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Microsolvation Effects on the Optical Properties of Crystal Violet

Claire Loison,*'*! Rodolphe Antoine,” Michel Broyer,”! Philippe Dugourd,”!
Julien Guthmuller,”™ " and Daniel Simon'*

Abstract: We present a joint experi-
mental and theoretical study of the
photoabsorption and photodissociation
behavior of crystal violet, that is, the
tris[p-(dimethylamino)phenyl]methyl

cation. The photodissociation spectra
of isolated and microsolvated crystal

culated vibronic absorption spectrum
based on time-dependent density func-
tional theory calculations. The interac-
tion of crystal violet with a single water
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molecule shifts and broadens the pho-
todissociation spectrum, so that it ap-
proaches the spectrum obtained in so-
lution. Theoretical calculations of the
structure of the complex suggest that
the shift in the absorption spectrum
originates from a water molecule bond-

violet have been measured. A single
band is observed for the bare cation.
This is in good agreement with the cal-

molecules -
solvent effects

Introduction

Crystal violet, the tris[p-(dimethylamino)phenyl]methyl
cation, has been the subject of interest in various fields of
science. For biologists, crystal violet is an important reactant
to test whether bacteria are Gram-positive or -negative.l™]
It is also a mutagen. For chemists, it is one of the most
stable carbocations in aqueous solvents,!! and is used as an
organic dye for industrial applications.”! For physicists, it
can be used as a fluorescent tracer” or an octopolar mole-
cule with a large first hyperpolarizability." These remark-
able optical properties have made this dye a prime candi-
date for nonlinear optical experiments,"'? near-field spec-
troscopy,’”! and single-molecule measurements.'* The spe-
cificity of the electronic structure of crystal violet is due to
its D; symmetry. Crystal violet has a propeller shape with
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ing with the central carbon atom of
crystal violet.

three blades, and a zero electric dipole moment (see
Figure 1).

Figure 1. Geometry of CV™* in a vacuum optimized by using DFT
(B3LYP/6-31+G*) calculations. See the Experimental and Theoretical
Section for details.

This symmetry of crystal violet has been confirmed in
crystalline form by using X-ray diffraction;!”! and in solution
by using Raman spectroscopy,'® magnetic circular dichro-
ism,"” hyper-Rayleigh scattering,"®! and electronic structure
calculations."®?! In the hydrate crystal CV*CI~-9H,0, in
which CV* denotes crystal violet, the three dihedral angles
between each aryl ring and the central carbon plane (6, 6,,
and 6;) are approximately 28°.11 In the D; group, visible-
light excitation should induce a single transition from a non-
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degenerate S, ground state to a doubly degenerate S, state.
However, experimental spectra of crystal violet in either
crystalline form or solution reveal two closely spaced bands
at A=600 nm. This feature is common to many substituted
or unsubstituted triphenylmethyl cations."!

In the crystal, the presence of the counterions very close
to crystal violet creates a high electric field that lifts the de-
generacy of the S; excited state and could explain the dou-
bling of the band.® In solution, ion pairing (in solvent with
£<10) and aggregation (in solvent with £>10 and high dye
concentration) also strongly influence the position and rela-
tive intensities of the two bands.?**! However, in the case
of a dilute solution of crystal violet in water or methanol,
counterion association or aggregation cannot be involved in
symmetry breaking, yet the two bands remain. This has
been a subject of debate since 1942, when Lewis and co-
workers proposed the equilibrium between two rotational
isomers in alcohol.” Today, this explanation has been inva-
lidated™ and other origins have been mentioned: 1) resolu-
tion of vibronic structures coming from a single electronic
transition,™ 2) symmetry breaking due to the interaction
with the solvent,'”*! 3) the existence of two isomers or two
ground states in solution.” The first phenomenon would
also be visible for isolated crystal violet, whereas the other
two, which are due to a lowering of the symmetry resulting
from intermolecular interactions, appear only if crystal
violet is solvated or forms a complex with other molecules
or ions. It is generally accepted that complexes between tri-
phenylmethane dyes and a polar solvent like water or meth-
anol possibly exist, however some controversy remains
about the structure and optical properties of the complexes.
McHale and co-workers argued that a dipolar solvent or
counterions would lift the S, degeneracy without any change
in the molecule geometry.”” Maruyama and co-workers
argued that the solvent would lift the D; symmetry of the
ground state by pulling the central carbon atom out of the
molecular plane.*

Herein, we report a joint experimental and theoretical in-
vestigation of the optical properties of isolated and micro-
solvated crystal violet cations. Isolated crystal violet displays
one absorption band. A broader band with a shoulder, simi-
lar to that observed in solution, is measured for crystal
violet microsolvated with a single water molecule.

Results and Discussion

Theoretical results for the UV-visible absorption of isolated
crystal violet are first discussed and compared to the experi-
mental photodissociation data. Then, the influence of the
microsolvation with a single water molecule is discussed,
using both theoretical and experimental investigations.

Crystal violet in the gas phase: The optimized geometry ob-
tained for isolated crystal violet respects the D; symmetry
group. The three dihedral angles between each aryl ring and
the central carbon plane (0) are close to 32° for all the func-
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tionals that were tested (B3LYP, BP, M05-2X). As expected
from the chemical reactivity of the carbocation, the two de-
generate HOMO orbitals of e symmetry (noted e, and e,)
are delocalized on the aryl group with a substantial contri-
bution on the nitrogen substituents, whereas the LUMO or-
bital of a, symmetry is delocalized on the aryl group with a

substantial contribution on the central carbon (see
Figure 2).
LUMO
aZ al aZ
HOMO —H— —H— —— —H— —H— ——
ey ey ey ey e, e
S, state S, state S, , state

-~

Figure 2. Top: electronic configurations for the S, S;,, and S states (S;,
and S;p states are degenerate in D; symmetry and nondegenerate in C,,
symmetry). Bottom: a) LUMO, b) HOMO(x), and ¢) HOMO(y) of CV*
calculated with B3LYP/6-31+G* in the D; symmetry group (dark and
light gray shading show the different signs of the lobes).

Using the B3LYP-optimized geometry, TD-DFT-BP/
ALDA (respectively SAOP/ALDA) calculations in the D,
symmetry group predict two degenerate vertical excitations
at 2.28 eV (respectively 2.33 eV) with an oscillator strength
(f) of 0.56 (for both functionals). These excitations corre-
spond to the S,—S, electronic transition. The small energy
difference obtained with the two functionals indicates that
the long-range part of the SAOP functional almost cancels
out in the present case, which is not obvious for such a con-
jugated cation with donor substituents. The two excitations
are dominated by the two possible HOMO —LUMO transi-
tions (the contribution of either e,—a, or e,—a, is more
than 99 %). The states obtained through the e, —a, and e,—
a, transitions are denoted S;z and S;,, respectively (see
Figure 2). Note that the following Sy—S, electronic transi-
tion energy is predicted to be at 3.90 eV, so this transition
can certainly not explain the observed shoulder in the solu-
tion absorption spectrum.

A resolution of vibronic structures was suggested as an
explanation for the shoulder in the spectra of crystal violet
and also for the similar cation trioxatriangulenium
(TOTA).”¥! Since the excited-state electronic configuration
e’a,! includes partially filled degenerate orbitals, some Jahn—
Teller effect is expected. To test this idea, we optimized the
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geometry of the excited singlet states (S;, and S;z) under
the constraint of C,, symmetry (with the principal axis along
a bond between the central carbon atom and one of its
three neighboring carbon atoms). As expected, deforma-
tions lower the energies of the S;, and S excited states. It
was found that the two excited states relax toward two dif-
ferent geometries noted A and B. The respective deforma-
tions relative to the ground-state D; geometry, denoted AR,
and ARj, involve 90 different vibrational modes, among
which the antisymmetric change of the dihedral angles 6 is a
major component: for geometry B, A9, =A6,=+6° and
AB;=—10°; whereas for geometry A, A, =A6,=+1.5° and
AB;~—0.5°. Figure 3 shows the energy variations of the S,

Energy difference /meV
Energy difference /meV

D3 —— (B)
qB

Figure 3. Plots of the total energy variations of the ground and two first
excited singlet states as a function of the geometry of the molecule. The
abscissa axes (q, and ¢g) are coordinates linearly transforming the
ground-state optimum geometry (noted D;) toward the excited-states op-
timal geometries (either A or B). For each geometry, the ground-state
energies are given by (BP/ATZ2P) calculations and the excited-states en-
ergies are obtained with the addition of the TD-DFT (BP/ALDA/
ATZ2P) transition energies to the ground-state energies. Note that there
are two different zeros on the ordinate axes (for the ground state and for
the excited states).

and S, states as a function of the geometry of the molecule.
The abscissa axes (g, and gg) are coordinates for linear
transformations of the ground-state optimum geometry
(noted D;) toward the excited-states optimal geometries
(either A or B). The Jahn-Teller effect slightly stabilizes the
S;s state along the g, coordinate. The vertical transition
energy toward this minimum is 2.23 eV. For the S;p state,
the stabilization along the gy coordinate is more pronounced
and the vertical transition energy toward this minimum is
2.10 eV.

The calculated vibronic absorption spectrum of the S,—S;
transition at 0 K is plotted in Figure 4, with contributions
from the Sy—S,, and Sy—S,5 transitions labeled as A and
B, respectively. A single but asymmetric peak at A =555 nm
is observed. The effect of ambient temperature on the spec-
trum would a priori not change this conclusion. A peak at
A=590 nm or higher would only be expected if the S;—S,
vertical transitions around the B geometry were observable,
which would require high temperatures (for the B geometry,
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Figure 4. Experimental fragmentation yield of isolated CV* (+) and nor-
malized absorbance of CV* in solution (—) (4.7 um CV™* in H,0/
CH;0H 60:40 (v/v) with 1% (v/v) of acetic acid). Calculated vibronic ab-
sorption spectrum (——) (each Franck—-Condon factor was enlarged by a
gaussian of width 0.05eV). The contributions of the two HOMO—
LUMO transitions (either HOMO(x)—»LUMO or HOMO(y)—»LUMO
labeled B and A, respectively) are also plotted (-----).

the ground-state energy relative to the Oth vibration level is
about 90 meV ~ 1000 K, see Figure 3).

The experimental photodissociation spectrum for isolated
crystal violet is shown in Figure 4. It displays a single ab-
sorption band centered around A=550 nm. The calculated
vibronic absorption spectrum for isolated crystal violet is in
close agreement with the experimental photodissociation
spectrum. As a comparison, the absorption spectrum of crys-
tal violet in solution is also shown in Figure 4. This spectrum
is much broader. It exhibits a shoulder pattern, composed of
two bands. We used a two Gaussian band fit to extract the
spectral characteristics of the absorption spectrum of crystal
violet. The best-fit leads to a characteristic band centered on
A=587 nm and a weaker band at 539 nm (see the Support-
ing Information) with a full-width at half-maximum
(FWHM) of 51.5 nm. The absorption band for isolated crys-
tal violet is significantly narrower than that of the solution
absorption spectrum (FWHM~50 nm). Furthermore, this
band lies at the position of the smaller band of the solution
spectrum, not at the position of the characteristic peak.
Both the calculated vibronic absorption spectrum and pho-
todissociation data definitely exclude the theory that the
resolution of vibronic structures accounts for the observed
shoulder in the solution absorption spectra of crystal violet.

As a conclusion, the experimental photodissociation spec-
trum of crystal violet without a shoulder is reported herein
for the first time and is characteristic of an unsolvated envi-
ronment. Our calculations show that the spectrum of unsol-
vated crystal violet should appear as a single, narrow S-S
peak; this has now been confirmed experimentally (see
below).

CV*-H,0 complex in the gas phase: Since the spectrum of
isolated crystal violet shows a single peak, the shoulder pat-
tern observed for crystal violet dissolved in water or metha-
nol must be triggered by the interaction of crystal violet
with its environment. The experimental photodissociation
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cross section as a function of the excitation wavelength of
the laser for the CV*-H,O complex is shown in Figure 5.
The interaction of crystal violet with one single water mole-
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Figure 5. Plots of the experimental photodissociation cross sections as a
function of the wavelength of the excitation laser for isolated CV* (4)
and CV*-H,O complex (=), superimposed with the normalized absorb-
ance of CV™ in solution (4.7 um CV* in H,O/CH;0H 60:40 (v/v) with
1% (v/v) of acetic acid) (—).

cule shifts the maximum of the absorption band from 555 to
580 nm (i.e., from 2.24 to 2.14 eV). Therefore, the absorp-
tion peak of the CV*t-H,0 complex closely approaches the
position of the maximum of the absorption band in solution
(587 nm, that is, 2.11 eV). The interaction with water also
broadens the main peak. Such broadening may arise from
the presence of different isomers.

McHale and co-workers (INDO/S)!"! supported the idea
that a polar molecule like methanol or water could break
the symmetry without modifying the crystal violet geometry.
They modeled the effect of solvent near another triphenyl-
methane cation, parafuchsine, by approaching it with a
dipole moment or a charge. The position of this charge was
arbitrarily chosen either above the central carbon atom or
above one of the amino groups. A dipole of 1.4 D at a dis-
tance of 1.5 A above the amino group would lift the degen-
eracy in qualitative agreement with the spectra of parafuch-
sine in methanol. Unfortunately, the dispersion interactions
between the solvent and crystal violet, and the optical exci-
tations were not precisely described by the methods used.
New DFT functionals developed recently enabled us to pro-
pose enhanced insight into the geometries and optical signa-
tures of CV*-H,O complexes. Starting from various initial
states (including the states proposed by the groups of Mar-
uyama and Lueck),™*! we optimized a representative
sample of complex structures (see Figures 6 and 7). The
total energies of the complexes relative to the isolated mole-
cules and their transition energies are reported in Table 1.

In geometry 1, the water molecule is located above the
central carbocation (see Figures6 and 7). This geometry
does not correspond to a local energy minimum: despite a
large sampling of initial geometries, water did not bind to
the central carbon atom during the energy minimization
procedures. Starting with water attacking the central carbon
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Figure 6. Geometries of four CV*-H,0O complex structures. Hydrogen
atoms are in white, nitrogen atoms in dark gray, and carbon atoms in
gray. Only relevant parts of CV* are shown. ®=aryl groups. Distances
are given in Angstrom.
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Figure 7. Some distances and
angles defining the CV*-H,0O
complex in geometry 1.

Table 1. Total energies (Q-chem3.1: M05-2X/6-31+G*) and transition en-
ergies (ADF2006: BP/ALDA/QZAP) of the geometries of the CV*-H,0
complexes illustrated in Figure 6. The energy reference (isolated CV* +
isolated H,0) is —1211.0671 Eh. The xyz files are available in the Sup-
porting Information.

Total energy
differences [meV]

Transitions [eV] and
oscillator strengthst®

isolated CV* +isolated H,O 0 2.321 (0.56)!!
2.326 (0.56)[!
geometry 1 —223 2.300 (0.54)
2.343 (0.55)
geometry 2 —272 2.318 (0.60)
2.320 (0.54)
geometry 3 —255 2.311 (0.57)
2.321 (0.55)
geometry 4 —280 2.318 (0.60)
2.320 (0.54)

[a] In parentheses. [b] CV*t geometry was optimized in C; symmetry
group, so the two values are not exactly degenerate.

Chem. Eur. J. 2008, 14, 7351 -7357
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cule and the central carbon atom, and a is the angle be-
tween the C; axis and one of the C—C bonds (see Figure 7,
in which 8 was fixed to 0). In this constrained space, an
energy minimum was found for a distance between the
oxygen atom of the water molecule and the central carbon
atom of 3.19 A, and a planar geometry around the central
carbon atom (a=90.5°). A similar planar geometry was also
obtained as a local energy minimum for the CVt-MeOH
complex (see the Supporting Information).

In geometry 2, one hydrogen atom of water interacts with
the aromatic electronic cloud of one aryl ring at a distance
of 2.6 A, which is typical for an aromatic n—H interaction.?”)
The oxygen atom of water interacts with a lateral hydrogen
atom of a neighboring ring at a distance close to 2.23 A,
which is within the range reported for C,H,*/H,O com-
plexes (2.1-2.6 A).” Among the other local energy minima,
water was found to bind to the hydrogen atoms of the aryl
groups (geometry 3), or to the dimethylamino substituents
(geometry 4). The attack of water towards the nitrogen
atom, starting from several initial orientations, was unfavor-
able and converged toward geometry 2. At ambient temper-
ature (kgT~30meV), one cannot exclude contributions
from a mixture of different geometries, and deformation
due to vibrations, in the ion trap. In solution, several of
these binding sites could be occupied simultaneously.

For geometries 2 and 4, the effect of water microsolvation
on the transition energies is negligible. For geometry 3, a
small redshift is observed for one transition (10 meV). For
geometry 1, the splitting (43 meV) obtained at 0 K is small-
er, but of the order of magnitude of the splitting observed
experimentally. Obviously, other geometries may be respon-
sible for the shoulder and for the broadening, which we
could not find because of the limitations of geometry sam-
pling. Nevertheless, it seems clear that a weak electrostatic
interaction with the central carbocation contributes to the
observed shift. Note that shifts in the S-S, band origin of
the 1:1 water complexes of various phenols were observed
and were correlated to changes in the charge on the phenol-
ic oxygen atom.”! In these complexes, the redshift is due to
the electron-donating property of the water. For CV*-H,0
complexes, water binding to the central carbon atom would
be responsible for the observed shift.

To summarize, our theoretical investigation of CV+-H,O
complexes indicates that water does not bind exclusively to
the central carbon atom of crystal violet, but also to the ex-
ternal dimethylamino groups or to the aryl rings. Neverthe-
less, the binding to the central carbon atom seems to be
mainly responsible for the broadening observed during mi-
crosolvation. Interactions with the central part of crystal
violet may be at the origin of the shoulder in the absorption
spectra of various substituted triphenylmethyl cations.

Conclusion

We have presented an experimental and theoretical work on
the optical properties of crystal violet, both unsolvated and
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in interaction with a single water molecule. Experimentally,
we first showed that unsolvated crystal violet presents a
simple photodissociation spectrum with a single band, with-
out the shoulder pattern observed in the absorption spectra
of crystal violet in aqueous solution. This definitely demon-
strates that the shoulder observed for crystal violet in solu-
tion is due to the environment. We made use of DFT and
TD-DFT methods to study the ground state and the first
doubly degenerate excited states. The calculated 0 K absorp-
tion spectra using the Franck—Condon approximation agrees
well with the experimental photodissociation spectrum. A
single peak is observed; that is, the Jahn-Teller effect of the
excited states is not observable within the resolution used.

Additionally, we have been able to isolate CV*-H,O
complexes in the gas phase. The experimental photodissoci-
ation spectrum of the CV*-H,O complex clearly shows that
microsolvation redshifts and broadens the absorption spec-
trum of crystal violet, so that the position of the absorption
peak closely approaches the position of the solution peak.
By using theoretical calculations, we have investigated a
range of possible complex geometries and their optical sig-
nature. The interaction of the solvent molecule with the cen-
tral carbon atom of crystal violet may be responsible for the
observed broadening of spectra in solution. In conclusion,
this study shows that the intrinsic spectrum of crystal violet
presents a single band and that the shoulder observed in so-
lution is due to the environment. The main contributors to
the effect of the interaction with the solvent are obtained at
the very early stage of microsolvation.

Experimental and Theoretical Section

Electronic structure calculations

Ground state: electronic structure, geometry, and vibrational modes: The
electronic structure calculations have been performed using DFT. The
optimized geometry of crystal violet in a vacuum in the ground state has
been obtained by the Gaussian 03 program® using the 6-314+G* basis
set®3 and the B3LYP functional.’>3*! The vibrational frequencies and
modes have been obtained analytically using Gaussian 03 with B3LYP/6-
31G parameters.

For the computation of the energies of CV*-H,O complexes, which in-
volve dispersion forces, the functional M05-2X,*" as implemented in
Qchem3.1, has been used with the 6-31+G* basis set. This hybrid meta-
GGA functional has been designed for the study of noncovalent interac-
tions and has proved successful in determining the geometries of com-
plexes involving a water molecule and a conjugated organic molecule
like benzene.®™ Geometries 2, 3, and 4 were optimized without constraint
with Q-chem3.1 (M05-2X/6-314G*) using default convergence parame-
ters. Geometry 1 was chosen along an optimization path starting from a
configuration in which water attacks the central carbon atom of crystal
violet at a point close to a saddle point (gradient and energy change
smaller than 107°).

Singlet excited states: The calculation of the excited singlet states has
been determined with TD-DFT as implemented in the Amsterdam Den-
sity Functional program (ADE/ 2006). The exchange and correlation
kernel is the adiabatic linear density approximation (ALDA).*"! We com-
pare results obtained with the exchange by Becke and the correlation by
Perdew (BP), and with the statistical average of orbital potential (SAOP)
functional.*!! The latter has correct asymptotic behavior proportional to
—1/r when r tends to infinity (r is the distance between two charges), and
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has shown to be well adapted for the calculation of excited energies of
small organic molecules. Basis-set convergence was tested using Slater-
type basis sets of increasing precision from the ADF library (DZ, DZP,
TZ2P, ATZ2P, ET-pVQZ, and ZORA-4Q4P).">#] The largest basis set,
ZORA-QZAP, is a triple-zeta core and quadruple-zeta valence, with four
polarization functions (2d and 2f functions for C and N; 2p and 2d for
H) and can be considered as a very safe option for basis-set limit calcula-
tions. The transition energies obtained with basis set ATZ2P or larger
converged within a range of 5 meV, and the oscillation strengths (f) con-
verged within a range of 0.005. The HOMO-LUMO transition energies
converged within 1 meV for a projection on at least the 20 lowest singlet
excitations. This TD-DFT approach was first tested for a sample of nine
octopolar cations similar to crystal violet (see the Supporting Informa-
tion). The theoretical transition energies in a vacuum differed from the
experimental ones (in solution) by less than 10%. This error is accepta-
ble and in the range of what was published recently in a PCM-TD-DFT
(PCM: polarizable continuum model) study of a large family of triphe-
nylmethane derivatives including solvent effects.*! A validation of the
approach is also provided by the good agreement of the transition ener-
gies with the experimental photodissociation spectrum of isolated crystal
violet presented in the Results and Discussion section of this paper.

Geometry optimization of the two singlet excited states (S;4 and S;5): The
geometries of the A and B excited states were optimized using a DFT ap-
proach (BP/ATZ2P) in which fractional occupation numbers of the orbi-
tals are imposed and constrained during the optimization procedure.
These occupation numbers describing the excited state are obtained from
the decomposition of the S;—S, , and Sy—S;; transitions of TD-DFT cal-
culations. The two excited-state geometries noted A and B correspond to
two deformations relative to the ground-state D; geometry noted AR,
and ARj.

Vibronic resolution for isolated crystal violet: To take into account both
electronic and vibrational states, the general expansion of the total wave
function v, (r,R) is expressed within the adiabatic Born-Oppenheimer
approximation [Eq. (1)]:

Yin(r,R) = ®;,(r,R) x X::)(R) (6]

in which @;,(r,R) is the ith electronic state wave function, and r and R
denote electronic and nuclear coordinates, respectively. In the harmonic
approximation used here, the nuclear wave function x“(R) is a product
of wave functions of harmonic vibration modes denoted n=(n,, n,, ns, ...)
with ¥n,=N. We considered only the 0—n vibronic transition moment
from the ground-state electronic state i to the final excited state
Fio(r,R) || 4, (r,R)) within the Franck—Condon approximation. The vi-
bronic transition moment can therefore be reduced to the product of the
electronic dipole transition moment at the equilibrium geometry of the
ground state with the vibrational overlap integral (x{'(R)|x/(R)). As the
absorption and fluorescence spectra of crystal violet respect a mirror
symmetry, the harmonic vibrational modes of the excited states y)(R)
were supposed to be the same as the one calculated for the ground state
% Y(R) centered on the excited-state geometries; for example, for the S,
excited state y/(R)=y"(R—AR,)."** The calculation of Franck-
Condon coefficients has been done with a program developed locally
(MULTIFC)."! For the A state, the geometry of which is close to the
ground-state geometry, the calculation of about 3000 factors is sufficient
to obtain a complete projection of the vibrational initial state.

Zﬂj IO RP(R)P > 0.99 o

For the B state, whose geometry is very different from the ground-state
geometry, the Franck-Condon factors are all tiny and the complete pro-
jection exceeds our computational resources. To reduce the computation-
al cost, we projected the deformation ARy on the 158 vibrational modes
and eliminated 71 modes of negligible amplitude in the calculation. The
number of Franck—-Condon factors to be calculated was greatly reduced,
while conserving an optimized projection on the vibrational modes. The
projection of the 10" biggest factors thus increased to
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2 [ (R) D (R)) 1 2 0.83 .

The absorption spectra have been obtained in the frequency (v) range,
by summing the normalized contribution of all the Franck—Condon fac-
tors convoluted with a gaussian Av=0.005 eV wide defined by

> |<%3)(R)\xg)(R)>\2exp<%> "

in which E, is the energy associated with the mode n.

Photodissociation experiments: Photodissociation experiments were per-
formed using a modified commercial ion trap mass spectrometer (LCQ
DUO with the MS" option, Thermo Electron, San Jose, CA, USA)
equipped with an on-axis electrospray source.**! The ring electrode of
the quadrupole ion trap was drilled to allow introduction of a laser
beam. The laser used was a nanosecond frequency-doubled tunable Pan-
ther OPO laser pumped by a PowerLite 8000 Nd**:YAG laser (both
from Continuum, Santa Clara, CA, USA) operated at a repetition rate of
20 Hz. Before entering the trap, the laser beam was collimated with three
3 mm diameter pinholes and went through a mechanical shutter that was
electronically synchronized to the mass spectrometer.

Crystal violet was purchased from Sigma-Aldrich and dissolved at a con-
centration of 4.7 um in H,O/CH;OH 60:40 (v/v); 1% (v/v) of acetic acid
was added to the solution. Different settings for the LCQ mass spectrom-
eter were used for the unsolvated crystal violet and for the CV*-H,0O
complex cations. For unsolvated crystal violet cations, the electrospray
needle voltage was adjusted to —4 kV, and the spray was stabilized with a
sheath gas pressure of 50 psi. The sample was introduced at 5 uLmin .
The capillary interface was heated to a temperature of 250 °C. For crystal
violet cations with one water molecule, the electrospray needle voltage
was adjusted to —3 kV, and the spray was stabilized with a sheath gas
pressure of 30 psi. The sample was introduced at 25 uLmin~". The capilla-
ry interface was maintained at room temperature.

At each laser wavelength, the ions were first isolated in the trap and then
irradiated with the laser for 2's (40 laser pulses). The ions were finally
ejected from the trap and the resulting mass spectrum was recorded in
the m/z 100 to 400 range. For the isolated crystal violet and the CV*—
H,O complex cations, the main observed photofragments correspond to
the loss of CH, and of one of the three blades (C4qHsN(CHj;),) (see the
Supporting Information). Photofragmentation branching ratios do not
depend on the laser wavelength and are similar to those obtained after
collisional activation. Experiments performed as a function of the laser
power show that photofragmentation is a one-photon process (see the
Supporting Information). The photodissociation cross section was ob-
tained by recording mass spectra at each wavelength from 430 to 640 nm
by steps of 5Snm. The laser fluence injected in the trap was recorded
before injection in the trap and kept below 1000 pJ pulse . The cross sec-
tion o was determined by Equation (5):

1 ( parent + > products)
o=—=In| ————
D parent

)
in which @ is the laser fluence, “parent” is the intensity of the parent
peak, and “Yproducts” is the sum of the intensity of all the observed
photofragment peaks.

UV-visible spectra in solution were recorded by using an AvaSpec-2048
fiber optic spectrometer, an AvaLight-DH-S deuterium-halogen light
source, and a UV/Vis cuvette (Avantes, Eerbeek Netherlands).
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