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Crystal violet lactone (CVL) emits in aprotic solvents at room temperature single (A band, low polar solvents)
or dual (A and B bands, medium and highly polar solvents) fluorescence. Strong solvatochromic shifts of
both fluorescence bands prove significant charge redistribution in both emitting s@fsand ‘CTg).
Comparison with model compounds mimicking structural subunits of CVL, 6-dimethylaminophthalide
(6-DMAPd), and malachite green lactone (MGL) shows that the A band is displayed from a polar excited
state localized within the 6-DMAPd subuntQTa, ue = 10.7 D), and the B band, from a highly polar excited
state {CTs, ue = 25.2 D) formed after electron transfer from one of the dimethylaniline groups to 6-DMAPd
moiety. ThelCTg state becomes accessible and is populated during solvation by a sufficiently polar
environment. CVL phosphorescence strictly matches that of 6-DMAPd, indicating ISC to a triplet state localized
on 6-DMAPd moiety in low polar solvents. In polar solvents, transient absorption measurements indicate
spin flip and relaxation to a charge-transfer triplet state, as evidenced by identiealSand T, — T,
spectra in acetonitrile indicating presence of dimethylaniline cation radical. In protic media, CVL undergoes

fast photodissociation of the-€D bond in lactone ring and diabatic formation of a zwitterion stabilized by
hydrogen bonding with solvent molecule.

|. Introduction SCHEME 1

The phenomenon of dual fluorescence emitted by organic
molecules in solution is associated with a number of processes
usually including photoinduced adiabatic reactions. Particular
attention has been paid to dual fluorescence displayed in

(CHN N(CH,),
O 0 CVL
Q o

[¢]

intramolecular electron transfer (ET) reactions accompanied by (CHIN (CHIN N(CH,)
excited-state structural relaxatfonhere two fluorescence bands = O O 32
are emitted both from the substrate and the product of ET o

reaction (successor-precursor scheme). Eminent example is dual Q [
fluorescence ofN,N'-dimethylaminobenzonitriie (DMABN) (CH,N o o
discovered by Lippert et &l.and interpreted within the 6-DMAPd MGL

framework of the TICT model proposed by Grabowski et al.
as coming from a locally excited (LE) state and from an

intramolecular charge transfer (CT) state with electron-donating
group twisted perpendicularly to the acceptor part. The TICT
model has been successfully applied to describe photophysic
of a large number of other flexible doneacceptor (D-A)
systems}> emphasizing the importance of mutually perpen-
dicular D—A alignment for efficient charge separation (CS).
Another (much smaller) group of molecules includes those
displaying dual fluorescence from two excited states, none of
which can be identified with a vibrationally relaxed excited state
of the primary excited molecule (i.e., the LE state). Such
emitting states are products of a fast, multidimensional excited-

state process and are populated on independent routes afte

branching into different adiabatic deactivation pathwayse
group includes i.a. systems built around spaarbon atom such
as lactone forms of rhodamines (LRS).1° LRs display dual
fluorescence from (i) a highly polaiCT state, and (ii) from
excited zwitterion ¥Z) formed in adiabatic photodissociation
of the C-0 bond in phthalide ring. Two relaxation channels
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leading to population of these states in LRs are triggered by
ultrafast photoinduced intramolecular ET from bis(dimethyl)-

Janthene to phthalide.

In contrast to LRs, where two dialkylaminophenyl groups
are bridged into a rigid planar bis(dialkylamino)-xanthene
forming a singler-electronic system, analogous lactone forms
of triarylmethane dyes (LTAMs) have two individual electron-
donating dialkylaniline groups forming a propeller-like structure
with electron-accepting phthalide (Pd; Scheme 1). Despite
structural difference when compared with analogous tetram-
ethylrhodamine lactone (LRMET), malachite green lactone
@\/IGL) displays single fluorescence from a CT state with
electronic structure similar to that of tAET state in LRs and
the ICT state in MGL is populated in ET process faster than
130-150 fs!t12 Substitution of the phthalide moiety in MGL
with the dimethylamino group gives another LTAM, crystal
violet lactone (CVL, Scheme 1), and results in the complete
change of photophysics and in dual fluorescéhicemoderately
and highly polar solvents. It seems that both the mechanism
leading to the population of two emitting states in CVL and
the nature of one of them are different from those in LRs, and
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the present paper attempts to resolve the intriguing puzzle of synthesized as described by Stanetty e @nd purified by
their origin. An important question is whether dual fluorescence repeated crystallization from methanol. The solvents used were

of CVL is accompanied by structural relaxation involving, e.g.,

as follows: hexane (HEX), butyl ether (BE), ethyl ether (EE,

rotation of dialkylaniline groups. Though such structural change inhibitor free), butyl acetate (BA), ethyl acetate (EA), tetrahy-
has been identified as the primary relaxation channel in excited drofuran (THF), dichloromethane (DCM), 1,2-dichloroethane

triarylmethane catiod$ and was postulated in structurally
related triphenylphosphine oxid&s!®it seems that structural
changes play much less critical role in LTAMs photophysics.

CVL is a colorless derivative of the well-known triaryl-

(DCE), pyridine (PY), acetone, benzonitrile (BZN), acetonitrile
(ACN), dimethylformamide (DMF) and dimethyl sulfoxide

(DMSO0), methanol (MeOH), 1-propanol (PrOH), 1-butanol
(BuOH), and 1-octanol (OcOH), and were all of spectroscopic

methane dye, crystal violet, and is important raw material for grade. Butyronitrile (BTN, Merck) was triply distilled over
paper industry. CVL has been synthesized for the first time in KMnO4 + K>COs, P,Os, and CaH, respectively, and diisopro-
an attempt to obtain a color former allowing a “carbonless” copy pyl ether (IPE, p. a. Merck) was used as received. All

paper to be produced.The process of color formation using
CVL consists of a ground-state dissociation of the@bond

luminescence measurements were carried out using solutions
deoxygenated by saturation with purified and dried argon (30

in the lactone ring (in the presence of a proton donor) resulting min).

in the formation of a crystal violet catioi:1° The lability of

Absorption spectra were recorded with Shimadzu UV 3100

the G-O bond under various influences makes CVL very spectrophotometer, and emission measurements were carried out
attractive for various applications, e.g., as photopolymerization using an Edinburgh Analytical Instruments FS900 spectrofluo-
initiator2%21 and the active ingredient in thermochromic coat- rimeter. Luminescence spectra were subsequently corrected by
ings22 In contrast to a vast number of studies on photophysics subtraction of the background due to the solvent (e.g., Raman
of TAM dyesZ324and despite a widespread use of CVL, only lines, excitation line passed as second order of monochromator
a few studies have been carried out toward understanding thegrating). Fluorescence spectra were recorded as a function of
photophysics of CVL and other phthalide-based color forffers. wavelength and subsequently multiplied by a factori®fin

The existing repor8:26.27give, however, incomplete or even  order to convert counts per wavelength into counts per wave-
misleadingP insights into CVL spectroscopy. Moreover, intense nhumber. Luminescence quantum yields were determined using
work on the photodissociation of various leuco forms of quinine sulfate in 0.1 N k8O, as a standardlf; = 0.51%%) and
triarylmethane®-35 and related 9-arylxanther®s$7 or fluore- corrected for the refractive index of a solvéff-or quantum
nols®® surprisingly did not involve TAM lactones. It is more  Yield determinations, optical densities of both the sample and
striking given the fact that adiabatic photodissociation in the standard were identical at the wavelength of excitation and
structurally related LR was reported by Grigoryeva el ak were of the order 0:20.15, which corresponded to CVL
early as in 1977. Though Wan et3iin their report on adiabatic ~ concentrations of about 4« 107° to 6 x 10> M. Low-
photodehydroxylation in 9-phenylxanthen-9-ol critically assessed temperature luminescence measurements were carried out with
the possibility of adiabatic photoreactions in structurally similar a Jasny spectroflurimeter and phosphorimété?hosphores-
amino-substituted triarylmethanols, Peters éfahowed that cence was separated from total emission mechanically using a
photoinduced homolysis in diphenylmethylhalides results in the chopper system of the apparatus (modulation frequency of about
generation of radical pairs that are trapped in an electronic 4 kHz). Luminescence lifetimes were obtained with an Edin-
minimum on the excited state surface formed by avoided burgh Analytical Instruments FL900 time-resolved fluorimeter.
crossing of a covalent and an ionic surface. The formation of They? test and the distribution of residuals were the main criteria
such radical pairs in LRs may be a key point in the population in evaluation of the quality of the fit.

of the excited zwitterion state. For the above reasons, the study Transient absorption measurements were carried out with a
of LTAMSs photophysics seemed both interesting and promising, nanosecond transient absorption spectrophotometer constructed
especially with regard to insights it might provide into the by Jasn§f that allows for spectral measurements from 380 to
complicated interactions of a nonrelaxed excited molecule with 790 nm at delays ranging from2 to 100 ns in relation to the

nonequilibrated solvent.

excitation pulse (PTI PL 2300 nitrogen laser, fwkm0.6 ns,

This paper presents the study of CVL photophysics and Pulse energy 1 mJ), with a temporal resolution better than 1 ns.

compares it with two compounds mimicking structural parts of

CVL: 6-dimethylaminophthalide (6-DMAP) and malachite

green lactong (Scheme 1). Dual fluorescence displayed by
CVL in more polar aprotic solvents comes from two polar
excited states, one of which is localized within the 6-DMAPd

Semiempirical quantum chemical AM1 calculations were
performed with HYPERCHEM package (Hypercube Inc.).

[ll. Results and Their Interpretation
3.1. Absorption. The absorption spectra of CVL in three

part of the molecule, whereas the other is populated after ET @protic solvents and in methanol are shown in Figure 1. The
from one of the dimethylaniline groups on the 6-DMAPd spectra did not show any absorption in the 4360 nm region,
moiety. The medium surrounding the molecule plays a crucial both before and af.ter.fluorescence measurements, '|nd|cat|ng no
role in CVL photophysics, with solvent polarity being the key Presence of color ionic forms. A_d_sa 2 hlaser irradiation (337
factor affecting the energetics of both excited states and M. Pulse energy 0.4 mJ, repetition rate 16 Hz) of a6 20~
controlling availability of various deactivation pathways. The M solution of CVL in ACN from freshly opened bottle (placed
excited-state process in CVL in protic media involves formation 1N @ standard 1 cnx 1 cm fluorescence cell) did not result in

of the cation following solvent assisted heterolytic cleavage of 2Ny new absorption barfd.The absorption spectra in alcohols
C—0 bond in the lactone ring. did not indicate any specific ground-state interaction with the

solvent.

The absorption spectrum of CVL in 26@50 nm region
consists of four bands with the second band overlapped by a
stronger third band. The lowest energy absorption band, ignored
sometimes as a “taiP? shows large solvatochromic effect (1600
cm! red shift from hexane to DMSO). A comparison of CVL

Il. Experimental Section

CVL (Aldrich) was crystallized twice from acetone. MGL
was synthesized as described by Fisthand subsequently
repeatedly recrystallized fromm-propanol. 6-DMAPd was
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Figure 1. Absorption spectra of CVL in hexane (HEX, dotted line),
tetrahydrofurane (THF, dashed line), acetonitrile (ACN, thick line), and
methanol (MeOH, thin line). Insert shows solvatochromism of the first
absorption band (note enlarg¥daxis).
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Figure 2. Comparison of the absorption spectrum of CVL with the
spectra of compounds modeling its structural parts: 6-DMAPd and
MGL. All of the spectra were recorded in hexane.
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suggest that the lowest absorption transition in CVL is very
weakly perturbed by higher absorption transitions localized on
DMA groups.

Such additivity of absorption transitions localized on structural
subunits was reported for MG#.and for other leuco forms of
triarylmethanes and was explained by weak conjugation of
chromophores forming the molect#&Though the solvatochro-
mic red shift observed for the band in CVL (Table 1) is slightly
larger than that for the corresponding band in 6-DMAPd, solvent
effects in both CVL and 6-DMAPd clearly point to a charge-
transfer nature of the lowest absorption transition in both
molecules. AM1 semiempirical calculations for 6-DMAPd
indicate that the §-< S transition involves significant
displacement of charge density from the orbital localized on
amino nitrogen to the orbital localized on the phenyl ffand
confirm earlier assignment in analogous 6-aminophth&fidée
low value of the absorption transition dipole moment in
6-DMAP reflects a small overlap of molecular orbitals involved
in the CT transition.

According to the theory of dielectric polarizatiéha red shift
of absorption band with increasing solvent polarity is expected
for transitions from a state with a relatively small dipole moment
to a state with a larger one. Localization of the lowest absorption
transition in CVL on the 6-DMAPd moiety allows one to
assume, to a rough approximation, a point dipole situated in
the center of the spherical cavity created by the 6-DMAPd
moiety>! Neglecting the mean solute polarizability in the states
involved in the transition, the solvent effect on the spectral
positions of the CT absorption spectra can be giver® ¥y

hcv th?m—zﬁg@e_ﬁg)[f_l _inm-1 1)
abs= abs a3 126+1 22n2+1

~vac

wherehciapsandhcv;  are the energies related to the spectral
positions of the CT absorption maxima in solutions and to the

absorption spectrum in hexane with the spectra of compoundsvalue extrapolated to the vacuum, respectivglyand e are

mimicking its structural parts, 6-DMAPd and MGL (Figure 2),
shows that, whereas in MGL there is practically no absorption
up to 30 000 cm?, the shapes of the lowest absorption bands
and the spectral positions of their maxima in 6-DMAPd (29450
cm™1) and in CVL (29300 cm?) are very similar, pointing to
localization of the lowest absorbing state in CVL on the
6-DMAPd subunit. Moreover, virtually identical molar absorp-
tion coefficients at absorption maxima (e.g., 2550 and 2560
M~1cm1, for 6-DMAPd and for CVL in ACN, respectively)

the dipole moments of the solute in the ground and the excited
states, respectivelya is the effective radius of the Onsager
cavity > ¢ is the static dielectric constant, ands the refractive
index of the solvent. For a well separated CT absorption band,
eq 1 can be used to determine directly the vajugg. — zig)/a’

and hcvys Solvatochromic plots of absorption maxima for

CVL and 6-DMAPd (see Supporting Information) yield practi-

~vac

cally equalhcv,,; energies in both molecules (3.70 eV), the
slope, and consequently thg(i. — zig)/ad value, are, however,

TABLE 1: Absorption and Fluorescence Data for CVL in Aprotic Solvents?

Vas U7(A) 7'(B) Ky
solvent [em™Y] [cm™Y] [em™Y] Dp 7a [NS] [x107s7Y [x1077s™Y Dp 75 [nS]
HEX 29300 25850 .27 7.7 35 9.5
BE 28850 25150 .39 12.3 3.2 5.0
IPE 28870 25100 41 13.7 3.0 4.5
EE 28750 24450 .52 15.5 34 3.1
BA 28600 24350 .51 21.9 2.3 2.2
EA 28500 24100 .32 19.3 1.7 35
THF 28350 24250 44 224 2.0 2.5
DCE 27950 23600 19600 .08 20.6 12 20.7
PY 27800 23400 19000
ACT 23400 18200 3.7 3.8
BZN 27850 23100 18600
BTN 28050 23250 18100 .007 5.4 .025 5.7
DMF 27800 22100 17500 .0011 15 .0068 1.5
ACN 27950 22650 16950 .0006 1.5 .0039 1.4
DMSO 27700 21800 16500

CT

a{i,s absorption maximumff,if(A) and ~\1§|;T(B), maxima of fluorescence bands, A and B, respectivély, ®g andza, g, fluorescence quantum
yields and decay times of A and B bands, respectiviélyand k>, radiative and nonradiative rate constants for @&, state.
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Figure 3. Fluorescence spectra of CVL in various aprotic solvents Figure 4. Fluorescence spectra of CVL, 6-DMAPd, and MGL in
recorded at 295 K. butyronitrile recorded at 295 K.

clearly larger for CVL (-0.32 eV) than for 6-DMAPd-{0.19 spectrum, so that both bands are to be ascribed to emissions
eV), indicating stronger solvent effect on absorption transition from CVL molecule. The long-wave band is emitted definitely

in CVL. Hd(tie — fig)/a® values obtained from the plots of from a different electronic state than the short-wave one.
solvatochromic shifts of fluorescence maxima for both molecules Considerable red shifts in spectral positions of both CVL
are much closer to each other@.71 eV for 6-DMAPd and luminescence bands, increasing Stokes shifts and bandwidths
—0.66 eV for A band of CVL, see section 3.3), which suggests (fwhm) on increasing solvent polarity strongly suggest polar,
that the solvent effect oemissiortransitions in both molecules  charge-transfer nature of both emitting states. For that reason,
is about the same. Given that also emission in low polar solventsthe two emitting states will be referred to in the following as

is displayed from excited state localized on 6-DMAPd part of 1CT, andCTp excited states, respectively. The decay times
CVL, the latter result suggests that Onsager cavity can be measured in both emission bands (excitation at 337 nm) in a
assumed nearly the same for 6-DMAPd standalone and 6-D-given solvent were found to be approximately equal on the ns
MAPd as a component of CVL, and consequently, the above time scale used in measurements (Table 1). No rising compo-
difference ingig(tie — #ig)/a® values is not caused by different nents have been detected for either A or B band on the sub-ns
cavity radii, a, to be assumed for both situations but most time scale. In solvents where CVL displays dual fluorescence,
probably is a consequence of a lower ground state dipole the decay times were measured at the blue and the red slopes
moment of 6-DMAPd as a component of CVL molecule due of A and B bands, respectively, to avoid any spectral overlap
to (minor) inductive effects of dimethylaminophenyl groups. of A and B bands (see Figure 4). Radiative and nonradiative
This is also reflected in ground state dipole moment AM1 rate constants for CVL in low polar solvents andk,,, Table
calculations, yielding 5.9 D for 6-DMAPd and 5.5 D for CVL, 1) have been determined assuming that 100% of primarily
with nearly the same dipole moment directions in both excited CVL molecules relax to solvent-equilibraféir, state
molecules. and thelCTj state is not populated.

The second (observed as a broad shofffi@nd the third The fluorescence spectrum of CVL in ACN consisting
absorption bands in CVL are similar to the first two bands in apparently of two bands has been reported by Kaneko and
N,N'-dimethylp-toluidine®® which models each of the two  Neckers? without, however, any indication of its dual nature.
chromophores attached to 6-DMAPd and, contrary to rhodamine The short-wave band in their spectrum has a maximum
lactones? are assigned to transitions localized within dimethy- coinciding approximately with that reported here (about 430
laniline units. Detailed description of higher absorption bands nm as read out form Figure 3 in ref 20), but the long-wave
is given in the Supporting Information. band has a maximum at 541 nm (compared with 574 nm in our

3.2. Fluorescence in Aprotic SolventsFluorescence spectra  case) and apparently smaller spectral half-width than that found
of CVL in aprotic solvents at room temperature show dramatic here. Using a 8.3« 104 M solution of CVL in ACN (the
dependence on solvent polarity (Figure 3) and proticity (see concentration used in ref 20), it has been verified in this work
section 3.5). In low polar aprotic solvents, CVL fluorescence that the discrepancy cannot result from relatively high CVL
spectra consist of one band shifting to the red on increasing concentration used in ref 20, which would imply that the
solvent polarity. The shift is accompanied by increasing spectrum published by Kaneko and Neckers might, e.g., have
fluorescence quantum yield and longer fluorescence lifetime not been appropriately corrected for the spectral response of
(Table 1). When the solvent polarity exceeds certain threshold their detection system. Also the fluorescence quantum yields
value (at room-temperature somewhere above THE (7.6) given by these authors should be taken with care, as they give
and below dichloromethane & 8.9)), a second fluorescence no details concerning the use of rhodamine B as an actinometer,
band appears and is emitted on further increase of solventand rhodamine B is well-known for variations of reported
polarity. The appearance of the long-wave band is accompaniedquantum yield and its dependence on various faéfors.
by significant decrease of both the short-wave band and the The localization of the lowest excited state of CVL (in
total fluorescence intensity. In the following, we will designate absorption) on the 6-DMAPd moiety strongly suggested that
the short-wave band in CVL as the “A” band and the long- one of the fluorescence bands may correspond to a transition
wave band as the “B” one, and we will denote the emitting |ocalized on that CVL subunf® A comparison of spectral
states with respective lettets. position and width of fluorescence band of 6-DMAPd with the

Fluorescence excitation spectra recorded in various solventsshort-wave fluorescence band recorded for CVL in the same
with fluorescence monitored in each of two fluorescence bands solvent (Figure 4) strongly indicates that both emissions come
overlap with each other and reproduce well the CVL absorption essentially from the same chromophore. Near-mirror symmetry
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of reduced absorptione(v)/v plotted versusy) and reduced molecule due to enhanced ISC in CVL in low and medium polar
emission [(v)/v2 plotted versus) spectr&® of CVL in low polar solvents (see section 3.6).
solvents proves that both the first absorption band and the Energetic stabilization and availability of the highly polar
fluorescence band represent transition to (absorption) or from 1CT state in more polar solvents is accompanied by dramatic
(emission) a single and the same electronic state (see thedecrease in total CVL fluorescence quantum yield by several
Supporting Information for details). Almost equal absorption orders of magnitude (e.g., down to 0.0045 in ACN). To separate
and emission transition dipole moments for 6-DMAPd in low both fluorescence bands and to determine the quantum yields
polar solvents (e.g., in butyl ethdtap,s= 1.5 D andMy, = 1.6 of A and B fluorescences of CVL as well as the spectral
D) indicate that vibrational relaxation is not accompanied by positions of their maxima, a procedure for decomposing the
significant conformational changes in the 6-DAMPd moiety and luminescence spectrum into two bands has been applied
that the Stokes shifts reflect mainly energetics of solvation of assuming that the shapes of A and B bands are the same as
that part of the molecule, resembling the photophysics of those for 6-DMAPd and MGL in given solvent, respectively
coumarin 1530 (see Supporting Information). The quantum vyields of A and B
Stokes shifts, solvatochromic shifts, and half-widths of the luminescences and the positions of their maxima obtained using
long-wave B band of CVL are significantly larger than those the above decomposition procedure are given in Table 1.
of the A band, indicating that the band is displayed from a state ~ 3.3. Excited-State Dipole Moments (Aprotic Solvents).

much more polar thahCTa. Unlike rhodamine lactonésthe Polar nature of the emitting excited states has been verified by
shape and spectral position of the B band in CVL excludes its estimating their dipole moments with solvatochromic shift
origin from a possible zwitterionic structurg), which would method. Numerous variations of the method that exist in the
be formed after an adiabatic photodissociation of theQbond literature are based on the reaction field model developed by
in the phthalide ring, as the long-wave CVL emission occurs at Onsagef;! which considers a solute molecule as a point dipole
higher energies than the absorption band of Zhdorm 5! situated in a center of a spherical cavity formed by solvent

Instead, the B band in CVL resembles the broad CT band Molecules surrounding the solute molecule and interacting with
observed in lactonic forms of rhodamines as their short-wave its dipole via the reaction field. Applying Onsager model to a

fluorescenceand interpreted as coming from the highly polar molecule composed of (nearly) noninteracting chromophores
CT state with electron transferred from the bis(dimethylamino)- With a dipole moment localized mainly on one of them one

xanthene to the phthalide uit®560On the other hand, the B~ May confine the Onsager cavity to a direct surrounding of that
band in CVL is very similar to the fluorescence band observed SPecific part of the molecuf&:**This seems to be justified as

in MGL in the same solvent in terms of half-width, spectral mainly the solvent molecules_formlng the cavity around the part
position, and solvatochromic shift of fluorescence maximum ©f the solute where the dipole moment is changed upon
(cf. Figure 4 and the Supporting Information). This spectral electronic transition are displaced to create a new reaction field

similarity implies that the two bands come from excited states 1" the cavity. Thus, before attempting to estimate the dipole
with very similar electronic structures. The fluorescence of MGL Moments of the two excited states in CVL from solvatochromic

shows a very large Stokes shift (exceeding 16 000 'cin plots of fluorescence maxima, additional assumptions concerning
DMSO) and a strong solvatochromic effect and has been the cavity radii for both emitting states are to be made to account
assigned to a highly polar CT state with an electron transferred for the fact that the excited state displaying A luminescence is

. : . localized on the 6-DMAPd moiety, and the excited state
from the dimethylaminophenyl ring of the molecule to the i S ’ o o
phthalide moiety® In light of these analogies between CVL displaying B band is distributed over the bis(dimethylanilino)
and MGL the same conclusion holds for CVL and the 6-DMAPd parts of the molecule. These spatial arrange-

) L ments of the two excited states have to be reflected in effective
_ For 6-DMAPd, the fluorescence quantum yield and lifetime . yji of the spherical Onsager cavities to be assumed for both
increase gradually with solvent polarity from 0.38 and 7.9 ns, gmiting states in the analysis of solvatochromic plots, as both
respectively, in HEX, through 0.69 and 25.1 ns, respectively, gycited states have different distributions of charge density and
in THF, to 0.73 and 39.2 ns, respectively, in ACN ¢hanges g psequently differently polarize surrounding solvent molecules.
correspondingly from 4.8 107 fs_l'” HEX through 2.7x 107_ Therefore, it seemed reasonably to assume that spherical
stin THF to 1.9 x 10" s™* in ACN). Nearly constant in  opsager cavities for both emitting states (and their ragiii,
absorption WMabs= 1.5-1.6 D), the transition dipole moments  anq a5, respectively) are different and are formed by solvent
in emission W) decrease from 1.8 Din HEXt0 1.0 Din ACN.  molecules surrounding only that part of the molecule which is
Lower emission probability and slowing down of the nonra- gijrectly involved in the radiative CT process in emission:
diative decayKyr decreases by an order of magnitude from HEX  g_-pMAPd moiety for the A state and the entire CVL molecule
to ACN) point out to a durable charge displacement in the for the B state. The above had also to be appropriately taken
excited state in 6-DMAPd with increasing solvent polaffty.  into account in ground-state dipole moments assumed in the

In low and medium polarity solvents, the quantum yield and analysis of solvatochromic plots (see below).

the lifetime of A luminescence in CVL increase gradually from As the measured lifetimes of fluorescent states are much
0.27 and 7.7 ns, respectively, in hexane to 0.44 and 22.4 ns,longer than the solvent orientational relaxation times, the
respectively, in THF. This would correspond to a similar excited-state dipole moments can be estimated from the solvent
decrease if and My on increasing solvent polarity (Table 1) effect on spectral position of fluorescence maxima using
as in 6-DMAPd, assuming that only th€T, state is populated  Lippert—Matag&* approach modified for fluorescence maxifha.
in solvents with a dielectric constant between HEX and THF The shifts of fluorescence maxima were chosen in view of the
(theCTg state being energetically not accessible). Showing the comparison with MGL, where estimation of the excited-state
same growing trend, the fluorescence quantum yield of CVL dipole moment from the solvent effect on the Stokes shift was
is, however, distinctly lower than that of 6-DMAPA, indicating not possible, as the emitting CT state was not that reached in
higher efficiency of nonradiative deactivation of tHeT, state absorption and the same holds for the gC3tate in CVL.
in 6-DMAPd as a CVL component than in the 6-DMAPd Assuming a point dipole moment situated in a center of a
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¥r————7—7——T——7——7— coumarine$’ a values estimated with these two approaches for
6-DMAPd were as different as 3.0 and 4.1%AIn our
S L.l i estimation, Onsager cavity radiag (for the 'CT, state) is
() - .
c assumed to be a half of the distance between the carbon atom
g from methyl group attached to amino nitrogen and the oxygen
§ 281 . in the lactone ring in 6-DMAPd (3.6 A), which is a compromise
3 between two extreme values given above. AM1 calculations of
g 241 o GUL/shortaave band ug for _6-DMAPd yleldegyg =ﬁ5.9 D and for CVLug = 5.5 D.
¢ a8 CVL/long-wave band The dlfferenceﬁﬂ_eg = e — Hgl could_ be calculated from the
2 o MaL plot of Stokes shifts vs solvent polarity funct@r{Aueg = 6.1
20F A &.DMAPd o . D for a = 3.6 A). The estimation based on the Stokes shift
. . L . . L . dependence on solvent polarity can be used for A band, as
005 010 015 020 025 030 035 040 045 ICT, state is directly populated in absorption. Calculating the
(e-1)/(2e+1)-0.5(n’1)/(2n’+1) angle betweefiy and Ajieq Vectors,3, from the producfig(zig
Figure 5. Solvatochromic shifts of fluorescence maxima for both (A — i) determined from the slope of the plot of absorption

and B) CVL bands as a function of solvent polarity corresponding to maxima vs solvent polarity function-0.2 eV) one can easily
modified Lippert-Mataga model (eq 2), compared with those for gbtain theue value and the angle betweeryiy andzie.5° With

6-DMAPd and MGL. that calculation, it has been found for 6-DMAPd that= 9.7
TABLE 2: Slopes of the Fluorescence Solvatochromic Plots D anda ~ 32°.7 Though _the absolutg. value IS no_t as high
for CVL A and B Bands, 6-DMAPd, MGL (acc. to Eq 2), as for, e.g., TICT states with full charge separation in molecules
and the Dipole Moments Calculated for the Respective of comparable sizé& it is significantly larger and angularly
Excited States displaced as compared wiffi,. Furthermore,Aueq reaches
CVL/A 6-DMAPd CVL/B MGL? similar value as that reported recently for coumarine 153 (7.1
Tielfie — Tig)/° [eV] —0.66 071 204 20 D)2 where significant charge displacement has been claimed.
hevi2[eV] 3.37 3.45 3.74 3.61 Ground-state dipole moment for CVL obtained from AM1
te[D] 10.7° 9.7 25.Z 25.0 calculation is equal to 5.5 D and directed similarly as in
adata for MGL taken from ref 1ba = 3.6 A.ca=5.8 A. 6-DMAPd. Using the same assumptions and procedure for A

band of CVL as applied for 6-DMAPd above, and assuming

spherical cavity and neglecting the mean solute polarizability for 'CTa state a spherical Onsager cavity confined to 6-DMAPd
in the states involved in the transition, the following expression moiety with the same radius as for 6-DMAPd, one obtains for
for solvent-equilibrated fluorescence maximui, san be used: ~ CTa in CVL ué\ equal to 10.7 D and. ~ 14°. In view of an

excellent agreement of the solvatochromic plots for 6-DMAPd
. vac 2l — /‘,Zg)[ e—1 1n—-1 and for CVL short-wave band, this somewhat larger value and

hcVy = hey™ - 3 |.2€ T1 252 (2 smaller angle than those found for 6-DMAPd indicate some

a 2n"+1 inductive effect of DMA groups in less polar solvents. Never-

theless, bothe values strongly support the conclusion on similar

Whereaug ag?#e are.tthg dtlptole momer?sé;;pt.hethsolute Itn tlhe electronic configuration in the excited state of 6-DMAPd and
ground and the excited states, respectivély; ig the spectra in 1CT, state in CVL.

position of fluorescence maximum in the gas phase aisl ited o dn vi f h
the effective radius of the Onsager cavitys the static dielectric Excited-State Emitting B Bandn view of much stronger
constant, anah is the refractive index of the solvent. Figure 5 Solvent effecton the B band and, consequently, much more polar

shows fluorescence maxima plotted as a function of solvent Nature of CT state, in calculation ofig, 1g Was assumed to be
polarity f(e, n) = (¢ — 1)/(2e + 1) — 0.5(2 — 1)/(2n2 + 1) for much less tham? and neglected as for MGL1! As the Ck
both CVL bands compared with those for 6-DMAPd and MGL. State extends over the entire molecule, Onsager cavity was
Good linear correlations betwedn?; and the solvent polarity ~ assumed to comprise the entire CVL molecule. The Onsager
function allow one to determine directly the valuégziec — cavity radius ag, was estimated to be an average distance from
fig/a® (Table 2), from whichu, values can be estimated. the central carbon atom to amino nitrogens and equal to 5.8 A.
Excited-State Emitting A Band/ery close parameters of ~ The same value was also used previously for MGL molecule.
solvatochromic plots for A band of CVL and for 6-DMAPd  With these assumptions, excited-state dipole moments for CVL
(Table 2, Figure 5) indicate similar dipole moments of corre- (CTs state) and for MGL, calculated from solvatochromic shifts
sponding emitting states in both molecules. Exact determination0f fluorescence maxima, are equal to 25.2 and 25.0 D,
of the excited-state dipole moment valug, from eq 2 would respectively. Also in this case, excellent agreement of the slopes
require the Onsager cavity radias the ground-state dipole  Of solvatochromic plots for CVL and MGL (Figure 5) proves
moment,ig, and the angle between andjig, o.. Appropriate similar electronic structures of both excited states.
estimation ofa value has critical impact on final uncertainty of 3.4. Temperature Measurements and Phosphorescence.
e @sa enters the equations to the third power. Due to lack of Fluorescence spectra of CVL in liquid BTN as a function of
crystal structure data on dimethylaminophthalidesalue for temperature are shown in Figure 6. It has been verified in
6-DMAPd was estimated from geometrical parameters calcu- temperature-dependent absorption measurements that the change
lated with AM1 method. It is to be noted that significantly in absorbance of CVL solution with decreasing temperature is
different approaches to estimaadrom molecular dimensions  to be ascribed to the solvent contraction only, so that the changes
in structurally related molecules have been proposed, rangingin fluorescence intensities directly reflect those of fluorescence
from a half of the maximum distance across which charge quantum yield$* Gradual decrease in total intensity is ac-
separation occurs in aminophthalimiffe® using 40% of the companied by significant red shift of the long-wave band from
long molecular axis obtained from ground-state molecular 18 100 cn! at 295 K to 16 900 cmt at 173 K. The shift results
geometry and adding of van der Waals radii in 7-amino- from an increase of BTN polarity on decreasing temperature
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Figure 6. CVL luminescence spectra as a function of temperature in and'M_GL recorded at 77 K in butyronitrile: total Iumin_escence spectra
BTN. (solid lines) and phosphorescence spectra recorded with choppers (short-

lived fluorescence rejected, dashed lines).
and is comparable to that observed for MGL under similar
conditions!* The change of BTN dielectric constant with
temperature can be estimated using the forra(ila = —8.34
+ 9724(1M).75 At 213 K, egtn = 37.3 and practically equals to
that of acetonitrile at 293 K (37.3%. The positions of
fluorescence maxima and the shape of CVL spectrum in BTN
at 213 K match very well those observed for CVL in ACN at
room temperature, proving that the energies of {b&s state
in different media are essentially equal undspolar condi-
tions, and the same holds f{£Ta. Differences in fluorescence
quantum yields determined for these two situations (tdigl ‘f,/
= 0.0045 for ACN at 295 K and totaby = 0.013 for BTN at 01 "
213 K) indicate that another solvent parameter (property) must
control either (i) the initial transition frotfCT to 1CTg state,

thus affecting the yield ofCTg state formation, or (ii) the i .
Figure 8. Fluorescence spectra of CVL in 1-propanol and 1-octanol

kinetics of the deactivation process fré@iTg state under these .
. » . atroom temperature compared with fluorescence spectrum of 6-DMAPd
isopolar conditions. The present paper does not provide,; . ih-n0iand CVL in BTN.

however, sufficient data to discuss (i) question and a more
refined time-resolved study must address the issue. PossibleTABLE 3: Absorption and Fluorescence Data for CVL in
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mechanisms of nonradiative process are discussed below.  Alcohols

Decreasing temperature of CVL solution in BTN (up to 193 solvent ps[cm™] ¥a [em™Y @y 74 [Nns]
K) re_sulted in Iqwering _of the t_otal fluorescence quantum yield ™ cihanol 27800 22250 0.0005 <03
and in decreasing ab, in relation to®g, accompanied by red 1-propanol 27950 22150 0.0027 <0.4
shifts of both bands. Below 193 K,®, begins to increase, 1-butanol 27950 22170 0.004
and its growth, down to 153 K, is accompanied by decreasing 1-octanol 28000 22150 0.021 13

of the B band and by further red shifts of both bands. The red
shifts reflect the increase in BTN polarity in that temperature 6-DMAPd, which is the lowest triplet state in CVL in low polar
range, and the spectrum recorded at 153 K shows that the shiftenvironment. Fluorescence and phosphorescence emitted by
of A band (maximum at 22 600 crd) continues below the  MGL at low-temperature come from CT singlet and triplet
melting point of butyronitrile (161 K), which proves that excited state&!
dielectric properties of supercooled BTN at temperatures below 3.5. Absorption and Fluorescence in AlcoholsAbsorption
melting point resemble liquid BTN. A drop in dielectric constant spectra of CVL in alcohols are similar to those in aprotic
of solid BTN on further decrease of temperature manifests in a solvents (Figure 1) and the solvatochromic shifts of the first
blue shift of A band (e.g., band maximum at 23 600 ¢érn absorption band are equivalent to the shifts in aprotic solvents
the spectrum recorded at 133 K). of corresponding polarity (Table 3). The fluorescence of CVL
Luminescence spectra of CVL in BTN with fluorescence and in alcohols is, however, very weak and its quantum yield and
phosphorescence bands resolved, together with those of 6-decay time strongly depend on the length of aliphatic chain in
DMAPd and MGL, recorded at 77 K are shown in Figure 7. the alcohol molecule. Fluorescence spectra of CVL in 1-pro-
The luminescence spectrum of CVL consists of one fluorescencepanol and 1-octanol are compared with that of 6-DMAPd in
band with the maximum at 24 000 ciand a phosphorescence methanol (and with CVL spectrum in BTN) in Figure 8.
band as a shoulder on the long-wave side of the luminescence The spectra consist essentially of one broad band and a tail
spectrum. The fluorescence band resembles closely that ofon the long-wave side of the band. Increasing alcohol polarity
6-DMAPd in BTN at 77 K but is red-shifted by 700 cth The did not result in any larger solvatochromic shift of the band
phosphorescence spectrum is virtually identical with that of maximum, indicating that the dipole moment change in the
6-DMAPd but differs significantly both in position of the emitting state is significantly less than that in aprotic solvents,
maximum and in spectral width from the phosphorescence and subsequently, that the CVL emission in alcohols originates
spectrum of MGL in BTN (Figure 7) proving that phosphores- from a state with different electronic structure than those in polar
cence of CVL is emitted from the triplet state localized on aprotic solvents. In addition, Stokes shifts for alcoholic solvents
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Figure 9. Transient absorption spectra and decays (insert) of CVL x 1072 M solution of CVL in acetonitrile recorded at 0 ns (solid

(open symbols) and 6-DMAPd (solid symbols) in butyl ether recorded squares) and at 20 ns (open circles) delay time. Insert shows transient

at 0 ns delay (circles) and 40 ns (triangles) after the excitation pulse. absorption kinetic curves recorded at 476 nm and at 560 nm (multiplied
in the insert by 2 for better presentation).
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are larger than those of the A band in aprotic solvents of

corresponding polarity. The fluorescence quantum yields of CVL 0257 ﬂ i
in alcohols (Table 3) are drastically reduced as compared with Ons ;" ""\

6-DMAPd in alcohols (0.25 in methanol) and markedly lower 0-207 Bt q’,,qﬂ' 5 i
than the fluorescence quantum yields of CVL in aprotic solvents L F ™ %

of comparable polarity (cf. Table 1). 0-131

Further indication for a rapid deactivation processes in CVL
in alcohols are very short fluorescence lifetimes, for some of
which only upper limit estimates could be determined in
measurements on the subnanosecond time scale. All the data
suggest completely different mechanism of excited-state pro-
cesses in alcohols as compared with aprotic solvents. ' 400 450 500 550 600 650 700

3.6. Transient Absorption MeasurementsLow and Medium

Polar Aprotic Solents.Transient absorption (TA) spectra were Figure 11. Transient absorption spectra of CVLnrpropanol recorded

recorded (i) at the moment the probing pulse coincided (0 ns at 0 ns (solid squares), 10 ns (open triangles), and 30 ns (open circles)
delay) with the excitation pulse and (i) at the time the probing gelay times.

pulse was delayed enough to consider the concentration of the
S, states to be negligible. For quantitative comparisons, both ns scale) relaxation to a long living nonemitting state. The decay
CVL and 6-DMAPd solutions used for TA measurements had time (~1.5 ns) is equal to the fluorescence decay time, pointing
the same ground state absorption at the excitation wavelengthout that the spectrum observed at 0 ns delay comes from both
and approximately the same laser energy was used to exciteemitting singlet states of CVL molecule, hereinafter referred to
the samples. as § — S, absorption, where ;Sand S denote corresponding
TA spectra of CVL and 6-DMAPd in dibutyl eth@recorded excited states of both forms. The large band in the SS,
at 0 ns delay are very similar (Figure ®)The decay times of  spectrum of CVL in ACN agrees very well with that of the
transient absorption for both compounds (Figure 9, insert) are radical cation of dimethylaniline (DMAS proving radical ion
equal to those measured for fluorescence and prove that thepair nature of thé'CTg state, whereas the tail may originate
observed spectrum of CVL is to be ascribed tp S S, either from thelCTx state or from 6-DMAPd radical anion.
transitions localized on 6-DMAPd moiety. The spectra recorded The spectrum recorded after complete decay of both emitting
40 ns after the excitation pulse are also similar for CVL and singlet states (e.g., after 20 ns) has almost identical spectral
6-DMAPd indicating that CVL in low polar solvents undergoes shape as that recorded at 0 ns delay, and consists essentially of
ISC to the local triplet of 6-DMAPA. Kinetic curves of transient one band matching the large band observed in the-SS,
absorption recorded in spectral region with more intensive T spectrum, with a slight blue shift (band maximum at 468 nm).
— T, absorption indicate more efficient ISC in 6-DMAPd as a The spectrum recorded at 20 ns delay agrees well with TA
component of CVL molecule, than in 6-DMAPd standalone, spectrum of CVL in ACN recorded fs after excitatio?? and
under conditions wherCTg state is energetically not accessible has been assigned tq T, transitions. The spectral similarity
(see Supporting Information). This result indicates that the of S; — S, and T, — T, absorption spectra strongly suggests
enhancement in nonradiative deactivation of CVL in low polar identical electronic structure of tH€Tg singlet state and the
solvents, as compared with 6-DMAPd, is to be ascribed mainly triplet state populated in ACN and in view of the similarity
to enhanced ISC in CVL. with the spectrum of DMA radical ion leads to conclusion that
Highly Polar Aprotic Sabents.Transient absorption spectra  the charge separation in th€Tg state is still maintained in the
and decay curves of CVL in acetonitrile are shown in Figure triplet state. The triplet states of CVL are not discussed here in
10. The spectrum recorded at O ns is completely different from detail and the discussion is postponed to future paper.
that obtained for CVL in BE and consists essentially of a large  Transient Absorption in Protic Seénts.TA spectra of CVL
band with maximum at 472 nm, and a tail extending from 520 in n-propanol are shown in Figure 11 (TA decay curves of CVL
to 590 nm. TA kinetic curves recorded at the band maximum in n-propanol are shown in the Supporting Information). The
(476 nm) and in the tail region (560 nm) indicate rapid (on the spectrum recorded at O ns delay consists essentially of two bands
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with significantly different decay profiles. The band between before solvation before solvation

440 and 520 nm decays with a decay time approximately equal W, o o, ©u Swes,
to that of CVL fluorescence im-propanol (Table 3), and TA 5 % %ﬁ:

in that spectral region can be attributed t0-S S, transitions el el .cu..,u”“H g

in CVL molecule. On the other hand, the band with the e —
maximum at 586 nm, which is also built up during the excitation v |3
pulse, decays more slowly and can be fitted with one decay *
time (r = 28 ns). The spectrum observed after the decay of the

S, state (10 ns after the excitation) is virtually identical with

that of the ground-state absorption of the crystal violet c8tion
indicating rapid cleavage of-©0 bond in CVL molecule and
formation of transient species with electronic structure charac-
teristic for triphenylmethane ionic dye. No measurable rise time

on the ns scale was detected for the band at 586 nm which mean&igure 12. Energy levels of CVL excited states before and after
that the species are built up much faster than 1 ns and,solvation of the moleculeks denotes the solvation rate constaE@,
consequently, that the rate of their formation is much larger andES are solvation energies 8€T andCTs. states, respectively,
than that of fluorescence. This strongly indicates that the ionic K/ is the rate constant of vibrational relaxation akg is the rate
species must be a product of a rapid photochemical prc)Cesstlzonstant of electron transfeFa and Fe denote fluorescence from

. - . . . . CTa and!CTg state, respectively.

involving protic solvent molecules and occurring not in equili-
brated fluorescing Sstate but in a vibronically nonrelaxed state,
e.g., the!'CTg state formed from primarily populaté@T, state.

after solvation

IEH,IH

=

involves significant charge redistribution (displacement) result-
ing in formation of a polar excited stat!CTa directly in
absorption transition, similarly as in insulated 6-DMAPd
moleculé® (optical ET). The increase of Stokes shifts of the A
Additive Photophysics of CVL. Molecular structure of ~ band with increasing solvent polarity (Table 1) indicates that
crystal violet lactone is set up around a tetrahedral carbon atomthe ‘CTa state is more strongly stabilized by interactions with
with three substituents assembled on four bonds: two DMA Solvent molecules than the ground state. Linear dependence of
rings and 6-DMAPd unit built up on two bonds incorporated Stokes shifts vs solvent polarity function (i.8(Vans — Vn(A))
in the lactone cycle. Crystal structure study of CVL revealed VS f'(e, ) = (¢ — 1)/(2e + 1) — (n* — 1)/(20* + 1)) and

IV. Discussion

that the two DMA rings make dihedral angles of 2Ehd 93

with flat 6-DMAPd and 69 with each otheP? The lengths of

all of the C-C bonds of the central carbon are almost equal
(1.514-1.518 A) which indicates that the delocalization of
electrons from aromatic rings does not extend to the central
carbon atom. It is the lactone ring which distinguishes CVL
from other CV leuco derivatives, e.g., leuconitrile (CVCN),
leucoether (CVOCH), or carbinol (CVOH), where each sub-

stituent is attached via one bond to the central carbon atom.

moderate value of its intercept (0.4 eV), imply that no substantial
conformational change accompanies excited state relaxation in
weakly polar solvents. Fluorescence quantum vyields for CVL
are lower than those for 6-DMAPd but generally follow their
change with solvent polarity. Radiative rate constants are similar
in both compounds, indicating that the differences in quantum
yields result from enhanced nonradiative deactivation of the
ICTa state in CVL consisting in higher yield of local triplet
formation. An ISC to the triplet state localized on DMA subunit

Electronic structures of these leuco forms can be considered agvas reported for CVCN?

superpositions of four nearly noninteracting moieties and the
UV absorption spectrum of CVCN or CVOH is virtually a
nondistorted sum of transitions localized on DMA groép¥.83

No additional CT absorption transition could be identified in
MGL, where the emittingCT state is populated upon excitation
localized on one of the DMA grougs.Also the absorption

Highly Polar Solvents. Substantial modification of CVL
photophysics in medium and highly polar solvents is related to
availability of another, lower lying excited singlet state. Dual
fluorescence appears in CVL above specific solvent polarity
threshold € between 7.6 and 8.9) and originates from two
different excited singlet states: (i) a moderately p&GiF, state

spectrum of CVL can be regarded as a superposition of the localized on 6-DMAPd subunit and (i) a highly pold€Tg

6-DMAPd spectrum with those of dimethylaniline/dimethyl-
toluidine (DMA/DMT), proving that tetrahedral arrangement
of structural subunits in CVL effectively weakens their interac-
tions in the ground state. The substitution of the phthalide
aromatic ring with dimethylamino group lowers the energy of
the lowest excited state in CVL (reached in absorption)
significantly below the g energy level of DMA, which
substantially differs CVL from MGL. In low-polar solverits
CVL relaxes to the lowest excited(&,7*) state localized on
6-DMAPd unit. On the other hand, CVCN in low polar solvents
displays fluorescence with spectral distribution, quantum yield,
and rate constant characteristic for those @frSr*) state
localized on DMA moietie$* Similar assignments were also
reported for leuconitriles of other triarylmethar?&8?8>Contrary
to that, the emitting'CT state in MGL already in low polar
solvents lies below the;States of insulated structural subunits
(DMA — above 30200 cmt and Pd above 35700 cr).1!

Low Polar Solvents. Considerable solvatochromic shifts
indicate that the §— S; transition within 6-DMAPd moiety

state with electron transferred from one of the DMA groups to
6-DMAPd moiety, analogous to that populated in MGL or in
phenolphthalein (PPY, differing structurally from MGL by
replacement of DMA groups with phenol ones. T states
in MGL or in PP lie below excited states localized on either of
their chromophores and are populated even in nonpolar sol-
vents!l 12 Recent femtosecond pumjprobe study has shown
that in MGL excited to the Sstate, both the 5— S; electronic
relaxation and the charge separation are completed withifr 130
150 fs. Phenol radical cation formed upon ET in PP excited to
S, state appears within 50 8 and roughly the same value can
be assumed for the ET process in MGL excited to thet&te.
These time constants show that the ET process in LTAMs occurs
on the time scale of inertial solvation dynamics and point to a
significant role of a purely intramolecular driving force and
mechanism of the primary photophysical process.

CVL Energetics and Population of thelCTg State.Excited-
state processes in CVL are summarized in the energy diagram
in Figure 12. In a vacuum and in low polar solvents, {645
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state lies abovéCTa and is not accessible from the latter.
Necessary stabilization 8€Tg under higher polarity conditions
is provided by solvation of a large dipole (25.2 D) formed in
ET process from one of the DMA groups to 6-DMAPd moiety.
The stabilization by solvent polarity leads first to gradual
approaching and subsequently to inversiod®@T, and!CTg
states. AppropriatAG gained upon solvation is, however, only
a necessary condition fotCTg population and must be

accompanied by favorable charge-transfer kinetics. The latter g, -1, aAGe

condition seems to be met if we assume that intrinsic intra-
molecular ET process resulting in population of #dy state
in CVL is approximately as fast as that in MGL or PP, i.e., on

the sub-100 fs time scale. No detectable rise time in appearanc
of B fluorescence on the subnanosecond time scale indicate

that thelCTjg state is formed in very fast process competing
with vibrational relaxation of théCTx state and probably taking
place effectively before the latter is completed. In this picture
the 1CTj state is becoming accessible during solvation of both
1CTa andCTj state8® and vibrational relaxation of th¥&CTa
state. The kinetics diCTg population should then be governed

by the solvation process and in fact a strong correlation between

solvation dynamics and conversion’@fT, into 1CTg state has
been found”’ Similar rapidly establishing dynamical intercon-

version between LE and CT states has been recently propose

by Kovalenko et al. as a critical, rate-determining step in
photoinduced ET in bianthr{ Differences in solvation dynam-
ics time$® and possibly in electrophilic or nucleophilic proper-

ties among solvents of comparable polarity may lead to different

population distributions ofCT, and1CTg states, and finally
to different fluorescence quantum yields from th&T state
under isopolar conditions (section 3.4). The transitioAQT

to 1ICTg state may be viewed as a conversion between two

differently polar structures with negative charge localized on

the lactone ring and positive charge switching between two

differently situated dimethylaniline groups (Scheme 2) and

possibly with a solvent dependent activation energy barrier of
the conversion process. In highly polar solvents the solvent- 0

equilibrated'CTg state is stabilized significantly below the
1CTa level, which results in energy activation barrier for the
revers€'CTa <— CTg reaction, makingCT, — !CTg transition
irreversible. The formation of thkCTg state may be considered
as an adiabatic transformation (“quenching”) of #a, state
due to ET from DMA to 6-DMAPd with formation of an

intramolecular exciplex, resembling the ET processes occurring

faster than orientational (diffusive) solvation both in inP&*
and in intermolecul&?°3 charge-transfer reactions involving
dimethylaniline as electron donor.

Karpiuk

equationEj, = €?/edip, Wheree is the electron charges is the
dielectric constant of the solvent, adg is the distance between
the donor and the acceptor moiety. As the donor (DMA) and
the acceptor (6-DMAPd) are covalently linked to each other,
dr was estimated as a center-to-center distance between DMA
and the lactone ring (4.3 A, the sardg value was used for
MGL1). Since the exadE(A%A™) value for 6-DMAPd is not
known, the valueE(AYA~) = —2.22 eV for phthalid® has
been used, based on the fact that (i) it is basically the phthalide
moiety which serves as the electron acceptor in CVL and
furthermore (ii) the introduction of meta-substituent does not
significantly change the reduction potential of substituted
benzené® Then, using the valueE(D+/D% = 0.79 eV for
DMA®” and Egp = 3.50 eV?{® one obtains for acetonitrile
AG® = —0.59 eV.

According to theories describing dynamic solvent effect in
ET reactions occurring under nonequilibrium conditi§hgo?
value would result in ET reaction rates near the
maximum of the flattened? “bell shaped” curve depicting the
dependence of ET rate ohG®, i.e., in the region where the
ET processes are predicted to occur in very low energy-barrier

%r barrierless regime. In models based on such theories the
Sransition to the final state is accomplished along a trajectory

that is determined by both the solvent and intramolecular degrees
of freedom which act as the ET accepting modes. Very fast ET
rates found for MGL and P® combined with the above
energetics ofCTg state population indicate that intrinsic ET
dynamics in CVL is determined mainly by intramolecular
vibrational motions and not by the orientational (diffusive)
solvation process, the latter being necessary only to approach
ICTp to ICTa. So fast ET dynamics require large interaction

dbetween electronic and vibrational motions which in LTAMs

is provided by C-O bond in the lactone ring. Gas-phase electron
scattering experiments have demonstrated that low energy
electron capture by phthalide molecule results in selective
excitation of C-O stretching vibrations in Pd anions (Bdbeing
formed, leading to €0 bond instability and even high
probability of its cleavag®1°3The population of vibrationally
excited Pd strongly suggests preferable deposition of electron
energy excess into that specific vibrational mode via a nuclear-
excited Feshbach resonance. The latter would indicate possible
formation of a dipole-bound Pdanion with excess electron
weakly bound by a long-range electrostatic field generated by
a high (4.9 D) dipole moment of Pd molectfitand residing

n a very diffuse orbital outside the molecular fratfeThe
overlap of this orbital with the orbital of primary excited donor
part of the LTAM molecule may result in their coupling and
lead to high ET rates observed in these systems. Theoretical
work is needed to explore the occurrence and role of such
dipole-bound resonance states. Possible photoinduce® C
bond dissociation in the lactone ring is discussed at the end of
this section.

Comparison with Other Leuco Forms. Other leuco forms
of triarylmethanes also undergo solvent polarity induced
alteration of photophysic¥. In leuconitriles, an increase in

The free energy change for the ET reaction populating the solvent polarity above a certain threshold results in a dramatic

1CT;p state,AG®, can be evaluated from Weller equafibn

©)

whereEy is the energy difference between thga®d S states,

E(D+/DY is the oxidation potential of the electron donor,
E(AYA") is the reduction potential of the electron acceptor,
and Ej, is the ion pair stabilization energy, estimated from

AG®

—Ego+ E(D'/D%) — E(A%AT) — E,

decrease of fluorescence quantum yields and lifetimes and opens
a new deactivation channel linked to photodissociation of the
C—CN bond. The process is initiated by dissociative intramo-
lecular electron transfer from one of the DMA groups to the
CN groug® and results in detachment of the latter. Solvent
polarity induced photodissociation of leuconitriles is relatively
slow (0.1-5 ns in MGCN) and occurs from the thermally
equilibrated level of the Sstate3? In CVL, solvent polarity
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SCHEME 3
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(CH,),N
(CH,),N
1 -
CT,-H
also stabilizes the final state of the ET proce€3Tg), making of aromatic aminé$§” and in nonradiative electron transfer in

the latter accessible froACTa state. Fast kinetics dCTg state contact ion paird®

formation and its dependence on solvent longitudinal dielectric | actone Ring Opening and CVL Photophysics in Alcohols.
relaxation timé” Strongly indicate that the intrinsic ET process The s|m||ar|ty of CVL absorption Spectra in aprotic solvents
in CVL must proceed much faster than in leuconitriles and takes and in alcohols proves that also in protic media the electronic
place from a vibronically (or even solvationally) nonequilibrated  excitation promotes CVL to th&CTa state localized on the
ICTa state. 6-DMAPd moiety. Different fluorescence spectra and very low
Charge Recombination in Highly Polar SolventsDecreas- fluorescence quantum yields suggest that subsequent photo-
ing quantum yields and decay times of A and B fluorescences physical processes in CVL in alcohols are completely different
with growing solvent polarity (Table 1) point to an effective, than those in aprotic solvents. A strong dependence of fluores-
solvent polarity-dependent nonradiative deactivation mechanismcence quantum yield on the length of aliphatic chain in alcohol
that becomes operative in line with decreasing energy of the molecule, and therefore on its hydrogen bonding ability, points
1CTjg state. Stabilization dfCTg energy in the solvation process  to important role of proton transfer from alcohol to excited CVL
does not only enable the CVL molecule to relax to g5 molecule. Alcohols are both polar and hydrogen-bonding media,
state but also, due to increasing proximity to the ground state,and a combination of these two properties is of substantial
provides an additional deactivation channel. Since the yield of importance for CVL photophysics and photochemistry. First,
the 1CTg state formation in CVL could not be exactly alcohol polarity provides energetic stabilization of #@Tg vs
determined, the spectroscopic characteristics of @& state 1CT, state, similarly as in aprotic media of equivalent polarity,
are not known and the discussion of its nonradiative decay mustand gradual approaching of th&T, state byCTg and
largely rely on decay kinetics of the structurally analogous subsequent inversion of the states with increasing polarity can
1CT state in MGL where the yield of thkCT state formation be expected. Before, however, tR€Tg state will become
was determined to be 100%We believe that the similarity of ~ accessible, so before the solvent fully solvates CVL molecule
the 1CT state in MGL and théCTg state in CVL fully justifies in 1CT, state, the latter has a chance to relax adiabatically on
such considerations. Low fluorescence transition dipole momentsthe excited-state surface via formation of a hydrogen bond with
of the ICT state in MGL at room temperature point to the the solvent (fluorescefCTa- -H state in Scheme 3), and the
forbidden character of radiative transition from tHeT state molecules that “managed” to form a hydrogen bond in that time
and substantial part of MGL molecules deactivates fA@it display fluorescence with the spectrum similar to that of
via efficient, solvent polarity dependent nonradiative process, 6-DMAPA in alcohols (Figure 8). Upon sufficient stabilization
with radiative ratek;, remaining nearly polarity-independent. by alcohol polarity, théCTg state becomes accessible from the
Strong temperature dependence of nonradiative deactivation!CT, state and an electron is transferred from DMA to
includes substantial contribution from temperature dependence6-DMAPd. The electron transfer results in the formation of a
of solvent polarity. Similar observations have been made for vibrationally excited 6-DMAPd anion (6-DMAPJ and the
CVL. Direct radiationless charge recombination between DMA  energy gained upon ET is preferentially deposited #nGCbond
and Pd moieties is the most probable mechanism of the vibrations. Under excitation of that vibrational mode 6-DMAPd
enhanced nonradiative deactivation ¥T state in MGL. passes from initial geometry to a geometry with stretchedC
Intrinsic reason for the effect is the dependence of the nonra- bond that, especially under favorable conditions, e.g. possibility
diative rate constants,, on the energy ofCT state (being of hydrogen bonding, can finally break heterolytically resulting
strongly affected by solvent polarity). Solvent polarity induced in opening of the lactonic ring. In this picture, the electron is
radiationless deactivation 6CTg state in CVL may thus, by  transferred upon thkCTg state population prior to dissociation,
analogy, be rationalized by appealing to the energy gag%w. and its transfer provides activation energy needed to break the
The decreasing energy gap between 0d5 state and the bond. Such a photoinduced heterolytic dissociation can be
ground state induces increasing efficiency of the direct CR adiabatic, with preservation of excitation as in lactone forms
process due to exponentially increasing FranCkndon factors of rhodaming~1° or it can be a diabatic process leading to the
and leads to higher rate of radiationless decay. Similar effects formation of a CVL zwitterion in the ground state. Observation
were observed in excited intramolecular CT state deactivation of transient species with electronic structure characteristics for
of donor-acceptor carbazole derivativesfor aryl derivatives triphenylmethane dye cation in ns transient absorption spectra
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