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A detailed experimental and theoretical study of the linear and nonlinear absorption of a series of

asymmetrical D–p–A cyanine dyes with the same trimethylindolin donor (D) and diethylamino-

coumarin-dioxaborine acceptor (A) terminal groups and different conjugation lengths, is presented.

Strong solvatochromic behavior affecting the fluorescence quantum yields, lifetimes, and the linear and

nonlinear absorption properties is observed due to the presence of permanent ground state dipole

moments. Detailed experimental studies of lifetime dynamics are performed by direct time-correlated

single photon counting and pump–probe techniques. We find that an increase in p-conjugation in the

investigated series of dyes leads to an enhancement of the excited-state absorption and two-photon

absorption (2PA) cross-sections (d2PA). The 2PA spectra for all of the investigated dyes consist of

two well-separated bands. The first band occurs at two-photon excitation into the vibrational levels and

not into the absorption peak of the main transition, S0 / S1, which is more typical of that observed

for symmetrical cyanines. The position of the second 2PA band for all the molecules remains

unchanged in solvents of different polarity contrary to the large solvatochromic shift of the S0 / S1

band, resulting in a large intermediate state resonance enhancement and, therefore, a larger 2PA in

acetronitrile (d2PA z 10000 GM) compared to toluene (d2PA z 4700 GM).
Introduction

Molecular nonlinear optics has attracted considerable attention

for the few past decades, mainly due to potential applications in

various fields, including telecommunications, optical data storage

and optical information processing, optical switching, micro-

fabrication, and optical imaging of biological media.1–4 Signifi-

cant experimental and theoretical studies have been devoted to

designing molecules with optimized nonlinear optical responses

and to understanding their structure–property relationships. For

many organic structures, including cyanines, delocalized electrons

in their p-conjugated systems are known to be the primary source

of nonlinearity at the molecular level. Insertion of electron-donor

(D) and electron-acceptor (A) groups into the p-conjugated

backbone typically leads to increases in the nonlinear properties

and allows for a variety of sophisticated molecular designs. These

compounds often contain the following structures: D–p–D

(e.g., cationic symmetrical polymethines5), D–p–A–p–D

(e.g., symmetrical polymethine-like squaraines or polyene-like

tetraones6), A–p–A or A–p–D–p–A (e.g., symmetrical oxabor-

ines or fluorenes7–9) and asymmetrical D–p–A molecules,

frequently referred to as push–pull polyenes.10–12 The linear and
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nonlinear optical properties of asymmetrical compounds can be

significantly influenced by the polarity of their environment.13–16

In previous studies we have shown that squaraines, with D–p–

A–p–D structures, have much stronger two-photon absorption

(2PA) than similar polymethines with D–p–D having the same

conjugation length.6,17 Quantum-chemical calculations show that

an increase in the density of final states, originating from the

squaraine acceptor, enhances the 2PA.17 Recent publications

have shown that extended squaraines can exceed 30,000 GM at

the peak 2PA.18 In the current work we perform a detailed

experimental and quantum-chemical investigation of the linear

and nonlinear absorption of a new series of asymmetric D–p–A

cyanines with different conjugation lengths. We observe 2PA

cross-section values for these asymmetrical dyes that are

comparable to previously studied symmetrical squaraines.

In the following sections of this paper we will describe: (1) elec-

tronic structure of asymmetrical D–p–A molecules along with their

linear absorption, fluorescence properties in solvents of different

polarities, and lifetime measurements; (2) experimental methods

used for determining 2PA and ESA, and their results; (3) a two-

state model to explain their linear spectroscopic properties; and (4)

the 2PA spectral analysis that provides insights into their nature.

2. Experimental methods and results

2.1. Materials characterization and linear spectroscopic

properties

The molecular structures of the dyes studied in this paper are

shown in the inset of Fig. 1a–c. Their chemical names are:
J. Mater. Chem., 2009, 19, 7503–7513 | 7503
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Fig. 1 Molar absorptivities (1 and 2) and normalized fluorescence (10

and 20) spectra in toluene and acetonitrile (ACN), respectively, of G19

(a), G40 (b), and G188 (c). Insets contain molecular structures.
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8-(diethylamino)-2,2-difluoro-5-oxo-(5H)-4-[3-(1,3,3-trimethylindo-

lin-2-ylidene)-1-propenyl]-chromeno[4,3-d]-1,3,2-(2H)-dioxaborine,

labelled as G19; 8-(diethylamino)-2,2-difluoro-5-oxo-(5H)-4-[5-

(1,3,3-trimethylindolin-2-ylidene)-1,3-pentadienyl]-chromeno

[4,3-d]-1,3,2-(2H)-dioxaborine, labelled as G40, and 8-(dieth-

ylamino)-2,2-difluoro-5-oxo-(5H)-4-[7-(1,3,3-trimethylindolin-2-yli-

dene)- 1,3,5-heptatrienyl]-chromeno[4,3-d]-1,3,2-(2H)-dioxaborine,

labelled as G188. All three dyes contain trimethylindolin donor

(D) and diethylamino-coumarin-dioxaborine acceptor (A)

terminal groups, which themselves possess delocalized p-electron

systems and may increase the overall p-conjugation, and

different lengths of the vinylene chain; G19 being the shortest

with n ¼ 1 and G188 the longest with n ¼ 3.

The synthesis of G19 and G40 was recently described in

Ref. 19. The synthesis of G188 was performed by a similar

way.‡ The linear absorption spectra of all molecules, recorded

by a Varian Cary 500 spectrophotometer, are presented in

Fig. 1a–c with the most significant linear properties listed in

Table 1. Most measurements were performed in two solvents

with different polarity, spectroscopic grade toluene and aceto-

nitrile (ACN). It is known that the polarity of solvents can be

characterized by their orientational polarizability, which is

given by Df ¼ (3 � 1)/(23 + 1) � (n2 � 1)/(2n2 + 1), where 3 is

the static dielectric constant and n is the refractive index of the

solvent.20 Calculated Df values are: 0.013 for toluene and 0.306

for ACN. The absorption spectra for all dyes are composed of

intense cyanine-like bands, attributed to the S0 / S1 absorp-

tion, with the main absorption peaks shifted by z100 nm to

longer wavelengths with lengthening of the main conjugation

chain, and weak linear absorption in the visible and UV region

corresponding to absorption to higher excited states S0 / Sn.

Increasing solvent polarity from toluene to ACN leads to
‡ M.p. 250–1 �C. 1H NMR (CDCl3) d: 1.18 (t, 3JH,H ¼ 6.9 Hz, 6 H), 1.56
(s, 6 H), 3.21 (s, 3 H), 3.40 (q, 3JH,H ¼ 6.9 Hz, 4 H), 5.55 (d, 3JH,H ¼ 12.2
Hz, 1 H), 6.21 (m, 1 H), 6.29 (s, 1 H), 6.44 (m, 1 H), 6.55 (d, 3JH,H ¼ 9.3
Hz, 1 H), 6.73 (d, 3JH,H ¼ 7.0 Hz, 1 H), 6.94 (m, 1 H), 7.06 (m, 1 H), 7.18
(m, 2 H), 7.27 (m, 1 H), 7.62 (d, 3JH,H¼ 13.9 Hz, 1 H), 7.86 (d, 3JH,H¼ 9.3
Hz, 1 H), 8.06 (m, 1 H). Anal. calcd. for C32H33BF2N2O4: C, 68.83; H,
5.96; N, 5.02. Found: C, 68.72; H, 5.92; N, 5.04

7504 | J. Mater. Chem., 2009, 19, 7503–7513
a bathochromic shift of the main absorption peak, z11 nm for

G19, z28 nm for G40, and z65 nm for G188. This large shift

in absorption demonstrates their strong polar solvatochromic

behavior, which is well-known for merocyanine dyes with

a large ground-state permanent dipole moment.21 The sol-

vatochromic behavior of such molecules in solution can be

explained by the comparison of their permanent dipole

moments in the ground (m0) and excited states (m1). If the

excited state exhibits a larger dipole moment than the ground

state, m1 > m0, it is preferentially stabilized by the more polar

solvent, and the energy between these two states decreases, that

is, the absorption and emission spectra both shift to the red

region as seen in Fig. 1a–c. Additionally, note that the less

polar solvent, toluene, leads to a substantial band broadening

for G188 evidenced by the increase in the shoulder of the main

transition. A more detailed analysis of the effect of solvent

polarity is discussed in Section 3.

The fluorescence spectra of all compounds in toluene and

ACN, measured by a PTI QuantaMaster spectrofluorimeter

equipped with a nitrogen cooled (77 K) Hamamatsu R5509-73

photomultiplier, are also shown in Fig. 1a–c. All fluorescence

spectra are corrected for the spectral responsivity of the photo-

multiplier. Fluorescence quantum yields, h, are measured using

the standard method of comparison for G19 and G40 with

a known ‘‘red’’ standard dye, Cresyl Violet perchlorate (CAS#

41830-80-2, Sigma Aldrich) in methanol, which has an absorp-

tion peak at 594 nm, fluorescence peak at 620 nm, and a fluo-

rescence quantum yield, h, of 0.54.22 The fluorescence quantum

yield for G188 was measured by comparison with our previously

proposed standard for the near infrared wavelength range, dye

PD 2631 in ethanol, with an absorption peak at 784 nm, fluo-

rescence peak at 809 nm and h ¼ 0.11 � 0.01.23 Results of the

quantum yield measurements are listed in Table 1. As shown,

polarity of the solvent significantly affects not only the positions

of absorption and fluorescence spectra but also the fluorescence

quantum yields. The largest difference in quantum yield is

observed for G19 (8 times larger in toluene). In order to inves-

tigate the effect of solvent polarity in more detail, we performed

quantum yield and lifetime measurements in mixtures of toluene

and ACN, which allows us to continuously change solvent

polarity in the range 0.013–0.306. Polarity dependent quantum

yield and lifetime measurements are presented in Fig. 2a–b. The

peak absorption of G19 in Fig. 1a shows a slight reversal trend in

its position (�2 nm) at polarities larger than Df � 0.26. This

reproducible result was meticulously studied by the following

procedures: (1) premixing toluene and ACN followed by the

addition of G19; (2) dissolving G19 in toluene followed by the

appropriate dilution of ACN; and (3) dissolving G19 in ACN

followed by the appropriate dilution of toluene. All dye

concentrations in toluene-ACN mixtures were kept similar,

confirmed by measuring the absorbance and maintaining

a constant optical density (1.0 � 0.1). Although we do not

understand the nature of this shift, we presume it is related to

a change of the ground state electronic structure, from m1 > m0

to m0 > m1.

It is seen that the fluorescence quantum yield and lifetime of

G19 gradually decreases with increasing solvent polarity. For

example, the combination of 20% ACN by volume into toluene

leads to their decrease by a factor of two. From spectroscopic
This journal is ª The Royal Society of Chemistry 2009
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Fig. 2 (a) Fluorescence quantum yield (blue squares) and peak ground-state absorption wavelength (red circles) as a function of solvent polarity for

G19. Note: a reversal trend in peak absorption positions starting at 60% ACN and 40% toluene mixtures, presumably connected with a dominant specific

interaction between the dye molecule and polar solvent shell. (b) Comparison of fluorescence lifetime (blue triangles), calculated from Eqn 1, and

measured by time-resolved fluorescence (red circles) as function of solvent polarity for G19. (c) Time-resolved fluorescence (blue squares) and pico-

second pump–probe measured at 532 nm (black circles) for G40 in ACN.

Table 1 Spectroscopic parameters of G19, G40, and G188 in toluene and acetonitrile (ACN): lmax
Abs and lmax

Fl are the peak absorption and fluo-
rescence wavelengths; 3max are the peak extinction coefficients; h and sF are the fluorescence quantum yields and lifetimes; and m01 are the transition
dipole moments, respectively

Dye
(Solvent)

lmax
Abs

(nm)
lmax

F1

(nm)
3max

(�10�5 M�1 cm�1) h
sF Calculated
from Eq. 1(ns)

sF Time resolved
Fluorescence (ns)

sF Picosecond
Pump–Probe

m01 Transition
Dipole Moment (Debye)

G19 (toluene) 572 587 2.28 1.0 � 0.1 2.0 � 0.4 1.9 � 0.4 — 12.6
G19 (ACN) 583 603 1.95 0.12 � 0.01 0.3 � 0.1 0.5 � 0.2 — 13.1
G40 (toluene) 650 672 1.75 0.81 � 0.08 2.3 � 0.5 1.9 � 0.4 1.7 � 0.3 13.1
G40 (ACN) 678 698 2.31 0.52 � 0.05 1.6 � 0.3 1.5 � 0.5 1.5 � 0.3 15
G188 (toluene) 712 754 1.24 0.34 � 0.03 1.2 � 0.2 1.1 � 0.2 1.0 � 0.2 14.7
G188 (ACN) 777 805 2.32 0.19 � 0.02 0.7 � 0.3 1.1 � 0.2 1.0 � 0.2 17.1
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measurements, we estimated the fluorescence lifetime sF ¼ hsR,

where the natural lifetime sR can be calculated from:20

1=sR ¼ 2:88� 10�9n23max

ð
FðnÞdn�

ð
3ðnÞ

n
dnð

FðnÞ
n3

dn

2
664

3
775 (1)

where F(n)and 3(n) are the normalized fluorescence and absorp-

tion spectra, and 3max is the extinction coefficient at the peak

absorption. Calculated fluorescence lifetimes are the following:

0.30 � 0.05 ns in ACN and 2.0 � 0.1 ns in toluene for G19;

1.60 � 0.05 ns in ACN and 2.3 � 0.1 ns in toluene for G40, and

0.70 � 0.05 ns in ACN and 1.2 � 0.1 ns in toluene for G188.

For many cyanine-like molecules with spectral mirror symmetry

between absorption and fluorescence spectra, and small changes in

excited state geometry, Eqn (1) gives reasonably good agreement

with the measured lifetime values.23 However, for asymmetrical

donor–acceptor molecules with permanent ground and excited-

state dipole moments showing solvatochromic behavior, these

lifetimes must be experimentally verified. Therefore, sF was

measured directly by a time-correlated single photon counting

system (PicoQuant, PicoHarp300) collecting the complete fluo-

rescence spectrum with an instrument response time of �200 ps.
This journal is ª The Royal Society of Chemistry 2009
The samples were pumped by linearly polarized, 100 fs (FWHM)

laser pulses at a wavelength of 390 nm from a frequency doubled

Ti:sapphire femtosecond laser (Coherent Inc., Mira). The excita-

tion polarization was oriented at the magic angle (54.7�) with

respect to the detected emission polarization. Measurements were

performed for G19, G40, and G188 in toluene and ACN. For G19,

additional solutions were measured in toluene-ACN mixtures

(90% toluene-10% ACN corresponding to 0.16 polarity and 50%

toluene-50% ACN, corresponding to 0.26 polarity). Results for

G19 in different solvents are presented in Fig. 2b. It is seen that an

increase in solvent polarity leads to a strong decrease in the fluo-

rescence quantum yield and lifetimes. Based on these results, we

can conclude that G19 is very sensitive to solvent polarity and can

be used as an efficient probe to test the polarity of microenviron-

ments. The largest discrepancy between measured and calculated

values is observed for the shortest lifetime (in pure ACN).

However, in this case the fluorescence signal is very weak and the

response time of our equipment is comparable to the calculated

lifetime. In general, experimental results for all dyes agree to within

30% of the values calculated from the fluorescence quantum yield

(see Table 1).

For additional verification of the fluorescence lifetimes, pico-

second degenerate pump–probe measurements at 532 nm (as
J. Mater. Chem., 2009, 19, 7503–7513 | 7505
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described in detail in Ref. 6), were performed for G40 and G188.

No measurable signal was obtained for G19 at 532 nm presum-

ably due to the equal ground and excited-state absorption cross-

sections. Fig. 2c shows a comparison of lifetime data obtained

from both methods for G40 in ACN. As seen, both methods

agree reasonably well with each other.

The spectral positions of the optical transitions and the

orientation of the transition dipole moments can be determined

by one-photon excitation anisotropy measurements.20 These

measurements are performed using a PTI QuantaMaster Spec-

trofluorimeter using viscous solutions to reduce rotational reor-

ientation and at low concentrations (C z 10�6 M) to avoid

reabsorption of the fluorescence. The anisotropy, calculated by

rðlÞ ¼ III ðlÞ � ItðlÞ
III ðlÞ þ 2ItðlÞ

, is measured by observing the emission

wavelength, typically near the fluorescence maximum, with

a fixed polarization. Then, the fluorescence intensity is recorded

as a function of excitation wavelength l at polarizations parallel

(III(l)) and perpendicular (It(l)) to the emission polarization.

Emission anisotropy, which can give information about molec-

ular vibrational depolarization, was measured and calculated in

the same way; the only difference is that these measurements are

performed by fixing an excitation wavelength and tuning the

emission wavelength through the fluorescence. Experimentally,

no depolarization is observed within the entire emission range for

all the dyes. Shown in Fig. 3 are the absorption, fluorescence and

anisotropy spectra in polytetrahydrofuran (pTHF) of average
Fig. 3 Absorption (1), fluorescence (2) and excitation anisotropy (3)

spectra of G19 (a), G40 (b), and G188 (c) in pTHF. Emission anisotropy

(4) spectrum for G188 (c) in pTHF.

7506 | J. Mater. Chem., 2009, 19, 7503–7513
Mn � 1000 (CAS# 25190-06-1). We observe that the excitation

anisotropy spectra reveal the large alternation of peak and valley

features for all molecules, in spite of their asymmetrical structure,

which is quite an unusual result. This alternation indicates that

the molecules can be characterized by one-photon allowed and

symmetry-forbidden transitions similar to symmetrical dyes. It is

worth noting that this information cannot be obtained from the

linear absorption spectra alone. Analysis of the anisotropy

spectra, linked to quantum-chemical calculations, allows us to

estimate the angles between electron transitions and find the

positions of one-photon forbidden transitions, i.e. transitions

between states of the same symmetry, and therefore, possible

positions of 2PA bands. As shown in Fig. 3, the excitation

anisotropy function r(l) is constant (r z 0.35) in the broad

spectral range 450–600 nm for G19, 500–700 nm for G40, and

600–850 nm for G188, indicating a nearly parallel orientation of the

absorption (within the band S0 / S1) and the emission S1 / S0

transition dipole moments. In the shorter wavelength region, the

anisotropy spectra show two minima at z430 nm and z350 nm

for G19, at z470 nm and z380 nm for G40, and three minima

at z510 nm, 380 nm and z305 nm for G188, corresponding to

one-photon forbidden transitions S0 / Sn forming 40–60� angles

with the emission dipole moment. Based on quantum-chemical

calculations, we conclude that the first minimum in the excitation

anisotropy spectra (430 nm, 470 nm and 580 nm) correspond to

the transition S0 / S2 in the linear absorption and indicate the

possible positions of the final states in 2PA spectra for these dyes.

Values for the transition dipole moments m01 for all molecules are

calculated from the integrated main absorption band S0 / S1:

m01 ¼ {[1500(hc)2ln10]
Ð

301(n)dn]/pNAE01}1/2, where 301(v) is the

extinction coefficient, NA is Avogadro’s number, and E01 is the

peak energy.20 Calculations indicate that all dyes have similar m01

values from 13 to 17 D, being slightly larger in ACN than in

toluene as shown in Table 1.
2.2. Nonlinear characterization methods and results

The nonlinear optical characterization for the series of asym-

metric cyanines is performed using laser systems with femto-

second (for 2PA and ESA spectra) and picosecond (for ESA

dynamics) pulsewidths. The femtosecond system consists of

a Clark-MXR Ti:Sapphire regenerative amplifier, CPA-2010,

delivering 2 mJ pulses at 775 nm and 140 fs (FWHM) pulsewidth

at a 1 kHz repetition rate. The CPA-2010 pumps two optical

parametric generator/amplifiers (OPG/OPA Light Conversion

Ltd., model TOPAS-800); both TOPAS can be tuned indepen-

dently from 300 nm to 2.6 mm with pulsewidths 100–140 fs

(FWHM). The picosecond system consists of a 10 Hz mod-

elocked Nd:YAG laser (EKSPLA, model PL2143) operating at

1064 nm and is frequency tripled to pump an OPG/OPA

(EKSPLA, model PG401 DFG) tunable from 420 nm to 18 mm

with a pulsewidth in the visible of 15 ps (FWHM), measured by

second harmonic autocorrelation.

The ESA spectra are measured using the femtosecond pump

and white-light continuum (WLC) probe as described in Ref. 24.

Two OPG/OPA systems are used, one of them, used as the pump,

is set at the wavelength of the peak linear absorption of each

investigated sample, while the second OPG/OPA is set at 1300 nm

and weakly (�10 mJ) pumps a CaF2 crystal to generate a weak
This journal is ª The Royal Society of Chemistry 2009
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but stable and broadband WLC, which is used as a probe. In

order to improve the signal to noise ratio and avoid stimulated

emission,25 instead of using the complete WLC spectrum all at

once, narrow band spectral filters (�10 nm) are used to select the

probe wavelengths. Several filters with different central wave-

lengths are used to obtain the complete ESA spectrum. The

probe spot size at the sample is �10� smaller than the pump and

the angle between pump and probe is small, �5�, to assure that

the probe travels through the homogeneously pumped solution.

The fluence of the probe is kept below 5% of the pump to avoid

nonlinearities from the probe. For each probe wavelength l, the

ESA cross-section, s1n(l), is calculated by Eqn (2):

TLðlÞ ¼ exp
�
� s01ðlÞNL

�
TNLðlÞ ¼ exp

�
� s01ðlÞN0L� s1nðlÞN1L

� (2)

where TL(l) is the linear transmittance measured by a Cary 500

spectrophotometer; TNL(l) is the transmittance of the probe

beam in the presence of the pump with a delay of �1 ps; L is the

sample thickness (1 mm cell); N is the number of molecules per

unit volume, calculated from the sample concentration, while N0

and N1 are the corresponding number of molecules in the ground

and the first excited states: N ¼ N0 + N1. We assume that the

number of molecules in the higher excited states is negligible due

to its very fast relaxation time. The ground-state cross-section,

s01(l), is also known from linear absorption measurements.
Fig. 4 One-photon (1) and excited-state absorption spectra in the visible

(2) and near infrared (3) for G19 (a), G40 (b), and G188 (c) in toluene.

Note: NIR spectra in Fig. (a–c) have been multiplied by five for clarity.

Open-aperture picosecond Z-scan measurements using (d) 8 ps FWHM

at 500 nm for G19, and (e) 11 ps FWHM at 532 nm for G40 and (f) G188

in toluene. The fittings are done using a 3-level model with the following

set of parameters: (d) s01¼ 5� 10�17 cm2, s1n¼ 19� 10�17 cm2, s10¼ 1.9 ns,

s21 ¼ 1 ps, (e) s01 ¼ 3.1 � 10�17 cm2, s1n ¼ 23 � 10�17 cm2, s10 ¼ 1.9 ns,

s21 ¼ 2.5 ps, (f) s01 ¼ 2.3 � 10�17 cm2, s1n ¼ 31 � 10�17 cm2, s10 ¼ 1.1 ns,

s21 ¼ 4.5 ps.

This journal is ª The Royal Society of Chemistry 2009
Fig. 4 shows the ESA spectra measured for samples G19, G40,

and G188 in toluene. The absolute values for s1n(l) and N1 are

obtained using the values of s1n(lESA), measured independently

by picosecond Z-scans26 at different wavelengths, lESA, typically

close to the ESA peak for each molecule, using Eqn (3):27

s1nðlÞ ¼ s01ðlÞ �
�

s01ðlESAÞ � s1nðlESAÞ
�
�

ln

 
TNL

=

TL

����
l

!

ln

 
TNL

=

TL

����
lESA

!

(3)

The picosecond Z-scan setup alignment and focused beam

spot size was verified at every wavelength by measuring the

nonlinear refractive index of neat carbon disulfide (CS2) via

closed aperture Z-scan.26 The measurements were performed at

500 nm for G19, and 532 nm for G40 and G188. For each

sample, Z-scan measurements were performed at several input

energies and were fit based on a three level model, using the rate

and propagation equations:

dI

dz
¼ �s01N0I � s1nN1I

dN0

dt
¼ �s01N0I

hu
þN1

sF

dN1

dt
¼ s01N0I

hu
�N1

sF

� s1nN1I

hu
þN2

s21

dN2

dt
¼ s1nN1I

hu
�N2

s21

(4)

where N ¼ N0 + N1 + N2, and s21 is the nonradiative decay from

the state S2.

The picosecond Z-scan results and fits are shown in Fig. 4(d–f).

The fitting is performed using Eqn (4) and the experimentally

measured values for sF. The only free parameters used for the

fittings are s21 and s1n. For each sample the fitting for all

energies is done using the same set of parameters. From these

results it is found that the maximum ESA cross-section

and wavelength are s1n(500 nm) ¼ 1.9 � 10�16 cm2 for G19,

s1n(525 nm) ¼ 2.4 � 10�16 cm2 for G40, and s1n(550 nm) ¼ 3.7 �
10�16 cm2 for G188. The error bars are � �15% for the ESA

maximum values. Further discussion of ESA is found in Sec. 3.1.

The degenerate 2PA spectrum is measured in all three samples

in toluene and ACN. The 2PA characterization is performed by

two experimental methods, two-photon excited fluorescence

(2PF) and single wavelength femtosecond open aperture Z-scan.

The 2PF technique is more sensitive for measuring samples with

relatively high fluorescence quantum yield (>1%), and it is used

specially to measure the weak 2PA band close to the 2PA edge (at

excitation wavelengths far from the linear absorption). The 2PF

experiment is performed using the tunable femtosecond source as

described in Ref. 28. For each wavelength measured, the 2PA

cross-section is calculated based on known reference samples

Rhodamine B in methanol,28 and the quadratic dependence of

the fluorescence on the pump irradiance is also verified to avoid

any possible influence of one-photon excited fluorescence (1PF)

on the results. Close to the linear absorption edge scattered pump
J. Mater. Chem., 2009, 19, 7503–7513 | 7507
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and/or 1PF can lead to inaccurate and erroneous results, so the

results have to be double-checked by open aperture Z-scan.

However, linear absorption can lead to excited-state absorption

which can be indistinguishable from the 2PA in the open aperture

Z-scan measurement without additional measurements. To

assure the absence of ESA contributions to the 2PA spectrum,

femtosecond pump–probe is used to investigate the response time

of the nonlinearity.6

For sample G188, a significant portion of the fluorescence

spectrum is longer than 800 nm and is beyond the calibrated

detection limit of our 2PF system, so it was not possible to obtain

the absolute values of the 2PA cross-section via 2PF. For this

case, only the shape of the spectrum was obtained by 2PF and

open aperture Z-scan was performed to measure the absolute

value of the cross-sections. For every wavelength, the femto-

second Z-scan is aligned and calibrated by measuring the 2PA

and nonlinear refractive index of semiconductors, ZnSe (for

l < 900 nm) and CdTe (for l > 900 nm), and the nonlinear

refractive index of CS2. The 2PA spectra for G19, G40, and G188

in both solvents are shown in Fig. 5, Fig. 6 and Fig. 7 respec-

tively, and discussed in Sec. 3.2. Examining the 2PA spectra from

both 2PF and Z-scan measurements, excellent agreement in 2PA

magnitude is observed for G19 and G40, as well as the shape of

the strong 2PA band for G188 indicating that scaling of 2PF by

Z-scan is reasonable and accurate.
Fig. 5 Normalized one-photon (1) and two-photon absorption spectra

(2) for G19 in toluene (a) and acetonitrile (b). Two-photon absorption

spectra were obtained by two-photon fluorescence (red circles) and by

single wavelength Z-scan (blue solid circles).

Fig. 6 Normalized one-photon (1) and two-photon absorption spectra

(2) for G40 in toluene (a) and acetonitrile (b). Two-photon absorption

spectra were obtained by two-photon fluorescence (red circles) and by

single wavelength Z-scan (blue solid circles).

7508 | J. Mater. Chem., 2009, 19, 7503–7513
3. Discussion

3.1. Two-state model for explanation of linear spectroscopic

properties

The main properties of the compounds can be explained based

on the well-developed two-state model for push-pull polyenes as

quasi-one-dimensional molecules containing an electron-

donating group D and electron-accepting group A interacting via

a p-conjugated chromophore.29,30 The structure of these mole-

cules can be presented in two resonance forms: neutral (D–p–A)

and ionic (or zwitterionic) with the separated charges (D+–p–A�).

Using this model in conjunction with extensive experimental data

and quantum-chemical analysis, valuable insights may be gained

for the explanation of the linear and nonlinear properties of G19,

G40 and G188. Our understanding is that for the molecule G19

with the shortest conjugated chain, the donor–acceptor proper-

ties of the terminal groups in both solvents dominate over the

properties of the polyenic chain, and the ground state can be

represented by a ‘‘polymethine-like’’ structure with almost

equalized bond lengths within the conjugated chromophore and

with the charges alternating at carbon atoms. This is confirmed

by very similar shapes of the absorption bands in ACN and

toluene (Fig. 1a) and X-ray crystallography measurements,

which were performed in monocrystals at 293 K on a Bruker

Smart Apex II Diffractometer. The molecular geometry for the

single orthorhombic crystal of G19 was determined from X-ray
This journal is ª The Royal Society of Chemistry 2009
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Fig. 7 Normalized one-photon (1) and two-photon absorption spectra

(2) for G188 in toluene (a) and acetonitrile (b). Two-photon absorption

spectral shapes were obtained by two-photon fluorescence (red circles)

and scaled by single wavelength Z-scan (blue solid circles).

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
en

tr
al

 F
lo

ri
da

 o
n 

12
 S

ep
te

m
be

r 
20

11
Pu

bl
is

he
d 

on
 2

3 
Ju

ne
 2

00
9 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
90

73
44

B
View Online
diffraction data using the CRYSTALS program package31 and is

presented in Fig. 8. Bond length alternation (BLA) within the

chain from C1 to C14 is larger than is typical for symmetrical

polymethine dyes. However, the bond length differences are

much smaller than for the typical polyenic structure (z0.1 Å),32,33

which is determined by the properties of the terminal groups. As

a result of electron transition S0 / S1, charge is transferred to

the neighboring carbon atom leading to their so called

‘‘recharging’’ within the conjugated chain. The observed large

differences in the fluorescence quantum yields and lifetimes from

toluene to ACN are probably connected with the large reorga-

nization of the solvent shells in the polar solvent ACN in the

excited state.

For the dye G188 with the longest conjugated chain, we

suppose that the ground state represents a mixture of a ‘‘poly-

methine-like’’ structure, connected with the donor–acceptor

properties of the terminal groups, and a ‘‘polyene-like’’ structure,

mainly determined by a polyenic-type of conjugated chain with

strong BLA. The relative contribution of these two resonance

structures to the ground state is controlled by the polarity of the

solvent: a more polar solvent can increase the ground-state

polarization and make the charge-separated form dominant. The

neutral polyenic form dominates in less polar toluene resulting in

a change of the absorption shape (growth of the short wave-

length shoulder), clearly seen in Fig. 1c. Dye G40 presumably

represents an intermediate case between the shortest G19 and the
This journal is ª The Royal Society of Chemistry 2009
longest G188 based on linear absorption data and quantum-

chemical analysis. Analyzing the shift of the absorption peaks

with the lengthening of the chromophore, we note that an

increase in the conjugation length from G19 to G188, leads to

a shift of z100 nm in ACN and z70 nm in toluene, which is in

accord with the presented model of a co-existence of ‘‘polyenic-

like’’ and ‘‘polymethine-like’’ forms.

It is necessary to note that quantum-chemical calculations,

typically performed for the isolated molecules (in the ‘‘gas

phase’’), are not able to accurately reproduce the experimental

data for donor–acceptor compounds, which are sensitive to the

solvent polarity. Therefore, for each dye, we performed calcu-

lations for two resonance forms with the equalized bond lengths

(based on X-ray measurements and referred to below as X-ray

geometry) and alternated bond lengths (based on AM1 optimal

geometry and referred to below as the BLA geometry) separately.

The procedure of geometry optimization was stopped when the

energy gradient reached 0.01 kcal/mol. The energies of the

molecular orbitals (MOs), electronic transitions between them,

and oscillator strengths were calculated in the framework of the

standard semi-empirical AM1 method (HyperChem Package).

The wave functions of the excited states were built with the single

configuration interaction technique taking into account 6 occu-

pied and 3 unoccupied MOs (a total of 18 configurations). We

have additionally verified that this number of configurations is

sufficient to model the one- and two-photon absorption prop-

erties of the molecules studied in the near UV, visible, and near

IR ranges that are covered by the experimentally measured

spectra. A more detailed description of our quantum-chemical

approach can be found in Ref. 34.

Our calculations show that for G19, the difference in the

positions of electronic transitions for both calculated geometries

(X-ray and BLA geometries) is small and does not exceed 5–7 nm;

however, these geometries affect the charge distribution within

the HOMO and LUMO levels, determining the character of the

S0 / S1 absorption band. For the BLA geometry, this electron

transition corresponds to charge transfer from the donor to

acceptor part of the molecule. For the X-ray geometry, the

charge distribution at the HOMO and LUMO levels, presented

in Fig. 8, is similar to the charge distribution for the symmetrical

cyanine dyes studied by us previously.6,23 At the S0 / S1 tran-

sition, charge is transferred to the neighboring carbon atom

within the conjugated chain. Comparison of the calculated

electronic transitions for both geometries with the experimental

absorption and anisotropy data allowed us to conclude that

a better correspondence is achieved for the ‘‘polymethine-like’’

structure in agreement with the previous considerations. Calcu-

lations show a large energy difference (z160 nm or z6400 cm�1)

and a large angle (z60�) between the S0 / S1 and S0 / S2

transitions.

For the longer dye G40, the difference in the calculated posi-

tions of electronic transitions, depending on the geometry choice,

is much larger (up to 60 nm), however, experimental data still

correspond better to the same ‘‘polymethine-like’’ structure,

especially in polar ACN. Calculations also show a large energy

difference (z220 nm or z7100 cm�1) and a large angle (z55�)

between the S0 / S1 and S0 / S2 transitions. Quite different is

the situation for the longest dye G188. The calculated positions

of the electronic transitions based on the BLA geometry are in
J. Mater. Chem., 2009, 19, 7503–7513 | 7509
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Fig. 8 Molecular geometries for G19 obtained from X-ray measurements (a) and AM1 quantum chemical calculations (b), and related orientation of

transitions, state dipole moments, and molecular orbitals.
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good agreement with the experimental data in the less polar

solvent toluene. At the same time, calculation of the S0 / S2

transition, based on an equalized geometry, shows z100 nm

shift to the short wavelength range as compared to the anisot-

ropy data (first decrease) obtained in the viscous solvent pTHF

(Df ¼ 0.19). Therefore, we can conclude that the ground state in

polar ACN is presented mainly by a ‘‘polymethine-like’’ struc-

ture, while a neutral polyenic form dominates in the less polar

solvent toluene.

ESA spectra for all the asymmetrical molecules represent

broad, structureless bands in the near IR region (750–1100 nm

for G19; 850–1100 nm for G40, and 950–1100 nm for G188) and

more intense transitions in the visible range (400–550 nm for

G19; 400–600 nm for G40, and 450–650 nm for G188) as shown

in Fig. 4. Due to limitations in the detector sensitivity in the

infrared region, we could not accurately measure ESA longer

than 1100 nm. We observe that the lengthening of the conjuga-

tion chain leads to a red shift of the ESA peaks (from 500 nm in

G19 to 525 nm in G40 and 550 nm in G188); however, this red

shift is much smaller than for the linear absorption peaks.

Another important feature is that an increase of the conjugation
7510 | J. Mater. Chem., 2009, 19, 7503–7513
length from G19 to G188 leads to an enhancement of the ESA

cross-section and of the ratio between the ESA and linear

absorption oscillator strengths by approximately a factor of two.

These features have already been observed for the different D–p–D

and D–p–A–p–D structures.35 Our attempts to perform

quantum-chemical calculations for ESA spectra in order to link

them to the transitions between particular molecular orbitals,

similar to previous results for symmetrical cyanines,6,25 do not

produce physically realistic results. This is partially caused by the

larger change in the excited-state geometry due to the asym-

metrical structure and solvatochromic effects and more mixing of

the excited-state transitions involving a larger number of MOs.
3.2. 2PA spectra. Description and analysis

Experimental 1PA and degenerate 2PA spectra for G19, G40,

and G188 in ACN and toluene are presented in Figs. 5–7. For

comparison of transition wavelengths, these spectra are shown

on the same graph with separate axes for 1PA (bottom) and

2PA (top) wavelengths. As shown in Fig. 5, the 2PA spectrum

for G19 in both solvents presents two well-separated bands and
This journal is ª The Royal Society of Chemistry 2009
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the edge of a third 2PA band. It is important to point out that

we do not observe a band corresponding to two-photon exci-

tation into the peak of the S0 / S1 transition in spite of the

asymmetrical structure of G19 and the existence of permanent

dipole moments in the ground and excited states. The first 2PA

band occurs at an energy shifted to the ‘‘blue’’ range at z1000–

1200 cm�1 as compared to the peak of the S0 / S1 transition,

which is typical for the symmetrical cyanine-like molecules.5

This 2PA band, which includes 2 peaks separated by z1000

cm�1 with cross-sections d2PA z400–500 GM, in general can be

associated with vibrational coupling and the lowest 2PA-

allowed band positioned close in energy to the 1PA-allowed

band as was determined previously for some cyanine-like

dyes.5,36 A detailed quantum-chemical analysis allowed us to

conclude that the nature of the first 2PA band for all dyes can

be attributed to the vibrational coupling between the first

excited electronic state S1 and its vibrational modes. Our

calculations show that for G19, the lowest 2PA-allowed elec-

tronic state corresponds to the second observed 2PA band with

the peak position z830–840 nm (on the 2PA scale); d2PA

z3000 GM in toluene and z2400 GM in ACN. The final state

for this 2PA-allowed band corresponds to the S2 state, which is

confirmed by excitation anisotropy measurements. The edge of

a third 2PA band is observed by tuning the excitation wave-

length closer to the 1PA band, S0 / S1. The peak of this third

2PA band, placed by calculation at z700 nm (2PA scale),

cannot be reached due to the influence of the linear absorption

edge. In order to understand why a change in the permanent

dipole moment does not lead to the appearance of 2PA at the

S0 / S1 transition, we performed quantum-chemical calcula-

tions. These calculations show that the permanent dipole

moments m0 and m1 are oriented at large angles z70–75� to the

direction of the transition dipole moment m01. Fig. 8 illustrates

the relative orientation of the state m0 and m1, and several

transition dipole moments m0i to the direction of m01 calculated

for the X-ray geometry for G19 (‘‘polymethine-like’’ structure).

Note that the transition dipole moment m01 forms a small angle

z8� with the direction of the conjugated chromophore,

oriented along carbon atoms C8–C19. It is known that the 2PA

cross-section can be calculated using a simple extension of the

3-level model proposed in Ref. 37. This model includes the

same initial S0 level, same intermediate S1 state and two final

states f1 (which in our case corresponds to vibrational levels of

S1) and f2 (which in our case corresponds to the S2 level).

Assuming that dipole moments m1f1 (equivalent to Dm) and m1f2

are parallel to m01, the equation for d2PA at the excitation laser

frequency np, can be written as follows:
Table 2 Linear and nonlinear absorption parameters of G19, G40, and G18
ground-state absorption wavelengths and cross-sections; ESA, lmax and s1n

max

2PA, lmax and dmax are the peak two-photon absorption wavelengths and cro

Dye (Solvent) 1PA lmax
Abs (nm) 1PA s01

max (�10�16cm2) ESA lma

G19 (toluene) 572 8.7 500
G19 (ACN) 583 7.4 —
G40 (toluene) 650 6.7 530
G40 (ACN) 678 8.8 —
G188 (toluene) 712 4.8 550
G188 (ACN) 777 9 —

This journal is ª The Royal Society of Chemistry 2009
d2PA

�
Ep

�
¼ 32p3

5c2h

Ep
2�

E01 � Ep

�2þG01
2

"
jm01j2jm1f 1j2G0f 1�

E0f 1 � 2Ep

�2þG0f 1
2

þ
jm01j

2jm1f 2j
2
G0f 2�

E0f 2 � 2Ep

�2þG0f 2
2

#
(5)

where c is the speed of light; h is Planck’s constant; Ep ¼ hnp,

E01 ¼ hn01, E0f1 ¼ hnf1, and E0f2 ¼ hnf2 are the corresponding

transition energies and Gis a damping constant. As was suggested

by Cronstrand, if there is an angle q between the transition dipole

moments m01 and m1fi, an effective excited state transition dipole

moment m1fi
eff should be used instead, which is related to m1fi by:38

m
eff
1fi ¼ m1fi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2cos2ðqÞ þ 1

3

r
(6)

Considering the 2PA values from Eqs. (4–5), we can conclude

that the existence of the large angle q z70–75� between dipole

moments Dm and m01 decreases the d2PA by z2.6 times, and this

factor probably makes this band smaller than the ‘‘vibrational

coupling’’ 2PA band. For symmetrical molecules of C2V

symmetry, q¼ 90� corresponding to a decrease of d2PA in 3 times.

Thus, the behavior of the first 2PA band for all investigated

D–p–A molecules is similar to that for symmetrical dyes.

Fig. 6 represents the 2PA spectrum for G40 in two solvents,

toluene (a) and ACN (b). As shown in both solvents, the 2PA

spectrum is comprised of two well-separated bands. The first

band corresponding to two-photon excitation from S0 / S1 is

also associated with the ‘‘vibrational coupling band’’ similar to

G19. This band is slightly broader in toluene than in ACN which

is probably related to the smaller angle between dipole moments

Dm and m01 in toluene corresponding to a more ‘‘polyenic-like’’

molecular geometry. The second 2PA band with peak position

z900–910 nm (2PA scale) in both solvents shows d2PA z5000

GM in ACN and z3400 GM in toluene. The larger d2PA values

in ACN are probably linked with the z26 nm red shift of the

linear absorption peak as compared to toluene and thus, with the

smaller detuning energy (E01 � Ep), leads to a stronger inter-

mediate state resonance enhancement (ISRE).39 The final state

for this 2PA-allowed band corresponds to the S2 state as pre-

dicted by our quantum-chemical calculations and confirmed by

excitation anisotropy measurements.

Similar two-band behavior is observed for the 2PA spectrum

of G188 presented in Fig. 7a, b. The first 2PA band is also linked

with the coupling between the first excited electronic state and its

vibrational modes and is shifted in correspondence to the solvent
8 in toluene and acetonitrile (ACN): 1PA, lmax
Abs and s01

max are the peak
are the peak excited-state absorption wavelengths and cross-sections; and
ss-sections, respectively

x (nm) ESA s1n
max (�10�16cm2) 2PA lmax (nm) 2PA dmax (GM)

2 � 0.4 830 3100 � 600
— 826 2300 � 500
2.4 � 0.5 900 3200 � 600
— 900 5000 � 1000
3.8 � 0.8 960 4700 � 900
— 980 10000 � 2000

J. Mater. Chem., 2009, 19, 7503–7513 | 7511
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shift of the main peak (z65 nm red shift in ACN). The most

important result is connected with the position of the second 2PA

band which remains unshifted in both solvents and is positioned

at z960–970 nm (2PA scale) in spite of the large solvatochomic

shift of the linear absorption band S0 / S1. This effect leads to

a large ISRE in ACN, allowing tuning closer to resonance and

results in the greater than two times difference in 2PA cross-

sections: d2PA z10000 GM in ACN and z4700 GM in toluene

(Table 2). The third 2PA band for both dyes, G40 and G188,

cannot be observed due to the larger shift of the linear absorption

than for the 2PA peak and thus the linear absorption dominates

at these wavelengths.
4. Conclusion

We have described a detailed experimental investigation of the

linear and nonlinear absorption properties of a new series of

asymmetrical D–p–A cyanine dyes, which contain trimethy-

lindolin donor and diethylamino-coumarin-dioxaborine

acceptor terminal groups and differ by the length of the conju-

gated chromophore. We also performed quantum-chemical

analysis that provides insights into the nature of the linear and

nonlinear processes. The measurements were performed with

femto- and picosecond laser pulseswidths in order to gain

a consistent understanding of the intramolecular processes and

to obtain unambiguous molecular parameters. This also allows

a more complete comparison with modeling of the molecular

dynamics. Experimental and quantum-chemical analyses allow

us to make the following conclusions:

1. All the investigated asymmetrical molecules show sol-

vatochromic behavior which is connected with the existence of

permanent ground and excited-state dipole moments. The

polarity of the solvent significantly affects not only the positions

of absorption and fluorescence spectral peaks but also the

quantum yields and lifetime values. The largest difference in

lifetimes, from 300 ps in polar ACN to 2 ns in less polar toluene

(by z8 times), is observed for G19, which is shown to be very

sensitive to the solvent polarity.

2. Excitation anisotropy spectra for all molecules reveal a large

alternation of maximum and minimum features (anisotropy

ranges from �0.05 to 0.35), which is quite unusual for asym-

metrical structures. Anisotropy minima correspond to one-

photon forbidden transitions S0 / Sn forming z50–60� angles

with the direction of the S0 / S1 transition dipole moment. This

large alternation of anisotropy values indicates that these mole-

cules can be characterized by one-photon allowed and symmetry-

forbidden transitions similar to symmetrical dyes and, therefore,

the anisotropy can suggest the positions of the final states in the

2PA spectra.

3. The main properties of the investigated compounds can be

explained based on the two resonance structures model: neutral

(D–p–A) and ionic (or zwitterionic) with the separated charges

(D+–p–A�). Our understanding is that the ground state of G19

with the shortest conjugated chain can be represented by

a ‘‘polymethine-like’’ structure with almost equalized bond

lengths within the conjugated chromophore, which is confirmed

by the similar shapes of the absorption bands in solvents of

different polarity as well as by X-ray crystallography measure-

ments. For G188, with the longest conjugated chain, we suppose
7512 | J. Mater. Chem., 2009, 19, 7503–7513
that the ground state represents a mixture of ‘‘polymethine-like’’

(with almost equalized bond lengths) and ‘‘polyene-like’’ (with

the strong BLA) structures. Their relative contribution is

controlled by the polarity of the solvent: a more polar solvent

ACN increases the ground-state polarization and makes the

charge-separated form more dominant. The neutral polyenic

form dominates in less polar toluene resulting in a change of the

absorption shape represented by a growth of the short wave-

length shoulder. Dye G40 presumably represents an intermediate

case between the shortest G19 and the longest G188 based on

linear absorption data and quantum-chemical analysis.

4. 2PA spectra for all dyes in ACN and toluene consist of two

well-separated bands (for G19 we also observed the edge of

a third 2PA band). The first 2PA band occurs at an energy shifted

to the ‘‘blue’’ range by z1000–1200 cm�1 as compared to the

peak of the S0 / S1 transition, which is typical for symmetrical

cyanine-like molecules. This can be attributed to the vibrational

coupling between the first excited electronic state S1 and its

vibrational modes. It is important to indicate that a change in the

permanent dipole moment under two-photon excitation into the

linear absorption peak does not lead to the appearance of a 2PA

band as is typically observed for asymmetrical molecules.

From quantum-chemical calculations we found a large angle,

z70–75�, between Dm (change in the permanent dipole moment)

and m01 (transition dipole moment) that explains a decrease in

d2PA (by z2.6 times from calculations) which probably makes

this band smaller than the ‘‘vibrational coupling’’ 2PA band.

This behavior of the first 2PA band is similar to that for

symmetrical dyes of C2V symmetry with the 90� angle between

Dm and m01.

5. The position of the second 2PA band for these molecules

remains unshifted in both solvents of different polarity, ACN

and toluene, in spite of the large solvatochomic shift of the linear

absorption band S0 / S1. This effect leads to a large interme-

diate state resonance enhancement in ACN, allowing tuning

closer to resonance, and results in a larger d2PA in this solvent.

For G188 we observe more than a two times difference in 2PA

cross-sections: d2PA z10000 GM in ACN and z4700 GM in

toluene. The first 2PA band follows the solvatochromic shift of

the linear absorption peak and exhibits a smaller difference in

2PA cross-sections: d2PA z1150 GM in ACN and z850 GM in

toluene.
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