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Abstract

Intramolecular charge transfer (ICT) with crystablet lactone (CVL) in the excited singlet stat&es place in
solvents more polar than-hexane, such as ethyl acetate, tetrahydrofura, smetonitrile (MeCN). In these
solvents, the fluorescence spectrum of CVL congitsvo emission bands, from a locally excited (Ld&)d an
ICT state. The dominant deactivation channel of ldwest excited singlet state is internal conversias the
quantum yields of fluorescence (0.007) and inteesgscrossing (0.015) in MeCN at 26 are very small. CVL is
a weakly-coupled electron donor/acceptor (D/A) role, similar to an exciplex(A'D"). A solvatochromic
treatment of the LE and ICT emission maxima resulthe dipole momentg,(LE) = 17 D andu(ICT) = 33 D,
much larger than those previously reported. Thier@pancy is attributed to different Onsager radd spectral
fluorimeter calibration. The LE and ICT fluorescendecays of CVL in MeCN are double exponential. As
determined by global analysis, the LE and ICT de@ty25°C have the timeg, = 9.2 ps and; = 1180 ps, with an
amplitude ratio of 35.3 for LE. From these paramseteéhe rate constaris= 106 x 16 s andky = 3.0 x 18 s* of
the forward and backward reaction in the EEICT equilibrium are calculated, resulting in adrenthalpy
differenceAG of -8.9 kJ/mol. The amplitude ratio of the ICTdhescence decay equals -1.0, which signifies that
the ICT state is not prepared by light absorptiothe $ ground state, but originates exclusively from divectly
excited LE precursor. From the temperature depear&ehthe fluorescence decays of CVL in MeCN (45%
°C), activation energieg, = 3.9 kJ/mol (LE- ICT) andEy = 23.6 kJ/mol (ICT- LE) are obtained, giving an
enthalpy differencé&H (= E, — Eg) of -19.7 kJ/mol, and an entropy differenk®= -35.5 J/Kmol. These data show
that the ICT reaction of CVL in MeCN is not bartess. The ICT reaction time of 9.2 ps is much lertgan the
mean solvent relaxation time of MeCN (0.26 ps)idating, in contrast with earlier reports in theedature, that
the reaction is not solvent controlled. This cosia is supported by the observation of double agptal LE
and ICT fluorescence with the same decay times.
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Introduction

Crystal violet lactone (CVL) consists of a 6-dimgéminophthalide (6DMAPd) unit and two
N,N-dimethylaniline (DMA) subgroups, connected by @aieederal spiro carbon atom, which
is part of 6DMAPd. This C atom is the center oethIC-C bonds and one C-O bond. The two
DMAs are not in an exactly orthogonal configuratiocglative to 6DMAPd. In the CVL
crystall? the planar aminophthalide makes different dihedrgjles with the two DMA planes,
60.9 and 87.4, whereas these subgroups are themselves at araliteugle of 69.0'
Consequently, the angles around the spiro carboG\Wif deviate somewhat from the ideal
tetrahedral angle of 109.%or a pure spcarbon: between 101.8 and 111 the two limiting
angles involving the oxygen atom of the lactong tiiThe lengths of the bonds connecting the
spiro C atom to the C neighbours are approximatglyal (151.4 to 151.8 pm), practically the
same as the C-C bond length of 152 pm-akanes’ Also, the bond between the spiro C and
the lactone O (149.1 pm) is much longer than the(€0) bond of 135.5 pm, which shows that
the delocalization of the electrons in the aromatig of the DMAs does not extend to the
central carbon atorh’® These datathus indicate that for CVL in the ground statg e
electronic coupling between the two DMAs and 6DMARBdery small. The observation that
the absorption spectrum of CVL in acetonitrile (M&ds a superposition of thosef DMA
and 6DMAPd verifies that the electron donor andeptmr subgroups are indeed only weakly
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Research on fluorescence, charge transfer or exstees of CVL appeared in the literature
rather long after the first publication in 1947 patent describing the role of CVL as a key
component in pressure-sensitive and thermograpétording material (‘carbonless’ copy
paper)*? This initial absence of investigations in the éadistate is obviously due to the fact
that the thermographic process, the conversiohdatystal violet cation upon dissociation of
the C-O bond in the lactone ring in the presenca pfoton donor, occurs in the ground state
So.
In the first study of the photochemistry of CVLteattion was paid to fluorescence quenching



and the formation of a triphenyl methyl catihe fluorescence spectrum of CVL in MeCN
with two emission bands (dual fluorescence, seevijelvas not further discussed. It was
concluded that electron transfer takes place witiL Gn MeCN, in competition with
intersystem crossing (ISC). From the very smallraNdluorescence quantum yield(flu) =
1.3 x 10° the ISC vyield was assumed to be effectively egmalnity: ®(ISC) ~1.0, although
experimental information to support this claim wes presented .t was thought to arise from
a v admixture to thermr lower excited singlet state because of the venals value of
@(flu). In the present contribution, triplet-tripl€T T) absorption measurements reveal that
®(ISC) of CVL in MeCN is in fact much smaller (0.018By employing the Stern-Volmer
quenching produdt,7, wherek, is the quenching rate constant (taken as 2'X M0's™) and

is the fluorescence lifetime;= 1.8 ns was calculated for CVL in MeCN, at roommperature.
The photophysics of CVL has been investigated Beres of aprotic solvents at 222 In
protic solvents, efficient cation formation opesata photodissociation of the C-O bond in the
lactone ring’ which process does not occur in aprotic média.nonpolar or slightly polar
solvents, fromn-hexane £€° = 1.88) to tetrahydrofuran (THR? = 7.39), the fluorescence
spectrum of CVL was reported to consist of a singhission band, similar to that of
6DMAPd?® In the first excited singlet state; f CVL in media such as-hexane, the
excitation is hence localized on the 6DMAPd uniisltherefore termed here a locally excited
(LE) state”° The same nomenclature is used in refs 11-14.

In solvents more polar than THF, from 1,2-dichldhame €° = 10.4) to strongly polar media
such as MeCN&® = 36.7), an additional fluorescence band was ekseto the red of the LE
emissior® originating from an intramolecular charge tran§féiT) state, with a dipole moment
1(ICT) of ~25 D? The shape of the ICT emission band of CVL was shtmbe similar to that
of malachite green lactone (MGE}>*° Also the LE state was found to have a substantial
dipole momeniu(LE) = 10.7 D, about the same as that of 6DMAPd@ (3), but much larger
than the ground state dipole momggbf 5.5 D?

/I'v »'I\
\1?@% O

6DMAPd MGL
Chart 2



These data show that after excitation of CVL, acttebn is transferred from either one of the
two DMA moieties as the electron donor (D) to thaMAPd subunit as the electron acceptor
(A). The resulting ICT state is considered to beraramolecular excipleX}?? consisting of D
and A subgroups that only interact weakly. The qugl+ ICT) fluorescence spectrum of CVL
in MeCN is approximately the sum of the spectr&&bMAPd (LE) and MGL (ICT). With
MGL in MeCN, the LE2 ICT equilibrium (with forward and backward ratenstantsk, andky,
Chart 3) is shifted far to the ICT side, which medhat the LE emission is practically not

visible in the overall photostationary fluorescespectrum=>*°
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Chart 3
Transient absorption (TA) spectra of CVL have beesmasured with a temporal resolution
better than 1 nThe TA spectrum in dirtbutyl) ether (DBE £ = 3.05), contains a band with
a maximum around 560 nm, similar to that of 6DMABRupporting the conclusion made on the
basis of the LE fluorescence spectra as discudsedeathat a LE- ICT reaction does not
occur in this weakly polar solvent. Also the TA dgctime is equal to that of the LE
fluorescencer(LE) = 12.3 ns in DBE. The TA spectrum directlyeafexcitation of CVL in
MeCN consists of two bands, one with relatively Bnmkensity around 560 nm, similar to the
LE absorption in DBE and a new stronger one peakingd70 nm, comparable to that of the
radical cation of DMAZ This new band is hence attributed to the ICT state
Later?* femtosecond TA spectra of CVL in three stronglyapanedia; MeCN £° = 36.7),
dimethylsulfoxide (DMSO§£” = 46.5), and propylene carbonate (R€ = 65.0) at 22C were
reported, with a time resolution better than 300Her CVL in MeCN, TA spectra were
measured over a time range from 0.5 to 30 ps. Dobld-peaked spectrum at 0.5 ps is similar
to the LE TA spectrum of 6DMAPd. With time, the ltiand with a maximum &b17 nm
decreases in intensity, accompanied by a simultegmwing-in of the band (ICT) around 468
nm. In these spectra, an isosbestic point appsiaosying the presence of at I€aswo excited
states, in accordance with the two states (LE &1J In Scheme 1. The TA signal at 550 nm

(LE) decays with a time; of 7.8 ps, whereas that at 470 nm (ICT) showsoavigig-in with 7,



= 9.5 ps. For CVL in PC, the TA spectra betweenahd 50 ps are similar to those in MeCN,
likewise with an isosbestic poifit. The observation that there is no or little timeelepment

of the spectral position of the two bands of CVLMe@CN as well as PC, indicates that the
dynamics of solvent relaxation is faster than th&ction time of the LE» ICT reaction and
that hence a dynamic fluorescence Stokes shifiserdt, as will be further discussed below.
The TA spectrum of the LE band in PC around 580gfows a decayr{ = 23 ps), with a
corresponding riser{ = 34 ps) of the ICT TA band at 470 nm. In DMSQe tise and decay
times 7, are 15 ps (LE) and 12 ps (ICT). In these solveagsyell as in MeCN, the timegLE)
and »(ICT) are taken to be the same, within the expamntadeaccuracy, with a mean time,s

of 9 ps in MeCN, 14 ps in DMSO, and 29 ps inPcC.

Because the intrinsic electron transfer time oflthe- ICT reaction of CVL was considered to
be ultrafast, similar to thE100 fs determined for the structurally closely etaMGL* the
observed differences in the ICT reaction timewere attributed to the different solvent
relaxation dynamics of MeCN, DMSO, and PCThis interpretation is based on the mean
solvent relaxation times &>, 0.26 ps for MeCN (longest time(l) = 0.63 ps), 2.0 ps for
DMSO (longest time 10.7 ps), and 2.0 ps for PCdést time 6.57 psf?’ These times &>
show a correlation with the solvent viscositg® = 0.343 cP (MeCN)7* = 2.00 cP (DMSO),
and 7° = 2.51 cP (PC), with a 5.8 fold (DMSO) and a Rifviscosity increase relative to
MeCN. Note, however, that the measured ICT readtiars 7»(ICT) of CVL, 9.5 ps (MeCN);
12 ps (DMSO), and 34 ps (P&)are much longer than the correspondimg>=<of 0.26, 2.0,
and 2.0 ps, by a factor of 37, 6, and 17, respelgtiAs compared with the longest tinag(),
the ratiosrg(l)/ 7> are smaller: 15, 1.1, and 5.2.

Solute Versus Solvent Relaxation Dynamics for CVL.It should be realized, in this
connection, that contribution of low-amplitude lagtivated structural changes (bond lengths
and angles) to the differences #(ICT) of CVL in the various solvents cannot be #opr
rejected. This possibility has already been putésd by AgmoA® in 1990, in connection with
a dynamic Stokes shift in coumarin, asking the tjoesis it only relaxation?’. Examples of
such a situation have been encountered with 4-dymrazené® (FPP4CN) and tert-butyl-6-
cyano-1,2,3,4-tetrahydroquinoliffé? (NTC6). In these molcules, having a rigidified
configuration such as that present with CVL, arvateéd ICT process takes placenimexane,

in which orientational dielectric solvation doest play a role.

Recently, Li and Maroncelli reported photostatignfiuorescence spectra and decays (time
resolution 5 ps) of CVL in a series of aprotic golts with different polarity (frorm-hexane to

6



PC) at 25°C.** A solvatochromic analysis of the fluorescence speaf CVL resulted in the
dipole momentg4(LE) = 9-12 D andu(ICT) = 24 D, similar to the values of Karpiuk (ahd

25 DY mentioned above, although a different method veasiii It was pointed out that the 24
D for u(ICT) is equivalent to a distance of 5.0 A betw#em centres of gravity of the positive
and negative unit charges, comparable with thed5o@tween the centers of mass of the D and
A units in CVL. The conclusion was then made thatlbelectron is transferred between the D
(DMA) and A (6DMAPd) moieties of CVL during the LE. ICT reaction in the series of
solvents investigatetf.

LE and ICT fluorescence decays of CVL were measate?5°C in a series of media with
different polarities, fronm-butyl acetate (BAC£* = 4.95) to PC&* = 65), as well as in methyl
acetate (MAC £ = 6.88)/acetonest” = 20.82) and PC/MeCN mixturé$In the low-polarity
solvents BAC to THF, the decays are single expaalenhterpreted as showing that an ICT
reaction does not take place, confirming the figefirof Karpiuk® In the more polar solvents
dichloromethane (DCMsg? = 8.51) to PC, the LE and ICT decays are doubfmeential with
times r, and, (. > 1, see below), in accordance with a two-statet ECT model, and an
additional component attributed to impurity fluaresce. The timer, decreases when the
solvent polarity becomes larger, from 70 ps in D&MW ps in MeCN. From these decays, the
two timesr; and > and also their amplitude ratio were extractedingithe forward K;) and
backward Kg) rate constant of the LE ICT equilibrium and hence the change in free dptha
AG = -RTIn(k/kq).>>** AG ranges between 14 kJ/mol (extrapolatednfbiexane to -10 kJ/mol
for PC. With CVL in MeCN, for exampl&G = -9.8 kJ/mol. This value is larger than the -3.3
kJ/mol estimated in ref 24, but much smaller thengrevioud\G of -57 kJ/mol in ref 2.

The time-resolved fluorescence spectra of CVL et@ce and-propyl cyanide (PrCN) exhibit
an approximate isoemissive point. Although it wasatuded in ref 13 that the ICT reaction of
CVL in the various media is solvent-controlled, #ygpearance of such isoemissive points is
not to be expected when solvent relaxation woulthleedetermining factor, which then should
lead to time-dependent spectral shifts (dynamik&tashifts)>>® The same interpretation can
also be found in reference 25 of ref 13, whichestahat a dynamic Stokes shift in a solvent
with slow solvation responses prevents the appearahan isoemissive poii.

In the PC/MeCN mixtures studiédithe dielectric properties and thus als® (-10+ 1 kJ/mol)
remain more or less constant. The decrease inatieeconstank, of the LE - ICT reaction
from 78 to 45 x 1ds* when the PC/MeCN ratio becomes larger (4 mixtuiresn 1:4 to 4:1)

will therefore be caused by an increase of thevaitin barrierE,. In these mixtures, &>
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becomes larger, from 0.37 to 1.25 ps, as does idoosity: from 0.45 to 1.40 cP. The rate
constant, is sensitive to the polarity as well as the viggyodriction) of the solvent, which is

interpreted as showing that an adiabatic electransfer (ET) occurs. This ET process is
primarily determined by solvent polarization mode#though it was also mentioned that
viscosity and mean solvation timerz are proportional to each othérNevertheless, the

statement was made that in highly polar media,;srare correlated to solvation times in a
manner that indicates that the reaction is a soleentrolled electron transfer on an adiabatic
potential surface having a modest bartfefthe photophysical behavior of CVL in room
temperature ionic liquids (ILs) has over the lagtarg attracted considerable attention.
Contradictory reports have appeared concering thesepce or absence of excitation

e143733nd a ‘red-edge effedtof CVL fluorescence in ionic liquids,

wavelength dependent
see Supporting Information.

In the present paper, absorption and fluorescepeetrs of CVL in solvents of different
polarity are presented. The spectra and the picosefiuorescence decays (LE and ICT) in

MeCN are investigated as a function of temperature.

Experimental Section

CVL (Aldrich) was crystallized twice from acetofi&’ This samplé®* was further purified by
HPLC, by which treatment no additional impuritiesere detected. The solvents, MeCN
(Merck, Uvasol), ethyl acetate (EAC, Merck, for ises), THF (Merck, Uvasol), ethyl cyanide
(EtCN, Merck, for analysis), PrCN (Merck, for argik), andn-hexane (Merck, Uvasol) were
chromatographed over AD;. The solutions, with an optical density betweehdhd 0.6 for the
maximum of the first band in the absorption speutrwere deaerated by bubbling with
nitrogen for 15 minutes. Absorption spectra were am a Cary 500 spectrometer and the
fluorescence spectra were measured with a quantureeted modifiedf Fluoromax 3
spectrofluorometer. The treatment of the fluoreseespectra and the determination of the
quantum vyields have been reported elsewh&fé! For the spectral separation of the overall
fluorescence band of CVL into its LE and ICT comeots, the following method was
employed. The ICT emission spectrum of MGL in DBEswaken as the starting point and was
shifted to the red in order to match the low-enesigie of the CVL fluorescence spectrum in
MeCN. It thereby became clear that the ICT ban@¥L obtained in this manner was broader
than that of MGL. The width of the MGL ICT band wemerefore increased, by convolution

with a Gauss function. Subtraction of the totabflescence spectrum by the widened MGL ICT



band then resulted in the LE emission spectrum\df.d he final separation of the LE and ICT
contributions to the total fluorescence was acldelvg iterative smoothing. The picosecond
fluorescence decays were obtained by using timesleded single-photon counting (SPC). The
decay times were determined with an equipment {@ken wavelength around 272 nm)
consisting of a mode-locked titanium-sapphire lg&&herent, MIRA 900F) pumped by an
argon ion laser (Coherent, Innova 415). This laggraratus and the analysis procedure of the
fluorescence decays have been described previotfsh**The instrument response function
of the laser SPC system has a full width at halkimam of (119 ps. The triplet yield®(ISC) of

the CVL in MeCN at room temperature (2€) was measured by laser flash photolysis,
employing energy transféf. The excitation wavelength was 355 nm (third harmasf a
Nd:YAG laser, Continuum Surelight) with perylene qageencher and benzophenone as triplet
yield reference®(ISC) = 1.00>°3 A control experiment was carried out in which aatene

in the triplet state was the energy donor and Ch&acceptor? For the determination of the
decadic molar absorption coefficient, a benzophensample was used in MeCN as the

reference with®"®{525 nm) = 6600 mdidm’cm*.>°

Results and Discussion

Absorption and Fluorescence SpectraThe absorption spectrum of CVL at 28 in n-
hexane, showing two weak bands at 29260 and ar83000 cni together with a much
stronger band at 37230 @m(Figure 1a), is similar to that in MeCN (Figure)lfihe
fluorescence spectrum of CVL mhexane consists of a single emission band frork state
(Figure 1a), with a maximum at 25750 ¢min MeCN at 25°C (Figure 1b), the fluorescence
spectrum can be separated into two bands, LE ahdvih maxima at 22680 and 16440 ¢tm
These and other spectral data are collected ireTBUICT fluorescence is also detected in EAC

and THF (Table 1y different from ref 2, see Figures S1 and S2 inShpporting Information.
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Figure 1. (a) Fluorescence (LE) and absorption (Abs) speatr@VL in n-hexane at 25C. The fluorescence
spectrum is attributed to the single emission fiocally excited (LE) state. (b) Fluorescence (LECT) and
absorption (Abs) spectra of CVL in acetonitrile (@) at 25°C. The fluorescence spectrum shows dual

fluorescence from a LE and an intramolecular chérgresfer (ICT) state, see text. Excitation wavgthn(a) 300
nm, (b) 330 nm.
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Table 1. Data Obtained from the Fluorescence and Amrption Spectra of CVL in a Series of Solvents at

Different Temperatures

Solvent n-hexane EAC THF PrcN EtCN MeCN MeCN MeCN
T (°C) 25 25 25 25 25 25 -45 75
£ 1.88 5.99 7.39 24.2 29.2 36.7 50.2 30.3

|7max(|:|u) (cmh) 25750 23590 23820 17970 17390 16370 15870 16970
|7max(|_E) (Cm'l) 25750 23850 23990 23260 23070 22680 22100 22860
v ma’<(|CT) (cm?) 20790 20760 18000 17400 16440 15840 16970
d(LE) 0.00038
©(ICT) 0.0070
O (ICT)/D(LE) 0.0 0.61 0.41 6.7 10.9 18.3 12.4 8.8
d(ISC) 0.015
®(IC)° 0.98
Jmax(sl,abs) (Crﬁ) 29260 28480 28450 28070 28060 28000 27810 28130
(7 (Ss,abs) (crit) 37230 36860 36790 36630 36580 36590 36700 36550
OD(S;)/0D(S)° 22.3 21.7 20.9 21.6 21.3 225 22.1 22.7
E(S) (cm‘l)d 28050 26610 26650 25870 25550 25500 25380 25880

®Solvents: EAC (ethyl acetate), THF (tetrahydroflyarCN @-propyl cyanide), EtCN (ethyl cyanide), and
MeCN (acetonitrile)*’®(IC) = 1 -D(LE) - d"(ICT) - ®(ISC). “Ratio of the optical densities (OD) at the maxima
of the $ and S absorption bands, listed in the TalSt8rossing point of the fluorescence and absorptiEtisa
(cf. Figure 1).°The decadic molar absorption coefficient= 3750 mofdnPcm™ at the absorption maximum
(470 nm) of the triplet-triplet absorption spectrofiCVL in MeCN.

Triplet-Triplet Absorption. Intersystem Crossing Yield ®(ISC) of CVL in MeCN. The
triplet yield ®(ISC) of CVL in MeCN equals 0.015+0.003 (Table This value is small, but
well reproducible. The yiel@®(IC) of internal conversion (IC) amounts to 0.98,determined
from ®(IC) = 1 - d(LE) - P'(ICT) - #(ISC), see Table 1. This shows that IC is the main
deactivation process for CVL in thg State in MeCN. In the experiments with anthracase
the triplet energy donor, the CVL concentrationwdtich all the anthracene was quenched
cannot be reached and hence only an upper limi0.64 was estimated fosc. For
determination of the triplet-triplet absorption sfpam (Figure 2), the transient absorption
signal was measured in the absence and presemie ©he difference signal was taken as the
triplet transient, with a typical lifetime of 20®4 /5. In the 440-450 nm range an increase was
detected on a %s timescale, which must originate from the CVL l&tp In air-saturated
samples, a long-lived transient species was obdeared this constituted 30-50 percent of the
transient absorption signal measured in the deaoatged sample. Even after several ten
thousand 40 mJ laser flashes, the absorption spectf CVL in MeCN did not change
appreciably, except in the case of the air-satdratenple, for which a weak blue coloration

was found.
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Figure 2. Triplet-triplet transient absorption spectrum &fICin acetonitrile (MeCN) at room temperature (29,
see text. At the absorption maximum (470 nm), #xeadic molar absorption coefficiegt= 3750 mofdm’crm®,

Solvatochromic Measurementsin order to determine the dipole moments of theand ICT
states of CVL, the maxima ™ (LE) and v ™ (ICT) of its fluorescence bands were measured
in a series of solvents, from the nonpaldrexane £° = 1.88) to the strongly polar MeCN{

= 36.7), see Table 2.

Table 2: Fluorescence Maximal/ max of CVL, DMABN, and DIABN (in 1000 cm'l) at 25°C in a Series of Solvents

CVL
f(e) fe)  _ax ~max DMABN® DIABN®

Solvent e n -f(d) - ¥(n?) V (LE) V (ICcTm) [ max LE) U max (1cT)

n-hexane (1) 1.88 1.372 0.000 0.092 25750 - 29430

ethyl acetate (2) 599 1.370 0.200 0.292 23850 @078 27900 22260
tetrahydrofuran (3) 739 1405 0.208 0.307 23990 7620 27800 22380
n-propyl cyanide (4) 242 1.382 0.281 0.375 23260 9907 27700 21090
ethyl cyanide (5) 292 1.363 0.293 0.384 23070 0740 27600 20870
acetonitrile (6) 36.7 1.342 0.306 0.393 22700 16440 27600 20490

3Splvent acronyms: (2) EAC, (3) THF, (4) PrCN, (5) EtCK6) MeCN. °4-(dimethylamino)benzonitrile.%4-

(diisopropylamino)benzonitrile.

From a plot ofv

5 max

(LE) vs the solvent polarity parametgsn) = f(&) —f(n?), us(LE) can be

obtained, whereag(ICT) can be determined by plotting™(ICT) vs g(gn) = (&) — ¥4(n?)

(egs 1-3), see Figure 3419°1°456-%his difference imy(&n) appears while the ICT state is not

populated by absorption in,Sout is formed from the directly excited LE presor, as can be
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seen from the time-resolved fluorescence spectoe wiscussed below:**-°*

.

7T(f) = -5 Helke = Hg)Q (€. + const (1)
e-1
f(e)= 2
(=22 @
2
-1
f n2 = n 3
(") =21 (3)

In eqs 1-3,444 and e are the ground and excited state dipole moments, the dielectric
constantn the refractive index; is Planck’s constant, is the speed of light, anathe Onsager
cavity radius of the solute.

Onsager Radius Employed for CVL. The method we generally have adopted in the

3032,4551.56.61-645 to scale the crystal density data in

determination of Onsager cavity ragif”
such a manner that a value of 17 D results 4gfCT) of 4-(dimethylamino)benzonitrile
(DMABN) from the solvatochromic and thermochromicalysis, giving an effective crystal
density of 0.78, as described in detalil in ref #8e 1(ICT) = 17 D for DMABN comes from
time-resolved microwave induced conductivity (TRM&periment$,which does not depende
on the Onsager cavity radius and can hence be ase@ calibration independent of
solvatochromy.

The advantage of using such scaled crystal dessitstead of, for example, an uniform density
equal to 1.0, obviously is that the specific natafehe molecules is then better taken into
account, provided that their crystal free volumes@mparable. From the density of 0.68;
5.96 A is calculated here for CVL. The crystal dgnsf CVL (1.19) is practically the same as
that of DMABN (1.139¥° supporting the validity of our approach.

Excited State Dipole Moments (LE) and (ICT) of CVL. In addition to the
solvatochromic plots in Figure 3, the LE and ICTigsion maxima of CVL are, as usual for
us2930:32:4549.51.56.61-64155 plotted against the™(LE) of DMABN (u(LE) = 10.6 D) and the

v ™(ICT) of 4-(diisopropylamino)benzonitrile (DIABN) 4(ICT) = 18 D), respectively
(Figure 3b)2®® With this second procedure, the scatter in tha gaints is generally reduced by
mutually compensating the specific solute/solvetgractions, as can clearly be seen in Figure

330344931821 ha calibration is based on TRMC dipole momentBMABN, making the results

much less dependent on the choic@ ¢éq 1).
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From the slope of the plot 6™ (LE,CVL) vs f(&) —f(n?), a dipole momeni(LE) = 16.6 D is
calculated for CVL, whereas from the plot against®(LE,DMABN) the nearly identical
M(LE) = 17.4 D is obtained (Figure 3a). Similarly(ICT) = 32.7 D results from plotting
v MX(ICT,CVL) vs f(&) — ¥(n®) and a comparablggICT) = 34.3 D is found from the plot
againsty " (ICT,DIABN), see Figure 3b and Table 3. Note thw tE dipole moment(LE)

is very large and that we know that it is neveebslnot an ICT state, within the context of our
definition of LE and ICT.® For DMABN, /(LE) is also already relatively large (10.6 D),

which likewise does not mean that it is the dipolement of an ICT state**
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Figure 3. Solvatochromic plots of the LE and ICT fluorescemaximal/ "> (LE) and V "2 (ICT) of CVL vs

(a) the solvent polarity parametey(&,n®) and (b)l7maX(LE) of DMABN and l7maX(ICT) of DIABN (egs 1-3).

For LE,g(&n) = f(¢) —f(n?), whereas for ICTH(&n) = (&) — ¥4(n°), see Table 3 and text. The"* data and the
numbering of the solvents are given in Table 2nftle slopes of the plots, the LE and ICT dipolemants

L(LE) and(ICT), indicated in the Figures, are calculated€eB).
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Table 3: Data from the Solvatochromic Analysis of the Fluorecence Maxima

Vm(LE) and V™ (ICT) of CVL

p(A)?*  14(D)°  Slope (cr) 7™ (CVL) vs te (D)°
LE 5.96 6.0 -9410 + 590 f(e)-f(n?) 17.4+0.4
LE 5.96 6.0 1.45+0.24 "M (LE,DMABN) 166 +1.1
ICT 5.96 6.0  -41700 + 4400 f(e)-Y4f(n?) 32.7+1.6
ICT 5.96 6.0 2.33£0.08 p"(ICT,DIABN) 34.3+0.6

®Onsager radius (eq 1), determined from a densitgleq 0.78, based on DMABN (ref 49%round state dipole
moment, calculated by AM1; result scaled dgy(DMABN) = 6.6 D (ref 8).ICT or LE dipole moment (eq 1).

From a plot of|7maX(LE) vs f(e)-f(n?), eqs 1-3, see Figure 3&rom a plot ofl7maX(LE) VS I7maX(LE) of
DMABN (Figure 3b), witho = 4.20 A,z = 6.6 D, from refs 49, 51, and 6Erom a plot oft "™ (ICT) vsf(e)-

¥f(n2), egs 1-3, see Figure 3&rom a plot of|7maX(ICT) VS I7max(ICT) of DIABN (Figure 3b), witho = 4.68
A, 145 = 6.8 D angu(ICT) = 18 D for DIABN, from refs 49 and 66.

Comparison of ((LE) and (ICT) of CVL with Literature Data. In the solvatochromic
analysis of ref 2, the LE and ICT fluorescence mmaxi " (LE) and v "®(ICT) of CVL are
both plotted versus the solvent polarity param&g— ¥4(n°), see eqs 1-3, in contrast with our
procedure described above. In this analysis, @iffe©Onsager radii were employed for the LE
and ICT states of CVLO(LE) = 3.6 A ando(ICT) = 5.8 A. This assumption was based on the
notion the charges in the LE state are located ¢sumlaced) only within the 6DMAPd moiety,
whereas for the ICT state the charges are delechbzer 6DMAPd and the DMAs in the CVL
molecule. It was then considered to be reasondialethe solvation of the LE state involves
primarily the solvent molecules surrounding 6DMARPtEre, an Onsager radigs= 5.96 A is
taken for the LE as well as the ICT state (TableaBppting the point of view that the same
cavity has to be created in the solvent for bo#ttest due to their identical molecular volume.
Note that oup = 5.96 A is similar to th@(ICT) = 5. 8 A of ref 2.

In ref 2, 4(LE) = 10.7 D angu(ICT) = 25.2 D are reported for CVL. The dipole memhiy =

5.5 D (AM1Y is somewhat smaller than that used hege=(6.0 D, Table 3). The slopes of the
plots of 7 ™(LE) and 7™ (ICT) vs g(&n) = (&) — ¥4(n°) are -10645 cfh (LE) and -32910
cm?* (ICT), respectively. The LE slope is somewhat darghan our result of -9410 ¢m
whereas the ICT slope is condiderably smaller than 41700 crit (Table 3). Maroncelli
obtained similar dipole momenis(LE) = 9-12 D ang(ICT) = 24 D, also taking = 3.6 A for

LE and p = 5.8 A for ICT, from KarpiuK, with 14, = 6.0 D (B3LYP/6-311G(d))° The
solvatochromic method employed in ref 13 is différrom that used here and in ref 2 and is

therefore not directly comparable.
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As described above, the dipole moments calculatad bur solvatochromic analysis of CVL
are clearly largeri(LE) = 17 D andu(ICT) = 33+1 D (Table 3). On inspection of thre"®

data of refs 2 and 13 (Table S1), it is seen thatid"®(LE) and v ™ (ICT) (Table 2) are
shifted more to the red than the previous drésAs this red-shift grows when the solvent
polarity becomes higher, the slopes of our plogslarger, leading to an increase of the dipole

moments, especially(ICT). There is no difference in the absorption max v ™

(abs), see
Table S1. These red-shifts are most probably dywdblems with the spectral calibration of
the fluorimeters employed in the experiments, al agewith the subtraction procedure used to
separate the fluorescence spectra into its LE @idccbmponents. The impact of the differences
in this calibration is much more severe for the @an for the LE fluorescence maxima, as the
™3 (ICT) are in the red part of the spectrum, sucly 3% (ICT) = 16440 crit in MeCN at 25

°C (Table 2). We have circumvented these problemd,adso to an important extent that of

ny max

oA(Onsager), by plotting thee ™" of CVL vs those of DIABN and basing ourselves oe th
1(ICT) of DMABN determined by TRMC, a method independent of solvatochromy, as
mentioned above. We therefore think, that our \&foe theyi(LE) and(ICT) of CVL more
correspond to reality. Over the years, in line viltb present spectral calibration problems, it
has been our experience, that fluorescence spedtra literature are rarely, if at all, identical.
Temperature Dependence of CVL Fluorescence in MeCN.he fluorescence and absorption
spectra of CVL in MeCN have been studied as a fanobf temperature. Those at the two
extreme temperatures, -45 and °f§ are shown in Figure 4. The ICT fluorescence maxi

7 ™*(ICT) increase from 15840 to 16970 Craver this temperature range, a blue-shift of 1120
cm* (Table 2). The corresponding shift 8" (LE), from 22100 to 22860 ch is with 760
cm* considerably smaller, as to be expected becausdeofnuch smaller dipole moment
L(LE) of 17 D as compared with the(ICT) of 33 D (Table 3), see eq 1. Both blue shdits
caused by the decrease in solvent polarity of Me@pbh heating: the dielectric constargoes
down from 50.2 at -45C to 30.3 at 75C (Table 1) and the refractive indexdecreases from

1.378 to 1.317 between these temperatures.
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Figure 4. Fluorescence (LE + ICT) and absorption (Abs) sj@ect CVL in acetonitrile (MeCN) at (a) -4&. and
(b) at 75°C. The fluorescence spectra show dual fluorescéroee a locally excited (LE) and an intramolecular
charge transfer (ICT) state, see text. Excitatianelength: 330 nm.

@ (ICT)/ ®(LE) as a Function of Temperature. Stevens-Ban Plofor systems with two

kinetically interconverting states, such as LE &@ in Scheme 1, the fluorescence quantum

yield ratio®”(ICT)/®(LE) can be expressed by the following equations ¢ 6)>°3149-°067

@ (ICT)/P(LE) = K(ICT)/k(LE) {ko/(Kq + 1/T o(ICT))} (4)
hv
\ k,
LE=——=ICT
ka Scheme 1
/7, # (kp) (k)™ 1/t

In Scheme 1 and eqgs 446, andky are the rate constants of the forward and backward
reaction, io(LE) is the fluorescence lifetime of the model cauapd (no ICT),7 o(ICT) is the
fluorescence lifetime of the ICT state (no back JAF(LE) andk'{(ICT) are the radiative rate
constants. The reciprocal lifetimes are equal éosiiims of their radiative and nonradiative rate
constants.

Temperature LimitsWhenky >> 1/ o(ICT), the high-temperature limit (HTL), with a stha
ICT reaction enthalpy differencé&H,® eq 4 simplifies to eq 5.

@ (ICT)/P(LE) = K+(ICT)/k(LE) ko/kqg (5)
Alternatively, whenky << 1/f4(ICT), the low-temperature limit (LTL) (largeAH),*” eq 6

holds.
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®"(ICT)/®(LE) = (K{(ICT)/k(LE)) ko o(ICT) (6)
At 25 °C, @’(ICT)/®(LE) = 18.3 (Table 1). This value is closer to thsult of ref 13 (13.3)
than that of ref 2 (6.5F The data fod”(ICT)/®(LE) of CVL in MeCN between -45 and 76
are plotted in Figure 5 as a Stevens-Ban (SB) pitP’(ICT)/®(LE)) vs 1000/T. The
activation energyEy(SB) = 8.7 kJ/mol ofk, (LTL-slope, eq 6) and the enthalpy difference
AH(SB) = -23.9 kJ/mol (HTL-slope, eq 5) are deterrdiriy a nonlinear fitting (eq 4) of
In(®"(ICT)/P(LE)) over the whole temperature range, with theessomable approximation that
(K+(ICT)/k(LE) is temperature independent, as both rate aatstwill depend on the solvent
refractive index. The activation energy lof Eq(SB) = Ef(SB) - AH(SB) = 32.6 kJ/mol. One
can thus safely conclude that the ICT reaction ®.Gn MeCN is not barrierless. An
inspection of Figure 5 shows that the maximum ¢PIICT)/®(LE)) occurs at around 11T.
At this maximumky = 1/7o(ICT),**°¢%*®\which means that at 2& the HTL conditiorkq >>
1/7,(ICT) and eq 5 are just barely fulfiled. A commmh of the data of CVL with
corresponding photostationary data for DMABN in Me@ of interest:AH(SB) = -23.2
kJ/mol, Ey(SB) = 7.7 kJ/molE«(SB) = 30.9 kJ/mol, similar to those of CVf Data forE,, Eg,

or AH for CVL in MeCN have previously not been reportedhe literature. Only results for
AG are availablé:*®* These data will be compared in a later sectioh #ibse derived from the

analysis of fluorescence decays as a functionropé&zature (Table 4).

T [°C]
50 0 -50
. : —
CVL
3.0+ in MeCN
=)
=
¢
=
O 25+
=
S E, =8.7 kJ/mol
- | E,=32.6kJ/mol
204+ AH=-239kJ/mol -
30 35 40 45
T [10° K]

Figure 5. Stevens-Ban (SB) plot &' (ICT)/®(LE) vs 1000/T of CVL in MeCN, see eq 1. The adiiva energies
EL(SB) andE4SB) of the forward and backward reactions in the & ICT equilibrium (Scheme 1) and the
enthalpy differencé\H(SB) =E4(SB) - E4(SB) are indicated in the Figure. The thermodynadaita obtained here
from the photostationary experiments are charamdrin this caption and in the text with (SB), iffedentiate
them from the corresponding data derived from fisoence decays in a later section.
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Double Exponential LE and ICT Fluorescence Decaysf&€VL in MeCN at 25 °C. Global
Analysis. The LE and ICT picosecond fluorescence decays of @vMeCN at 25°C are
depicted in Figure 6. From a global anal{si$ "?of these decays, two times are determingd:

= 9.2 ps and; = 1180 ps (eqs 7-9) withy/A;; = 35.3. The ICT fluorescence response function
shows a growing in (Figure 6), with an amplitudeo@,,/A.; equal to -1.00 (eq 8). Whe¥®;

= -Ay,, then the concentration [ICT] = 0 at O (eq 8). This means that the ICT state does not
yet exist at the moment of light absorption i BE is the precursor of ICT Comparable
decay times have been observed previously for GMMe&CN at 25C: » = 8 ps,r; = 1200 ps
with A1o/A;; = 49.4 in ref 13 andy is 7.8 ps (LE) and 9.5 ps (ICT) in ref 24. The tl&écays
appearing in the literature are not double expaakemn additional time of 0.5 ps is found in
ref 24 and the decays in ref 13 are triple expaaknwith a small amplitude middle time of

around 200 ps, attributed to impurities.

if(LE) = Aviexp(/11) + Arexp(/ 1) (7)
|f(|CT) = A21exp({/ T]_) + AzzeXp(-t/ Tz) with Ao = Ao (8)
A= Alz/A]_l (9)

As 1, << 11, the amplitude ratid\ = A;2/A11 (eq 9) of the LE decay (Figure 6) is practically
equal to the ratio of the forward and backward i@ constantk/ks (Scheme 1, eq 7f.In
such a case, alsozdk ka + ke.** "°From 1, = 9.2 ps and\o/Ar; = 35.3,k. = 106 x 18 s* andkq

= 3.0 x 1 s* are then calculated. These approximate but incése accuratéresults already
show that not only the LE. ICT forward reaction of CVL in MeCN at Z& is very fast, but
that this is also still the case for the ICT LE back reaction, a clear indication ti#gd is not
extremely large. For comparisoky = 0.47 x 18 s* andAH = -27.0 kJ/mol for DMABN in
MeCN at 25°C.** See Figure 9 and Table 6, below, wiH = -19.6 kJ/mol for CVL in MeCN.

19



i [ps] 9.2 1180 2
Ai(LE) 53 0.15 0.93
A%(ICT) -1.64 1.64 0.90

0.5

ICT

KILOCOUNTS

LE

O LI
0 500 1000 1500
CHANNEL

L .

Figure 6. Picosecond fluorescence decays of CVL in MeCN6di22 The decays are measured at 440 nm and 650
nm, with a time resolution of 0.4969 ps/channel anigne window of 1500 effective channels. The ad0decay

is attributed to LE, that at 650 nm to ICT, seeufgglb. The LE and ICT decays are analyzed simediasly
(global analysis), resulting in decay times= 9.2 ps and; = 1180 ps, with amplitude&;(LE) andAx(ICT), see

egs 7-9. The shortest ting is listed first. Excitation wavelength: 272 nm.eTtveighted deviations sigma, the
autocorrelation functions A-C, and the valuesbare also indicated.

3 SIGMA

Fluorescence Decays in MeCN as a Function of Temdure: -45 to 75°C. The LE and
ICT fluorescence decays of CVL in MeCN at 45 (Figure 7a) and 7% (Figure 7b) are also
double exponential, which is the case over therenémperature range (Table 5). The ICT
amplitude ratioAxs/Ax; is with -0.99 (-45°C) and -0.97 (75C) close to the value -1.00
observed at 25C, from which it can again safely be deduced thatlh temperatures
investigated the ICT state is not directly prepdrg@bsorption in & but is formed from LE as

the precursor, similar to the situation at°25discussed in the previous section (Figure 6).
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Figure 7. Picosecond fluorescence decays of CVL in MeCNapt45°C and (b) 75C. The decays are measured
at 440 nm and 650 nm, with a time resolution 0B8%% ps/channel and a time window of 1500 effeativannels.
The 440 nm decay are attributed to LE, those at @80to ICT, see Figure 1b. The LE and ICT decays ar
analyzed simultaneously (global analysis), resglimdecay times, and r;, with amplitude®A;(LE) andA(ICT),
see eqs 7-9. The shortest timés listed first. Excitation wavelength: 272 nmeShke caption of Figure 6.

3 SIGMA

Decay Timesr, and r; and Amplitude Ratios A;2/A;1 as a Function of Temperature.The
decay timer, of CVL in MeCN decreases from 15.5 ps at 2@5to 8.1 ps at 78C, whereas;
increases from 0.84 to 1.58 ns over this tempezatange (Figure 8). The amplitude ratio
A;2/A;1 continually becomes smaller from 263 to 10.5, wheimg from -45 to 75C, see Table
4.
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Figure 8. CVL in MeCN. Plots as a function of temperaturetaf fluorescence decay timgqa,m) andr, (b, o
ande), see egs 7 and 8, and fcand A) the LE amplitude ratié\y,/A;; (eq 9).

LE Lifetime 1n(LE) = 39 ns for CVL in MeCN. To determine the ICT reaction parameteys
ki, (LE), and 7o(ICT) (Scheme 1) from the decay times and r; together with the LE
amplitude ratioAr-/A1; (eq 8), a fourth input is necessary. As uggaf?30:31:3544-46,48,51,56,61-
64.66.67.70.72¢hjs js the fluorescence lifetim&(LE), which is equal to the LE fluorescence
lifetime under the condition that an ICT reactiared not take placéy= 0). For CVL this is

the case in solvents less polar than EAC, suchleexane (Figure 1a, Tables 1 and 2).

The LE emission spectrum of CVL in low-polarity sehts such as-hexane and diethyl ether
(DEE) is identical to that of BDMAPY">%*Also the LE fluorescence lifetimes(LE) of CVL

and 6DMAPd in the solvent series betweemexane and THF have comparable values, such as
15.5 ns (CVLj and 24.7 ns (6DMAPY) in DEE. We therefore adopt thg(LE) = 39.2 ns of
6DMAPd in MeCN?® as the lifetimery(LE) = 39 ns of the LE state of CVL in MeCREven

for EAC and THF, in which solvents we have obserdadl (LE + ICT) fluorescence of CVL
(Figures S1 and S2), similar fluorescence decaggimare found: 19.3 or 15 ns (CVA?* and

27.9 ns (6DMAPdY in EAC, 22.4 ns (CVHand 25.1 ns (6DMAPH) in THF. Note that a

surprisingly much smaller; of 4.5 ns has been reported for CVL in THF.
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ICT Reaction Rate Constantsk, and kg, Lifetime 7 o(ICT). The ICT rate constantg andkg,

as well as the lifetime o(ICT) of CVL in MeCN, calculated fronr, 1, andA;2/A11 (egs 7-9)
with 7o(LE) = 39 ns, are listed in Table 4. At 25 (Figure 6)k. = 106 x 18 s*, ks = 3.0 x 16

st and 7 (ICT) = 1.15 ns (Table 4). Upon heating from -457&°C, the forward rate constant
k. becomes larger, from 64 x %@ 114 x 16 s*, whereas the backward rate constanas
usual increases more strongly, from 0.23 % t010.6 x 18 s* between these temperatures.
Also the lifetimer o(ICT) becomes larger when going from -45 to°Z5 which will be further

discussed below. A similar temperature dependerice’ (ICT) has been observed with
DMABN in MeCN.*

Table 4. Decay Parameters of CVL in Acetonitrile (MCN) as a Function of Temperature

TEO) e a0 Adhn kAFSH WACSPS CDOS e Sen
749  81(7.1) 1.58(L.60) 10.7(12.0) 114 (130) .5%q10.75) 1.45(1.48)  -6.9(-7.2)  12.0(11.6)
65.0  87(7.5) 1.54(150) 12.9(146) 107 (125) 2188.45) 143 (1.41)  -7.2(7.6)  11.8(11.3)
549  84(7.9) 138(142) 17.0(18.1) 113 (120) 5586.55)  1.31(1.34)  -7.8(7.9)  11.2(11.0)
45.0 8.5 1.36 22.7 113 491 1.31 -8.3 10.8
35.1 8.9 1.28 27.1 108 3.93 1.23 -8.5 10.5
25.0 9.2 1.18 35.3 106 2.95 1.15 -8.9 0.1
15.0 9.8 1.12 49.3 100 2.00 1.10 9.4 9.8
5.0 10.6 1.07 65.8 92.6 1.38 1.05 -9.7 9.6
5.0 11.2 1.01 95.5 88.3 0.90 1.00 -10.2 9.2
-15.0 12.4 0.97 127 80.1 0.62 0.96 -10.5 9.0
-24.8 13.0 0.92 178 76.4 0.42 0.92 -10.8 8.7

-34.7 14.3(14.2) 0.88(0.88) 221(267)  69.8 (70.3) 0.31 (0.26) 0.88(0.88) -10.8(-11.1)  8.5(8.4)
-45.1  155(155) 0.84(0.85) 273 (419)  64.4 (64.3) 0.23 (0.15) 0.84 (0.84) -10.7(-11.5)  8.2(8.2)

4n the calculation ok, kq, and 7’ o(ICT) from 7, i, and Ajo/A4, the valuery(LE) = 39 ns is adopted, see text.
®The value in parentheses is calculated filenF 3.9 kJ/mol ank,’ = 4.95 x 16" s (Table 6).°The value in
parentheses is calculated frén= 23.6 kJ/mol and".= 3.68 x 1&° s* (Table 6)°AG = -RTIn(k/ky). °AG,” is
calculated fromk,, employing the expressidq = kT/h €“°*R"  assuming that such an approach based on the
vibration of a diatomic moleculd¢ = kT) is valid here for a compound as large as CVIMBCN. ‘Ref 2: 7, =

1.5 ns,, = 7.8 ps (LE) or 9.5 ps (ICT), with additional stes decay times 0.5 ps or <0.3 ps (ref 2). Refrl3:

8 ps, i1 = 1.2 nsAifAq; = 49.4,AG = -9.8 kd/mol. From these data for r;, Aj/A;1, and p(LE) = 39 nsk, =

1.23 x 16' s ky = 2.45 x 18 s, 74(ICT) = 1.18 ns, andG = -9.7 kJ/mol°Ref 13:AG,* = 10.8 kJ/mol; Ref
38:AG,” = 85.8 kJ/mol from MD simulation.

Temperature Dependence of o(ICT) in MeCN. The observation that the lifeting,(ICT) of
CVL in MeCN increases when going from -45 to°Z5(Table 4) is at first sight surprising. The
reciprocal of the ICT lifetime, I/,(ICT), is equal to the sum of three rate constattdCT)
for fluorescencek'(IC) for internal conversion (IC), arki(ISC) for ISC (eq 10). It is hence
clear that the temperature dependence @fCT) can in principle be an inherently complex
issue. The last two processes IC and ISC are aftémated in similar D/A systeni§ which
means thak (ISC) andk’(IC) become larger upon heating (Arrhenius behdyiwhich would
contribute to a shortening af,(ICT). Becaus&'+(ICT) depends on the refractive indexasn®
23



with values forp between 2 and %;"®"8it becomes smaller upon cooling,radecreases when
the temperature rises, for MeCN from 1.3780 at°@%o 1.3169 at 78C.">® Therefore, only
whenKk'{(ICT) is the dominant decay process, such as Wh€ICT) is close to 1.07(ICT)
would become longer at higher temperatures. For @VMeCN, however® (ICT) is very
small, 0.007 at 25C (Table 1). This means that the conditikR(ICT) [h° cannot be
responsible for the drastic (72 percent) incredsé,(ICT) between -45 and 7%&.

1/7(ICT) =K+(ICT) +K'(IC) +k'(ISC) (10)

Energy Gap Law and Temperature.A plausible explanation of the observed tempeeatur
dependence of o(ICT) of CVL in MeCN is the following. Over the rga from 75 to -45C,
the energy of the fluorescence maximufi®(ICT) shifts from 16970 to 15840 ¢h{Table 1).
This red-shift is caused, as mentioned above, éyritrease in solvent polarity (froef® = 30.3

to £* = 50.2§" and the large difference in the dipole momen(iCT) - 14, of (28 D (eq 1 and
Table 3). As a consequence, the energy gap (egqudl't‘(ICT)) between the ICT state and its
corresponding Franck-Condon (FC) ground stag(E® becomes smaller when the temperature
is lowered, leading to a more efficient IC procdssergy gap laW$® and hence to a
shortening off’ o(ICT). There will not be an appreciable influendate ICT-S(FC) energy gap
on the ISC process, because this reaction prodsedsergetically between the ICT state and
the CVL triplet manifold. Als&;(ICT) is not expected to be governed by the engegylaw: it
depends on the solvent refractive indexngswith values fop between 2 and 3, as mentioned
above. When ISC would be the predomimant procesgteviously reported for CVL in MeCN
with ®(ISC) [L.0° instead of our result of 0.015 (Table 1), the dase of7'(ICT) upon
cooling can not be attributed to the energy gap law

Energy Gap Law and Solvent Polarity.The energy gap law has also been invoked to explai
the shortening of the ((ICT) of CVL as a function of increasing solventlgrity at room

&131° M (1CT) decreases when the polarity becomes lar@1a cni* (acetone,

temperatur
£° = 20.6), 17990 cih (PrCN, £€° = 24.2), 16440 cth (MeCN, £° = 36.7), 16640 ch
(DMSO, £° = 46.5), and 16770 cM(PC, £° = 64.9). The lifetimeg’o(ICT) (< 71) of CVL in

the solvents with the smallest™(ICT), PC (0.59 ns), DMSO (0.70 ns) and MeCN (1s2, n
are clearly shorter than those in PrCN (4.3 ns)ao&done (3.4 ns), see Table S3 in Supporting
Information (ref 13) and Table 3. This differensetherefore likewise assumed to originate
from an enhanced nonradiative ICT & transition, caused by the decrease of the energy

~ max
14

difference (ICT) between the ICT and itso&C) state, the energy gap law, due to
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exponentially increasing FC factd$® The same explanation had also been adopted iTate
of MGL in polar solvents, from BAC to MeCN.

Also for 2,3,5,6-tetrafluoro-4-(dimethylamino)bemtoile (DMABN4F), 2,3,5,6-tetrafluoro-4-
(diethylamino)benzonitrile (DEABN4F), and 2,3,5@rafluoro-4-(azetidinyl)benzonitrile
(AZABNA4F), 7 «(ICT) becomes smaller when going from the nonpoiaexane £° = 1.88) to
the strongly polar MeCNe® = 36.7), leading to a decrease in the energy gapeen the ICT
and $(FC)>' For DMABN4F at 25°C, with ¥ ™(ICT) decreasing from 20860 &m(n-
hexane) to 17300 cim(MeCN), 7 4(ICT): 0.27 to 0.15 ns (Table S6). Similarly, foEBBNA4F
7™ (ICT) decreases from from 21000 to 17900"camd 7'(ICT) drops from 1.5 to 0.54 ns
(Tables 6 and S6), whereas"®(ICT) of AZABN4F goes from 21990 to 181900 ¢nand
T'o(ICT) from 0.078 to 0.050 ns (Table S6).

Temperature Dependence off ,(ICT) in Other D/A Systems. In our earlier studies of D/A
systems, we have encountered two other examplewtioch 7 o(ICT) becomes larger with
increasing temperature (Table 5): DMABN in MetNand 3,4-dicyanoM-methylN-
isopropyl)aniline (34DCMIA) in MeCN? For both systems7 ™(ICT) is rather small, below
20500 cni at 25°C: 20250 crit (DMABN) and 17280 cii (34DCMIA), see Table 5, similar
to CVL in MeCN with 7 ™*(ICT) = 16440 crit (Table 1).

With more D/A molecules, in contrast(ICT) becomes shorter with increasing temperature
(Table 5). For these systems;™(ICT) is larger than 21000 c¢m DMABN, 4-
(diethylamino)benzonitrile (DEABN), and 4-(dipropylamino)benzonitrile (DPrABN) in
toluene, as well as with 2,4-dicyans-tnethyl-N-isopropyl)aniline (24DCMIA) in DEE!
NTC6 in MeCN*? N-phenylpyrrole (PP) in MeCRf EtCN/® and PrCN’>*® fluorazene (FPP)
in EtCN>%" and also 4-cyand-phenylpyrrole (PP4CN) and FPP4CN in MeCN, see g &bl
and Tables S2, S4-S6 in Supporting Information. thar series of D/A systemsg,"**(ICT) is
larger than for CVL, DMABN, and 34DCMIA in MeCN:dm 21160 cnt for 24DCMIA in
DEE at 25°C to 28150 cnit for PP in PrCN at -56C. It therefore follows that for sufficiently
large gaps between the energies of the ICT &@&T) and its corresponding FC state, equal to

the ICT fluorescence maximum™®(ICT), 7'o(ICT) becomes shorter upon heating.
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Table 5. Data for CVL and Other D/A Molecules in aSeries of Solvents at Different Temperatures

D/A systent ref Solvent T (C) 7ICT)(ns) P "*(cT) (em? ®(ISC) »(IC)
cvL ngfz 1 Mecn 75 1.45 16970
25 1.15 16440 1.0 0.0
-45 0.84 15840
DMABN 44 MeCN 75 3.92 20970
44 25 3.80 20250 0.80 0.17
44,70 -45 3.53 19220
DMABN 67 Toluene 20 2.7 24450
67 -20 3.1
48 -45 3.48
DEABN 67 Toluene 20 25 24560
67 20 2.9
DPrABN 67 Toluene 20 2.7 247%0
67 20 2.8
48 -45 2.90
24DCMIA 64 MeCN 25 19430 0.83 0.15
24DCMIA 64 DEE 25 4.73 21610
64 -45 5.72
64 -115 5.42
34DCMIA 64 MeCN 25 1.17 17280 0.22 0.77
64 -45 0.85
NTC6 31 MeCN 75 9.9 23540
30,31 25 10.4 23130 0.31 0.09
31 -45 10.7 22600
PP 48,70 MeCN 25 4.02 28040 0.74 0.16
48 MeCN -20 5.10 27700
48,56,70 -45 5.46 27410/27530
PP 48,56,70 EtCN -45 4.87 27960/28030
48 -90 5.81 27430
PP 35 PICN -50 4.25 28150
35 -70 4.90 27940
FPP 70 MeCN 25 26540 0.65 0.20
FPP 70 EtCN -45 12.2 26610
70 -55 13.3 26510
70 -65 13.7 26410
70 75 145 26310
PP4CN 29 MeCN 25 13.6 20750 0.63 0.31
29 -45 16.7 20080
FPPACN 29 MeCN 25 29.7 21550 0.44 0.31
29 -45 39.2 21040
DEABN4F 51 nhexane 25 15 21000 0.42 0.57
51 MeCN 25 0.54 17900 0.09 0.91

DMABN: 4-(dimethylamino)benzonitrile; DEABN: 4-(dieylamino)benzonitrile; DPrABN: 4-(di-propylamino)benzonitrile; MDB: 4-
dimethylamino-2,6-dimethyl-benzonitrile; EDB: 4-thglamino-2,6-dimethyl-benzonitrile; PrDB: 4-dipropylamino-2,6-dimethyl-
benzonitrile; 24DCMIA: 2,4-dicyandN-methyl-N-isopropyl)aniline; 34DCMIA: 3,4-dicyand{methyl-N-isopropyl)aniline; NTC6: ert-
butyl-6-cyano-1,2,3,4-tetrahydroquinoline; PM-phenylpyrrole; FPP: fluorazene; PP4CN: 4-cyaéhphenylpyrrole; FPP4CN: 4-
cyanofluorazene; DEABNA4F: 2,3,5,6-tetrafluoro-4ettiiylamino)benzonitrilAt 25 °C. °DEE: diethyl ether.
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Free Enthalpy DifferencesAG and AG*. The free enthalpy differencéss = -RTIn(ky/kq) for
CVL in MeCN are listed in Table 4. At 2&, AG = -8.9 kJ/mol, which compares well with the
AG = -9.8 kJ/mol reported in ref 13, but is rathefatént from the -3.3 kJ/mol estimated in ref
24 and the previou&G of -57 kJ/mol in ref 2. In Table 4G changes from -6.9 kJ/mol at 75
°C to -10.7 kJ/mol at -48C, when taking the data determined directly fragnr; andAqo/Aqs.

By using the corrected data fAG based orE,, Eg, ki’ andky® (Table 6, below), the following
values are obtained: -7.2 kJ/mol at°@5to -11.5 kJ/mol at -4%C (Table 4). This increase of -
AG is caused by the solvent polarity becoming larffem £ = 30.3 at 75C to £ = 50.2 at -45
OC.81

The free energy of activatiahG,” of CVL in MeCN at 25°C is 10.1 kJ/mol (Table 4), similar
to theAG,” of 10.8 kJ/mol that can be calculated fregs 1.23 x 16" s* (Tables 5 and S3) of
ref 13. TheAG;” in Table 4 ranges between 12.0 kJ/mol (or 11.G&Dtorrected) at 7%C and
8.2 kJ/mol at -45C. In the literatureAG, = 85.8 kJ/mol in MeCN has been determined from
MD simulation® This outcome is much larger than our 10.1 kJ/mvbich must mean that the
simulation leads to results far removed from theeeimental situatiofi°

Literature Data from Fluorescence Decays andb’(ICT)/ ®(LE). Instead of using as input
data r,, n, and A;J/A11, with p = 39 ns, such as here, a somewhat different pureers
followed in ref 13. Therer,, n, andAJ/A;; are employed, with the condition th&f/A1; =
ki/ks. The ratiokyky is also extracted frond” (ICT)/®P(LE), making the assumption that the
ratios of the LE and ICT radiative rate constaitdCT)/k:(LE) (eq 4) in different solvents
depend only on emission frequencies, due to thaioalki O . AG = -RTIn(k/kg) is then
determined as a weighted average of these two a&st&nThis approximate solution is only
valid, however, wherky >> 1/7'((ICT), the high-temperature limit (HTL), leading the
expression® (ICT)/®(LE) = K(ICT)/k(LE) kiéks (eq 5 in the present text)3®®’ The
conditionky >> 1/ o(ICT) is not fulfilled for CVL in PC and DMSO (TabIlS3) and is barely
valid for CVL in acetone and MeCN at 262" This may jeopardize at least some of the results
for ko andAG in ref 13. It also becomes evident from inspecidrine Stevens-Ban plots in
Figure 6 in ref 13 that the HTL limit applies foMC in PrCN (butyronitrile, not BUCN) only
above -15C and in PC for temperatures clearly above @0Under HTL conditionsy o(ICT)

is in fact equal tay (= 1.2 ns), as seen from the analysis above g T) = 1.18 n’

ICT Reaction is Not Controlled by Solvent Relaxatio Dynamics. The ICT reaction time
1k, = 9.4 ps & = 9.2 ps) of the LE- ICT reaction of CVL in MeCN at 2%C is substantially
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longer than the mean solvent relaxation tintg><= 260 fs, with times of 89 and 630%fs*’
This means that the ICT reaction of CVL in MeCNnrisch slower than the solvent relaxation
and is hence not solvent controlled, contrary ®vimus reports in the literatufé> A similar
situation is encountered with DMABRland PP in MeCN, different from PP in PrCN at low
temperatured’ for which slow dielectric solvent relaxation irfemes with the ICT reaction
dynamics below -76C.

The conclusion was reached that the ICT reactioB\df, in conventional solvertSas well as

in ILs, 3

is controlled by solvation dynamics, although iaswstated in ref 14 that ‘the
distinction between control by solvation dynamissopposed to other frictional effects could
not be definitely established for CVL'. Also Sameardt al. suggested that the LE ICT
reaction of CVL in the IL [bmmim][TiN] is controlled by solvation dynamid§,wich was
questioned in ref 13 (footnote 26).

Activation Energies E; and E4. Thermodynamic DataAH (= E; - Eg). An Arrhenius plot of
Ka, kg, and 1F o(ICT) of CVL in MeCN is shown in Figure 9. The dgtaints forky fall on a
straight line from 75 down to -2%C, whereas those fde, start to deviate from linearity for
temperatures above 5C. This deviation is caused by the reduction ofdbetribution of the
short time > to the overall LE fluorescence deca¥i,r/(Ai21> + A1), see eq 7. This
percentage is equal to 0.83 at °@5and 0.22 at 2%C, but decreases to 0.05 at°@5(Figures 5
and 6), apparently not large enough to make anratrumeasurement of, possible at
temperatures above 5G. From a similar reasoning it becomes clear orother hand that the
contribution of the long time; to the overall LE fluorescence dec#éy; ri/(A12%2 + A1171), IS
relatively small at temperatures below 5(0.78 at 25C and only 0.17 at -4%C), leading to
the observed lack in accuracykgfbelow -25°C.

From the slopes of the lines through the data paifikk, andky in Figure 9, the activation
energiesE, = 3.9 kd/mol andey = 23.6 kd/mol are determined (Table 6). From trdegta, the
ICT reaction enthalpy differena®H = E, - Eq = -19.7 kJ/mol is calculated. The corresponding
preexponential factors are® = 4.95 x 16" s* andk = 3.68 x 16° s?, giving AS = RIn(k."/k<°)

= -35.8 JmolK™?, see Table 6. With DMABN in MeCN similar resultedound (Table 6§*
From the photostationary data for CVL in MeCN (®tes~-Ban plot, Figure 5) somewhat
different data are calculatedH(SB) = -23.9 kJ/molE,(SB) = 8.7 kJ/mol, an&4(SB) = 32.6
kJ/mol (Figure 5). These differences may be causgdhe temperature dependence of
K{(ICT)/k(LE) (eq 4)**
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Figure 9. Arrhenius plots of the ICT rate constakigo ande) andky (m ando) and the reciprocal ICT lifetime
1/7(ICT) (A), see Scheme 1, of CVL in MeCN. The activationrgiesE, = 3.9 kJ/mol andty = 23.6 kJ/mol of
ka andky, respectively, are listed in Table 6. The reac#athalpyAH = E, - E4 = -19.7 kJ/mol. The preexponential
factors arek,” = 4.95 x 16" s* andk," = 3.68 x 16° s*. AS= RIn(k,/ks) = -35.8 JmotK™, see Table 6.

Table 6. Thermodynamic Data and Preexponential Faots for the ICT Reaction of CVL (Figure

9) and DMABN in MeCN

Ea Eq kL ke AH AS
molecule  (kJ/mol}  (kJ/moly @aotshe  @oRsH?  (kImolf (I molrK™Y
CVL 39+0.1 236+03 4.95+0.22 3.68+0.38-19.7+04 -358%1.2

DMABN® 50+0.25 32.0+04 183%0.2 18.7+0.2 -27.0+0.7 -38.0%x1.0

3Activation energy of the forward LE. ICT reactionk, (Scheme 1)°Activation energy of the backward ICF
LE reactionky (Scheme 1)°Preexponential factor of the rate constint®Preexponential factor of the rate
constantky. *Enthalpy differenceAH = E, - E4 of the LE 2 ICT equilibrium. ‘Entropy differenceAS =
Rin(k.“/ks?). 'Data from ref 44.

CVL is a Weakly-Coupled D/A System, Similar to an Eciplex (A'D"). Because of the
weak electronic coupling between its D and A me®tiCVL is comparable with 4-(¢kert-
butylamino)benzonitrile (DTABN), 3-(diert-butylamino)benzonitrilie (mMDTABN), and 6-
cyanobenzoquinuclidine (CBQ), in which the aming @hd benzonitrile (A) subgroups are
likewise electronically decoupled as a result @irtimutually perpendicular configuration, due

to the strong steric hindrance of the butkeyt-butyl substituents DTABN and the rigidized
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molecular structure of CB&:**°In these weakly coupled D/A systems, the ICT eeticg
corresponds to that of an intermolecular exciptietermined by the redox potenti@éD/D")
and E(A7A).*?%?? This is fundamentally different from molecules lwistrong electronic
coupling between D and A, such as DMABN and relamaunobenzonitriledN-phenypyrroles
(PP, 4-fluoroN-phenylpyrrole (PP4F), 4-cyangphenylpyrrole (PP4CN)), and fluorazenes
(FPP, 4-fluorofluorazene (FPP4F), FPPA4GH:32:3544.48,56.61.70

Conclusion

CVL undergoes a LE- ICT reaction in solvents more polar th@hexane £€° = 1.88), such as
EAC (¢€° = 5.99) and THF £ = 7.39). In these last two solvents and more poledia, the
fluorescence spectrum consists of two emission dyafndm the LE and the ICT states. The
dipole moments of these states are determined $wratochromic measurements, with)-
f(n?) as the solvent polarity function for the LE flteescence maxima ™ (LE) andf(e)-¥4(n2)

max

for the ICT emission maxima ™ (ICT). The same Onsager radios 5.96 A is used for LE
and ICT, as the size of the cavity to be made e gblvent continuum does not depend on
charge distribution in these two states of CVL. Naue of p is scaled with the dipole
moments/e(LE) = 10.6 D andu(ICT) = 17 D determined for DMABN by TRMC, a method
independent ofp. Employing this approachis(LE) = 17.4 D andu(ICT) = 32.7 D were
calculated for CVL. Similar values for the dipoleoments were obtained by plotting the
emission maxima of CVL versus those of DMABN (LEJdeDIABN (ICT), resulting ini(LE)

= 16.6 D andi(ICT) = 34.3 D. Both dipole moments are considerdarger than those
published previously: 10.7 or 9-12 D fag(LE) and 25 or 24 D fop(ICT). This discrepancy
comes from differences in the fluorescence spetieto fluorimeter calibration, as well as in
the subtraction procedure used to obtain the sephEaand ICT emission spectra. In the case
of t(LE), the differenfo also plays an important role.

The LE and ICT picosecond fluorescence decays df @MMeCN between -45 and P& are
double exponential. The amplitude rafigy/Ay, of the ICT decay is equal to -1, which means
that the ICT is not prepared by direct excitatidrC¥L in the ground state, but is exclusively
formed from LE as the precursor. Upon heating frdBhand 75C, the decay time becomes
shorter, from 15.5 to 8.1 ps arg becomes longer, from 0.84 to 1.58 mg),(whereas the
amplitude ratioA;2/A11 decreases from 273 to 10.7. An analysis of thegsim, 7, the LE
lifetime o(LE), and the ratidA;2/A;;1 as a function of temperature, leads to the ICivaton

energiesE, = 3.9 kd/mol andeq = 23.6 kJ/mol, givingAH = E; - E4 = -19.7 kJ/mol. These
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results show that the ICT reaction is an activaiedess. The reaction free enthalpy chak@e
ranges from -10.7 (-11.5) kJ/mol at -45 to -6.9 (-7.2) kJ/mol at 7%, whereaddG” changes
from 8.2 to 12.0 (11.6) kJ/mol between these teatpeses. From the temperature dependence
of the fluorescence quantum yield ra®(ICT)/®(LE) of CVL in MeCN, a Stevens-Ban (SB)
plot, E4(SB) = 8.7 kd/mol ané&4(SB) = 32.6 kJ/mol were determined, givingl(SB) = -23.9
kJ/mol. A possible reason for the difference ofsthevalues with those derived from the
analysis of the time-resolved fluorescence experimas the temperature dependence of
K':(ICT)/k:(LE), considered to be constant in the SB approach.

The rate constar, of the LE - ICT reaction of CVL in MeCN at 2% equals 1.06 x 6s,
equivalent with an ICT reaction timekl/of 9.4 ps. This indicates that the reaction is
substantially slower than the solvent relaxatiodi@CN, which takes place in a mean time of
260 fs. We therefore conclude that the ICT reactib@VL in MeCN is not solvent controlled,
contrary to previous reports in the literature. ©anclusion that there is no solvent control of
the ICT reaction is supported by the observatiat the LE and ICT fluorescence decays of
CVL in MeCN are perfectly double exponential oviee entire temperature range from -45 to
75 °C. In the investigation dfl-phenylpyrrole (PP) in EtCN and PrCN, it was fouthdt such
decays can no longer be fitted with two exponemtighen solvent dynamics control starts to
become dominant, such as with PP in PrCN below€z0

Because of the weak electronic coupling betweeD igd A moieties, CVL is not comparable
with D/A molecules such as DMABN, but much morerdRTABN, mDTABN, and CBQ, in
which the amino (D) and benzonitrile (A) subgroaps likewise electronically decoupled due
to their mutually perpendicular configuration, cadidy the strong steric hindrance of the bulky
tert-butyl substituents DTABN and the rigidized molegustructure of CBQ. In these weakly
coupled D/A systems as well as in CVL, the ICT getics corresponds to that of an
intermolecular exciplex(A'D"), determined by the redox potentials of D and A.
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