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Abstract—Singlet—singlet energy transfer between molecules of fluorescein and oxazific dyes inlLangmuir—
Blodgett films is studied experimentally. The dependence of the energy-transfer efficicacy on theydistance
shows that the quenching of the donor fluorescence is the most efficient when\the layers of the donor and
acceptor molecules are in a direct contact. An increase in the distance between the donorand acceptor layers
leads to a decrease in the energy-transfer efficiency. To establish the mutualiérientation of the donor and
acceptor molecules, quantum-chemical calculations of the energy,transfer progess in the donor—acceptor
pair are carried out. The calculations show that the best correlationof the experimental and calculated values
of the energy-transfer efficiency is observed when the interacting particlesiare shifted relative to each other by
about ~0.12 nm in parallel planes. The presented approach can bedsed|to estimate the relative orientation of

interacting particles in multimolecular ensembles.
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INTRODUCTION

Intermolecular transfer of electronic gXcitation
energy is one of the key processes in the gransforma-
tion of absorbed light into energy of othéx typesil, 2].
Depending on the type of interaction between the par-
ticles, the energy transfer is due to eitherithe'@xchange
or the inductive-resonance mechanism3, 4].

Currently, inductive-resonancé energy transfer is
the subject of active inter€stin, confiection with the
prospects of its use in dyessensitized photovoltaic solar
cells [5, 6] and for studies of the formation and mor-
phology of metal nanopaiticles in solutions [7, 8].

In additionthistype of energy transfer is used to
identify the localization and interaction of proteins,
includifigyproteins inside cells [9] and conformational
chafiges in DNAgd0].

Evalgation of the energy-transfer efficiency
requires,taking into account factors of distance and
orientation [4, 11]. For experimental studies of their
influence on the energy-transfer efficiency one can
use the Langmuir—Blodgett (LB) method, which
allows preparation of donor—acceptor systems with
controlled distance between the reactants and their
mutual orientation [12]. The use of this method pro-
vides the ability to control the efficiency of energy
transfer from donor to acceptor in nanostructures.

Orientation factor k2 depends on the relative orien-
tation of the transition-dipole moments of the donor
and the acceptor. The orientation of the chromo-
phores can be estimated by measuring polarization in
the absorption or fluorescence [13]. This method is
well suited for determining the direction of the transi-
tion-moment vector in the case of linear molecules
with their pronounced anisotropy of the electronic
transition. Rigid chemical bonding of particles is
another way to create donor—acceptor pairs with a
fixed mutual orientation of the molecules [14, 15].

In addition to experimental methods [16], the effi-
ciency of energy transfer can be evaluated with the use
of a quantum-chemical method [17—19]. Computa-
tional chemistry in combination with experiment is
widely used to study the distribution of particles in
molecular clusters [20] and photophysical processes in
nanosized systems [21]. The methods of molecular
dynamics are widely used in studies of molecular and
biological systems [22, 23].

In the present work, interlayer singlet—singlet
energy transfer in nanoscale LB films is studied exper-
imentally. The dependence of the energy-transfer effi-
ciency on the distance between the donor and accep-
tor layers is obtained. Mutual orientation of the donor
and acceptor molecules in the LB films is determined
using values of the energy-transfer rate constant
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Fig. 1. The structural formula of (a) donor and (b) acceptor.

obtained from experimental data and from quantum-
chemical modeling.

EXPERIMENT

Donor—acceptor structures were obtained with the
use of the LB method on the basis of organic dyes and
amphiphilic polyampholyte (PDAOM) [24]. The
energy donor was decyl ether of fluorescein (DEF),
and the acceptor was oxazine-41, an amphiphilic ana-
logue of Nile red. Structural formulas of the used
compounds are shown in Fig. 1.

Donor—acceptor systems were prepared using a
Langmuir bath (KSV Nima Medium) in the following
way. Dyes and polyampholyte were separately dis-
solved in chloroform and then mixed in the desired
ratios. The concentration of donor molecules in the
solution was constant and equal to 20 mol % relative to
PDAOM. The concentration of the acceptor in_the
solution was varied from 5 to 20 mol %. The resglting
solution was applied on the surface of the water—air
interphase. Then the mixed monolayer ofsthe donor
with polyampholytes was transferred to the sutface of
glass substrates by the method of vertical lift of Y=type
at surface pressure of T = 25 mN/njand speed of the
substrate movement of 2 mm/min. “Bheé monolayer
consisting of a mixture of the accepter with PDAOM
was applied on the top of the film prepared from the
donor.

Deionized water purified by, an AquaMax system
was used as a subphaseyT heémeSsistivity of the purified
water was 18.2 ME/cm:jThe surface pressure was
72.8 mN/m atpH 5'6,and 20°C. The behavior of the
monolayers gn the water surface was studied by mea-
suringfthie,dependences of the surface pressure (1) on
unit-of the aream(@) per molecule (nm—A-isotherms).
Theysurface pressure was measured with the use of a
Wilhelmi balances. The rate of monolayer compres-
sion upon,measuring of T—A isotherms or transferring
the monolayer on a quartz glass substrate was
5 mm/min.

Fluorescence spectra of the prepared films were
recorded on a Cary Eclipse spectrofluorimeter (Agi-
lent). The lifetimes of the donor and acceptor fluores-
cence in the films were measured upon excitation at
Aoy = 488 nm with the use of a pulsed spectrofluorim-
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eter with nanosecond resolution byjthe method” of
time-correlated photon counting (Becker&Hickl,
Germany).

Theoretical calculations for the studied molecules
were performed by the semiefpiricahguantum-chem-
ical INDO method®with agspecialy spectroscopic
parametrization [25]} as wellf@s by methods of molec-
ular mechanics MM +. A theoreétical evaluation of the
rate constants of phetophysieal processes was carried
out according to [26]kn this approach, the rate con-
stant of_singlet—singlet“energy transfer is taken the
same as the| rate constant of internal conversion
between the stateslocalized on the donor and acceptor
[18, 26].

RESULTS AND DISCUSSION

Figure 2 shows the compression isotherms of the
mixed monolayers of polyampholyte and the studied
dycs

The isotherm of a fluorescein monolayer (curve 2)
is characteristic for the liquid phase [12]. The maxi-
mum area occupied by one dye molecule, which is
equal to 0.5 £+ 0.02 nm?, was determined by extrapola-
tion of the isotherm to zero pressure. The collapse
pressure for the fluorescein monolayer is equal to
25 mN/m. Addition of polymer molecules reduces the
specific molecular area, whereas the pressure of col-
lapse is increased to 38 mN/m. In this case, the spe-
cific molecular area is equal to 0.42 £+ 0.02 nm?.

Molecules of oxazine-41 does not form a stable
monolayer (curve 3). Extrapolation of 1t to the zero
value shows that the average area per dye molecule at
a pressure of 10 mN/m is equal to 1.1 £ 0.02 nm?. The
isotherm of monolayer compression changes upon
addition of polyampholyte. As can be seen from the
figure, the monolayer is in the liquid phase with a spe-
cific molecular area of 0.54 = 0.02 nm?. The film is
collapsed at 39 mN/m.

Overall, as can be seen from the isotherms, the
addition of PDAOM to the dye films shifts the iso-
therms toward the smaller specific areas, which indi-
cates a denser packing of the molecules of the lumino-
phore and PDAOM.
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Fig. 2. Compression isotherms of mixed monolayers of (/)
amphiphilic polyampholyte, (2) DEF, and (3) oxazine-41,
and mixed monolayers (4) DEF-PDAOM, 20 mol %, and
(5) oxazine-41-PDAOM, 10 mol %. Inset shows a sche-
matic representation of the orientation of (a) DEF and (b)
oxazine-41 (b) molecules on the water surface.

Computer simulation of the spatial conformation
of DEF showed that, for the orientation of the xan-
thine fragment of the dye parallel to the water surface,
specific area 4 is equal to 0.48 £ 0.02 nm?. In this case,
the benzoic fragment of the molecule is positioned at
an angle of =70° to the plane of the water surface4The
calculated value of the specific molecular area for
oxazine is in good agreement with the expérimental
data for the mixed monolayer and with theWalue of
0.58 £ 0.02 nm? reported in [27, 28]. ltlean be‘eon-
cluded on the basis of the obtained data thatjfor a sig-
nificant fraction of oxazine-41 melecules, the plane of
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the central nucleus is oriented parallel to the plane of
the water surface. The spatial conformation of the
molecules was calculated in vacuo by the method of
molecular mechanics MM+ on the basis of the geo-
metrical size of the molecules.

Next, we studied the interlayer energy transfer in
LB films based on DEF and oxazine-41. Absorption
and fluorescence spectra of the donor and acg¢eptor
are shown in Fig. 3a.

As can be seen, the absorption specfriim,of the
acceptor and the fluorescence spectrum of the donor
have a significant degree of overlap, #hich is a prexeq-
uisite for singlet—singlet energy transfem, The location
of the maxima of the donor andgacceptor fluores-
cences allows their separate identification.

Figure 3b and Table 1 present data.en the intensity
and lifetimes of theyfludres¢ence “Of the films of
donor—acceptor pairsiat varigus concentrations of the
acceptor molecules. Photoexeitation of the samples
was carried out within“thegabsorption band of the
energy donor. As is seen from Table 1, the acceptor
molecules/quench fluoreéscence of the energy donor.
The increase inthe concentration of oxazine in the LB
films to 20umol %uesults in almost complete quench-
ing of the. donor fluorescence. However, this is accom-
panied\byithe ‘appearance of a fluorescence with the
maximum at’about 650 nm that matches the fluores-
ceniee band of the acceptor. Upon laser excitation of
the acceptor films at A,,, = 488 nm, no fluorescence
wasdecorded. Therefore, the long-wavelength fluores-
cence should be attributed to sensibilized fluorescence
of the acceptor molecules resulting from the energy
transfer from the donor molecules excited to a singlet
state to the acceptor molecules in the ground state. As
seen from Table 1, the intensity of the acceptor fluo-
rescence in the LB films decreases with increasing the
dye concentration. The observed quenching of the

1, rel. units
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Fig. 3. (a) Normalized absorption (/, 2) and fluorescence (1', 2') spectra of LB films of the energy donor (/, 1) and the energy
acceptor (2, 2'). (b) Fluorescence spectra (A, =480 nm) of the donor and acceptor LB films at various acceptor concentrations:

()0, (2)5,(3) 10, and (4) 20 mol %.
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Table 1. Lifetimes and intensities of donor and acceptor flu-
orescence (recorded at A, = 542 and 655 nm, respectively)
upon excitation within the absorption band of the donor

Acceptor ) / Tp, 1S
. D> A>
concentration, . . Egr

mol % rel. units|rel. units o Ta

0 0.38 0.2 - 0.48 —

5 0.35 0.38 0.11 0.425 1.3
10 0.27 1.25 0.27 | 035 | 0.96
20 0.27 0.86 0.54 | 022 | 0.85

acceptor fluorescence in the LB films is due to the
aggregation of dye molecules in the film [28].

Kinetic measurements of the fluorescence decay of
the donor in the absence and presence of the acceptor
molecules also confirm the existence of the energy-
transfer process between the LB layers of fluorescein
and oxazine dye (Fig. 4a).

The measured fluorescence lifetimes (t;) of the
donor and sensibilizied fluorescence of the acceptor,
as well as the efficiency of the energy transfer (Ez;),
are presented in Table 1.

The value of Ewas estimated from the expression

[4]

Epp=1--"2. (1)
Top

To study the dependence of the energy-transfer
efficiency on the distance between DEF and oxaZine-
41, we prepared films in which the distance between
the donor and acceptor layers ranged from 2.1%te
12.6 nm. Monolayers of palmitic acid with aj)known
length of the molecules (~2 * 0.2 nm) wete used as the
separating layer. Direct contact between ‘the donor
and acceptor through holes in the separating layer is

SELIVERSTOVA, IBRAYEV

negligible, because the holes occupy only a tiny part of
the surface [20]. The donor and acceptor concentra-
tions were constant and controlled by the optical den-
sity of the LB films. The contents of DEF and
oxazine-41 in mixed LB films relative to PDAOM
were 20 and 10 mol %, respectively.

Figure 4b shows the dependence of the fluores-
cence intensity of the donor on the distance between
the donor and acceptor layers. As can be seen, theicase
of direct contact between the donor and acceptor lay-
ers is characterized by the most efficientfquenching of
the donor fluorescence. As the number of palmitic-
acid monolayers between the donemr and acceptor
increases, the efficiency of the energy transfer
decreases. The obtained data allegwedus ‘te, estimate
the critical radius of the energy ttansfer, R, defined as
the distance between the dones andyaceeptor at which
the transfer probability is/qualito the probability of
donor internal deactivation' [4]. Th€ obtained value of
the critical radiushR, T 3.5 £0:2'nm, is in good agree-
ment with the valuegcharaeteristic for energy transfer
by the inductive-resonance mechanism [4].

It is ®Knownjthat the energy-transfer rate depends
on the m@itual orientation of the donor and acceptor
molecules, Which 1s characterized by an orientation
factor in“the Forster theory [4, 19]. To establish the
mutual ‘orientation, we performed quantum-chemical
caleulations for the energy-transfer process in the con-
sidered pair. The modeling was performed for nonam-
phiphilic analogues of DEF and oxazine-41, because
preliminary calculations have shown that the methyl
group of the hydrophobic fragments of the dye mole-
cules does not participate in the formation of the elec-
tronically excited states. Experimental studies also
confirm that the spectral behavior of the nonamphi-
philic dye molecules is similar to their hydrophobic
modifications [29, 30].

1, rel. units
1/1,
09 1.0 (b)
06
0.3r
0 0 2 4 6 8 10 12

R, nm

Fig. 4. (1) Decay kinetics of LB films of the donor, (2) donor in the presence of the acceptor (recorded at A, = 542 nm), and
(3) acceptor (recorded at A, = 655 nm). (b) Dependence of the donor fluorescence intensity on the distance between the donor

and acceptor layers.
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Fig. 6. (a) Scheme of electronic s
molecules, and in the donor—accepto
ecules. (b) Dependence of k zzen the dist

m'D + A (in an arbitrary energy scale) depending on the distance between the mol-
e between the donor and acceptor molecules: (/) experiment, (2) modeling for con-

formation I, and (3) modeli ation II.

On the basis o
sion isotherms for

d data on the compres-
onolayers and the data on
ules on the phase interface,

the orientati
two coenfor f the “sandwich” type (Fig. 5)
we @ her studies. The first conforma-

ponds to the location of the donor and
r molecules strictly above each other in parallel
[hythe second conformation (conformation II),
acceptor molecules are shifted along the long axis of
the donor molecules (Fig. 5). The donor—acceptor
distance was varied from 0.53 to 12 nm. The minimum
distance was selected in such a way as to prevent over-
lapping of van der Waals radii of the molecules. The
arrows in Fig. 6 shows the directions of the transition
dipole moments in the studied molecules.

OPTICS AND SPECTROSCOPY Vol. 122 No.2 2017

Consider the formation of electron-excited states
of individual molecules. Table 2 shows the calculated
results on the energy (E) of .S;, oscillator strength (f),
and the nature of the S,—.S; transitions in the fluores-
cein and oxazine molecules, as well as the quantum
yield of fluorescence (¢), and the radiative-decay rate
constant.

The calculation results reasonably well correlate
with literature and experimental data [27, 29, 30].

The discrepancy in the calculated and experimen-
tal energies of electronically excited states of the
acceptor with the experimental data is due to the fact
that Nile red has solvatochromism properties and is
highly affected by the solvent [28, 31]. Therefore, the
calculated data are to be compared with the gas phase
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Table 2. Results of calculation of spectral characteristics of
donor and acceptor molecules

E, Aexps
State LA am| f | ks P Ocaic
cm nm
S}, donor 21700 | 460 [0.37|1.2 x 10%| 480 | 0.97
S, acceptor| 21364 | 470 [0.99(3.2 x 10| 550 | 0.01

results for this molecule. In addition, the calculated
quantum yield of the Nile red fluorescence in vacuum
is about 0.01. This is consistent with the results of [31].
The reason for this is a fast interconversion from state
S| to triplet states that are close in energy. In solutions,
however, intermolecular interactions of oxazine with
solvent molecules increase the energy of nearby triplet
states, which prohibits interconversion transition to
these states. Emission becomes the main decay chan-
nel of the 5, state, so the fluorescence quantum yield
increases.

Figure 6 shows the diagrams of the excited singlet
states in the donor—acceptor complex and the rate
constants of photophysical processes leading to their
deactivation.

As seen from the figure, the energy transfer from
the first excited state of the donor to the singlet state,
which is localized mainly in the acceptor part of this
complex, occurs during = 10~2s.

Figure 6b shows calculated results for the depen-
dence of the energy-transfer rate constant kz; on the
distance between the donor and acceptor molecules.

The values of kg for curve I were calculated
according to the Forster—Dexter formula [4]

6
e = (&Y. @

Top \ R

The dependence of the enérgy:transfer rate is a
monotonically decreasing curve. As can be seen from
the presented data, the effi¢ieney ofithe energy transfer
is low when the distance ¢xceeds 8 nm, with the curves
that represent the dependence of the energy-transfer
rate on the donor#acceptor distance being different
for different conformations? These differences can be
explained as follows. The value of the orientation fac-
tor in the theory©6f the energy transfer is determined by
the following parameters [4]:

g’ = (cosvp, —3cosvp, cosDA,)z, A3)

where Vg, is the angle between the directions of the
transition dipole moments in the donor and the accep-

tor and v, (V,,) is the angle between the direction of
the transition dipole moment in the donor (acceptor)
molecule and the vector connecting the centers of
gravity of the donor and acceptor molecules.

Since the orientation of the molecules in the film is
conserved when a monolayer is transferred on the sur-
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face of solid substrates [28, 32], the angles of the tran-
sition dipole moments in the interacting molecules in
the studied layers are not changed. Howeyver, it is not
possible to predict how molecules will be located rela-
tive to each other in different planes. This means that

angles v, and v,, can be changed. As can be seen
from Fig. 6b, calculated curve 2 does not coincide with
curve [ obtained from experimental data. This sug-
gests that, in a multilayer film, the most likely orienta-

tion of the molecules is such that angles v, and\v,,
will have smaller values. Estimates of thegangles
showed that the first angle changes frofn 83° to 64%in

conformations I and II, respectively.yAngle v ,, also
decreases from 95° to 50°.

In order to further confirm thedatalebtained by the
molecular mechanics methody we estimated the
energy of the donor—acceptor, complex in different
conformations. The calculationsishowed that, in con-
formation I, the energy equal§ 62.6°kcal/mol, while in
conformation I1dtis 51,2 kcal/m©l. These results indi-
cate a significant ‘gain®inmenergy for complex II. In
addition, estimation“@f charges on the atoms of the
luminophg@reanoleculesishowed that the oxygen atom
of the pironineMragment of the donor has a negative
charge close to the charge of the oxygen atom of the
pyridingringiin the acceptor molecule. For conforma-
tion I, \this,leads to mutual repulsion of these atoms
fromleach other.

Thus,’it can be argued that the donor and acceptor
molecules located in different layers of the LB film are
orniented parallel to each other, but shifted along the
longer axis of the active chromophore.

CONCLUSIONS

Transfer of excitation energy between singlet elec-
tronic states of organic dyes molecules in the LB films
was studied theoretically and experimentally. It is
shown that the energy transfer is efficient at donor—
acceptor distances of less than 4 nm. To predict the
mutual orientation of the donor and acceptor mole-
cules in different layers of LB films, we carried out cal-
culations of the energy-transfer rate constant. The
comparison of the calculated and experimental
dependence of kz{ R) showed that the best correlation
is observed in the case when the interacting particles
are shifted relative to each other by about 0.12 nm in
parallel planes.

The presented approach can be used to estimate the
relative orientation of interacting particles in multimo-
lecular ensembles.
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