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We present the observation of the directS2 f S0 two-photon fluorescence (TPF) of crystal violet (CV) in
methanol solution. TheS2 f S0 emission spectra of CV with excitation wavelengths from 730 to 900 nm are
obtained for the first time. These spectra present three clear features: the broadS2 f S0 TPF (370-480 nm)
peaked at 408 nm, the hyper-Rayleigh scattering (HRS) at half of the excitation wavelength, and the hyper-
Raman scattering with a Stokes shift about 1415 cm-1 from the HRS wavelength, which can be attributed to
the phenyl groups in the CV molecule. The two-photon excitation spectra measured from thisS2 f S0 emission
is peaked at 374( 2 nm. This TPF emission has the same depolarization ratio as the HRS signal, indicating
a lifetime much shorter than the rotational relaxation lifetime. Subtraction of the TPF contribution leads to a
hyperpolarizability value of CV at 800 nm, which is much smaller than that previously reported. Moreover,
with the ability to directly measure HRS of the pure solvent, the hyperpolarizability value of CV also has
much higher precision.

1. Introduction

Crystal violet (tris(p-(dimethylamino)phenyl)methyl ion or
CV) is one of the widely studied organic molecules for
fundamental understanding of molecular structural and dynamic
properties, as well as technological applications.1 CV and
malachite green (MG) have also been considered the prototype
molecules among the extensively and long studied triphenyl-
methane (TPM) dyes.1-4 In the past decade or so, CV has also
been intensively studied as the prototype octopolar molecules
for nonlinear optics.5-7

The relaxation dynamics of the higher excited states of
organic molecules is of great importance for understanding the
photophysical and photochemical processes of molecules.4,8,9

Recently, the ultrafast relaxation dynamics of MG in polar media
(water, ethanol, etc.) determined from itsS2 fluorescence has
been reported.4,9 Because MG hasC2 symmetry while CV is
D3, their electronic absorption spectra are significantly different.
For MG, its first three absorption bands are peaked around 620
nm, 425 nm, and 310 nm, respectively, while for CV, there are
only two absorption bands in this region, namely, around 590
nm and 305 nm.1,10Therefore, it is surprising that a two-photon
absorption band peaked at 376 nm was observed recently from
its two-photon excitation spectra, measured from the integrated
intensity over a weak broad-bandS1 f S0 fluorescence around
670 nm.11 However, unlike MG, the direct fluorescence emission
from this two-photon absorption state is considered far too weak
to be observable.

To our surprise, in the wavelength-resolved hyper-Rayleigh
scattering (HRS) measurement of CV both in methanol and
water around 400 nm, we observed a fairly strong broad-band
emission between 370 and 480 nm peaked around 408 nm. The

two-photon excitation spectra measured from this emission is
peaked at 374( 2 nm, which overlaps well with the two-photon
excitation spectra from theS1 f S0 fluorescence data in the
literature.11 This fact indicates that this emission comes most
likely from the direct fluorescence emission from the two-photon
absorption band.

It was also observed that this emission overwhelms the HRS
signal of CV at 400 nm. This emission should have important
consequences on the value of hyperpolarizability of CV from
HRS measurement using the typical 800-nm femtosecond laser
light. Even though HRS in solution was first observed in 1965,12

and the theory of HRS in solution had been developed by
Bersohn13 and others14 soon after, it is in the 1990s that HRS
has been playing an important role in determining second-order
nonlinearity coefficients of molecules in solution.6,7,15 HRS is
especially useful for measurement of the hyperpolarizability of
the octopolar or multipolar molecules, which have interesting
photophysical properties themselves and have potential advan-
tages in application for nonlinear optical devices.5 CV is one
of the few prototype octopolar molecules, whose nonlinearity
has been widely studied both experimentally11,16,17and theoreti-
cally.18,19 Femtosecond pulsed lasers have been introduced for
HRS measurement in the middle 1990s to achieve higher
detection sensitivity for the weak HRS processes in solution.20

Furthermore, HRS of CV measured with 800-nm femtosecond
light has been the benchmark experiment.6

However, accurate determination of the hyperpolarizability
of organic molecules in solution is not always achievable. Great
efforts have been dedicated to improve the precision of HRS
measurements.21 The influence of the two-photon fluorescence
and other emission on the HRS measurement has been inten-
sively discussed in the literature.16,17,22,23Proposals to circumvent
the problem include using longer fundamental wavelength to
avoid multiphoton excitation,17,22 time-resolved pump-probe
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technique,23 as well as the ingenious high-frequency demodula-
tion technique.16 The last technique is useful for eliminating
contributions from unwanted emission with a lifetime longer
than 1 ns, limited mainly by the experimentally achievable upper
limit of the modulation frequency.16 If the lifetime of the
emission we observed is much faster than 1 ns, this demodula-
tion technique should not be able to eliminate this TPF signal
from the HRS of CV at 400 nm. Therefore, in this aspect it is
also imperative to investigate the nature of this newly observed
370-480-nm emission band of CV.

In this study, we will first present the wavelength-resolved
measurement and characterization of the directS2 f S0 two-
photon fluorescence (TPF) of CV in methanol solution. Then,
we will discuss the measurement of hyperpolarizability of CV
at 400 nm with the correction of thisS2 f S0 fluorescence.
These results will certainly shed new light on our understanding
of the electronic structure, photophysics, and dynamic properties
of this intensively studied molecule and beyond.

2. Experimental Section

Femtosecond Hyper-Rayleigh Scattering Detection Sys-
tem. We used a typical experimental setup measuring hyper-
Rayleigh scattering at 90°. An important aspect in our experi-
mental setup is that it enables us for sensitive detection of the
weak fluorescence and HRS signals.11 To achieve higher
sensitivity for weak signals, we used a high repetition rate broad-
band femtosecond laser source with single-photon detection
electronics, other than using the high repetition rate femtosecond
laser with a lock-in detection technique,20 or an amplified kilo
Hz femtosecond system with a cooled CCD detection system.11

In this approach, the sensitivity could be several orders higher
sometimes. We have used this laser and detection systems in
earlier SHG reflection studies. It not only enabled us to easily
detect the very weak SHG signal from the neat air/water
interface,24 but also enabled us to perform quantitative analysis
of the small changes of the SHG signal from different polariza-
tions.25

The femtosecond laser source we used is a broad-band (700-
1000-nm) tunable mode-locked Ti:Sapphire laser pumped by a
10 W diode laser (Millennium Xs+ Tsunami 3955, Spectra-
Physics, Inc). This laser system is tunable in the whole 700-
1000-nm range (with proper purge of water vapor in the laser
cavity) with only one set of mirrors. It is especially convenient

for the broad-band excitation experiment. Its high-repetition rate
(82 MHz) and short pulse width (∼80 fs) is good for detection
of very weak signals with a single-photon-counting technique.
As shown in Figure 1, the laser beam passes a Glan prism, a
half-wave plate, and a long wavelength pass filter, used to
eliminate the possible second-harmonic photons in the laser
beam, before the laser beam with only the fundamental
frequency is focused into the solution sample cell with a 50-
mm focal lens. Typically, a 10× 10 mm fluorescence quartz
cell was used as a sample cell. The scattered and emitted light
was collected with a condenser lens (f ) 50 mm) at the right
angle direction. After a short wavelength pass filter to filter out
the scattered fundamental light, the signal is collimated and
focused into a monochromator before entering the photomul-
tiplier tube (PMT).

A monochromator (1200 lines/mm grating, blazed at 350 nm)
with a 2 nm resolution was used to resolve the spectra. A
Hamamatsu PMT (R585, spectral range 160-650 nm) and a
photon counter (SR400, SRS) with preamplifier (SR240, SRS)
were used for single-photon-counting detection. All collection
optical parts, the monochromator, and the PMT are placed in a
long plate fixed on a rotating goniometer. The sample cell is
placed in the center of this goniometer, and the cell holder is
fixed on the optical table. To make sure the focus point is in
the center of the sample cell, we used the two-photon fluores-
cence of Rhodamine B methanol solution to calibrate the
position the focusing point. Then, a high concentration CV
methanol solution is used to optimize the signal collection optics.
Data acquisition and the controls of the moving optical parts
are all interfaced with a PC computer.

Material Preparation and Test. To independently check if
impurities other than CV contribute to the observed emission,
crystal violet chloride was obtained from different suppliers,
including Aldrich, TCL, and the Beijing Chemical Reagents
Company (BCRC). The unpurified and purified (through re-
crystallization from methanol solution up to three times) CV
solution all give the same emission between 370 and 480 nm.
Analytical grade methanol as the solvent was obtained from
BCRC. The pure methanol has no emission features in the region
between 380 and 480 nm. This should eliminate the possibility
of impurity contribution.

All solutions were prepared and filtered with a filtering
injector (0.2-um Syringe Filter, Millipore, Inc.) before the
scattering measurement to avoid optical breakdown in the
cuvette surface or generation of hyper-Mie scattering because
of dust or unsolved solute particles in the focusing path of the
light beam. The concentrations of all samples after filtering are
calibrated with standard UV/vis spectrum using a standard
concentration.

3. Results and Discussion

3.1 The S2 f S0 Direct Emission Band of CV between
370 and 480 nm.The unpolarized spectrally resolved signals
from the CV methanol solution (5µM) with different excitation
wavelengths from 740 to 900 nm were recorded from 350 to
600 nm (Figure 2 with eight spectra excited under 740, 760,
780, 800, 820, 840, 860, 900 nm, respectively). The spectra
under 740 nm, 760 nm, and 780-nm excitation wavelength all
show a single broad peak (from 370 to 480 nm) centered at
408 nm with decreasing peak intensity. This emission band
becomes several orders of magnitude weaker as the excitation
wavelength increases from 740 to 900 nm. Figure 3 gives the

Figure 1. Schematic setup of the hyper-Rayleigh scattering measure-
ment at the perpendicular direction. GP: Glan prism; HWP: half-wave
plate; LF: long-wave pass filter; L: lens; SF: short-wave filter; M:
monochromator; A: preamplifier; SPC: photon counter.
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excitation spectra recorded at the peak of this band at 408( 2
nm and the UV/vis spectra of the CV methanol solution (10
µM). It is clear that this excitation spectra peaks at 748( 2

nm (two-photon wavelength at 374( 2 nm). The power
dependence of the emission spectra at 408( 2 nm under 748-
nm (the two-photon absorption peak position) excitation indi-
cates that this emission is a two-photon process. (Figure 4, power
order ) 1.9 ( 0.1) From all this evidence, this band must
originate from two-photon fluorescence emission. Since theS1

Figure 2. The unpolarized emission spectra of crystal violet in methanol in 300-600 nm at different excitation fundamental wavelengths. The
power of the laser was kept at 400 mW for all the wavelengths, except that it is 150 mW for 900-nm excitation. This reduction of laser power is
due to the water vapor in the unpurged laser cavity. The resolution of the spectra is 2 nm, and each step between consecutive data points is 0.5 nm.
Spectra with very similar features were also observed for CV in aqueous solution.

Figure 3. Left: The UV/vis absorption spectra of CV in methanol
(10 µM solution). Right: the two-photon excitation spectra measured
with the emission at the 408 nm. Sampling time is reduced many times
to avoid saturation of the photon counter at the TPA peak wavelength.

Figure 4. Laser power dependence of the 408-nm emission excited
with 750-nm fundamental light. The slope of the log-log plot is 1.9
( 0.1.
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f S0 fluorescence emission is in the range of 600-800 nm
peaked at 640 nm,17 this emission has to come from direct
fluorescence emission from higher excited states.

An emission in the wavelength range 380-480 nm of a
methanol solution of CV excited with a nanosecond laser at
1064 nm was previously reported by Wong et al.17 However,
since there was no available excited states known for CV around
355 nm, which is the third-harmonic wavelength of 1064 nm,
this emission was attributed to a three-photon absorption-induced
fluorescence from an impurity.17 Recently, a two-photon absorp-
tion band (peaked at 376 nm) was observed from the two-photon
excitation spectra of CV in glycerol, integrated over a weak
broad-bandS1 f S0 fluorescence around 670 nm.11 Because
the low detection sensitivity failed to obtain the wavelength-
resolved emission spectra in the range of 380-480 nm, no direct
emission from higher excited states were observed.11 However,
the reported excitation spectra obtained fromS1 f S0 fluores-
cence11 overlap well with the excitation spectra (Figure 3)
obtained from the 408-nm emission. This fact excludes the
possibility that this 370-480 nm emission comes from impurity
molecules. Therefore, we can conclude that this recently reported
two-photon absorption (TPA) band is the origin of the direct
emission observed in our experiment.

We further found out that this two-photon absorption band
is also one photon allowed. Using a BBO doubling crystal, we
generated femtosecond pulses around 365 nm. In Figure 5, the
single-photon excitation at 365 nm gives a broad-band emission
in the 370-480 nm region peaked at 408 nm. The shoulder on
the right side of this band could be attributed to the Stokes
Raman bands from the CV molecules or the solvent. The single
peak at about 365 nm is the scattered light from the strong 365-
nm beam. In Figure 5, the emission spectra of two-photon
excitation at 730 nm is also presented. It is clear that both one-
photon and two-photon excitation have almost the identical
emission spectra. Therefore, this two-photon allowed excitation
band is also one-photon accessible. Thus, this absorption band
can be labeled as theS2 electronic state, and the 370-480-nm
emission band is the directS2 f S0 fluorescence emission.

To deduce more information on the symmetry of thisS2 state,
the ratio of the TPF intensities excited with circularly polarized
and linear polarized lights at 750 nm is determined. This value
is 0.67, which indicates that thisS2 state has to have strongA
state characterization.26 However, since this state is also one-
photon allowed as shown in Figure 5, it cannot be a pureA
state, and the molecule must deviate from a simpleC3 or D3

structure.11 It is interesting to see that there is a small plateau
or weak peak region between 340 and 390 nm in the UV/vis
spectra (Figure 3) This could account for the feature of the weak

one-photon allowedS2 electronic state. However, it is somewhat
strange that the measured two-photon excitation spectrum is very
sharp compared to the linear UV/vis absorption spectrum in
this wavelength region. These intriguing facts warrant further
investigation of the electronic state structure as well as excited-
state dynamics of the CV molecule in this spectral region.

The depolarization ratio for the TPF intensity at 408 nm
excited with 750-nm light is measured. This ratio with 1.7(
0.2 indicates that the TPF is anisotropic. Therefore, the TPF
must come from the CV molecule before it has time to
rotationally relax. The TPF lifetime must be much shorter than
the rotational relaxation time, which is usually in the picosecond
time scale or less. Since the direct two-photon emission or HRS
process from aD3 state should have a depolarization ratio as
1.5,27,7 thisS2 excited state must have a distorted geometry, but
not far from theD3 structure. On the basis of above evidences,
this S2 excited state must assume a slightly drooping propeller
structure with nonuniformly twisted arms, since it can neither
be a pureC3 nor D3 symmetry.

We have also measured the ratio between the two-photonS2

f S0 fluorescence intensity of the CV molecule in methanol
from 730 to 780 nm, calibrated against the two-photonS1 f S0

fluorescence intensity of Rhodamine B in methanol (Figure
6).28,29Because the fluorescence quantum yield and cross section
of Rhodamine B at different wavelengths are known,28,29 this
gives a measure of the TPA cross section (δ) and theS2 f S0

fluorescence quantum yield (η). At 750-nm excitation, we
obtainedηδ ) 47.17× 10-50 cm4‚s for CV. Since absorption
of a photon is such a fast process that it does not depend on the
coupling between the solute and solvent molecules, it is
reasonable to assume that the TPA cross section changes only
slightly for the same molecule in different solvents. Assuming
there is no radiationless relaxation fromS2 to states other than
to theS1 state, the TPA cross section measured from theS1 f
S0 fluorescence emission gives the lower limit of the true TPA
cross section. Therefore, here we use the TPA cross section
value δ ) 1980 × 10-50 cm4 at 750 nm, which has been
obtained from theS1 f S0 fluorescence measurement for CV
in glycerol at 752 nm,11 to calculate theS2 f S0 quantum yield.
This gives 0.024 as the upper limit of the quantum yield for
the directS2 f S0 fluorescence emission of CV in methanol.

We also observedS2 f S0 fluorescence emission of CV in
water. The spectral features were the same as those in methanol,
and the intensities of the peaks at the same CV concentration
were very close to what were observed in methanol solution.
To our knowledge, such a directS2 f S0 fluorescence emission
for CV or other octopolar molecules has not been previously
reported.

Figure 5. The emission spectrum of crystal violet, under 365-nm (one-
photon, left) and 730-nm (two-photon, right) excitation wavelength.

Figure 6. Fluorescence intensity ratio of CV and Rhodamine B in
methanol solution under different excitation wavelength. Both concen-
trations used are 10µM.
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It has been reported that theS2 relaxation rate of MG in
solution has a very weak dependence on the solvent viscosity
(η), while theS1 relaxation rate followed approximately anη2/3

dependence.9 This means theS2 f S0 fluorescence lifetime must
be much shorter than the rotational diffusion time. Such
dynamics studies for CV are yet to be carried out. However,
we expect that theS2 f S0 fluorescence lifetime would follow
the same trend.

3.2 Hyperpolarizability of CV at 800 nm and 872 nm. It
is a simple fact that the HRS scattering is centered at the doubled
frequency, that is, half the wavelength, of the fundamental
excitation wavelength. In Figure 2, two new sharp peaks started
emerging from the 800-nm excitation spectra that became two
clear peaks at longer wavelengths, while the 370-480-nmS2

f S0 emission decreases more than 5 orders of magnitude from
740-nm excitation to 900-nm excitation. Both of the sharp peaks
appear to have the same bandwidth as the femtosecond laser
bandwidth. The left sharp peak is always at half of the excitation
wavelength and also has a measured depolarization ratio that
equals 1.5( 0.1, which is the depolarization value for the
excited states with octopolar symmetry.7,27 So, it can be
attributed to the HRS of CV. The other peak always has a 1415
( 25 cm-1 shift from the HRS peak in the same direction on
each spectra. This peak can be attributed to a Stokes shift from
the hyper-Raman scattering process, and this shift of 1415(
25 cm-1 is in coincidence with the vibrational stretch frequency
of the phenyl ring in the crystal violet molecule.30 It is clear to
see in Figure 2 that when excited with wavelengths shorter than
800 nm, the HRS and hyper-Raman scattering are too weak to
be seen, compared to the strong broad-band directS2 f S0

emission.
It is clear to see in Figure 2 that the HRS peak at 400 nm

cannot be separated from the broad TPF emission band peaked
at 408 nm when excited at 800 nm. In fact, the TPF signal is
several times larger than that of the HRS. Fitting this spectra
requires all three bands to be incorporated, even though the 1415
( 25 cm-1 Stokes hyper-Raman peak is not easily apparent.
At longer excitation wavelengths, the contribution of the TPF
band becomes much smaller compared to the HRS and hyper-
Raman signals. Thus, a single HRS peak clearly stands out when
the excitation wavelength is above 840 nm. As we can also
see, the hyper-Raman peak disappears when excited with 900-
nm light. This can be accounted for by the decrease of the
excitation laser power at 900 nm.

To obtain the value of the hyperpolarizability at 800-nm
excitation, we have to use spectra fitting to subtract the
contribution of the TPF. In doing so, we measured a series of
spectra with different CV concentrations in methanol, ranging
from 5µM up to 50µM.

The total HRS signal is31

whereG is the experimental constant with the same solvent;I0,
the incident intensity;N, the number density; and〈âi〉, the
orientational averaged hyperpolarizability. In the literature, since
the pure solvent HRS signal is usually very small, extrapolation
to the zero solute concentration is necessary to obtain the pure
solvent contribution to the HRS signal, that is, theG*Nsolvent*-
âsolvent

2 term.16,20,32This method is called the internal reference
method (IRM). If the solvent contribution is small, the extrapo-
lated value would be close to zero.33 Therefore, using IRM could
induce a large inaccuracy in the hyperpolarizability value of
the solute molecule. However, in our experiment, this extrapola-
tion is actually unnecessary. Because of the high sensitivity of

our experimental system, the very weak HRS signal from the
pure methanol, which is used as the internal reference standard,
is about 50 counts/second at 800-nm excitation, well above the
noise level below 5 counts/second. Because the CV methanol
solution at low concentrations has very low absorption coef-
ficient at 400 nm (well below 1000 cm2/mole), deviation of the
observed signal from the Lambert-Beer law is negligible with
the concentrations used in our experiment. This would certainly
make the correction for the reabsorption of the HRS signal
unnecessary and further increase the accuracy and precision of
the N* 〈âsolute

2〉 value. Therefore, the disadvantage of the IRM
is essentially avoided. Furthermore, measurement of the HRS
of the pure methanol and only one CV concentration is enough
to obtain the effective hyperpolarizability value of CV in
methanol, which makes the measurement procedure much
simpler. Following the calculations in the literature, using the
sameâ333 ) âHRS of methanol as 0.26× 10-30 esu20,32and the
same tensor average relationship for CV withD3 symmetry27

we obtainâ333 ) 162 ( 22 × 10-30 esu for CV in methanol
under 800-nm excitation after subtracting the TPF contribution
to the 400-nm HRS peak. This value is significantly smaller
than the previously reported valueâ333 ) 329 ( 60 × 10-30

esu,16 or 450( 100× 10-30 esu with 800-nm excitation.20 It is
clear that our result has a much better precision. Also, without
excluding the contribution of the TPF from our experimental
data, the hyperpolarizability value would appear to be about 4
times higher.

At 872 nm, the hyperpolarizability value of CV in methanol
was reported in the literature asâ333 ) 433 ( 130 × 10-30

esu.32 Clearly, no spectra subtraction is needed for HRS
measurement at 872-nm excitation. Experiments gave us a value
at 872 nm ofâ333 ) 148 ( 22 × 10-30 esu, which is slightly
smaller than that of 800 nm in our experiment, and is more
than 2 times smaller than that of the previously reported values.

It is understandable that theâ values for CV at 800 nm and
872 nm are close, since these two wavelengths are both far
removed from the peak of the two-photon absorption band
(Figure 3). The previous reportedâ values at these two
wavelengths also support this conclusion.16,20,32However, our
â values are systematically smaller than the previously reported
ones for CV methanol solution. The only reason we can attribute
this to is that we did the measurement at lower CV concentra-
tion, which avoids aggregates forming and correction for
reabsorption, and also we used a very sensitive detection system
which enables direct measurement of the HRS from the pure
solvent. Of course, the very weak HRS signal of many pure
solvents,34 even gases,35 were effectively measured long ago,
with either intense nanosecond or picosecond laser pulses.
Nevertheless, such intense lasers usually would cause breakdown
or other higher order processes and would not allow measure-
ments on organic molecular solutions.

4. Conclusion

The directS2 f S0 TPF emission of crystal violet in methanol
is observed and characterized. This TPF band is very broad,
emitting from 370 to 480 nm and peaked at 408 nm. Also
observed is a hyper-Raman scattering peak with a Stokes shift
about 1415( 25 cm-1, which can be attributed to the stretch
mode of phenyl groups of crystal violet. This TPF band has a
mixed A symmetry, and its lifetime appears to be very short.
Since this is the first observation of the directS2 f S0 TPF

I(2ω) ) G*(Nsolvent*âsolvent
2 + Nsolute* 〈âsolute

2〉)* I0
2 (1)

〈âHRS
2〉 ) 〈âzzz

2〉 + 〈âyzz
2〉 ) 8

21
â333

2 (2)
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emission of an octopolar molecule, the same phenomena can
be expected for other octopolar molecules, making it possible
to directly measure the relaxation dynamics and photophysics
of the S2 states of similar molecular systems.

Because the TPF band and the HRS peak overlap in the 400-
nm region, it is imperative to discriminate it from HRS
measurement in this wavelength region. We believe that with
very sensitive and spectrally resolved measurement techniques
in future studies, many unresolved mysteries in HRS and other
nonlinear optical measurements can be cleared up. Finally, the
simplicity and advantages of direct measurement of the pure
solvent HRS signal are straightforward and beneficial for more
accurate determination of the hyperpolarizability of organic
molecules of both basic and applied importance. Furthermore,
this would make it possible to compare HRS data from different
laboratories.
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