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Abstract

One- and two-photon anisotropy spectra of a series of symmetrical and asymmetrical polymethine (PD) and fluorene molecules were
measured experimentally and discussed theoretically within the framework of three-state and four-state models. For all the molecules
discussed in this paper, the experimental two-photon anisotropy values, r,pa, lie in the relatively narrow range from 0.47 to 0.57 and
remain almost independent of wavelength over at least two electronic transitions. This is in contrast with their one-photon anisotropy,
which shows strong wavelength dependence, typically varying from =0 to 0.38 over the same transitions. A detailed analysis of the two-
photon absorption (2PA) processes allows us to conclude that a three-state model can explain the 2PA anisotropy spectra of most
asymmetrical PDs and fluorenes. However, this model is inadequate for all the symmetrical molecules. Experimental values of rypa
for symmetrical polymethines and fluorenes can be explained by symmetry breaking leading to the deviation of the orientation of the

participating transition dipole moments from their “classical” orientations.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The development of new organic materials for two-pho-
ton absorption (2PA) is an ongoing area of research. Even
though there has been considerable progress in the studies
of structure—property relationships of organic molecules,
much more remains to be discovered. Polymethine (PDs)
dyes are attractive candidates for 2PA studies due to their
very large ground-state transition dipole moments, close to
parallel orientation of their ground- and excited state tran-
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sitions [1], and sharp low-energy side of their linear absorp-
tion spectra allowing significant intermediate state
resonance enhancement of the 2PA [2]. Recent studies from
various research groups have shown design strategies for
efficient 2PA by a systematic investigation of the conjuga-
tion length of the chromophores, various symmetrical
and asymmetrical combinations of electron—-donor and
electron—acceptor terminal groups, and the addition of
such groups in the middle of the chromophore to vary
the charge distribution [3-7].

A much less investigated approach for understanding
the 2PA properties of organic molecules is the study of
the spectral dependence of the one-photon and two-photon
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anisotropy. The first theoretical studies related to this sub-
ject were published independently by Callis [8], Johnson [9]
and der Meer [10] and are based on the treatment of the
2PA tensor with the addition of the fluorescence transition
dipole. A theoretical approach presented by Callis for the
steady-state two-photon anisotropy, is used by us in Sec-
tion 3 and extended for three- and four-level molecular
models. Johnson and Van der Meer were more concerned
with the theoretical investigation of two-photon anisotropy
decay in isotropic [9] or oriented [10] systems. In contrast,
our goal is to obtain a practical expression for the steady-
state two-photon anisotropy that may be used to model the
experimental anisotropy spectra. Such studies can give
additional information about the nature of intermediate
states and the molecular symmetry. It is commonly known
that one-photon anisotropy measurements, especially
linked to quantum-chemical calculations, can reveal the
spectral positions and orientations of the transition dipole
moments from the ground to the first excited state, ug;, and
higher excited-states, po,, relative to the orientation of the
emission dipole moment, u;o. This cannot be obtained
from one-photon absorption spectra. For polymethines,
one-photon anisotropy values, rpa, within the first absorp-
tion band are typically close to the theoretical maximum of
0.4, indicating that pg; is parallel to p;o. In this case, one-
photon anisotropy measurements determine the mutual
orientation of different absorbing dipoles that is important
for understanding 2PA processes. It was shown theoreti-
cally [8,10] that the range of two-photon anisotropy,
ropa, values is much broader than for rips (from —0.32
to 0.61) indicating potential advantages of two-photon
excitation. In practice, as will be shown in this paper and
in a previous paper [11], rpa spectra for many organic dyes
are almost wavelength independent within several elec-
tronic transitions. It is necessary to note that rpa studies
are very limited. Most of the measurements were per-
formed only within one electronic band, and their analysis
is usually directed at a comparison of the values of r1ps and
rpa. An overview of the existing experimental data were
presented by Lakowicz and Gryczynski in [12] (see also ref-
erences therein). However, to our knowledge, an explana-
tion of the wavelength independent behavior of ryps as
well as its potential for understanding the properties of
2PA have not yet been reported.

In this paper, the one- and two-photon anisotropy spec-
tra of a series of symmetrical and asymmetrical polyme-
thine and fluorene molecules are reported and analyzed
theoretically in the framework of a three-state model with
one-intermediate-level and a four-state model with two-
intermediate-levels. This allows us to reveal the reasons
for the unusual behavior of ryps and provides a deeper in-
sight into the nature of 2PA processes. In the following sec-
tions, we will describe (1) the structure and one-photon
absorption properties of two symmetrical and two asym-
metrical PDs, and symmetrical and asymmetrical fluorene
molecules; (2) the techniques used for r,pp measurements;
(3) a derivation of ryps formulas for a four-state model

and a simplified three-state model; and (4) molecular mod-
eling, using the results of quantum-chemical calculations
for the analysis of the 2PA processes in these dyes.

2. Experimental
2.1. Materials

The molecular structures of the dyes (polymethines
and fluorenes) studied in this paper are shown in
Fig. 1. Their chemical names are: 2-[5-(1,3-dihydro-3,3-
dimethyl-1-propyl-2H-indol-2-ylidene)-1,3-pentadienyl]-3,3-
dimethyl-1-propylindolium iodide (labeled as PD 2350);
3,3,3,3-tetramethyl-1,1-diphenylindotricarbocyanine per-
chlorate (labeled as PD 3428); 2-[5-(1,3-dihydro-1,3,3-
trimethyl-2H-indol-2-ylidene)-1,3-pentadienyl]-3-ethyl-1,
3-benzothyazolium perchrolate (labeled as PD 2665);
2-[(E)-2-(4-dimethylaminophenyl)-1-ethenyl]-3-methyl-1,3-
benzothiazolium p-toluene sulfonate (Styryl 1); N-(7-
benzothiazol-2-y1-9,9-bis-decyl-9H-fluoren-2-yl)-acetamide
(fluorene 1) and 9,9-didecyl-2,7-bis-(N,N-benzothiazoyl)
fluorene (fluorene 2). The main spectroscopic properties

CH, H,C s
CH, ¢
PD 2350 * L~~~
N I
|
C3H7 r CSH7
H.C CH
*\ CH, H,C~
s (o g
N/ a2 a2 N
O w O
CH,
PD 2665 @\TS H,C
~Z
l}l N\ F ’?‘
G cioa” CH,
S
Styryl 1 +
N —
\
CZH5
N Cs
CH,C,H,SO; éHs
C10H21 C1OH21

S
Fluorene 1 HaC—g—N Q'O A ]@
B N
CoHeCoHs
S, S
Fluorene 2 @ D
N N

Fig. 1. Molecular structures.
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of the cationic PDs are determined by the existence of a
delocalized m-electron system in the polymethine chromo-
phore (or polymethine chain) and symmetric (PDs 2350
and 3428) or asymmetric (PD 2665 and Styryl 1) terminal
groups, which also possess a delocalized m-electron system.
PD 2665 can be considered as a weakly asymmetrical dye
(Donor — © conjugation — Donor) with the terminal groups
of almost equal electron—donor abilities. In contrast, Styryl
1 is a strongly asymmetrical dye with a Donor — © conjuga-
tion — Acceptor (benothiazolyl) structure. These PDs were
synthesized at the Institute of Organic Chemistry, Kiev,
Ukraine, by standard methods as described in [13]. Both
fluorene molecules with symmetrical (fluorene 2) and asym-
metrical (fluorene 1) structures represent Acceptor — aro-
matic fluorene core — Acceptor systems. The rigid ring
structure of the fluorene core is responsible for the high
thermal and photochemical stability, as well as for the effi-
cient fluorescence nature. Synthesis of fluorene dyes 1 and 2
was performed at the Chemistry Department of the Uni-
versity of Central Florida, Orlando, USA, and is described
in [14,15]. The molecular structures of all dyes were con-
firmed by elemental analysis and nuclear magnetic reso-
nance spectra. The linear absorption spectra for all dyes
were recorded with a Varian Cary 500 spectrophotometer,
and are presented in Fig. 2. As can be seen, fluorenes 1 and
2 absorb in the shortest wavelength region, 300-400 nm. A
broad absorption band with the peak position at 527 nm
belongs to Styryl 1 in ethanol. The absorption spectrum
of the weakly asymmetrical PD 2665 almost overlaps the
spectrum of its symmetrical analogue PD 2350 but is
broader, which is typical for asymmetric dyes. An increase
in the length of the polymethine chromophore to one chain
in PD 3428 leads to a red shift in the peak position of about
100 nm as compared to PD 2350. The extinction coeffi-
cients at the absorption peaks are: 0.65x10° and
0.31 x10°M ' em™" in THF for fluorenes 1 and 2, respec-
tively; 0.62 x 10°,2 x 10°,2.36 x 10°and 2.9 x 10° M~ cm ™!
in ethanol for Styryl 1, and PDs 2665, 2350 and 3428,
respectively.

Absorbance

300 400 500 600 700 800
Wavelength (nm)

Fig. 2. Linear absorption spectra of fluorene 1 (1), fluorene 2 (dashed line
2) in THF, Styryl 1 (3), PD 2665 (4), PD 2350 (dashed line 5) and PD 3428
(6) in ethanol.

2.2. Experimental methods

Steady-state one-photon fluorescence and excitation
anisotropy spectra of organic dyes were measured in high
viscosity solvents (glycerol for PDs and p-THF for fluo-
renes) to avoid reorientation, and in low concentration
solutions (C =~ 107® M) to avoid reabsorption, with a PTI
Quantamaster Spectrofluorimeter. It is well-known that
the excitation anisotropy spectrum, r(4), can be calculated
as a function of the excitation wavelength 1 at a fixed emis-

sion wavelength, usually near a fluorescence maximum:

r(d) = %, where /| and I, are the fluorescence inten-
sities polarized parallel and perpendicular to the excitation
light [16]. One-photon anisotropy measurements can give
information about the spectral position and orientation
of the transition dipole moments from the ground (Sy) to
the first (S;) and higher (S,,) excited-states relative to the
orientation of the emission dipole moment. The angle be-
tween the absorption and emission dipole moments (f3)
can be determined from one-photon anisotropy,
7ipA = % In the range: 0° < f <90°, one-photon
anisotropy ranges between, —0.2 < ripa < 0.4.

Two-photon anisotropy measurements were performed
using linear polarized excitation from a Clark-MXR,
CPA2010, Ti:Sapphire amplified system followed by an
optical parametric generator/amplifier (model TOPAS 4/
800, Light Conversion) providing laser pulses of 140 fs
(FWHM) duration with 1 kHz repetition rate. The tuning
range is 520-2100 nm (0.6-2.38 eV). This femtosecond la-
ser system was also used for 2PA spectra measurements.
Up-converted fluorescence of all molecules under two-
photon excitation was measured in 10 mm quartz cuvettes
with the same PTI Quantamaster Spectrofluorimeter. Spe-
cial care was taken to minimize reabsorption of the emis-
sion, especially for the dyes with a small Stokes shift as,
for example, for PDs with a typical Stokes shift of ~15-
20 nm. We controlled this reabsorption by comparing the
shapes of up-converted fluorescence (usually red-shifted
due to the high concentration typically used for 2PA stud-
ies) with one-photon fluorescence obtained from solutions
diluted to ~10~° M. We found experimentally that for all
the molecules studied the up-converted fluorescence at con-
centrations <107> M completely overlaps the one-photon
fluorescence band confirming that reabsorption is negligi-
ble. Therefore, we used 107> M or smaller concentrations
for all two-photon anisotropy studies. The measurements
and calculations of r,ps were performed as described above
for F1PA-

Frequency degenerate 2PA spectra of the sample solu-
tions were measured by two methods: single-wavelength,
open aperture Z-scan and up-converted fluorescence [17].
In both experiments we used the femtosecond parametric
generator/amplifier described above. The Z-scans allow
the determination of 2PA cross-sections from fitting proce-
dure. This method was mainly applied for the measure-
ments within the stronger second allowed 2PA-band. The
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more sensitive method of up-converted fluorescence was
applied to measure a weak 2PA-band within the first linear
absorption band which is forbidden for 2PA of the sym-
metrical molecules by symmetry rules. Fluorescence quan-
tum yields of PDs and fluorenes in solutions were measured
using a standard method [17] relative to Rhodamine 6G
(0.96 in ethanol) [18] and 9,10-diphenylanthracene (0.95
in cyclohexane) [16]. 2PA cross-sections for PDs were mea-
sured and calibrated against well-known reference stan-
dards: Fluorescein in water (pH 11) and Rhodamine B in
methanol [17]. Experimental results for two-photon anisot-
ropy and 2PA spectra are shown and discussed in the Sec-
tion 4.

2.3. Methodology of quantum-chemical calculations

Quantum-chemical calculations of polymethines and
fluorenes were performed with the goal of understanding
the unusual spectral behavior of r,pp as compared to
ripa and revealing the best computational models. The
equilibrium molecular geometry and the charge distribu-
tion in the ground state were calculated employing the
semi-empirical Hartree-Fock Austin Model 1 (AMI1)
method as implemented into the MOPAC package with
gradient <0.01 kcal mol™'. It was demonstrated previ-
ously that the charges and C—C bond lengths calculated
in this method are in good agreement with the corre-
sponding values calculated by an ab initio method [19].
Additionally, the charge distribution and electron transi-
tion energies were calculated in INDO/S and PPP
(Parr—Pariser—Pople) approximations (with the spectral
parameterization) using all 1 — * singly excited configu-
rations. It was found that the amplitudes of the charges
are different for the different methods; however, all meth-
ods predict the same trends in the behavior of the charge
distribution. All calculations were performed on isolated
molecules neglecting solvent effects. We calculated the
permanent ground and excited-state dipoles, the transition
dipole moments and their mutual orientations for both
symmetrical and asymmetrical PDs and fluorenes which
are all necessary for computing ropa as will be discussed
below in more detail.

3. Theory: Derivation of two-photon anisotropy for a
four-state model

The following derivation of the two-photon anisotropy
formula is based on two theoretical approaches. The first
by Callis [8], used a general treatment for the 2PA tensor,
based on second-order perturbation theory, with the addi-
tion of the fluorescence transition dipole to develop the
equation for the two-photon anisotropy. The second the-
oretical approach by Cronstrand et al. [20], derived an
equation for the 2PA cross-section in a more specific
four-state, two-intermediate-level model taking into ac-
count the influence of two excitation channels. This sec-
ond model did not address fluorescence. Here, we use

Cronstrand et al.’s more detailed model of the 2PA tensor
in Callis’ treatment to obtain a practical model for two-
photon fluorescence anisotropy that we may use to model
our experiments.

Following Callis [8], the two-photon anisotropy, rpa,
can be written as

180, +0, — 7
70, + 14

TopA = (1)
where Q, and Q, are functions depending on the 2PA ten-
sor § and the fluorescence transition dipole F:

Qx = f;czs)zcx + 2f XSXxf:vay + fyzs)zcy + ﬁzszy + 2f xSX}’f,VS}LV + fvzstzfy
2
and Qy = (Sxx + S}}’) ) (2)

where f,, f, and s, Sy, Sy, are normalized matrix elements
of S and F. Here, and below for simplicity we consider the
two-dimensional approximation (case of a planar molecule
placed in the x—y plane), linear polarization of the excita-
tion light, two identical photons and steady-state condition
with completely motionless molecules.

Substituting (2) into (1) gives an expression for r,pa:

2PA
2 OS50+ 2 SySiy Jrfyzs,w) (S0 +8yy) = 4(5u JFS,W)Z +1
7 (sxx+s}y)2—|—2 '

3)

This is a general formula for the steady-state two-
photon anisotropy, which is valid for any number of states.
In order to derive an equation for r,pa, which can be prac-
tically applied for the analysis of real molecules, we need to
choose an adequate molecular model and connect the nor-
malized matrix elements f, f, and sy, Sy, Sy, with the
molecular parameters such as the transition dipole mo-
ments, the angles between these transitions and the energies
of the levels.

We first consider the more general four-state, two-inter-
mediate-level model (or two scenarios model) described in
[20] and presented in Fig. 3(a). As described in [20], the ten-
sor components may be presented as S,5 = S;lﬁ) + Sij;, where
upper indexes (1) and (2) indicate the first and the second
scenarios of 2PA, and o, f§ indicates to the projections in
the plane (x, y). If the first scenario involves the transitions
So — Sy and S; — S¢(1 is the first intermediate level and f is
the final level) and the second scenario involves transitions
So — S,, and S,, — S¢ (n is the second intermediate level),
matrix elements Si;;) and Sij;) may be rewritten as

N:ﬂﬁ+@ﬁmmwzﬁﬁ+ﬁﬁ )
“» T AE, AE, “# T AE, AE, ’

where u, and ug are the dipole moments of the participat-
ing transitions in the direction o and f; AE| = hw; — ho,
AE, = hw, — ho and o is the radiation frequency (see
Fig. 3(a)). Using Eq. (4), we can write the xx, xy and yy
components of § as,



J. Fu et al. | Chemical Physics 321 (2006) 257-268 261

a
Sn -....-..-‘l lllllllllllllll 1{ ------------
AE,
St —¢
Si
AE Wy
ho

Fig. 3. Energy states S, S, Sfand S, (a), and schematic diagram for four-
state two-intermediate level (S; and S,)) model (b).
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The next step is to find the normalized matrix elements

See» Syy, Sy, using the normalization condition

Sup = S presented in [8]. After normalization
\/ Zalis S5
Six S,
S =TS ’2 T TS ; 2 and
\/ S 85, + 285, \/Se 8, + 285,
Sy
Sxy = = (6)

[ 2 2
S+ SW + 2Sxy

Substituting Eq. (5) into (6), gives the normalized matrix
elements sy, s, Sy, expressed in terms of the molecular
parameters as in Eq. (3). However, Eq. (3) includes not
only the normalized matrix elements of the 2PA tensor §
but also the normalized components of the emission dipole

moment F: f, = % and f y = F—z [8]. To connect these

7P IF|
components with the absorbing dipoles, we consider the
diagram shown in Fig. 3(b). It is possible to show that
Jx=cos(fem) and fy = Sin(ﬁem): where ﬁem = ﬁOl - (E) + O()'
The angle fo; can be written as a ratio of corresponding

Uy and p, projections and the normalized absorbing dipole
01 . l()l .

Uop = cos(Pyy) = Zﬁ and sin(fy,) = iﬁ Inserting these func-

tions into equations for f, and f,, we can rewrite:

01 01 01 01
fo=ta B pand g, =B gty (7)

Hot Hor Hot Hor
where a=cos ({+a) and b =sin (}+«). Substituting

Egs. (6) and (7) into (3), we obtain rypa in the four-state,
two-intermediate level model. In the final formula, ropa
should be expressed in terms of the absorbing dipoles
Lo1, Moms M1 Mnr (nOt their projections), and angles «, f, 7,
0 between transitions and detuning energies AE;, AE,.
After algebraical transformation and taking into account
that:

01, 0n 01, 0n __ : .
Ky luy - 'uy W = — U Ko, SID ﬁa
01, On 01, 0n __ .
B 1"+ 1" = Hop o, €08 f;
o1, 1f o1, 1f __

By By — By My = —Hop Mg SINY;

W't 4 ) it = gy g cos p;

1 — = — gyt sin 6;

i i+ = e cos 0;

' " — M = — gy e sin(y + 0);
w1+ 1M = gy pp cos(y + 0);
ufﬂ”u}f - uﬁ"ﬂif = —Ho,Hye sin(y — B);

W' 4 "t = g, s cos(y — B);

Wt — "l = —pg, e sin(y + 0 — B);
O 1" = oyt cOS(y + 0 — ),
we finally obtain the expression:

18(K, + K2)K; — 8K3 + K,
7(K2 + Ka) ’

pA =
where

Ky = AEspug py 008 (5 + o) cos (5 — a);

Ky = AE| g, th,p cos(3 — a4 0) cos(3 4 o — B);

K3 = AEy i) pyp €08y + AE | pig, pr,p cos(y + 0 — B);

Ky = AE G, 15 [1 + cos*(y + 0 — B)]
+ AES G, 15 (1 + €087y) + 2AE  AEs gy flg, fg g
X [cos(y 4 0) cos(y — B) + cos O cos fi].

The three-state model is the simplest model for 2PA with
absorbing transition dipoles Sqg — S; and S; — S; (1 is the
only intermediate level and f is the final level). In this case,
Lon = s =0; f=0=0; AE; = AE, = AE, and Eq. (8) can
be simplified to

18 cos(Z — «) cos(% 4 o) cos y — Tcos™y + 1 )
7(2cos?y + 1) ’
The main difference between Eqgs. (8) and (9) is that in the

three-state model, r,pa depends on only two angles: y (be-
tween pp; and uf) and o (between the bisecting line of the

rpA =
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angle y and the emission dipole, and does not depend on
the values of the absorbing dipole moments or the detuning
energy. We note that Eq. (9) can be transformed into the
equation presented in [21] for the degree of polarization.
If the absorbing dipoles are parallel, y =0 and o becomes
equal to the angle between the absorbing and emitting di-
poles. Then ropp reduces to the well-known formula [16]:

6cos?a — 2

7 )
In the case of a=0° ryps reaches its maximum value
s = 0.57. If a=90°, the anisotropy value reaches its
largest negative value: 73t = —0.29. In contrast to ripa,
the two-photon anisotropy depends on the mutual orienta-
tion of three dipole moments participating in 2PA and
corresponding to the transitions: Sqg— S;, S; — S; and
S; — Sp. A general diagram of the 2D-space orientation
for these dipoles is presented in Fig. 4. Angle o = o + 4,
between the absorption Sy — S; and the emission S; — S,
dipole moments, can be found from one-photon anisotropy
measurements. The two-photon anisotropy, r,pa, as a func-

(10)

rapA =

asf

7
Si 4 \ e

Hor fem

Fig. 4. Energy states Sy, S; and S; (a), and schematic diagram for three-
state one-intermediate level (S;) model (b).
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Fig. 5. (a) Two-photon anisotropy r,pa, calculated in three-state model,
as function of the angle y between two absorbing dipoles at: o, = 0° (1);
90° (dashed curve 2); 20° (3); 70° (4), and 100° (5). (b) 3D picture of rpa,
calculated in three-state model, as function of y and oep,.

tion of angle y between two absorbing dipoles is shown in
Fig. 5. It is seen that rypa is a complicated function of y. At
1 =0° or 360° the anisotropy r,pa changes from its maxi-
mum value 0.57 (at o, = 0° or 180°; 180° period) to its
largest negative value —0.29 (at oe, =90° or 270°). At
y=90° and 270° all curves converge to a point ryps =
0.14. As can be seen from this figure, the highest anisotropy
value rypa = 0.6 corresponds to y = 42° and 222° (180° per-
iod) at o, = 20° or 200°, and the smallest anisotropy value
ropa =~ —0.3 corresponds to y & 27° and 207° at o, = 100
or 280°.

4. Molecular modeling for polymethine and fluorene
molecules

4.1. Analysis of two-photon anisotropy using a three-state
model

Let us consider the most typical case for the polyme-
thine dyes. It is commonly known that for many PDs the
angle between the absorbing Sy — S; and emitting
S1 — So dipoles is small: o, = o +4 < 20°. This conclusion
follows from high one-photon anisotropy values 0.35-0.38
within the first absorption band [1,22]. Taking into account
the schematic diagram presented in Fig. 4, we consider the
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orientation of the emission dipole ranging from parallel to
the Sy — S; transition orientation, that is o, = 0 (or anti-
parallel, o, = 180°, which is the same) to 20°. A set of
curves for ropa as a function of y ranging from 0° to 20°
at several o, is shown in Fig. 6. It is seen that r,ps changes
from its maximum value ~0.6 at y = 42° (¢, = 20°) to its
lowest value ~0.018 at y = 107° at the same o.,,. As was
mentioned above, at y = 90° all curves converge to a point
ropa = 0.14 independently of ogp,.

It is commonly accepted that two-photon excitation to
the first excited state S; involves the two dipole moments:
o1 and Ap (vector difference between permanent S, and
S; dipoles), where the S; state is the intermediate state.
Two-photon excitation to the second excited state S, in-
volves py; and p, at the same S; intermediate state.
According to the traditional quantum-chemical theories
[23], for all symmetrical polymethine dyes Au is oriented
perpendicular to mg;, and transition dipoles gy, and wu;»
are oriented parallel (or anti-parallel). The near parallel
orientation of uy; and pu;, for several PDs was confirmed
by us experimentally [1]. Applying this approach to
Fig. 6, we can come to the conclusion that for 2PA to S,
(y =90°), ropa = 0.14 for all orientations of the emission
dipole, and for 2PA to S, (y=0° or 180°), ropa values
are in the range from 0.47 (ote, = 20°) to 0.57 (e, = 0°).

The next step is to compare these theoretical depen-
dences with the experimental results. The measurements
of two-photon anisotropy have been performed by us for
several symmetrical and asymmetrical PDs and fluorenes
(structures shown in Fig. 1). For these molecules, experi-
mental rpa values range from 0.47 to 0.57 and remain
almost constant over several electronic transitions. Experi-
mental data for r;pa and ropa are presented in Figs. 7 and
8. As can be seen from Fig. 7, for the symmetrical PDs
2350 and 3428, rypa =~ 0.47-0.49 over a broad spectral
range, which covers at least two electronic transitions
So — S; and Sy — S,. At the same time, 75 ~ 0.38 indi-
cating that o, does not exceed 10°. As seen in Fig. 6,
the theoretical values of r,pp are equal to =0.55 for 2PA
to the S, state (y =0°) and 0.14 for 2PA to the S; state
(y = 90°). Both excitation cases contradict the experimental
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Fig. 6. Two-photon anisotropy rpa as function of the angle y between
two absorbing dipoles at o, = 0° (1); 5° (dashed curve 2); 10° (3), and 20°
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Fig. 7. Linear absorption (1) and 2PA (2) in ethanol; one-photon
anisotropy (3) and two-photon anisotropy (4) spectra in glycerol for PD
2350 (a) and PD 3428 (b). For comparison with linear absorption, two-
photon absorption and two-photon anisotropy spectra are presented as
functions of ,ump/2. Uncertainties: ripa: £5%, rapa: £10%, 2PA cross-
section: +20%.

results. Thus, for symmetrical PDs, the three-state model
cannot adequately model two-photon excitation to either
S; or S,. For the symmetrical fluorene dye 2 (see Fig. 8c),
we measure ropa ~ 0.53 for both states, which is close to
the theoretical value for S, but disagrees with the theoret-
ical result for the S; state. For symmetrical molecules,
2PA into the highly allowed one-photon absorption band
So — S; is forbidden by dipole selection rules. However,
vibronic coupling breaks the symmetry and thus the dipole
selection rules, resulting in a weakly allowed 2PA band at
the vibronic shoulder of the Sy — S; band [24]. This is re-
vealed by the high sensitivity of the up-converted fluores-
cence method. Because the vibronic coupling causes 7 to
deviate from 90°, the theoretically predicted ropa = 0.14
is not observed.

Now we apply the three-state model for the asymmetrical
molecules Styryl 1, PD 2665 and fluorene dye 1. Experimen-
tal results are shown in Fig. 8(a)-(c). Quantum-chemical
calculations performed for these molecules, show that g,
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Fig. 8. Linear absorption (1) and 2PA spectra (2) in ethanol; one-photon
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of Apump/2. Uncertainties: ripa: 5%, ropa: £10%, 2PA cross-section:
£20%.

and p,, are oriented almost parallel (angles are within 5°)
similar to the symmetrical molecules. However, Au shows
a large deviation from an orientation perpendicular to

to1. These angles y for Styryl 1, PD 2665 and fluorene 1
equal 26°, 43° and 37°, respectively. Substituting these y’s
into Eq. (9), as well as using the experimental
value of oy, = 10°, which is the same for all these mole-
cules, we calculated that rypa =~ 0.55-0.56 for two-photon
transitions to S; and S, states. Thus, the three-state model
can be used to model the asymmetrical molecules but is
inadequate to model the symmetrical ones.

4.2. Analysis of two-photon anisotropy using the four-state
model

In this section we apply the more complicated four-state,
two-intermediate-level model for the analysis of two-photon
anisotropy for the symmetrical molecules. According to
Eq. (8), ropa becomes a function of the mutual orientation
in 2D-space of all 5 dipoles participated in the 2PA process
(Mo1» L1 Hons Unr and emission dipole pyg). 7opa also depends
on the values of the four dipoles moments and two detuning
energies. Most of these 10 molecular parameters can be
found experimentally from one-photon anisotropy spectra
and can be calculated quantum-chemically. Here, we con-
sider separately the case of two-photon excitation to S;
and to the higher excited-state S,.

Firstly, we analyze the case of two-photon excitation of
symmetrical molecules to state S, considering the following
two simultaneous scenarios or channels: Sy — S; and
S; — S, (first) and Sy — S4 and S4; — S, (second). The
choice of S, as the second intermediate state for PDs is con-
nected with our observation, taken from one-photon
anisotropy spectra, that the angle f§ (between two scenarios
or between po; and poy) is typically one of the largest angles
(~60°) among the measurable S, — S, transitions. We
show below (in Fig. 11(a)) that an increase of the angle
can lead to a decrease of ryps, Which becomes closer to
the experimental values. In fact, from the theoretical anal-
ysis, any S, state with sufficiently large angle  between the
Uor and pg, can play the role of the second intermediate
state in order to get closer to the experimental value.
According to traditional quantum-chemical theories, the
transitions within each scenario can be anti-parallel
((y=¢ =180°) or parallel (y=¢ =0° to each other,
where y is an angle inside of the first scenario and ¢ is
the angle inside of the second scenario [23]. Therefore, we
start our analysis from this classical case schematically pre-
sented in Fig. 9(a). The dependence of ropa on angle y for
PD 2350, calculated by Eq. (8), is shown in Fig. 10, curve 1.
Typically, for polymethines, the contribution of the second
channel is small: uo4pi4r < o112, therefore, curve 1 corre-
sponds to the three-state model and completely overlaps
with curve 2 in Fig. 6. In this case, ropa depends only on
y and ., and does not change significantly with changes
of fand ¢ (¢ =0+ y — f), which is shown in the 3D plot
in Fig. 10(b). Theoretically there is a way to decrease r,pa
closer to experimental values keeping the parallel or anti-
parallel orientation of transitions inside each channel.
For this purpose we consider an increase in the contribu-
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Fig. 9. Schematic diagram for four-state two-intermediate level model at
two-photon excitation to S, (a) and S; (b).

tion of the second channel. Fig. 10(a) (curves 2 and 3) dem-
onstrates these results for the case pospiar = o112 The 3D
plots of ropa, calculated in four-state model, as functions of
B,y (a) and f3, ¢ (b) at an increased contribution of the sec-
ond channel, are presented in Fig. 11(a) and (b). For the
polymethine molecules, this case may be achieved by con-
sidering the second channel as a superposition of all possi-
ble channels oriented at relatively large angles to the first
excitation channel. It is important to note that in contrast
to PDs, some molecules from the other classes of organic
compounds are characterized by strong transitions to the
second or higher excited-states with dipole moments com-
parable to puy;. For example, the symmetrical 9,9-didecyl-
2,7-bis-(N,N-diphenylamino)fluorene, reported in [11],
shows relatively large transition dipole moments (up to
6 D) to the higher excited-states at uo; = 8 D. Its molecular
parameters, revealed from quantum-chemical calculations
and substituted into Eq. (8), give rpa ~ 0.27 which is close
to its experimental value [11]. This confirms that the four-
state, two-intermediate-level model can be used for the
explanation of rpa into S, state, if the contribution of
the effective second channel is comparable with the contri-
bution of the first one.

Secondly, we analyze the case of two-photon excitation
of symmetrical molecules into the S; state, which is not al-
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Fig. 10. (a) Two-photon anisotropy r.pa, calculated in four-state model,
as function of y. Curve 1: te, = 10°% po; = 13.5 D; p12 = poa = wao = 1 D;
B = 60°; ¢ is an angle between dipoles inside of the second channel, ¢ = 0°
(or 180°); AE; =0.5¢eV; AE, =2.5¢V. This curve coincides with curve 3
from Fig. 6 obtained from three-state model. Curves 2 and 3: o, = 10%;
uo1=135D; pup=1D; pu=m=6D; p=60°% AE =0.5¢V;
AE>,=2.5¢eV; ¢ =0° (for curve 2) and ¢ = 180° (for curve 3). (b) 3D
picture of rpa, calculated in four-state model, as function of f and ¢.

lowed by symmetry rules. We consider the two following
simultaneous channels of excitation: the first channel,
involving puo; and Ay, and the second channel, involving
oz and oy (see Fig. 9(b)). According to the traditional
quantum-chemical theories, the transitions inside of each
scenario are perpendicular to each other (y = ¢ =90°)
[23]. Therefore, in this classical case, rpa = 0.14, indepen-
dently of other molecular parameters, and can be increased
in only one way, i.e., by allowing the deviation of angles vy
or ¢ (or both) from 90°. In contrast to the previous case of
two-photon excitation to S,, an increase in the contribution
of the second channel cannot change rpa.

As was mentioned above, for the symmetrical molecules
2PA into S; is forbidden. A blue-shifted and weakly allowed
2PA band can be revealed within the linear Sy — S; absorp-
tion due to vibronic coupling [24]. Our understanding is
that this vibronic coupling can change the angle between
the po; and Ap, leading to the ground-state symmetry
breaking in the charge distribution. Applying experimental
values of r,pa to Eq. (8), for the case of the contribution of
the second channel is comparable to that of the first, or to
Eq. (9), for the case of the contribution of the second chan-
nel is much smaller, we find values of y. Calculations shows
that for PD 2350 y = 55° (deviation from the perpendicular
orientation equals 35°). Thus, we propose that two-photon
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Fig. 11. 3D pictures of r,pa, calculated in four-state model, as functions of
B, v (a) and f, ¢ (b). Molecular parameters for calculations: ¢y, = 10°
Hot = 13.5 D, Hi2 = 1 D, Hoa = a2 = 6 D, AE] =0.5 CV, AEZ =2.5 CV, (l)
= 180° (a); y = 180° (b).

anisotropy can serve as a useful tool for estimation of the
ground-state symmetry breaking.

4.3. Symmetry breaking in symmetrical polymethine dyes

We recently reported the linear and non-linear proper-
ties of symmetrical PDs with a long conjugated chromo-
phore both experimentally and theoretically [25], see also
references therein. We proposed that the charge distribu-
tion in the ground state can be presented as a mixture of
two forms with symmetrical and asymmetrical charge dis-
tributions and corresponding bond length alternations.
Unusual spectral properties of these molecules (broad
absorption bands and strong dependence on solvent polar-
ity) were explained by involving the concept of solitons, or
mobile defects, in the charged conjugated systems [26]. PD
molecules with shorter chains are characterized by much
narrower absorption bands which are almost solvent inde-
pendent. Therefore, it is logical to assume that for these
molecules, contribution of an asymmetrically charged form
is much smaller than for PDs having a long chain, and a
symmetrical charge form dominates. However, even a
small contribution of an asymmetrical form can lead to
non-equality in the charge transfer from the terminal
groups to the chain center affecting the orientation of the
transition moments. Note that this effect cannot essentially
change the orientation of the large Sy — S, transition di-
pole moment since for both forms charge transfer occurs

in the direction of the chromophore. However, for other
transition dipoles, which are at least one order of magni-
tude smaller, the difference in the charge transfer from
the terminal groups to the center of the chain can strongly
affect their orientations. An especially strong effect can be
observed for the “perpendicular” (to S — S;) transitions,
such as Ap, Sg — S,, So — S4. Possible deviations of transi-
tion moments from the “classical” directions induced by
the contribution of the asymmetrical form are schemati-
cally shown in Fig. 12. It is seen that the asymmetrical
charge transfer from the terminal groups can change the
direction of ug, relative to ug,. However, we cannot predict
how the deviation of ug, will change the “classical” orien-
tation of u;, (parallel or anti-parallel to ug;). Further devel-
opment of quantum-chemical theory is necessary. The
assumption about the ground-state symmetry breaking,
affecting the orientations of higher excited-state transitions
relative to g, can explain why in one-photon anisotropy
measurements the “classical” minimal anisotropy value
ripa = —0.2, corresponding to an angle o, =90°, has
not been observed. The maximum angles observed experi-
mentally for the “perpendicular” transitions in PDs were
60°-65°.

Finally, we have performed a modeling of the spectral
dependence of rypa for symmetrical PD 2350 using the
four-state, two-intermediate-level model. The results are
shown in Fig. 13. As can be seen, r,pa =~ const within the
first and second absorption bands, if we allow the devia-
tions of the participating dipoles to be ~35° for Au (from
the perpendicular “classical” orientation), and =17° for
> (from the anti-parallel “classical” orientation). As
was discussed in Section 4.1, quantum-chemical calcula-
tions performed for asymmetrical molecules have shown
a large deviation of Au from being perpendicular to pg;
(even for the weakly asymmetrical PD 2665). The resulting
orientation angles y are from 26° to 43°. Therefore, as can

Mo e Hot

Fig. 12. Schematical presentation of orientation of the transition dipole
moments for symmetrical (a) and asymmetrical (b) forms. pg, and u'o»
indicate a partial charge transfer from each terminal group to polymethine
chromophore.
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Fig. 13. Calculated dependence of r,ps at 2PA to S; state (1) and 2PA to
S, state (2) based on four-state model. Molecular parameters for (1) are:
e = 10% oy =13.5D; Au=0.6; pp>=12D; p=1D; ¢=90%
p=32° y=55°. Molecular parameters for (2) are: oy =10
tor = 13.5D; p12 = 1D; pios = pap = 1 D; x = 180°; f = 60°; y = 163°.

be seen from Fig. 6, curve 3, at y &~ 0°-50°, r,pa ~ 0.5-0.55.
At the same time, po; and p;, are still oriented almost par-
allel (angles y are <5°), similar to the symmetrical mole-
cules, thus showing approximately the same r,ps values.
Therefore, we can conclude that the higher values of r.pa
correspond to the case of a smaller deviation of the angles
from the “classical” orientation for two-photon excitation
to the S, state and a larger deviation for the excitation to
the S; state. Our understanding is that the symmetry break-
ing mechanism leading to an asymmetrical ground-state
charge distribution, which already exists in asymmetrical
molecules, is responsible for the nearly constant values of
ropa for the symmetrical molecules. This effect also strongly
changes the orientation of Au and allows weak 2PA to the
S, state. To fully understand why r,pa is nearly wavelength
invariant will require additional experimental and theoret-
ical studies.

5. Conclusions

We have described a detailed investigation of one- and
two-photon anisotropy in a series of symmetrical and
asymmetrical polymethine and fluorene molecules. For all
the molecules discussed in this paper, experimental rppa
values range from 0.47 to 0.57 and remain almost constant
over several electronic transitions in spite of their one-pho-
ton anisotropy, ripa, showing a broad range of values from
~0 to 0.38. From one-photon anisotropy studies we found
the positions of electronic transitions to the higher excited-
state, and calculated the angles between So — S, (n =1, 2,
3, 4) transition dipoles and the emission S; — Sy dipole
moment. From quantum-chemical calculations we found
the values of the transition dipoles moments participating
in 2PA, as well as the angles between them. This knowledge
was applied to perform molecular modeling and provide a
deeper understand of the nature of 2PA processes in these
molecules.

Based on two theoretical approaches made by Callis, [§]
and Cronstrand et al. [20], we derived an expression for the
two-photon anisotropy in the general four-state, two-inter-
mediate-level model taking into account the influence of
the additional second excitation channel. A simplified for-
mula for the three-state, single-intermediate level model
was also derived. A complete analysis of two-photon
anisotropy using three- and four-state models allowed us
to make the following conclusions.

1. The three-state model, involving dipole moments g,
and Au (for 2PA to S;) and uo; and py, (for 2PA to
S,) at one intermediate state S;, can be successfully
applied to explain the 2PA processes in asymmetrical
PDs and fluorenes with a dominant Sy — S; transition.
However, this model cannot be used for all the symmet-
rical molecules or for asymmetrical molecules with large
transition dipole moments to higher excited-states com-
parable to po;.

2. The four-state model was considered for the symmetri-
cal molecules for the cases of 2PA to the higher
excited-state S, and, separately, to S;. In the case of
two-photon excitation to S,, the two following simulta-
neous channels were considered: first, So— S; and
S; — S,, and second, Sy — S,, and S,, — S,. For theoret-
ical analysis, any S, state with sufficiently large angle f
between oy and g, dipoles can play the role of the sec-
ond intermediate state. For comparison of experimental
and theoretical values of r,ps for polymethines, the Sy
state was chosen as the second intermediate state. It is
known that for PDs, the contribution of the second
channel is typically small in contrast to some fluorenes
which have large transition dipole moments to the
higher excited-states. It was shown that experimental
values of rypa for these fluorene molecules can be
explained in the frame of four-state model.

3. In the case of two-photon excitation of symmetrical
molecules to the S; state, the two following simulta-
neous channels of excitation were considered: first,
involving puo; and Ap; and second, involving transition
dipole moments pg; and p;,. Theoretical analysis shown
that in this case the high ryps values can only be
explained by taking into account the effect of vibronic
coupling within the forbidden by symmetry rules
So — S; band. Our understanding is that this vibronic
coupling can change the angle between py; and Ap lead-
ing to ground-state symmetry breaking. This symmetry
breaking phenomenon can also affect 2PA into the S,
state. Thus, experimental values of r,ps for symmetrical
polymethines and fluorenes with a dominant Sy — S;
transition can be explained by deviations of the partici-
pating transition dipole moments from the “classical”
parallel and perpendicular orientations.

4. Based on the previously investigated symmetry breaking
phenomenon for PDs having a long polymethine chro-
mophore, we proposed that for PD molecules with a
shorter chain even a small contribution of the form with
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an asymmetrical charge distribution can lead to a non-
equality in the charge transfer from the terminal groups
to the chain center affecting the orientation of the tran-
sition moments. We have shown that this effect cannot
essentially change the orientation of the large Sy — S,
transition dipole, but it strongly affects the orientations
of smaller transition dipole moments (especially for the
“perpendicular” transitions) such as mg», pos, and the
orientation of Ap. Our understanding is that, similar
to the case of initially asymmetrical molecules, the
ground-state symmetry breaking mechanism is also
responsible for the nearly constant values of ropa for
symmetrical molecules due to its strong influence on
the orientation of Ap.
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