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Abstract

In this paper we present the calculations of the non-degenerate four wave-mixing (nd-
FWM) signal for cyanine molecules in the context of the valence bond-charge transfer (VB-CT)
model. In particular, we study the effect of alter the relation between the longitudinal (T,) and
transversal (T,) relaxation times on this signal. As result of our calculations, only four peaks are
observed in the nd-FWM spectrum in the frequency space, in contrast to twelve peaks observed
for common push-pull chromophores. Moreover, significant changes in intensity and shape of
the peaks of the nd-FWM spectrum with relation to the variation in the ratio between T, and T,
were observed.

Key works: Cyanine; four-wave mixing (FWM); push-pull molecules; VB-CT model.

Investigacion tedrica de la respuesta de mezcla de cuatro
ondas no-degenerada para sistemas de cianinas dentro
del modelo VB-CT: Efectos de los tiempos de relajacion

Resumen

En este articulo, presentamos el calculo para la sefial de la sefial de mezcla de cuatro on-
das no degenerada para moléculas de cianina, en el contexto del modelo VB-CT de enlace valen-
cia-Transferencia de carga. En particular, estudiamos el efecto de alterar la relacion entre los
tiempos de relajacion longitudinal (T,) y transversal (T,), sobre esta sefial. Como resultados de
nuestros calculos, s6lo 4 picos son observados en el espectro de la nd-FWM en el espacio de fre-
cuencia, en contraste a 12 picos observados comunmente para cromoésforos push-pull. Sin em-
bargo, cambios significativos fueron observados en intensidad y ancho de los picos del espectro
de nd-FWM con relacion a la variacion en el cociente entre los tiempos de relajacion.

Palabras clave: Cianinas; mezcla de cuatro ondas; moléculas puh-pull; modelo VB-CT.
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1. Introduction

Non-linear optical (NLO) properties of
organic molecules have been extensively
studied because of their potential applica-
tions in electronic and optical devices (1, 2).
Most studies for obtaining large NLO re-
sponses have focused on push-pull mole-
cules in which the electron donor (D) and
electron acceptor (A) groups are connected
through a xxx-conjugation path (Figure 1). A
general structure-property relationship for
these D-A systems has been well under-
stood although some further modifications
and improvements are still ongoing (3, 4). It
has been shown theoretically and experi-
mentally that an enhanced NLO response
can be achieved by optimizing the strength
of the donor-acceptor pair and/or the na-
ture of the conjugation path (5-8). Moreover,
Marder and co-workers (9) studied the cor-
relation between static (hyper)polarizabili-
ties and ground-state geometries in terms of
the bond length alternation (BLA) parame-
ter, defined as the difference between the av-
erage length of adjacent carbon-carbon
bonds in a polymethine chain. The main re-
sult obtained from this work was that the
(hyper)polarizabilities of the D-A chromo-
phores are sensitive to the molecular
ground-state structures.

Cyanine molecules encompass a large
variety of push-pull molecules. Among these
the simplest cyanines are of the form:
NH,-(CH) -NH,” with n odd. It has been
shown that theoretical calculations on these
systems can play an important role in un-
derstanding the origin of their NLO proper-
ties and the establishment of the structure-
property relationship for the electronic and

NS

VB

vibrational contribution to the molecular
(hyper)polarizabilities (10). In this work, our
main goal is to provide a direct correspon-
dence between the ratio T,/T, and intensity
of the nd-FWM signal for NH,-(CH),-NH,"
cyanine. The analysis will be carried out with
the help of VB-CT model, which has been
used to describe the electronic-vibrational
structure of push-pull polyenes (11), and Op-
tical Bloch Equations (OBE) (12).

2. The VB-CT model for dipolar
push-pull molecules

The VB-CT model (11) assumes that
the electronic ground and excited state wave
function (W, and ¥, respectively) of the
D-A molecule can be described using the lin-
ear combination of two orthogonal wave
functions representing two resonant struc-

tures:

Wy = U= NV Wy + [P0, (1]
and
W = fV2Wy — (1= )2 Wep . (2]

In Equations [1] and [2], the base func-
tion W, corresponds to a neutral (VB)
structure (no charge transfer from donor to
acceptor) and to a charge-transfer (CT)
structure. In the CT structure, one electron
is completely transferred from the donor to
the acceptor group while readjusting the
other bonds, as illustrate in Figure 1. The
fraction f of the CT configuration in the
ground state is determined by the relative
energy of Wyz and W on ¥, , the coupling

®

D
e e U N NS
A NS N
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Figure 1. Valence-bond (VB) and charge-transfer (CT) configurations.
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between them, the change in dipole mo-
ments and the solvent polarity.

Given a certain dipolar push-pull mole-
cule, i.e., chosen D, A, and conjugated
bridge, its structure in the electronic ground
state will turn out to be intermediate be-
tween those in the VB and CT states and be
determinate with the following reasoning.

In the harmonic approximation for the
energy of the states VB and CT, the Hamilto-
nian matrix describing a linear push-pull
polyene with a relevant vibrational mode,
denoted by g, is:

_ (@/2)kdg - ayp)? —t
—t Vo +1/2klg—qlr)/)
[3]

H

where t represents the charge transfer inte-
gral (tis positive), V, corresponds to the elec-
tronic energy gap between the CT and VB
states evaluated at its corresponding equilib-
rium positions g2 and g0 (With g = —qoy)
and k represents the force constant appro-
priate for the polyene linkers.

From Equations [1] and [3], the poten-
tial energy surface of the ground (-) and ex-
cited state (+) are given by:

1 I
U.l@= Q{Vo +5[(q— avs)® +(q- qu]z]i

JV, + I ) +4t2}, [4]

where dq= q); — q&r and q is identical to

that BLA coordinate (11), which is located
along the z7-chain axis.

Since W; and W, involve alternate
resonant descriptions of the intervening
polyene unit, the increase of ffrom O to 1 will
change each double bond (1.33 A) of the poly-
ene to a single bond (1.45 A) and vice versa.
Consequently, the BLA coordinate changes

fromqyy = —012Ato g, = —012Aas the CT
fraction fgoes from O to 1.

Using [4] the equilibrium BLA coordi-
nate, Qegq.» is given by:

Qegq. = qu - 6f(qeq.)’ [5]

with f(q., ) as the squared coefficient corre-
sponding to the W, function in ¥, evalu-
ated at g,

[ bt

) (Vo +H0q,,.)
2 \/(VO + kG )2 +4t>

(6]

J@eg) =

To electronic ground state, large and
positive V,, values correspond to q,, close to
the VB (polyenic) structure (i.e. f - 0), while
large and negative V,, values correspond to
Qeq. Close to the CT (zwitterionic) structure
(i.e. f = 1. The case V, = 0 (i.e. f = 0.5) cor-
responds to cyanine molecules.

Assuming that only the CT state has a
large dipole moment as compared to that
found in the VB state, i.e. ucop > uyp, the
permanent dipole moment of the ground
and excited state are, respectively, given by:

mgr (qeq.) = <IIJVB |Tfl |1PVB> = /uCTf[qeq.)’ [7]

and

mgr (qeq.) = <IPCT |Tﬁ |lpCT> = :uCT[l_ f(qeq.]]’
(8]

where ucr = Qle|Rp, (11). In uop expres-
sion, Qis the net fraction charge transfer for
Y., resonance structure, and R, is the
distance between donor-acceptor. The tran-
sition dipole moment between ¥, and ¥,
states is:

My o Geg.) = (Wyp M| Wer) =

= tier[1= FlGeg )] £V (Geg ). 1]
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3. The nd-FWM signal

In nd-FWM spectroscopy (13, 14) is
employed a high-intensity laser beam
(pump beam) with frequency o, and a
propagation vector k; and another less in-

tense laser beam (probe beam) with fre-
quency o, (with o, # w,) and propagation
vector 122. Both laser beams are incident on
a molecular medium with a small incidence
angle 6 between them (0 ~ 3°). The interac-
tions among these fields generate a disper-
sion of signals of different frequency and
propagation directions. In this work, we are
interested in a signal with frequency, wg,
given by w; =20, —w,, and propagation
vector k, = 2k, — fcz.

In order theoretically to study nd-
FWM signal that emerge from a molecular
system the Optical Bloch Equation (OBE)
are the most common mathematical
method employed (15). It is important to
mention some of the approximations used
to obtain the OBE used for this work: i) we
employ a solvent transparent to the radia-
tion in the dipole field-matter interaction,
ii) the Rotating Wave Approximation (13) is
not taken into consideration, which allows
us to study the signal response out of the
resonance frequency, and iii) the relaxation
phenomenon is introduced in a phenome-
nological way.

Considering a homogeneous broaden-
ing of the spectral line and a local treatment
for a spatial description, we can write the in-
tensity for nd-FWM to the frequency
Ws =20, — 0y aS: |Np_pwy = & \P(a)3 s 01,0,)

where Plws ;w,,w,) is the corresponding
Fourier component of the polarization vec-
tor, P(t), that oscillate at w5 = 20, — w,.

The Fourier component to second order
in the pump beam and to first order in the
probe beam of the Polarization is given by
(16, 17):

Plws;w,,0y)=

" 1 1
7 (0) 2
N\ E (cul)Ez(a)z]{ng,'ex[Dg - 05 )

1 1 1 1 1 1|1 1
e B e e e ] e e
[r [DZ Dy (D) (D)) } /I[Dl (D)) H

2 2

ATngr,exrngr,ex

AR [N U S S O
D; B) DD, DDy DD

( 1 1] SR
(D3) B (DIY(Dy)  (D)(D})  (Df) (D)
[11]

In Equation [11], N represents the con-
centration of the push-pull molecules and p%

is the population difference between W, and
W, states at the equilibrium situation and
for the zero field case; E, (w,) and E, (w,) are
the amplitudes of the applied electric fields,
Mg, .. is the transition dipole moment in

Equation [9] and Am, ., = Mgy o = My g -

The others quantities are defined by:

i 1 1

= — p=E= A=
T, —iA T, —iw, T, — 2w,

r

N 1
D* = T7+i(a)0 +*w,) (with n=1,2,3),
2

S |
Dy = ?+i(w0 +2w,),

and finally
+_ 1
D3 = —+ilwy, £ A)
Ty

1
where o, = %\/(VO +k(§qeq_)2 +4t? is the

Bohr frequency for push-pull molecules and

A=w,—w,.
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For simplicity reasons, we have ex-
pressed the Macroscopic Polarization as:

Plws ;w,,0,) =YW, w,)ws ; 0w,,0,), [12]

where:
Y, 0,) = NoYE (0,)E5 (@,) [13]

and

1 1
Ew ;w,w)=i2m4,ex[_— ]
3 1 2 gr, DS (D;)

1 1 1 1 1 1{ 1 1
—+ 7++7—+ — + e + - —+ e +
[r {Dz Dy (D;) (D) ] A{Dl (D) H

Am2 , m? (1—1][ ! + ! + 1}—
reE\og o B DD, DDy DiDg

[ 11 ] SR B
(DY) B (DHY(Dy) (DY) (DY) (D) (DR
[14]

4. Results

It can be seen from Equation [5] that
deq. and flg., ) are linearly related to each
other. However, Equation [6] leads to a non-
linear equation in g,, that can be solved it-
eratively. Thus, given V; and the initial
value for q,, the self-consistent determina-
tion of the coordinate q,, involves the fol-
lowing steps: (i) evaluate the function f (qeq.]
according to Equation [6], (ii) calculate a
value of Qeq. by means of Equation [5], and
(iii) repeat set (i) and (ii) until convergence is
achieved. From this iterative approach,
given V, we can calculate q., , f(q., ), and

‘P(ws 2“’1’@2)‘2'

For convenience, we have calculated

2

E@s 5 0,0,),
Y(w,,w,) as a constant value, keeping with

fixed values the parameters involved in this
term.

considering the factor

Calculations have been carried out us-
ing the following molecular parameters:
k=3355eV/A’ t =11eV, 6g=—024 A, and
uer = 32D, which are useful to treat mole-
cules with electron donor and acceptor end
groups connected by a hexatriene chain
(11).

The results of the calculation of the
nd-FWM spectrum can be presented as
three-dimensional surfaces in the Figure 2,
where the intensity for nd-FWM is illus-
trated as a function of the pump and probe

a)

310

Irel 2103

rod

0

b)

210

Trel 210

110

Figure 2. nd-FWM spectra vs. the pump and
probe detunings A, T, and A,T,, res-
pectively, for the cases: a)V, = +1and
b)V, =0
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detuning, (0, — w,)T, and (w, —wy)T,, TE-
spectively, for intervals —w, <w, <w, and
20, <w, <20, and selected values of V,
and T, / T, ratio.

In the case of general push-pull mole-
cules, i.e. Vy #0, the nd-FWM spectrum
contains twelve peaks (see Figure 2a) that
are symmetric in intensity and position with
the change in the resonance frequency from
w; to—w; with i=1 or 2 (Table 1). The peaks
are numbered from 1 to 12, respectively,
where the last six peaks are images of the
first ones (Table 1). Moreover, the cases =V,
generate identical results for the nd-FWM
spectrum. In contrast, for V, = 0, i.e. cyanine
molecules, only four peaks are observed in
the Figure 2b: the peak 2, peak 6, and their
respective images. This last result can be ex-
plained because for V, =0->Amg .. =0,
therefore the second term in Equation [11]
vanishes and as consequence the nd-FWM
signal is simplified.

In Figures 3-5 we have illustrated the
results of the ‘E(ws 30,0y ]‘2 calculations as

a function of the fraction of CT state of the
electronic ground state (] to the follows cases

of theratioT, / Ty: a) T, = 01T,, b) T, = T,,
and c) T, = 10T,. Moreover, we have taken
into account the frequency coordinate of the
maximal intensity for each peak (as it is pre-
sented in Table 1). These calculations were
carried out for the first six peaks of the Ta-
ble 1. These changes in the relaxation times
can be associated with the employ of sol-
vents of different dielectric constant (15).

In Figures 3-5 that increasing the ratio
T, / T, from a) to ¢), increase the intensity of
the peaks 1, 2 (Figure 3) and peak 4 (Fig-
ure 4). In these cases, the increase is of two
orders of magnitude for each order of magni-
tude in the increasing of T, /T,. For the
peaks 3 (Figure 4), 5 and 6 (Figure 5) the in-
tensity remain unaffected. Moreover, the in-
tensity of the peak 2 is non-zero at f = 05,
contrasting with the others peaks. This fact
can be explained because each peak is gov-
erned by some terms of polarization expres-
sion, which define its behavior. Considering
this aspect, it is possible to observe that the
relative polarization expressions of the
peaks 1, 2 and 4 have an direct dependence
with the longitudinal relaxation times, fact
that is not true for the case of the peaks 3, 5

Table 1
Frequencies w,, w, and w4 for the twelve peaks in the nd-FWM spectrum

Pump Frequency (cm )

Probe Frequency (cmfl)

Peak 1 2wy,
Peak 2 W,
Peak 3 0
Peak 4 wy /2 W,
Peak 5 wo /2 0
Peak 6 O
Peak 7 -2 w,
Peak 8 —w,
Peak 9 0
Peak 10 -0y /2 -w,
Peak 11 —wqy /2 0
Peak 12 -,
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Figure 3. Factor|t(w, ; w,,w, )" vs.ffor the peaks 1and 2whena)T, = 01T,,b)T, = T,,and ¢)T, = 10T,.
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Figure 5. Factor|&(w, ; , ,w, )|’ vs.ffor the peaks5and 6 whena)T, = 01T,,b)T, = T,,and ¢)T, = 10T,.
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Table 2
The maximum value of the factor \§(w3 W, 0, )\2 as function of the ratio T, /T, for the peaks 1-6

Peak 1 6.853 x 107° 6.844 x 10° 0.6844 0.818
0.182
Peak 2 373.986 37392.917 3739289.984 0.5
Peak 3 1.712 x 1072 1.711 x 102 1.711 x 1072 0.818
0.182
Peak 4 1.094 x 1072 0.1095 10.950 0.818
0.182
Peak 5 2.738 x 1072 2.738 x 1072 2.738 x 1072 0.818
0.182
Peak 6 2336.610 2336.677 2336.797 0.852
0.148

and 6, which are only proportional to the
transversal relaxations times.

In the Table 2 we presented the maxi-
2 .
mum value of ‘5(603 TW,, 0, )‘ as function of

the ratio T, / T, for each one of the peaks
1-6. A general observation from this table
shows that when T, = 01T, the larger inten-
sity corresponds to the peak 6 for f = 0148
(i.e. V, = 1668 eV and q,, = —-0084 A) and
S=0852 (i.e. V,=-1668 eV and
ey = 0084 A). For T, =T, and T, = 10T,
the higher intensity is associated to the peak
2when f = 05, i.e. for the cyanine molecule.

5. Concluding Remarks

We have presented the nd-FWM spec-
trum for cyanines (V, = 0) and D-A polyenes
(Vo # 0). In first place, we have obtained nd-
FWM signal spectra in the frequency space
for the cases of V; = +x1and V,, = O, observ-
ing differences between them. For V, = +1a
spectrum with twelve peaks is obtained, 6 of
them with symmetry in position and inten-
sity respect to another six. In the second
case, only four peaks are present, due to

that Am,,_, = O, which induces only the re-

sponse of specific resonant terms in the po-
larization expression. The last one corre-
sponds to the specific case of cyanine mole-
cules. In the other hand, the behavior of the

factor ‘E(a) 33 wl,w2)‘2 (directly proportional

to the macroscopic polarization) has been
studied as a function of the parameter f,
considering the different changes in the ra-
tio between the relaxation times T, / T,. We
have observed for the peaks 1, 2 and 4, an
increasing in two orders of magnitude in this
quantity with the increasing in an order of
magnitude in T, / T,. This fact is due to the
direct proportionality of response of these
peaks with the longitudinal relaxation time,
while the peaks do not experiment this
changes, because of the absence of the de-
pendence mentioned before.
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