9
DAE 1 Amorphous 360 (0.03) 519 0.10 - - -

DAE 1+ QD525 film 359 (0.02) 536 0.009 530 0.092 0.035
DAE 1 Polymer 358 (0.21) 520 0.09 - - -

DAE 14 QD525 | fim PMMA 365 (0.28) 517 0.20 523 74 58
DAE 1 Polymer - - - - - -

DAE 1+ QD525 film AS 352 (0.30) 514 0.23 520 41 14

Note. 2™, g™ — wave lengths of absorption band maxima in initial open and photoinduced cyclic form of DAE, /'LgD — wave length of QD

fluorescence band maximum; ADPBhOt — photoinduced variation of optical density in maximum of absorption band of photoinduced cyclic form of DAE in
photoequilibrium state; IF1, 1T — intensities of QD fluorescence bands before and after UV radiation, accordingly.

s 1o

intensity symbasically to photochromic transformations of
DAEl was found (fig. 5, table 4). This testifies to the
possibility of inductive-resonance transfer of excitation
energy (FRET) from QD to cyclic DAE form due to the
overlapping of the photochromic absorption band and QD
fluorescence band and the possibility of implementing
nanostructured recording media with non-destructive
fluorescence optical information readout.

In addition, by changing the excitation wave length of
polymer systems based on QD525 and DAE], it is possible
to perform phototranslation of fluorescence. In this case,
quenching of radiation with wave length 2 = 525nm and
simultaneous appearance of fluorescence of cyclic DAE1
form in the spectral region with maximum at 620nm
(fig. 5,d, curves 4, 5, 6) is observed.

The results obtained (table 4) allow us to conclude that
the fluorescence intensity modulation in the QD525—DAE1
system takes place both in solutions and in solid-state films.
Both fluorescence intensity and fluorescence intensity mod-
ulation efficiency (depth) are significantly higher in solution.

Modulation of fluorescence intensity may be due to
changes in the quantum yield of QD fluorescence due to
the transfer of excitation and/or charge energy to DAEI1
molecules located in close proximity, as well as an internal
filter effect (i.e., absorption of fluorescence light quanta by
DAE1 molecules in closed form B). Using the experimental
data obtained, the attenuation of the QD emission intensity
due to the internal filter effect was estimated. It was
found that the attenuation of emission due to this effect
is 47% for the QD525-DAE1 complex (in toluene) with
a total reversible photoinduced attenuation of fluorescence
emission of this system of 94%. To elucidate the mechanism
of fluorescence modulation, the time dependence of QD
fluorescence decay time during photoinduced changes of
DAE1 was investigated. It turned out that fluorescence
decay kinetics of the studied QDs was essentially non-
monoexponential. To describe kinetics of QDS525, it is
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necessary to use at least 3 exponential components with
lifetime 7y ~ 2ns, 7 ~ 7ns and 73 ~ 18ns (for solutions
of QD525-DAE1 complexes); 71 ~ 0.7ns, 7, ~ 5ns and
73 ~ 16ns (for solid-phase amorphous films of QD525-
DAE1 complexes on quartz); 73 ~3ns, 7, ~9ns and
73 ~25ns (for solid-phase films of QD525-DAEl com-
plexes in polymer PMMA). It is assumed that the formation
of the QD525-DAE1 complex (due to specific interactions
between QD525 and DAE1 molecules in open form A)
leads to the appearance of an additional radiation-free
deactivation channel and to a certain decrease in the average
lifetime of the excited state of QD [30].

The results obtained (table 5) show that the reversible
photoisomerization of DAE1 due to UV and visible irradia-
tion significantly affects the QD fluorescence lifetime, which
suggests a significant contribution of the FRET mechanism
in modulating the QD fluorescence intensity.

In case of polymer films, in contrast to the other three
matrices (table 5), reversible modulation (with significant
modulation depth) is observed only for the average lifetime
(r?) in amplitude (but not for (r)). This may be due to
the fact that the heterogeneity of the emitting centers in
the PMMA film may increase due to interactions of the
polymer molecules with the QD-DAE1 systems. Then, it is
more correct to estimate the kinetics of QD luminescence
decay not by the average lifetime (7) by contribution,

(r) = 29T 1)

aiT
but by average lifetime (7¢) by amplitude

niaim
— T >

() = = 2)

where «j, 7 — pre-exponential multiplier and lifetime of
i-th component, accordingly.



368 G.T. Vasilyuk, P.V. Karpach, S.D. Gogoleva, A.O. Ayt, V.A. Barachevsky, S.A. Maskevich

. a b
! E 10.25 1 —1RF curve
0.28T £ 4t 2 NS QD525-DAEI before UV
024 e 1020 1 3 —NS QD525-DAEL after UV
L =~ ) B 4 —NS QD525-DAEL after VIS
020 2 3 dots — experiment
i do015 & £ line — fitting curves
Q0.16} s 2
L ' < 8/
0.12 ih {010 2 =
L : ~
0.08 - 1
- 10.05 R
0.04 | £ . :
0 . ] . ] P I — . 0 0 T N (A NS SR S
200 300 400 500 600 700 0 20 40 60 80 100 120

A, nm Time, ns

Figure 6. (a) Absorption spectra (curves /—3) and fluorescence spectra at excitation wave length 500 nm (4—6) of polymer nanospheres
containing QD525 and DAEI, in water before (7, 4), after UV radiation (2, 5) and visible (3, 6) light exposure. The insert demonstrates
variation of optical density (black curves) on wave length 532 nm and intensity of fluorescence (red) on wave length 525nm of polymer
nanospheres containing QD525 and DAE], after serial UV radiation (1 = 365nm, t = 150s) and visible (A = 514nm, t = 150s) light
exposure. (b) Curves of fluorescence decay of aqueous solutions of nanospheres containing DAE1 before (b, 2), after UV radiation (b, 3)
and after visible (b, 4) radiation.

Table 5. Average lifetime (7) by contribution and average lifetime (7) by amplitude of QD525 fluorescence in process of photochromic
transformations of DAE1 in various systems

System (state) (10), 18 (Tuv),ns (Tvis),ns (rg"), ns (rdv),ns (ris), NS
Solution in toluene 1293 11.99 12.84 9.29 7.73 9.29
Solid-phase amorphous film 9.66 7.38 10.00 4.00 247 435
Polymer PMMA film 11.84 11.96 11.96 8.10 6.63 8.80
Polymer nanospheres 7.05 5.39* 742" 2.08 1.66* 211

Note. (10)({15")), {(tuv)({t§y))» (Tvis) ({rg)) — lifetimes of QD525 before, after UV radiation for 15s and after visible light exposure (2 = 514nm) for
30s accordingly. For polymer nanospheres time of UV radiation 20s* and visible light exposure is 45s**.

Similar spectral-kinetic studies were also performed for
synthesized polymeric nanospheres containing QD525 and
DAE1 molecules. Photoinduced isomerization of DAEI1
molecules affects the fluorescence parameters of QD525 in
nanospheres (fig. 6, table 5). The estimated decrease in the
luminescence intensity of nanospheres due to changes in
the quantum yield of QD fluorescence is ~ 53%. Influence
of the internal filter effect does not exceed 3%, which
indicates the efficiency of the developed photochromic
nanospheres compared to the previously described nanos-
tructured systems [30,31]. To elucidate the mechanism
of QD fluorescence quenching by DAE1 molecules in
nanospheres, the kinetics of QD fluorescence decay during
photoinduced change of DAE1 was investigated (fig. 6, b,
table 5).

It was found that the decay curve is satisfactorily
approximated by three exponents with lifetime 7; ~ 0.5 ns,
T ~3ns and 13 ~ 14ns. The observed changes in QD
fluorescence intensity due to phototransformations of DAE1
molecules are also repeated in the reversible changes in

their fluorescence duration values. The (r) fluorescence
duration reduction of nanospheres after UV irradiation is
restored completely after visible light exposure. Therefore, it
can be argued that FRET is the mechanism that determines
the modulation of QD fluorescence intensity in synthesized
nanospheres during reversible photoisomerization of DAE1
molecules implanted in them.

FRET modeling

In order to estimate the parameters of the ,QD525-
DAE1“nanostructured system that are optimal for the
FRET process, a computer simulation of this system was
performed.

Based on spectral data for complexes of QD525 with
DAE1 molecules according to known models [30,31], the
value of the critical Ferster radius Ry = 5.60nm (with
values of donor-acceptor dipole pair orientation coefficient
k% = 0.67, refractive index Nes = 1.4969, QD fluorescence
quantum yield ® = 0.628).

Optics and Spectroscopy, 2022, Vol. 130, No. 3
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Figure 7. Dependence of QD-DAE!1 fluorescence modulation efficiency (in solution (a) and in polymeric nanospheres (b)) on the
distance r between QD and DAE1 and on the number n of DAE1 molecules on QDs (at 30% of colored DAE1 form molecules).

For polymeric nanospheres based on molar absorption
coefficient values (for DAE1 in toluene with 4 = 370nm
e=133-10*M~!em™! and for CdSe QD of diameter
27nm ¢ =5-10*M~lem~! [47)), the average number of
DAEI molecules per QD in a nanosphere is calculated:
n~4—8. According to the estimate, the fraction of
photoinduced B form of DAE1 molecules in the state of
equilibrium of A and B forms is about 30%. With the
values of donor-acceptor dipole pair orientation coefficient
k> = 0.48, refractive index Ner = 1.50, QD fluorescence
quantum yield ® = 0.0628, the critical Ferster radius for
polymeric nanospheres is Rpy = 3.60 nm.

By means of simulations, the FRET efficiency was
evaluated at different ratios of the number of DAEI1
molecules per QD. The FRET efficiency for donor D (QD)
surrounded by n acceptor A (DAE1) molecules as measured
by fluorescence duration [31]

E(r) =1- 2, 3)

man — the lifetime of the excited state of the donor in the

presence of the acceptor,
n 6
R
(@) o
i=1 :

1 1

TDAN 2]

1p —the lifetime of the excited state of the donor in the
absence of the acceptor, Ry — Ferster radius, r; —the
distance between the i-th molecule of the acceptor and the
donor.

The results of calculating the dependencies of QD-
DAE]1 fluorescence modulation efficiency on the distance r
between QD and DAEI1, on the number n of DAEI1
molecules on QD, on the quantum yield of QD fluorescence
(® = 0.6 for solution, ® = 0.06 for polymeric nanospheres)
and on the percentage of molecules of the colored form of
DAE1 are shown in fig. 7.

24 Optics and Spectroscopy, 2022, Vol. 130, No. 3

At a fixed value of Ry, the efficiency of quenching of
QD fluorescence due to energy transfer to colored DAE1
photoisomers depends on the distance between the donor
(QD525) and acceptor (DAE1 molecule) energy, as well
as on the number of acceptors in the environment of one
donor.

Fig. 7 shows that high values (~ 0.8) of the donor
fluorescence quenching factor are achieved at distances r
between donors and acceptors within 6.5 nm, if there are at
least 5 DAE1 molecules per one QD with a fluorescence
quantum yield in the complex of 60% (in solution), or at
r = 4nm, if there are at least 5 DAE1 molecules per one
QD with a fluorescence quantum yield of 6% (in polymeric
nanospheres).

From the analysis of the results obtained (fig. 7,b)
we can estimate the value of the distance r ~ 4nm
between QD and DAE1 at the following parameter
values: 30% molecules of colored form DAEl, QP
fluorescence quantum yield ® = 0.06, Ferster radius
Ro2 = 3.60nm, average number of DAE1 molecules per
QD in the nanosphere approximately n ~ 6 and depth (effi-
ciency) of fluorescence intensity modulation of nanospheres
~ 0.57.

Photoinduced changes of vibrational spectra of
photochromic systems based on DAE1

Photoinduced reversible changes in the structure of pho-
tochromic molecules in various matrices can also manifest
themselves (along with electronic absorption spectra) in
vibrational spectra.

Experimental spectra of IR absorption and RS light of
DAE1 in powder, as well as SERS light spectra of the
studied nanocomposite systems based on this DAE (and
IR absorption spectra of DAE1 solid-phase films) and
their photoinduced changes in the process of photochromic
transformations of molecules are shown in fig. 8.
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Figure 8. Raman spectra of light (a, curve 4) and IR absorption (b,4) of DAE1 powder. SERS light spectra (a, I—3) [28] of solid-
phase composite nanostructures ,metal nanoparticle—photochrome® (based in compound of DAEI and silve sol on quartz substrate) at
Aex = 633 nm: before radiation (g, I), after UV radiation (a, 2), after subsequent laser radiation with wave length 1 = 633nm (a, 3).
Solid-phase composite nanostructures are obtained from solutions in methanol. IR absorption spectra (b, /—3) of DAE] film from toluene
solution: before radiation (b, I), after UV radiation (b, 2), after subsequent exposure to visible light (b, 3).

By quantum-chemical methods (using computational
methods and bases optimized for the given problems)
we obtained refined data on the structure and vibrational
spectra of photochromic DAE1 molecule in open A and
cyclic B forms (fig. 9). Using this data the interpretation
of experimental vibrational spectra (IR, RS and SERS) was
carried out. In calculated spectra the bands caused by planar
vibrations of bound cycles are the most intense. For a cyclic
form having a planar configuration, there is sz-coupling
between cycles. As a result of photoinduced reaction of
cycloreversion, C9-C19 bond breaks, causing the planes of
cycles III, IV and cycles V, VI of DAE1 molecule to rotate
relative to each other at an angle of about 70°. In this
case, the intensity of RS bands decreases by an order of
magnitude.

The highest intensity in experimental spectra of both IR
absorption and RS (SERS) of DAE] is observed for bands
related to flat valent and deformation oscillations (around
500, 1200, 1410, 1607, 1636cm~! — SERS and around
1020, 1193, 1590, 1677, 1733c¢cm~! — IR spectra). Bands
around 1200, 1600, 1680 cm™! are intense in spectra of IR
absorption and RS (SERS) of light. This can be explained
by the proximity of the probabilities of vibrational transitions
due to the specific local symmetry of molecules [28]. The
greatest intensification is experienced by the RS bands
around 500, 1410, 1636cm™~!, the main contribution to
which is made by planar vibrations, which is manifested in
the SERS spectra of solid-phase composite nanostructures
»metal nanoparticle—photochrome® (fig. 8, a, curves 71—3).
Smooth spheroidal shape of silver nanoparticles (without

small grains with sharp surface fractures), as well as
their size suggest that the greatest contribution to the
amplification of the RS signal of DAE1 molecules adsorbed
on these particles, is made by plasmon mechanisms, rather
than other electromagnetic amplification mechanisms, such
as those associated with a giant increase in electromagnetic
fields and their gradients on the surface fractures with small
radii of curvature [48].

Phototransformations of composite nanostructures ,,metal
nanoparticle—photochrome® are manifested by changes in
the relative intensity of bands in the vibrational spectra
of the DAE1 compound related to vibrations of the bond
involved in the photoisomerization reaction [28]. Successive
irradiation of the sample first with UV and then with visible
light leads first to an increase in the relative intensity of
the bands around 1221 and 1573cm™! (fig. 8,a (Fig. 8,a,
curve 2) and then to a return of the SERS spectrum shape
to the original (fig. 8, a, curves 1, 3). These spectral changes
show the photochromic properties of this nanocomposite.
Reversible changes in the relative intensities of bands
related to C9—Ci9 bond vibrations are also observed in
the IR absorption spectrum (bands around 1043, 1240,
1580 cm™1).

Important evidence of chemical interaction between
DAE1 molecule and metal surface is the presence of a band
of about 240cm~! (due to the vibration of the molecule-
metal bond [49]) in the SERS spectra of nanocomposites
based on DAE1 compound obtained from a solution in
methanol (fig. 8,a, curves /—3), in contrast to similar
nanocomposites obtained from solution in acetonitrile [28].

Optics and Spectroscopy, 2022, Vol. 130, No. 3
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Figure 9. Optimized geometry of cyclic (@) and open (b) forms of DAE1 molecule. Calculated dependences of IR absorption intensity
(upper graphs) and RS activity (lower graphs) on the frequency of cyclic (c¢) and open (d) forms of DAE1 molecule.

Conclusion

Spectral properties of generated composite nanostruc-
tures ,,nanoparticle—photochromic molecule” consisting of
nanoparticles Ag, Au (or QD) with a shell of photochromic
DAE molecules were studied. It was found that these
nanocomposites both in solutions and in solid-phase layers
possess photochromic properties (which manifest them-
selves in reversible photoinduced changes in the electronic
and vibrational spectra of DAE) similar to the photochromic
transformations of DAE in solutions and in solid-phase
layers containing no nanoparticles.

Quantum-chemical study of electronic and vibrational
spectra and obtaining cross sections of DAE1 potential en-
ergy surfaces allowed the numerical parameters of structure,
energy, and electronic properties to be estimated during
photoisomerization of the DAE1 molecule.

Photoinduced change in the structure of ,metal
nanoparticle—photochrome® nanocomposites manifests it-
self in changes in the relative intensities of bands in the
SERS and IR spectra, primarily the bands due to valent

24*  Optics and Spectroscopy, 2022, Vol. 130, No. 3

vibrations of the C9—Ci9 bond, involved in the reversible
photoisomerization reaction of DAE.

Based on the results of modeling the process of inductive-
resonance excitation energy transfer between CdSe/ZnS
QD and photochromic molecules, photo-controlled fluo-
rescence systems QDS525-DAE1 were created. QD525-
DAEI systems both in solutions and in solid-state layers,
as well as in polymeric nanospheres exhibit modulation
of QD fluorescence intensity and duration due to re-
versible photoisomerization of the photochromic compound
molecules. Observed modulation of fluorescence intensity
in these systems is due to both inductive resonance
energy transfer from QD to photoinduced cyclic form
of DAE molecules (FRET) (estimated by ~ 47% for
solutions of QD525-DAE1 complexes, ~ 53% for polymeric
nanospheres) and the effect of fluorescence overabsorp-
tion by photochromic molecules (estimated by ~ 47%
for QD525-DAE1 complex solutions, ~ 3% for polymeric
nanospheres), which is much better than our earlier results
for other DAE [30,31].

Critical Ferster radii for the QD525-DAE1 pair
(Ro; = 5.60nm in solutions and Ry = 3.60nm in poly-
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meric nanospheres) and FRET efficiency at different ratios
of number of DAE1 molecules per QD were determined by
simulation.

Composite nanostructured elements based on pho-
tochromic DAE1 that reversibly change their absorption and
fluorescence properties under the action of light according
to the photochromic transformations of DAE were obtained,
which can be used in the development of optoelectronic
photocontrolled molecular switches as well as bio- and
chemosensors.
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