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Abstract

A theoretical consideration of potential energy of a molecule appearing in charge transfer state has been performed and the expressions for
potential energy of thegSand the $ states versus the strength of reaction field of the solvent have been derived. The field diagram plotted
on the basis of these expressions represents, in a natural way, inhomogeneous broadening of electronic spectra for charge transfer system
in a solution where this factor is of great importance. The accounting of the charge transfer process was carried out treating it formally as a
permanent growth of the excited state electric dipole moment of the solute with the strength of its reaction field. The field diagragn of the S
and the $singlet states and appropriate probability distributions over different fields of reaction was shown to open a door for describing the
basic properties of molecules appearing in charge transfer states taking into account inhomogeneous broadening of its spectra.
© 2004 Published by Elsevier B.V.
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1. Introduction electric field caused by the thermal fluctuations of the shell
structure and interaction of this field with a solute dipole lead
It is well known in spectroscopy that the large width of to a statistical distribution of the frequencies of the electronic
absorption and emission bands of complex organic moleculestransitions and, therefore, toinhomogeneous broadening (I1B)
is largely due to existence of a continuous set of vibrational of the solute spectrum. To take into account the IB factor the
sublevels in each electronic state. In addition, the spectro-spectroscopic properties of a dye solution may be analysed
scopic properties of dye molecules in solution are influenced by treating its elementary cell (solvate), which includes a flu-
by the surrounding medium even when specific interactions orescent organic molecule and its immediate surroundings
or chemical bonds are absent. The theory of spectral shifts of[7]. Solvates have different local electric fields due to the
solute spectra owing to intermolecular interaction in solution statistical variations of the cell structure, hence, electronic
was developed in papejs-3]. transitions of the same solutes in a set of solvates are accom-
In 1970, itwas showf—6]for the firsttime thatapartfrom  plished in different fields. To describe this situation, a sol-
molecular vibrations there is another cause of the substantialvate field diagram (representing the potential energy of the
broadening of electronic spectra of organic molecules in solu- solvate versus the reaction field stren§hwas introduced
tion, namely, the fluctuations of the structure of the solvation phenomenologicallj8] and supported by both the statistical
shell surrounding the molecule. The variations of the local approact9] and the classical treatment of the solution sol-
vateg[7]. In the last approach the luminophor was supposed
« Corresponding author. Tel.: +48 1033 59 8405 339; fax: +48 1033 59 [0 Nave constant dipole electric moments in the ground and
8405 339. the excited states and appropriate expressions were derived
E-mail addresstomin@it.pap.edu.pl (V.I. Tomin). for this case if7-9].
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Later, such diagrams were considered by many authors; The cell is in its equilibrium state when the two forces
sometimes, instead of the field coordinate an indefinite gen-compensate each other. This state is the most stable one, and
eral configurational coordinate of reaction was employed. it is characterised by the reaction fid#l.

The exploration of similar schemes makes it easier to present A configuration dependent energy of the cell versus its
inhomogeneous broadening of electronic spectra of polarreaction fieldR can be determined as the work required to
molecules in solution and to understand its various spectro-restructure the solvate from its equilibrium state with the field
scopic and luminescent manifestations, especially, a possibil-R; to the state with the fiel® and, as was shown {i@], this

ity of selective excitation and registration of individual states work is equal to

of inhomogeneous ensemble. The last fact directly creates 5

conditions for the observation of a number of spectroscopic Eg(R) = (R — R1) ) )
effects arising upon the red-edge excitation (REE), so-called, 2f

the REE effect$6,7,10] As it can be seen from E(R), a plot of the potential energy

In this paper, empI?inr;g d.a classifcal 'T(;Odel.Of. a soflyart]e, of the solvate configurational interactions versus the internal
we present an energy field diagram for a description of Inh0- o5 ign field have a parabolic shape with its minimum at the

mogeneous spectra characteristics of solutes with Changeabl%quilibrium whereR = R, takes place

n th_e S state electric dipole mo_ment. The model could pe Itis convenientto introduce the total solvate energy, which
applied for a study of photophysics of the solutes appearing g ye gm of the configurational and electronic energies of

n ch_arge transfer (CT) excited states and explams SPECtro-q solvate molecules. In thermodynamics it may be called
scopic effects emerging at wavelength selective excitation the free energy of the system. Since we are considering elec-

and registration of luminescence of such solutes. tronic transitions only of the solute, the electronic energy of
all the solute shell molecules can be assumed invariable and
equal to zero. We will call the elementary cells of solution
with the solute in its ground and excited states unexcited and
excited solvates, respectively. Assuming the electronic en-
ergy of the ground state of the solute to be equal to zero, the

Let us consider a solvate of polar solution containing & ¢4 ynexcited solvate energy will be described by @).
solute molecule (dye, organic molecule, luminophor, itd), 8 e electronic transition frequency of the solute as a func-
an elementary cell of solution. Firstly, we shall follow the i, of the reaction field can be writtd8, 7] as

approach suggested for a solute molecule with a rigid skele-

2. Model of a solution containing molecules with
changeable dipole moment in the excited state

ton, which possesses a stable geometrical configuration inhv = hvg — AuR, (3)

the ground (g) and the excited (e) states and, hence, has the )

constant dipole moments. whereAu = e — g, Lg @ndue are the dipole moments ofthe
In each elementary cell of such a solution the near sur- SOlute inthe ground and the excited states, respectivelycand

rounding is polarised due to the dipole momery, of the is the 0-0 transition frequency of the free (non-interacting)

solute, thus giving rise to a reaction fieRY, in the cell: molecule. Here, in E(3) we will treat only the strongest

dipole—dipole orientational interactions which play the most
R1 = fug, () important role in the IB of electronic spectra.

Upon absorption of a quantunv nd the transition of the
olvate to the excited state, the energy of the solvate, becomes
qual to

wheref is a factor of reaction field.

Inhomogeneous broadening occurs because, as a result oz
the thermal motion of molecules in a solution, a set of cells
has different solvate shells and, therefore, different reaction E¢(R) = Eg + hv. 4)
fieldsR, which fluctuate somewhat relative to the mean value
of Ry (Eg.(1)). As the 0-0 transition frequency of the solute Now replasing b by expression (3) anBly by expression
depends on the reaction field intensity, this means that in (2) in the last formula we get
the solution there is an inhomogeneous set of solvates with 2
solutes distributed in frequencies of the 0-0 transitions. Ee(R) = Eq+ hv = hvo + (R — Ro) — AR(R + Rl),

In the simplified model under consideration it was as- 2f 2f
sumed7] that two forces are responsible for the elementary
cell state: where

(5)

i the polarls_lng force whlc_h is caused by the presence ofa,p— Ry — Ry = f(ie — pig) = fAu, (6)
constantdipole momentin the solute molecule and induces
the reaction fieldR in the cell; andRy is the equilibrium value of the reaction field in the
ii the restoring force which is caused by the action of the excited state of our solvate.
reaction field on the dipole molecules of solvent forming As follows from the last expression, tliR(R) curve rep-
the solvate shell. resents the parabola centred?at Ry.
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Let us consider the most common case corresponding to J ' T J
increasing of a dipole moment while excitation, i.e. when 35 :
inequality e > 119 holds. Then from Eq(1) follows thatR;
> Ry, and the upper parabola is shifted to the stronger field

intensitiesk and lifted up by the value
30
_ AR(R2+ Ri)

2f

Obviously, for molecules with the constant dipolesand
ug, ARwill be constant and we obtain the well-known case
for the description of inhomogeneous broaderfing].
However, this is not the case for the CT states as they are
characterised by a dipole moment growth in the excited state St
from u((el) up toug) value, the latter one may be several times
larger thamél) [11]. Therefore, the charge transfer process
can mathematically be accounted as a functiomgf(R),
because it is an adiabatic reaction along the configurational 0
coordinateRwhich can be treated as natural coordinate of the
CT process. Hence, suppose, that for treating CT molecules R/10° [V/m]
one canformally introduce a dependence of the excited dipole
pe ON the intenSity of the electric fielR. Let this function Fig. 1. The potential energies of DMABN molecules in solution in the

hvo (7)

Ex10” [cm™]
N
(4]

A\

for the fields rang® < R> be given as ground (1) and the excited (2—4) states vs. the local electric field inten-
R_R sity R; solutes in the CT state (2 )and for the san(ﬁz? solutes, but assuming
_ (0) @ _ @ — K2 constant dipoles correspondingitg’ = 6D (3) andug’ = 16D (4) values.
An(R) = Ap + (e He') exp <C R — R1> ’ ®) Dielectric constant of solvent is= 26.
where
© " This function is a parabola of the second-order of the value
Apt™ = pg”? — pg, 9) and from (10) we have

and presents the Franck—Condon difference between th

dipole moments in the groundy and the local-excited (LE)

states,u((el). For the sake of simplicity we assume that the 5,9

dipole moment of the ground state is constant,igis the

constant, and then thgy(R) function may be described by Ee=hvg— ApOR, — (Méz) _ M(el))Rz at R=R,.

(2). Constan€ allows us to change the shape/fi(R) func-

tion in a broad scale. _ o The function (10) is valid for th& values in the range
Onthe basis of the experimental data on kinetics of instant g < Ry. For the larger intensities, i.& > R, the change of

spectra of dimethylaminobenzonitrile (DMABN) emission, '

one may assume that the growth of the excited dipole may

be in many cases approximated with (8)Gat 1. This de-

pendence will be close to that given[itR] and showing the

®Ee = hvo— AuOR, at R=Ry,

the dipole momenh . = uéz) — pgis maximal (see (8)) and
may be treated as a constant. This situation presents the full
charge separation and, therefore, we can usé€tgssuming

. . L : ne(R) = ue for this case. Both solutions (5) and (10) must be
rel:mo? of dltpole _momer;t ar|1d FW'?“?Q an?!dqs ﬂ:ﬁ ?Oord" launched at the point wheFe= R, and, in fact, it takes place.
nadeo reac |on§(|fa:nu ualorientation of dimethyl groups In Fig. 1 the potential curves for both the ground, the
and organic moiety planes) Eg(R), and the excited, thEe(R), states calculated with the
we(®) = e + (et — pLe) SiNP 6. help of Eqs(2)—(10)are shown. The Onsager's mod&|7]

for calculation of the factor of reaction f was applied. The fol-

Now we will calculate the shape of the potential curve |owing parameters of solution, which are valid for DMABN

Ec(R) in the excited $state taking into accourtt i (R) func- moleculeg13], were takenjg ~ Mg) ~ 6D, M((ez) — 16.5D,

tion in Eq.(3). If we put Eq.(8) into Eq.(3), we obtainthe 5 - g 45 hm, whera is the Onsager’s radius. The potential

following formula from Eq.(4) curves are given irFig. 1, for DMABN molecules in po-
(R — R1)? lar solvent, with dielectric constaat= 26, and with various
Ee(R) = Eg+ hv = hvg + 5 values ofC constant from (8). We can use here, as in the
f previous paperf/,8], the term field diagram presenting the
R—R dependence of potential energy of solvate on the electric field
@ @ 2 p p aqy
(ne” — pe”) exp {CR — RJ k. (10) intensityR.
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Fig. 2. The height of the barrier between the LE and the CT states vs. co@dtamdifferent dielectric constants: ()= 10, (2) 26 and (3) 40.

3. Discussion guantitavely the well-known fact of more effective charge
separation in the excited state in well polar environment.
We can seeifrig. 1, that the curvé&g(R) is a parabolacen-  Obviously, broadening of electronic spectra in nonpolar
tred atR = R; (equilibrium configuration of solvate dipoles) solvent is absent. This fact was established experimentally,
because we have taken electric momeggtunchangeable.  forinstance, for DMABN in hexane and cyclohexdfg,16]
For comparison we also present in the same figure two other(Fig. 3).
curves 3 and 4 in the;State. The curve 3 corresponds to the We can show the interpretation of some important pho-
case whem .(R) = Au© constant, as if we have a system toprocesses in solutions containing CT molecules using the
without charge transfer, and this case is well known and de-
scribed[7-9] for the solutes with a rigid skeleton. The curve
4, in turn, presents the case of the same rigid molecules but
with larger dipole moment differencesu = Mgz) — jig. The
curvesEg(R) in the excited state are more complicated. The
left branch of theEg(R) may have local minima and barriers

35 k&

surements allow note for DMABN the barriers of the same
value between the LE and the CT statemg( 2.

The character of thEg(R) curve strongly depends on the
dielectric properties of a solution. The appropriate curves 0
for the same solute molecules DMABN in nonpolar solvent,
e.g.¢ = 2 and in highly polarg = 40, are presented for a
comparison inFig. 3 and they illustrate the last statement. 9
As seen from this figure all processes of solvatation and R/10™ [V/m]
charge transfer should take place at lower reaction fiGIdS’Fi 3. The potential energies of DMABN molecules in the ground (1 and
the Ry and R2, Intensities ar,e equal 0.% 10°V/m and 1’)gand the eF;cited 2 and)g&ates vs. the local electric field i?\tensRyn
2 x 10°V/m in hexane against 2. 10°Vv/im and 5 x nonpolar solvent (3, with dielectric constant = 2 and in high polar solvent
10° V/m in glycerol. This circumstance allows to understand (') havinge = 40.

for parameter€ > 1.The appropriate dependencies are noted 30

in Fig. 2and show that the height of the barrier grows with o i

the constan€ from ~200cnt! atC = 2 up to~800cnt! g {

for C = 10 and further the curves reach saturation. The bar- o

riers in all cases show a growth depending on polarity of = 25 | i

the solvents. Here, it is worth pointing out that independent NoL ' : L
phenomenological study 4] based on high pressure mea- 5/ ' ! T
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Fig. 4. The potential energies of DMABN molecules in solution in the
ground (1) and the excited (2) states, the 0-0 transition wavenumbers (3),
the distributions of equilibrium unexcited, tipg(T), and excited, the(T),

and initial Franck—Condom£C, solvates vs. the local electric field intensity

R. Dielectric constant of solvent is= 26.

field diagram presented #Rig. 4 for DMABN molecules in
solvents like ethanol with dielectric constant 26.

The absorption and luminescence transitions of the LE
and the CT bands are shown by the vertical arrowsign 4
in agreement with the Franck—Condon principle which is in
force here. The relative position of tkg(R) andEe(R) curves
in the field diagram is such that their difference, i.e. the 0-0
frequency for the definite diapason of fields, permanently
drops (see curve 3) with an increase of the field interRity
As seen, the 0-0 frequency change in the rangg &f R <
R; is as large as-9000 cnt? for solvents having dielectric
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i they provide significant broadening of both the absorption
and emission spectra comparable with vibrational one;
ii the character of this broadening may be inhomogeneous.

It is essential to note the significant concentrations of
the unexcited solvates with lower 0-0 transition frequen-
cies in the field range between tRe and theR, (interval
3-4 x 10°V/m for ethanol). In other words, there are the
solvates structures which could upon the proper excitation
to populate the states close to the CT states. Therefore, it
means that it is possible that the direct excitation and fur-
ther registration of longwavelength emission of the CT states
and their intensity may be high enough. The selective spec-
troscopy methods enable us to excite and observe in emission
at appropriate physical conditions various separate states, i.e.
states with different local fields along the horizontal axis
Rin Fig. 4if conditions of inhomogeneous broadening are
valid.

The standard Stokes excitation at the maximum of ab-
sorption band populates the LE configurations of the solutes
creating the inequilibrium distributiongf®, in the excited
state and initiates two important processes responsible for
appearing of dual luminescence:

i emission from the LE states and

ii non-radiative process ofthe charge transfer (or transforma-
tion of the LE configuration to the CT ones) populating the
CT states; the latter could be treated as energy relaxation
(wave arrow inFig. 4) along the left branch of thEg(R)
curve. The relative intensities of the LE and the CT bands
of emission are controlled by relaxation process constants,
which, in turn, are influenced by both intramolecular and
intermolecular factors.

The REE effects are caused by the excitation of ‘the red’
solvates with a higher electric strength~ R, and could
be observed, if relaxation processes within the excited state

constant ~ 26. This fact creates the principal groundation are slow, in comparison with their lifetime. The spectra of
for a spectral broadening mechanism, if to take into consid- such solvates characterise a ‘redder’ location in the scale of
eration simultaneous existence of the solvates with variouswavelengths. Cutting off relaxation process upon the long-
reaction fields in a solution. For equilibrium conditions the wavelength excitation provides the conditions for emission
solvate distributions can being written with the help of the only from the CT band. Thus, instead of dual emission at
Boltzmann law over potential energies of the ground and the the Stokes excitation, we will observe only luminescence of
excited states presented by the formulas (2) and (10). Thethe CT band. This interesting consequence of the presented

results of such calculations shown by the curpgél) and
pe(T) are given inFig. 4. As seen from the figure the thermal
factor is very essential and leads to a quite broad distribution
over the fieldsR or the wavenumbers of the 0-0 transitions
in different solvates. The halfwidth of they(T) function de-
pends on the temperature and reach420 cnt ! atthe room
temperature. The equilibrium distribution of the CT excited
state,pe(T), is also broad and for our field diagram has the
halfwidth ~300 cntt (Fig. 4).

It is obvious that the modelling of absorption and emis-
sion of solution should account for such distributions for the
following reasons:

diagrams of potential energies was recently supported ex-
perimentally in our papend5,16], where an anomalous in-
homogeneous broadening of DMABN molecules was found
and studied in detail. In polar solvents, at excitation at the
maximum of the absorption bandgx ~ 270 nm, both the

LE and the CT bands was monitored. Subsequent decrease
of the excitation wavelength noted the drops of the LE band
participation and the growth of the CT relative contribution
in luminescence. Lastly, at the far Antistokes excitatiog,

~ 410-440 nm, only the broad band of emission in the red
part of the spectrum, near the CT band localisation, was
observed.
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