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Femtosecond Isomerization of Crystal Violet in Alcohols
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Abstract: The temporal rise of the spectral bleaching of crystal violet (CV) in alcohol solutions was studied using
femtosecond pump-probe spectroscopy with tunable pump pulses. From the pump-wavelength dependence of transient
differential absorption AOD) spectra, we concluded that CV has two ground states. The isomerization rate, not
dependent on solvent viscosity, was00 fs at 295 K. This shows that the structural difference between the isomers

is not as large as a phenyl ring rotation, which has been regarded as the origin of the ground-state isomers. We
proposed a ground-state model of CV, in which the molecular structure of C\Dhas C; symmetry, based on
molecular orbital calculations. Our model explains not only our findings but also almost all of the previous findings
that seemed to conflict with each other over the last 50 years.

Introduction

The identification of molecular structure and the observation
of dynamics in organic molecules have long been one of the
main subjects in chemistA? Recently, direct observation of
ultrafast (sub-ps to fs) conformational change in the ground or

excited state has become possible owing to advances in

ultrashort-pulse lasefst

Crystal violet, trisp-(dimethylamino)phenyl)methyl ion, is
one of the triphenylmethane dyes for which there are many
studies concerning molecular structuteselectronic state%,12
and relaxation dynamics of electronic excited state¥ The
visible absorption spectrum of CV in solution appears to be

*To whom correspondence should be addressed.

T Hamamatsu Photonics K. K. Tsukuba Research Laboratory.

* Present address: JRCARTP, 1-1-4 Higashi, Tsukuba, Ibaraki 305,
Japan.

§ Hamamatsu Photonics K. K. Central Research Laboratory, The 8th

Research Group, Hamakita Research Park 5000 Hirakuchi, Hamakita,

Shizuoka 434, Japan.

® Abstract published ifAdvance ACS Abstractgune 15, 1996.

(1) Pauling, L.The Nature of the Chemical Bon@ornell University
Press: Ithaca, New York, 1940.

(2) The Chemical Bond: Structure and Dynami@ewail, A., Ed,;
Academic Press: San Diego, 1992.

(3) Peloquin, J. M,; Lin, S.; Taguchi, A. K. W.; Woodbury, N. W.
Phys. Chem1995 99, 1349.

(4) Lenderink, E.; Duppen, K.; Wiersma, D. A. Phys. Chem1995
99, 8972.

(5) Gomes de Mesquita, A. H.; MacGillavry, C. H.; Eriks, Kcta
Crystallogr. 1965 18, 437.

(6) Dekkers, H. P. J. M.; Kielman-Van Luyt, E. C. Mlol. Phys.1976
31, 1001.

(7) Angeloni, L.; Smulevich, G.; Marzocchi, M. B. Raman Spectrosc.
1979 8, 305.

(8) Looney, C. W.; Simpson, W. T. Am. Chem. Sod.954 76, 6293.

(9) Adam, F. C.; Simpson, W. T. Mol. Spectroscl1959 3, 363.

(10) Korppi-Tommola, J.; Yip, R. WCan. J. Chem1981, 59, 191.

(11) Korppi-Tommola, J.; Kolehmainen, E.; Salo, E.; Yip, R. @hem.
Phys. Lett.1984 104, 373.

(12) Lueck, H. B.; McHale, J. L.; Edwards, W. D. Am. Chem. Soc.
1992 114, 2342.

(13) Cremers, D. A.; Windsor, M. WChem. Phys. Lettl98Q 71, 27.

(14) Ben-Amotz, D.; Harris, C. BChem. Phys. Lett1985 119 305.

(15) Ben-Amotz, D.; Harris, C. BJ. Chem. Phys1987, 86, 4856.

(16) Martin, M. M.; Breheret, E.; Nesa, F.; Meyer, Y. Bhem. Phys.
1989 130, 279.

(17) Martin, M. M.; Plaza, P.; Meyer, Y. HChem. Phys1991 153
297.

(18) Martin, M. M.; Plaza, P.; Meyer, Y. Hl. Phys. Chem1991, 95,
9310.

(19) Vogel, M.; Rettig, WBer. Bunsenges. Phys. Chelf85 89, 962.

(20) Vogel, M.; Rettig, WBer. Bunsenges. Phys. Chetf87 91, 1241.

composed of two bands, and their origin was interpreted in three
ways: (1) resolution of vibronic structures coming from one
electronic staté! (2) electronic transition from one ground state
to two excited state%;1012and (3) the existence of two isomers
or two ground state& 25

Lewis and co-workef8 proposed two ground-state confor-
mational isomers in thermal equilibrium as an origin of the two
absorption bands. One was a propeller structDgesymmetry),
in which three phenyl rings are tilted in the same direction. The
other was a distorted propeller structur@, (symmetry) for
which one of the phenyl rings is tilted in the opposite direction.
This model was based on the observation that the shorter
wavelength band was diminished and the longer wavelength
band was enhanced with decreasing temperature in alcoholic
solutions. This observation argues against the possibility of a
resolved vibronic structure as an assignment of the shorter
wavelength band. Furthermore, similar intensity exchange
between the two bands under high pres&tiawas explained
within the framework of this model.

However, several theoretical studies indicated that the two
bands originate from electronic transitions from one ground state
to two excited states. Thé®s-symmetry conformer was
confirmed by X-ray diffraction studies of crystal samptes,
resonance Raman studie’¥;?land magnetic circular dichroism
measurements.On the other hand, th&,-symmetry conformer
has not been identified.

Korppi-Tommola and co-worke¥s questioned whether the
distorted-propeller conformer is concerned only with stereo-
scopic structural changes because they observed no change in
the absorption spectra of CV in solution except in alcohols when
the temperature was decreased. They explained the origin of
the two bands by lifting the degeneracy of thestate due to
solvation in polar solvents and by the formation of an ion pair
with counteranion in nonpolar solvents. The fact that the
spectral change at low temperature is observed only in alcohols
was interpreted as follows. Reducing the temperature results
in a decrease in alcohol monomers and an increase in alcohol
dimers. If only the alcohol monomers can solvate with CV,
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the decrease in the alcohol monomers causes a decrease in dyather hand, only the temperature and the pressure dependence
cations whose Sstate splits into two electronic states. The of the absorption spectrum have supported the idea of the two
idea that the interaction of the alcohol monomer with the CV ground states. Thus, there has been no model to explain
could split the degeneracy of the Sate was recently supported comprehensively the previous data. Our basic idea is that the
by Lueck and co-worker® They calculated the effects of an  structures of the ground states do not necessarily have to be
external negative charge or dipole on the transition energies oflimited to the conformational isomers proposed by Lewis and
parafuchsin, trigt-aminophenyl)methyl ion, which is ®3- co-workerd! even if we consider more than one ground state.
symmetry triphenylmethane dye like CV. According to their The spectral hole-burning technique is useful to confirm
calculations, an isolatdds-symmetry triphenylmethane dye has whether the absorption spectrum is homogeneous or inhomo-
the doubly degenerated State. However, the degeneracy of geneous. As described above, the relaxation dynamics of CV
the S state could be lifted by a symmetry-breaking perturbation in the picosecond region has been studie¥:?326.2” However,

due to a negative charge or a dipole near one of the aminono study has paid attention to the temporal rise with photo-
groups. The calculation showed that the split of thestte bleaching of the absorption spectrum of CV. We have found
becomes larger when the negative charge increases or is closevidence that the absorption spectrum is inhomogeneous from
to the dye cation. This explains that the split of the two bands the early part of the transient photobleaching.

in nonpolar solvents is larger than that in polar solvents. In  The purposes of this paper were (1) to confirm whether the
addition, they calculated both the energy difference and the absorption spectrum of CV is homogeneous or inhomogeneous
potential barrier between the propeller structure and the by the femtosecond hole-burning technique and (2) to propose
distorted-propeller structure; the latter structure was larger in a model that explains both our findings and the previous data
energy 5000 cnt?) than the thermal energy-Q00 cnt?) at that was followed by the mutually conflicting conclusions. This
room temperature. This shows that the population of the model is equivalent to a novel class of isomers, which should
distorted-propeller type would be small at room temperature. be called “solvation isomers” in solution.

Furthermore, they measured the polarization dependence of

fluorescence spectra and resonance Raman spéctide Experimental Section

fluorescence spectra of tri-para-substituted triphenylmethane \ye ysed several alcoholic solutions of CV (methanol, ethanol,
dyes like CV were a mirror image of the longer wavelength . propenoln-butanol) as samples. Crystal violet (chloride) purchased
absorption band. The fluorescence anisotropy depends onfrom Nakalai-Tesque (Kyoto, Japan) was GR grade and was used
excitation wavelengths. These observations showed that thewithout further purification. We confirmed that there was only one
shorter wavelength band and the longer wavelength band arespot on thin layer chromatography. The solvents were spectrosol grade
assigned to different electronic transitions. In the resonance supplied by Dojin (Tokyo, Japan). The sample concentration was 5
Raman study, the assignment of normal modes was morel0~* M. No spectral change was observed in absorption for methanol
consistent withDs than with C, symmetry. Moreover, the  Solutions of CV over the concentration range fronm1@ 10°° M.
depolarization ratio of observed Raman bands agreed with theThls shows no aggregation of CV in the solvents used. The samples

o - were circulated through a quartz cell (0.5 mm thickness) to avoid
lifting of degeneracy of the Sstate. These findings suggest persistent bleaching.

that the symmetry .breaklng due to the perturbation of solvents = A femtosecond dye laser system and a femtosecond pump-probe
or counteranions lifts the degeneracy of thesgte. Hence, spectrometer were described elsewtérd@hus, we provide only the
the fluorescence spectra and the resonance Raman spectrassential details here. Light pulses generated from a colliding pulse
support the idea that the absorption spectrum of CV is assignedmode-locking dye laser (620 nm, 50 fs, 100 MHz) were amplified with
to the transitions from one ground state to two excited states. a four-stage dye amplifier (620 nm, 8@0/pulse, 120 fs, 10 Hz). The
The studies of relaxation dynamics of CV in solution have amplified light pulses focused on.D in a quartz cell (1 cm optical
also been done by the picosecond pump-probe techHiéft8:2627 length) result in white light continuum by self-phase modulation, and
They observed that the recovery of bleaching probed on the 4% of the white light continuum was used as probe and reference_pulses.
red side of the bleaching spectrum is faster than that probed OnThe rest passed through an interference filter (5 or 10 nm full width at

. . : . - half maximum). The wavelength-selected pulses amplified with a two-
the blue side. This observation was interpreted as being due tostage dye amplifier were used as pump pulses. The energy of the pump

the existence of either of the two ground stétesr to two pulse was about 10@J/pulse. The diameter of the pump pulse on the
excited states having different nonradiative decay r&tes. sample was about2 mm. Polarization of the pump pulses and the probe
However, Ben-Amotz and Harffsinterpreted that the apparent  pulses was parallel (p-polarization). The pump wavelengths were
faster relaxation at the red side of the bleaching spectrum wouldtunable from 548 to 620 nm. The pump wavelengths used here were
be due to stimulated emission gains concomitant with the 548, 558, 583, and 598 nm. The shape of transtédD spectra were
bleaching. Besides that observation, there was no excitationidentical with that when the pump intensity was decreased to 1/10.
and observation-wavelength dependence of the bleaching re-The transienAOD spectra were corrected for the group delay of the
covery. From this, only one ground state and one excited stateP"0P€ Pulses.

. . _ We measured the steady state absorption spectrum of CV in ethanol
ii:::rse enough to explain the observed bleaching recovery dynam from 295 to 30 K. The reason why ethanol was used instead of

. . methanol as a solvent is that ethanol is hard to poly-crystallize compared
Although there have been several studies concerned with they, methanol. The concentration of the sample used was<110-5
ground state conformers of CV, it is not yet known whether M. The absorption spectra were corrected for the volume contraction
the ground state of CV is homogeneous or inhomogeneous.ratio of ethanol. The light source was a tungsten lamp. The detection
Almost all of the studies indicating that only the propeller system was the same as that of the pump-probe measurement. The
species exists argued against the asymmetry propeller structurecryostat we used was a Cryodriver 3.0 (Edwards High Vacuum
However, they failed to explain the temperature and the pressurelnterational, Crawley, England). The experimental temperatures were
dependence of the absorption spectrum of CV, which are the 295, 200, 125, 100, 80, 58, and 30 K. The accuracy of the temperatures

strong evidence for the existence of two ground states. On theWas+05 K.
We also studied the effects of a solvent molecule on the molecular
(26) Grzybowski, J. M.; Sugamori, S. E.; Williams, D. F.; Yip, R. W.  structure of CV by molecular orbital calculations. The solvent molecule
Chem. Phys. Lettl979 65, 456. was methanol. The calculation method used was MNDO-PM3 (Modi-
(27) Menzel, R.; Hoganson, C. W.; Windsor, M. \®@hem. Phys. Lett.
1985 120, 29. (28) Ishikawa, M.; Maruyama, YChem. Phys. Lettl994 219 416.
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Figure 1. The transient differential absorption spectteQD) of CV

in methanol at 295 K. The probe delay is fron®00 (1) to 600 fs (7)

at an interval of 200 fs. The bleaching maxima of (A), (B), (C), and
(D) in optical density are-1.48,—1.52,—1.01, and—1.23, respectively.
The absorption spectrum of CV is shown in part A with a broken line.

fied Neglect of Diatomic Overlap, Parametric Method®3yith the
program MOPAC Version 6. At first we calculated the structure and
the total energy of a free CV. Following that, we calculated the
equilibrium location of a methanol molecule, the structure of CV, plus
the total energy of CV and a methanol molecule, when the methanol
molecule was brought close to CV. Transition energies of CV were
calculated using CNDO/S-CI (Complete Negelect of Differential
Overlap/Spectroscopic-included Configuration Interacti8np hun-

J. Am. Chem. Soc., Vol. 118, No. 26,6289

in Figure 1 was from—600 to 600 fs, corresponding to the
temporal rise seen with bleaching.

The transienAOD spectra can roughly be divided into three
regions: (1) in the shorter wavelength region than the absorption
band 500 nm), where transient absorption was dominantly
observed; (2) within the absorption band (5@20 nm), where
bleaching was mainly observed; and (3) in the longer wavelength
region than the absorption band €20 nm), where stimulated
emission gain was dominant. The shape of the bleaching
spectrum at 600 fs was almost identical to the absorption
spectrum, so that the stimulated emission gain and transient
absorption would overlap less on the bleaching spectrum.

For all of the pump wavelengths, a spectral hole at 600 nm
and a spectral hole at 550 nm were observed, each of which
corresponds to the absorption peak and the shoulder, respec-
tively. The pump light at 548 nm and that at 598 nm resonate
with the absorption band at 550 nm and that at 600 nm,
respectively. It should be noted that the holes did not shift when
pumped at 558 or 583 nm, both of which are out of resonance
with the two holes.

Although the location of the holes was independent of the
pump wavelengths, the temporal rise of the holes was dependent
on the pump wavelengths. When pumped at 548 or 558 nm,
the two holes appeared simultaneously (Figures 1A and 1B).
When pumped at 598 nm, however, the hole at 550 nm appeared
slower than that at 600 nm (Figure 1D). In addition, the hole
at 600 nm shifted toward a shorter wavelength with time. We
show the time evolution of the bleaching probed at 550 nm
and that at 600 nm when pumped at 548 or 598 nm in Figure
2. Specifically, when pumped at 598 nm, the bleaching at 550
nm appeared with a time delay. In Figure 2C, we introduced
a delay time for the rise of the bleaching into the fitting
function as 1— e ¥4, The calculated delay time was 500 fs.
The origin of the time delay will be discussed in the following
section.

Moreover, we measured delayed bleaching at 550 nm pumped
at 598 nm in several normal alcohols to investigate the viscosity
dependence of the delay time as shown in Figure 3. The delay
time observed was practically 500 fs irrespective of the solvent
used. In addition, even if the temperature of the sample
increased from 283 to 313 K, the delay time was virtually
constant.

The absorption spectra of CV in ethanol at several temper-
atures are shown in Figure 4. The absorption peak was 590
nm. With decreasing temperature, the shoulder at 550 nm was
reduced whereas the peak was enhanced at all temperatures.
These observations agree with the previously reported?data.

dred lowest energy one-electron-excited configurations were taken into It Should be noted that the shoulder did not disappear completely

account for the ClI calculations. A new(y = €/(Rs + kas))3 was
used for the two-centered electron repulsion integral. Kaue that

even at 30 K.
The results of the molecular orbital calculation are sum-

reflected the experimental data of the absorption bands was 2.75. Evernmarized in Tables43. From the calculation, a free CV exhibits

whenk = 1 or ordinary NMy was used, final results were not affected
essentially except absolute values of absorption wavelength.

Results

In Figure 1 we show a steady state absorption spectrum and

transientAOD spectra of CV in methanol. The steady state

the D3 propeller structure. When a methanol molecule is close

to a CV, there are two stable methanol locations. One is 3.712
A above the central carbon, and the other is 4.101 A above one
of the nitrogens. The structure of the CV in both cases remains
that of D3 symmetry (Table 1). The average distance between

methanol molecules in the liquid phase was estimated to be
4.0656 A from the specific gravity assuming the uniform

absorption spectrum, shown in the upper part of Figure 1A, has gigyip tion of methanol molecules in the solution. One of the
a peak at 590 nm and a shoulder at 550 nm. The steady statgy|ated data (4.101 A) is almost the same as this value
absorpt'lon spectrum of CV.In other normal alcphols was similar (4.0656 A). However, when a cation is dissolved in a polar
to that in methanol. The time range of transi&x®D shown solvent, the solvent molecules would highly solvate the cation.
It is reasonable to expect that the distance between the CV cation
and solvent molecules is shorter than the average methanol-to-
methanol distance in pure methanol, which is almost the same

(29) Stewart, J. J. Rl. Comput. Chenil 989 10, 209, 221.
(30) Bene, J. D.; Jaffe, H. HI. Chem. Physl968 148 807, 4050
(31) Nishimoto, K.Bull. Chem. Soc. Jpri993 66, 1876.
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Figure 2. The time evolution of the spectral bleaching of CV in
methanol at 295 K. The solid circles are the experimental data. The

Table 2. Calculated Structures of CV When a Methanol Distance
Is Fixed at 2.0 A

dotted line represents the response function, the shape of which is location

assumed to be a séecfunction. The full width of the half maximum of methanol distance (A) symmetry
of the response function was about 450 fs. The solid lines are theoretical  antral carbon 2.0 (fixed) Cs (pyramidal)
fits. The bleaching recovery times were 1.7 ps, which agrees with the  pjtrogen 2.0 (fixed) Ds (planar)

previously reported datd;*and 6.5 ps. A flattened top feature in the -
time evolution profile near 1000 fs was observed. This feature was * The distance from oxygen of methanol to CV.

interpreted in terms of a relaxation mechanism with one intermediate . .
state other than the lowest excited singlet staté. 'Cl':?/tile 3. Calculated Absorption Bands and Oscillator Strength of

1000 T T T T T T symmetry A1 (nm)f Az (nm)f

D3 (planar) 546.2/0.88 534.5/0.70
Cs (pyramidal) 562.0/0.77 550.1/0.71

methanol n-propanol

a 11, 12 = absorption band. = oscillator strength.
sof & ]

structure of the CV remains that &3 symmetry (Table 2).
Calculated absorption bands of CV were shown in Table 3.
When CV hasD3 symmetry, calculated absorption bands are
0 1 1 1 L L 1 546.2 and 534.5 nm from lowest energy. When CV is deformed
0 05 10 15 20 25 30 35 into C3 symmetry, we obtained red-shifted bands at 562.0 and

Viscosity (cP) 550.1 nm. In the calculations of the absorption bands, no effects
Figure 3. The rise delay time of the bleaching at 550 nm when pumped ©f & methanol other than the point-charge perturbation were

at 598 nm as a function of solvent viscosity. The viscosity data were taken into account.
reported in ref 15.

ethanol n-butanol

Delay Time (fs)

as the calculated CV-to-methanol equilibrium distance. More- Discussion

over, MNDO calculations tend to underestimate the interaction  Inhomogeneity of the Absorption Spectrum of CV. We
between molecule®,so that the calculated value of the methanol have already concluded that the observed tran&@i spectra
equilibrium distance would be longer than the real value. Thus, is free from coherent artifacts and transient Raman géinsus,

we calculated total energy and the structure of CV when a we should consider the temporal rise of the spectral bleaching
methanol molecule was closer to CV than the calculated dependent on the pump and probe wavelengths as an inherent
equilibrium distance. When a methanol molecule is located at process in CV. If the ground state of CV is homogeneous, that
2.0 A above the central carbon, the structure is stable when theis, the ground state is common for all electronic transition, a
central carbon is 0.157 A above the originat pfane. In this decrease in the population in the ground state results in a
case, the CV takes th@; pyramidal structure, while even if a  decrease in all electronic transition intensities. Consequently,
methanol is located 2.0 A above one of the nitrogens, the the bleaching should rise simultaneously irrespective of the



Femtosecond Isomerization of Crystal Violet in Alcohols J. Am. Chem. Soc., Vol. 118, No. 26,6896

1.0 T T T T A pump at 548nm
_ 08k CV /ethanol 295 K _ o
37 N —
g 0.6 = | [ Si
—_— :‘ T ¥
8 o4 — X ;é
a I
© o2 A I :
- [ So
0.0
450 500 550 600 650
Wavclength (nm) B pump at 598nm
Figure 5. Gaussian deconvolution of the absorption spectrum of CV I
in ethanol at 295 K. The solid line represents the experimental data. —
The broken lines are the calculated spectra, each of which is composed : ! ) St
of two Gaussians. The dotted line is the sum of the calculated spectra. ;{ 3 3
I
pump and probe wavelengths. We did similar pump-probe :‘ %)
experiments for nile blue and cresyl violet, both of which are _J_\k: h
more rigid molecules than CV. There was no pump wavelength S

dependence in their transieADD spectra. Our observations Figure 6. The energy level scheme of CV in alcoholic solutions. The

in Figures 1 and 2 unambiguously prove the inhomogeneity of arrows with solid lines represent electronic transitions by pump light

the ground state of CV in alcohols. or the population transfer from the higher ground state to the lower
To interpret the observed bleaching dynamics, it is necessaryground state. The arrows with broken lines are electronic transitions

- . . T by probe light. x means thesaturation of the transition.ky is the

to divide the inhomogeneous absorption spectrum into homo- isomerization rate, which is calculated at 1/500 &y the curve fitting

geneous components. The procedure to resolve the spectrumyqyn in Figure 2.

is as follows. The exchange of the intensity ratio between the

shoulder and the peak in the absorption spectrum with decreasing should be caused all over the absorption spectrum. Simi-

ing temperature is assumed to be due to the modification of thelarly, the pump light of 558 nm also excites both isomers. On

thermal equilibrium betvvegn two ground states. We also assumeyn e other hand, when pumped at 598 nm, only the lower-energy
that most of the CV are in the lower ground state at 30 K. On isomer would selectively be excited. Thus, only the longer

the other hand, the ;Sstate would be 2-fold degenerated wavelength component L would bleach and therefore the

according to the molecular orbital calculations of electronic - ;
state$912 Furthermore, it was suggested that interaction of a populations of the two ground state isomers would depart from
i ' thermal equilibrium. Note that the bleaching spectrum at O fs

olar solvent molecule or a counteranion with a CV breaks the . -
gymmetry of the CV, thus lifting the degeneracy of the S (marked with 4) in Figure 1D resembles the longer-wavelength

statel®12 Hence, the absorption spectrum of CV at 30 K would component in shape shown in Figure 5. If the potential barrier
be composed of two electronic transitions from one ground state "M the higher energy ground state to the lower energy ground
to the split two $ states. For this reason, we fit two Gaussian Stat€ i comparable T at room temperature, the population
curves on the absorption spectrum at 30 K. On the other hand,°f the higher-energy isomers can transfer to the lower ground
two isomers, each of which has the State split into two  State within a few picoseconds assuming®ta0'*s™* as the
electronic states, should exist at room temperature. Thus, thePre-exponential factor of the rate process. Thus, the ground
absorption spectrum at room temperature should be composedtates of CV would quickly be in thermal equilibrium. The
of four Gaussians. decrease in population of the higher ground state after the

The result of the curve fitting for the absorption spectrum of Population transfer causes bleaching of the shorter wavelength
CV in ethanol at room temperature is shown in Figure 5. The absorption component. The delay time (500 fs) of the rise of
longer wavelength component denoted by L was well repre- the bleaching at 550 nm when pumped at 598 nm is ascribable
sented with two Gaussians whose maximum were 589 and 561to the population transfer time based on the above model.
nm, respectively. The shorter wavelength component denoted We determined that the absorption spectrum of CV is
by S was also composed of two Gaussians whose maximuminhomogeneous in several normal alcohols used, providing more
are 550 and 524 nm, respectively. These two componentsgirect evidence for the existence of ground-state isomers of CV
overlap considerably around 550 nm. The energy difference petween which we observed the population transfer. To support
between the two ground states was estimated to be about 20,y interpretation further, we must explain the previously
cm* from the Arrhenius plot of the absorption intensity ratio yenorted data that proposed the homogeneity of the absorption
between the two components. This value agrees well with that spectrum by means of our model.

reported by Lewis and co-worke#$ According to the energy
difference, the population ratio between the two ground states A Model for the Ground-State Isomers of CVZ Th?.
is 9.7 x 10-2 from the Boltzmann factor at 30 K. This shows propeller structure oD3; symmetry has already been identified

07

the adequacy of the assumption that there is little population in @ & ground-state structure of ¥/ As another structure, the
the higher energy ground state at 30 K. distorted propeller type with rotation of the phenyl rings having

The observed bleaching dynamics should be explained with C2 Symmetry was proposéd. Although this structure is easily
a model that has two ground-state isomers, each of which has€xPected from the molecular structure of CV, there was no
two excited states. In Figure 6, we illustrate population evidence for theC; structure. Furthermore, several stuéliéd®12
dynamics when pumped at 548 or 598 nm. The pump light of argued against this structure.
548 nm excites both ground states because the two absorption The origin of the ultrafast non-radiative relaxation of triph-
components overlap around 550 nm. Consequently, the bleach-enylmethane dyes in the excited state is believed to be due to
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the torsional motion of the phenyl rings. The bleaching Planar H CHs
recovery rate of CV depends sensitively on the solvent viscos- (D3 symmetry) \oi

ity.!> If the structural difference between the two isomers is CH, H
due to the rotation or the torsion of the phenyl rings, the CH, /@/NG\EH 8-/
population transfer between the two isomers, or the change of /'N\@_Czw 8 \CH
structure, as well as the non-radiative relaxation rate of the CHa ¢
excited state should become slower with increasing solvent

viscosity. However, the rise time of the bleaching at 550 nm

when pumped at 598 nm is practically constant even when the CQN‘CHa

solvents were changed from methanohtbutanol (Figure 3).
The viscosity of butanol is about five times larger than that of
methanol. The bleaching recovery time in butanol is about four
times longer than that in methani§l. The insensitivity of the

rise time to the solvent viscosity shows that the structural change
between the two isomers is independent of, or at least not so
sensitive to, solvent viscosity. In other words, no large structural
change like the torsion of the phenyl rings is needed to account
for the difference between the two isomers of CV.

In general, it should be considered that a large-amplitude
vibrational mode with low frequency<(1000 cnt1) would be
concerned with the isomerization of ground stdfesdoreover, .
the isomer of CV should have a structure especially affecting c CHs, H
the shape of the absorption spectrum in the visible region. CH /@/ \©\Nf5+ f’-({
According to an expectation from the molecular structure of N CHs \CH
CV, the bending mode of the bonds from the central carbon to CHg ®
the three phenyl rings is a possible large-amplitude vibration
except for the torsional motion of phenyl rings. The structural C,;I';‘\CH3
change accompanied by this vibration would be less affected _
by solvent viscosity than the torsional motion of the phenyl Fi9uré 7. The proposed model of the ground state structures of CV
fings. Thus, we propose another ground-state structure of cyn a}IcohloIs d(ljscrlén\llnat?q by solvation equilibrium between an alcohol
whereby the three bonds on the central carbon are benDaith molectlie and a LV cation.
symmetry structure. Such a pyramidal structure Gasym-
metry. The possibility of that CV takes a pyramidal structure
was pointed out by Matsuoka and Yamaoka, although they were
not able to experimentally identify any ground-state isordérs.
We will discuss how CV can assume the pyramidal structure.

Because onlyD; symmetry was confirmed by the X-ray
diffraction study of crystal samplésthe effects of solvent
alcohol should be taken into account as the cause of the
inhomogeneity of the ground state of CV. It is well-known
that liquid alcohol forms a network (monomers and higher
structures) by hydrogen bon#& A CV solvated with alcohol ;
is surrounded by a network of alcohol molecules. The CV could in alcoho!s. ) o . .
have two or more solvation forms interacting with alcohol ~ASSuming the isomerization of CV is along the coordinate
molecules. We suppose that only a monomer alcohol can of the bending m_ode of the bonds from thg central carbon _to
solvate with CV cation, which was previously discussed by the t.hree phenyl rings, we computed the height of the potential
Korppi-Tommola and co-workef8 A monomer-dimer equi- barrler. for the structural-change from the propeller type to .the
librium of alcohols modifies the solvation equilibrium between Pyramidal one. According to the resonance Raman studies,
monomer alcohol and a CV cation. Therefore, we propose a the frequency of the bendmg_ mod_e of the bond from_ the central
model of the ground state of CV as shown in Figure 7. When Carbon to the three phenyl rings is 335Cm From this value
an alcohol molecule is solvated with a CV near the central the frequency of the collision to the potential barrier along this
carbon, the central carbon would be pulled toward the alcohol ViPration is estimated to be 1.004 108 st Using the
molecule. Thus, the CV may become a pyramidal structure. isomerization time (500 fs), the potential barrier was computed

When the solvation between the central carbon and the alcohol®© P€ aboutl 320 cnt. This value is comparable T at 295
molecule breaks, the CV has the propeller structure. BecauseK (205 cnT?). Using these parameters, the population transfer
the CV solvated with an alcohol should have rather lower {ime at283 Kand that at 313 K were computed to be 508 and
energy, the pyramidal structure corresponds to the isomer 0f_435 fs, respectively. Th|§ explains the_ difficulty in discriminat-
lower energy and the propeller structure corresponds to theind between the population transfer time at 295 K and that at
isomer of higher energy. In both structures, other alcohol 283 Or 313 K with our femtosecond spectrometer.

molecules should locate near one of the amino groups. The The reason why th&€; symmetry structure has not been
effect of a symmetry-breaking perturbation due to an interaction confirmed by resonance Raman studies for CV in alcohol is

with alcohol molecules would cause the spliting of the Probably as follows. The wavelengths of the*Amser used
for excitation in the resonance Raman stutiiédlwere at the

Pyramidal H .~ CHs
(C3 symmetry) "o

degenerated State!? As a result, the absorption spectrum of
each ground state would be composed of two absorption bands.
The results of our molecular orbital calculations showed that
when a methanol molecule is located at 2.0 A above the central
carbon CV has theC; pyramidal structure. Moreover, the
calculated absorption bands for b@kandCs; symmetry almost
agree with the absorption bands for the S component and L
component shown in Figure 5, respectively. Although many
solvent molecules really surround a CV, this result strongly
supports the possibility of CV having the pyramidal structure

gg Egﬁ;esr'}-;MH&f]fg”n?”gb SZF-Q: Té’ég%@im' NE971, 75, 63. shorter edge of the absorption band, so that the excitation lights
(34) Matsuoka, Y.; Yamaoka, KBull. Chem. Soc. Jpri979 52, 2244. resonate only th®; symmetry isomer. In the X-ray diffraction

(35) Pierce, W. C.; MacMillan, D. Rl. Am. Chem. Sod.938 60, 779. studie$ the sample was not solution but crystal, so thatGge
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symmetry isomer could not be confirmed. The molecular orbital steady state spectrum showed that the absorption spectrum of
calculation®? only denied the distorted propeller isomer and each isomer is composed of two electronic transitions. Con-
show a lifting of the degeneracy of the State. The results  cluding our findings, we propose the solvation isomers whereby
rather support our model that involves the splitstate. The  CV in alcohols ha®; or C3 symmetry. Furthermore, our model
time-resolved bleaching studies, which only concern the bleach-successfully explains almost all of the previously reported
ing recovery dynamics, were not able to confirm the presence conflicting data on the issue of the homogeneity or inhomoge-
of isomers. The bleaching recovery times we observed, neity of the ground state of CV. Our study shows the usefulness
however, agree with the previous déta-® of the pump and probe technique with tunable pump pulses in
confirming the inhomogeneity in molecular structure of flexible
organic molecules and observing the isomerization in the ground
The femtosecond pump-probe measurements presented in thigtate even when the potential barrier is comparable to the thermal
work revealed the presence of the ground-state isomers of CVenergy of the room temperature.
in alcohols and directly observed the isomerization between
them. We found that the isomerization of CV takeS00 fs. Acknowledgment. We thank Mr. Jing Yong Ye and
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but also theC; pyramidal structure solvated with alcohol
molecules. The analysis of temperature dependence of theJA960024z
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