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Abstract 

Intramolecular charge transfer (ICT) with crystal violet lactone (CVL) in the excited singlet state takes place in 
solvents more polar than n-hexane, such as ethyl acetate, tetrahydrofuran, and acetonitrile (MeCN). In these 
solvents, the fluorescence spectrum of CVL consists of two emission bands, from a locally excited (LE) and an 
ICT state. The dominant deactivation channel of the lowest excited singlet state is internal conversion, as the 
quantum yields of fluorescence (0.007) and intersystem crossing (0.015) in MeCN at 25 oC are very small. CVL is 
a weakly-coupled electron donor/acceptor (D/A) molecule, similar to an exciplex 1(A-D+). A solvatochromic 
treatment of the LE and ICT emission maxima results in the dipole moments µe(LE) = 17 D and µe(ICT) = 33 D, 
much larger than those previously reported. This discrepancy is attributed to different Onsager radii and spectral 
fluorimeter calibration. The LE and ICT fluorescence decays of CVL in MeCN are double exponential. As 
determined by global analysis, the LE and ICT decays at 25 oC have the times τ2 = 9.2 ps and τ1 = 1180 ps, with an 
amplitude ratio of 35.3 for LE. From these parameters, the rate constants ka = 106 x 109 s-1 and kd = 3.0 x 109 s-1 of 
the forward and backward reaction in the LE ⇄ ICT equilibrium are calculated, resulting in a free enthalpy 
difference ∆G of -8.9 kJ/mol. The amplitude ratio of the ICT fluorescence decay equals -1.0, which signifies that 
the ICT state is not prepared by light absorption in the S0 ground state, but originates exclusively from the directly 
excited LE precursor. From the temperature dependence of the fluorescence decays of CVL in MeCN (-45 to 75 
oC), activation energies Ea = 3.9 kJ/mol (LE → ICT) and Ed = 23.6 kJ/mol (ICT → LE) are obtained, giving an 
enthalpy difference ∆H (= Ea – Ed) of -19.7 kJ/mol, and an entropy difference ∆S = -35.5 J/Kmol. These data show 
that the ICT reaction of CVL in MeCN is not barrierless. The ICT reaction time of 9.2 ps is much longer than the 
mean solvent relaxation time of MeCN (0.26 ps), indicating, in contrast with earlier reports in the literature, that 
the reaction is not solvent controlled. This conclusion is supported by the observation of double exponential LE 
and ICT fluorescence with the same decay times.  
 

Keywords: fluorescence, dual emission, electron donor/acceptor, solvent relaxation, solvatocromy, decays 
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Introduction 

Crystal violet lactone (CVL) consists of a 6-dimethylaminophthalide (6DMAPd) unit and two 

N,N-dimethylaniline (DMA) subgroups, connected by a tetrahederal spiro carbon atom, which 

is part of 6DMAPd. This C atom is the center of three C-C bonds and one C-O bond. The two 

DMAs are not in an exactly orthogonal configuration relative to 6DMAPd. In the CVL 

crystal,1,2 the planar aminophthalide makes different dihedral angles with the two DMA planes, 

60.9o and 87.4o, whereas these subgroups are themselves at a dihedral angle of 69.0o.1 

Consequently, the angles around the spiro carbon of CVL deviate somewhat from the ideal 

tetrahedral angle of 109.5o for a pure sp3 carbon: between 101.8 and 111.4o, the two limiting 

angles involving the oxygen atom of the lactone ring.1 The lengths of the bonds connecting the 

spiro C atom to the C neighbours are approximately equal (151.4 to 151.8 pm), practically the 

same as the C-C bond length of 152 pm in n-alkanes.3 Also, the bond between the spiro C and 

the lactone O (149.1 pm) is much longer than the O-C(=O) bond of 135.5 pm, which shows that 

the delocalization of the electrons in the aromatic ring of the DMAs does not extend to the 

central carbon atom.1,2 These data1 thus indicate that for CVL in the ground state S0, the 

electronic coupling between the two DMAs and 6DMAPd is very small. The observation that 

the absorption spectrum of CVL in acetonitrile (MeCN) is a superposition of those2 of DMA 

and 6DMAPd verifies that the electron donor and acceptor subgroups are indeed only weakly 

conjugated in S0. 

 

 

Chart 1 

Research on fluorescence, charge transfer or excited states of CVL appeared in the literature 

rather long after the first publication in 1947, a patent describing the role of CVL as a key 

component in pressure-sensitive and thermographic recording material (‘carbonless’ copy 

paper).4,2 This initial absence of investigations in the excited state is obviously due to the fact 

that the thermographic process, the conversion to the crystal violet cation upon dissociation of 

the C-O bond in the lactone ring in the presence of a proton donor, occurs in the ground state 

S0. 

In the first study of the photochemistry of CVL, attention was paid to fluorescence quenching 
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and the formation of a triphenyl methyl cation.5 The fluorescence spectrum of CVL in MeCN 

with two emission bands (dual fluorescence, see below) was not further discussed. It was 

concluded that electron transfer takes place with CVL in MeCN, in competition with 

intersystem crossing (ISC). From the very small overall fluorescence quantum yield Φ(flu) = 

1.3 x 10-3, the ISC yield was assumed to be effectively equal to unity: Φ(ISC) ~1.0, although 

experimental information to support this claim was not presented.5 It was thought to arise from 

a nπ* admixture to the ππ* lower excited singlet state because of the very small value of 

Φ(flu). In the present contribution, triplet-triplet (TT) absorption measurements reveal that 

Φ(ISC) of CVL in MeCN is in fact much smaller (0.015). By employing the Stern-Volmer 

quenching product kqτ, where kq is the quenching rate constant (taken as 2 x 1010 M-1s-1) and τ 

is the fluorescence lifetime, τ = 1.8 ns was calculated for CVL in MeCN, at room temperature.5 

The photophysics of CVL has been investigated in a series of aprotic solvents at 22 oC.2 In 

protic solvents, efficient cation formation operates via photodissociation of the C-O bond in the 

lactone ring,5 which process does not occur in aprotic media.2 In nonpolar or slightly polar 

solvents, from n-hexane (ε25 = 1.88) to tetrahydrofuran (THF, ε25 = 7.39), the fluorescence 

spectrum of CVL was reported to consist of a single emission band, similar to that of 

6DMAPd.2,6 In the first excited singlet state S1 of CVL in media such as n-hexane, the 

excitation is hence localized on the 6DMAPd unit. It is therefore termed here a locally excited 

(LE) state.7-10 The same nomenclature is used in refs 11-14.  

In solvents more polar than THF, from 1,2-dichloroethane (ε25 = 10.4) to strongly polar media 

such as MeCN (ε25 = 36.7), an additional fluorescence band was observed to the red of the LE 

emission,6 originating from an intramolecular charge transfer (ICT) state, with a dipole moment 

µe(ICT) of ~25 D.2 The shape of the ICT emission band of CVL was shown to be similar to that 

of malachite green lactone (MGL).2,15-19 Also the LE state was found to have a substantial 

dipole moment µe(LE) = 10.7 D, about the same as that of 6DMAPd (9.7 D), but much larger 

than the ground state dipole moment µg of 5.5 D.2 

 

Chart 2 
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These data show that after excitation of CVL, an electron is transferred from either one of the 

two DMA moieties as the electron donor (D) to the 6DMAPd subunit as the electron acceptor 

(A). The resulting ICT state is considered to be an intramolecular exciplex,20-22 consisting of D 

and A subgroups that only interact weakly. The dual (LE + ICT) fluorescence spectrum of CVL 

in MeCN is approximately the sum of the spectra of 6DMAPd (LE) and MGL (ICT). With 

MGL in MeCN, the LE ⇄ ICT equilibrium (with forward and backward rate constants ka and kd, 

Chart 3) is shifted far to the ICT side, which means that the LE emission is practically not 

visible in the overall photostationary fluorescence spectrum.15-19 

 

 

Chart 3 

Transient absorption (TA) spectra of CVL have been measured with a temporal resolution 

better than 1 ns.2 The TA spectrum in di-(n-butyl) ether (DBE, ε25 = 3.05), contains a band with 

a maximum around 560 nm, similar to that of 6DMAPd, supporting the conclusion made on the 

basis of the LE fluorescence spectra as discussed above, that a LE → ICT reaction does not 

occur in this weakly polar solvent. Also the TA decay time is equal to that of the LE 

fluorescence τ(LE) = 12.3 ns in DBE. The TA spectrum directly after excitation of CVL in 

MeCN consists of two bands, one with relatively small intensity around 560 nm, similar to the 

LE absorption in DBE and a new stronger one peaking at ~470 nm, comparable to that of the 

radical cation of DMA.23 This new band is hence attributed to the ICT state. 

Later,24 femtosecond TA spectra of CVL in three strongly polar media: MeCN (ε25 = 36.7), 

dimethylsulfoxide (DMSO, ε25 = 46.5), and propylene carbonate (PC, ε25 = 65.0) at 22 oC were 

reported, with a time resolution better than 300 fs. For CVL in MeCN, TA spectra were 

measured over a time range from 0.5 to 30 ps. The double-peaked spectrum at 0.5 ps is similar 

to the LE TA spectrum of 6DMAPd. With time, the LE band with a maximum at ∼517 nm 

decreases in intensity, accompanied by a simultaneous growing-in of the band (ICT) around 468 

nm. In these spectra, an isosbestic point appears, showing the presence of at least25 two excited 

states, in accordance with the two states (LE and ICT) in Scheme 1. The TA signal at 550 nm 

(LE) decays with a time τ2 of 7.8 ps, whereas that at 470 nm (ICT) shows a growing-in with τ2 
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= 9.5 ps. For CVL in PC, the TA spectra between 0.5 and 50 ps are similar to those in MeCN, 

likewise with an isosbestic point.24 The observation that there is no or little time-development 

of the spectral position of the two bands of CVL in MeCN as well as PC, indicates that the 

dynamics of solvent relaxation is faster than the reaction time of the LE → ICT reaction and 

that hence a dynamic fluorescence Stokes shift is absent, as will be further discussed below. 

The TA spectrum of the LE band in PC around 580 nm shows a decay (τ2 = 23 ps), with a 

corresponding rise (τ2 = 34 ps) of the ICT TA band at 470 nm. In DMSO, the rise and decay 

times τ2 are 15 ps (LE) and 12 ps (ICT). In these solvents, as well as in MeCN, the times τ2(LE) 

and τ2(ICT) are taken to be the same, within the experimental accuracy, with a mean time <τ2> 

of 9 ps in MeCN, 14 ps in DMSO, and 29 ps in PC.24  

Because the intrinsic electron transfer time of the LE → ICT reaction of CVL was considered to 

be ultrafast, similar to the ∼100 fs determined for the structurally closely related MGL,15 the 

observed differences in the ICT reaction time τ2 were attributed to the different solvent 

relaxation dynamics of MeCN, DMSO, and PC.24 This interpretation is based on the mean 

solvent relaxation times <τsr>, 0.26 ps for MeCN (longest time τsr(l) = 0.63 ps), 2.0 ps for 

DMSO (longest time 10.7 ps), and 2.0 ps for PC (longest time 6.57 ps).26,27 These times <τsr> 

show a correlation with the solvent viscosity: η25 = 0.343 cP (MeCN), η25 = 2.00 cP (DMSO), 

and η25 = 2.51 cP (PC), with a 5.8 fold (DMSO) and a 7.3 fold viscosity increase relative to 

MeCN. Note, however, that the measured ICT reaction times τ2(ICT) of CVL, 9.5 ps (MeCN); 

12 ps (DMSO), and 34 ps (PC),24 are much longer than the corresponding <τsr> of 0.26, 2.0, 

and 2.0 ps, by a factor of 37, 6, and 17, respectively. As compared with the longest time τsr(l), 

the ratios τsr(l)/τ2 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 but activated structural changes (bond lengths 

and angles) to the differences in τ2(ICT) of CVL in the various solvents cannot be a priori 

rejected. This possibility has already been put forward by Agmon28 in 1990, in connection with 

a dynamic Stokes shift in coumarin, asking the question ‘is it only relaxation?’. Examples of 

such a situation have been encountered with 4-cyanofluorazene29 (FPP4CN) and 1-tert-butyl-6-

cyano-1,2,3,4-tetrahydroquinoline30-32 (NTC6). In these molcules, having a rigidified 

configuration such as that present with CVL, an activated ICT process takes place in n-hexane, 

in which orientational dielectric solvation  does not play a role.  

Recently, Li and Maroncelli reported photostationary fluorescence spectra and decays (time 

resolution 5 ps) of CVL in a series of aprotic solvents with different polarity (from n-hexane to 
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PC) at 25 oC.13 A solvatochromic analysis of the fluorescence spectra of CVL resulted in the 

dipole moments µe(LE) = 9-12 D and µe(ICT) = 24 D, similar to the values of Karpiuk (11 and 

25 D)2 mentioned above, although a different method was used.33 It was pointed out that the 24 

D for µe(ICT) is equivalent to a distance of 5.0 Å between the centres of gravity of the positive 

and negative unit charges, comparable with the 5.6 Å between the centers of mass of the D and 

A units in CVL. The conclusion was then made that a full electron is transferred between the D 

(DMA) and A (6DMAPd) moieties of CVL during the LE → ICT reaction in the series of 

solvents investigated.13 

LE and ICT fluorescence decays of CVL were measured at 25 oC in a series of media with 

different polarities, from n-butyl acetate (BAC, ε25 = 4.95) to PC (ε25 = 65), as well as in methyl 

acetate (MAC, ε25 = 6.88)/acetone (ε25 = 20.82) and PC/MeCN mixtures.13 In the low-polarity 

solvents BAC to THF, the decays are single exponential, interpreted as showing that an ICT 

reaction does not take place, confirming the findings2 of Karpiuk.6 In the more polar solvents 

dichloromethane (DCM, ε25 = 8.51) to PC, the LE and ICT decays are double exponential with 

times τ1 andτ2 (τ1 > τ2, see below), in accordance with a two-state LE ⇄ ICT model, and an 

additional component attributed to impurity fluorescence. The time τ2 decreases when the 

solvent polarity becomes larger, from 70 ps in DCM to 8 ps in MeCN. From these decays, the 

two times τ1 and τ2 and also their amplitude ratio were extracted, giving the forward (ka) and 

backward (kd) rate constant of the LE ⇄ ICT equilibrium and hence the change in free enthalpy 

∆G = -RTln(ka/kd).
13,34 ∆G ranges between 14 kJ/mol (extrapolated) for n-hexane to -10 kJ/mol 

for PC. With CVL in MeCN, for example, ∆G = -9.8 kJ/mol. This value is larger than the -3.3 

kJ/mol estimated in ref 24, but much smaller than the previous ∆G of -57 kJ/mol in ref 2. 

The time-resolved fluorescence spectra of CVL in acetone and n-propyl cyanide (PrCN) exhibit 

an approximate isoemissive point. Although it was concluded in ref 13 that the ICT reaction of 

CVL in the various media is solvent-controlled, the appearance of such isoemissive points is 

not to be expected when solvent relaxation would be the determining factor, which then should 

lead to time-dependent spectral shifts (dynamic Stokes shifts).35,36 The same interpretation can 

also be found in reference 25 of ref 13, which states that a dynamic Stokes shift in a solvent 

with slow solvation responses prevents the appearance of an isoemissive point.13  

In the PC/MeCN mixtures studied,13 the dielectric properties and thus also ∆G (-10 ± 1 kJ/mol) 

remain more or less constant. The decrease in the rate constant ka of the LE → ICT reaction 

from 78 to 45 x 109 s-1 when the PC/MeCN ratio becomes larger (4 mixtures, from 1:4 to 4:1) 

will therefore be caused by an increase of the activation barrier Ea. In these mixtures, <τsr> 
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becomes larger, from 0.37 to 1.25 ps, as does the viscosity: from 0.45 to 1.40 cP. The rate 

constant ka is sensitive to the polarity as well as the viscosity (friction) of the solvent, which is 

interpreted as showing that an adiabatic electron transfer (ET) occurs. This ET process is 

primarily determined by solvent polarization modes, although it was also mentioned that 

viscosity and mean solvation time <τsr> are proportional to each other.13 Nevertheless, the 

statement was made that in highly polar media, rates are correlated to solvation times in a 

manner that indicates that the reaction is a solvent-controlled electron transfer on an adiabatic 

potential surface having a modest barrier.13 The photophysical behavior of CVL in room 

temperature ionic liquids (ILs) has over the last years attracted considerable attention. 

Contradictory reports have appeared concering the presence or absence of excitation 

wavelength dependence11,!2,14,37-43 and a ‘red-edge effect’39of CVL fluorescence in ionic liquids, 

see Supporting Information. 

In the present paper, absorption and fluorescence spectra of CVL in solvents of different 

polarity are presented. The spectra and the picosecond fluorescence decays (LE and ICT) in 

MeCN are investigated as a function of temperature. 

 

Experimental Section 

CVL (Aldrich) was crystallized twice from acetone.2,24 This sample2,24 was further purified by 

HPLC, by which treatment no additional impurities were detected. The solvents, MeCN 

(Merck, Uvasol), ethyl acetate (EAC, Merck, for analysis), THF (Merck, Uvasol), ethyl cyanide 

(EtCN, Merck, for analysis), PrCN (Merck, for analysis), and n-hexane (Merck, Uvasol) were 

chromatographed over Al2O3. The solutions, with an optical density between 0.4 and 0.6 for the 

maximum of the first band in the absorption spectrum, were deaerated by bubbling with 

nitrogen for 15 minutes. Absorption spectra were run on a Cary 500 spectrometer and the 

fluorescence spectra were measured with a quantum-corrected modified44 Fluoromax 3 

spectrofluorometer. The treatment of the fluorescence spectra and the determination of the 

quantum yields have been reported elsewhere.9,44-51 For the spectral separation of the overall 

fluorescence band of CVL into its LE and ICT components, the following method was 

employed. The ICT emission spectrum of MGL in DBE was taken as the starting point and was 

shifted to the red in order to match the low-energy side of the CVL fluorescence spectrum in 

MeCN. It thereby became clear that the ICT band of CVL obtained in this manner was broader 

than that of MGL. The width of the MGL ICT band was therefore increased, by convolution 

with a Gauss function. Subtraction of the total fluorescence spectrum by the widened MGL ICT 
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band then resulted in the LE emission spectrum of CVL. The final separation of the LE and ICT 

contributions to the total fluorescence was achieved by iterative smoothing. The picosecond 

fluorescence decays were obtained by using time-correlated single-photon counting (SPC). The 

decay times were determined with an equipment (excitation wavelength around 272 nm) 

consisting of a mode-locked titanium-sapphire laser (Coherent, MIRA 900F) pumped by an 

argon ion laser (Coherent, Innova 415). This laser apparatus and the analysis procedure of the 

fluorescence decays have been described previously.9,44-48,49 The instrument response function 

of the laser SPC system has a full width at half maximum of ∼19 ps. The triplet yield Φ(ISC) of 

the CVL in MeCN at room temperature (22 oC) was measured by laser flash photolysis, 

employing energy transfer.52 The excitation wavelength was 355 nm (third harmonic of a 

Nd:YAG laser, Continuum Surelight) with perylene as quencher and benzophenone as triplet 

yield reference (Φ(ISC) = 1.00).52,53 A control experiment was carried out in which anthracene 

in the triplet state was the energy donor and CVL the acceptor.54 For the determination of the 

decadic molar absorption coefficient, a benzophenone sample was used in MeCN as the 

reference with εmax(525 nm) = 6600 mol-1dm3cm-1.55 

 

Results and Discussion  

Absorption and Fluorescence Spectra. The absorption spectrum of CVL at 25 oC in n-

hexane, showing two weak bands at 29260 and around 33000 cm-1 together with a much 

stronger band at 37230 cm-1 (Figure 1a), is similar to that in MeCN (Figure 1b). The 

fluorescence spectrum of CVL in n-hexane consists of a single emission band from a LE state 

(Figure 1a), with a maximum at 25750 cm-1. In MeCN at 25 oC (Figure 1b), the fluorescence 

spectrum can be separated into two bands, LE and ICT, with maxima at 22680 and 16440 cm-1. 

These and other spectral data are collected in Table 1. ICT fluorescence is also detected in EAC 

and THF (Table 1),6 different from ref 2, see Figures S1 and S2 in the Supporting Information. 
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Figure 1. (a) Fluorescence (LE) and absorption (Abs) spectra of CVL in n-hexane at 25 oC. The fluorescence 
spectrum is attributed to the single emission from a locally excited (LE) state. (b) Fluorescence (LE + ICT) and 
absorption (Abs) spectra of CVL in acetonitrile (MeCN) at 25 oC. The fluorescence spectrum shows dual 
fluorescence from a LE and an intramolecular charge transfer (ICT) state, see text. Excitation wavelength: (a) 300 
nm, (b) 330 nm. 
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Table 1. Data Obtained from the Fluorescence and Absorption Spectra of CVL in a Series of Solvents at 

Different Temperatures  

Solventa n-hexane EAC THF PrCN EtCN MeCN MeCN MeCN 

T (oC) 25 25 25 25 25 25 -45 75 

ε 1.88 5.99 7.39 24.2 29.2 36.7 50.2 30.3 
max~ν (Flu) (cm-1) 25750 23590 23820 17970 17390 16370 15870 16970 
max~ν (LE) (cm-1) 25750 23850 23990 23260 23070 22680 22100 22860 
max~ν (ICT) (cm-1)  20790 20760 18000 17400 16440 15840 16970 

Φ(LE)      0.00038   
Φ´(ICT)      0.0070   
Φ´(ICT)/Φ(LE) 0.0 0.61 0.41 6.7 10.9 18.3 12.4 8.8 
Φ(ISC)      0.015e   
Φ(IC)b      0.98   

max~ν (S1,abs) (cm-1) 29260 28480 28450 28070 28060 28000 27810 28130 
max~ν (S3,abs) (cm-1) 37230 36860 36790 36630 36580 36590 36700 36550 

OD(S3)/OD(S1)
c 22.3 21.7 20.9 21.6 21.3 22.5 22.1 22.7 

E(S1) (cm-1)d 28050 26610 26650 25870 25550 25500 25380 25880 
aSolvents: EAC (ethyl acetate), THF (tetrahydrofuran), PrCN (n-propyl cyanide), EtCN (ethyl cyanide), and 
MeCN (acetonitrile). bΦ(IC) = 1 - Φ(LE) - Φ´(ICT) - Φ(ISC). cRatio of the optical densities (OD) at the maxima 
of the S3 and S1 absorption bands, listed in the Table. dCrossing point of the fluorescence and absorption spectra 
(cf. Figure 1). eThe decadic molar absorption coefficient εT = 3750 mol-1dm3cm-1 at the absorption maximum 
(470 nm) of the triplet-triplet absorption spectrum of CVL in MeCN. 

 

Triplet-Triplet Absorption. Intersystem Crossing Yi eld ΦΦΦΦ(ISC) of CVL in MeCN. The 

triplet yield Φ(ISC) of CVL in MeCN equals 0.015±0.003 (Table 1). This value is small, but 

well reproducible. The yield Φ(IC) of internal conversion (IC) amounts to 0.98, as determined 

from Φ(IC) = 1 - Φ(LE) - Φ´(ICT) - Φ(ISC), see Table 1. This shows that IC is the main 

deactivation process for CVL in the S1 state in MeCN. In the experiments with anthracene as 

the triplet energy donor, the CVL concentration at which all the anthracene was quenched 

cannot be reached and hence only an upper limit of 0.04 was estimated for ΦISC. For 

determination of the triplet-triplet absorption spectrum (Figure 2), the transient absorption 

signal was measured in the absence and presence of air. The difference signal was taken as the 

triplet transient, with a typical lifetime of 200-400 µs. In the 440-450 nm range an increase was 

detected on a 5 µs timescale, which must originate from the CVL triplet. In air-saturated 

samples, a long-lived transient species was observed, and this constituted 30-50 percent of the 

transient absorption signal measured in the deoxygenated sample. Even after several ten 

thousand 40 mJ laser flashes, the absorption spectrum of CVL in MeCN did not change 

appreciably, except in the case of the air-saturated sample, for which a weak blue coloration 

was found.  
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Figure 2. Triplet-triplet transient absorption spectrum of CVL in acetonitrile (MeCN) at room temperature (22 oC), 
see text. At the absorption maximum (470 nm), the decadic molar absorption coefficient εT = 3750 mol-1dm3cm-1. 
 

Solvatochromic Measurements. In order to determine the dipole moments of the LE and ICT 

states of CVL, the maxima max~ν (LE) and max~ν (ICT) of its fluorescence bands were measured 

in a series of solvents, from the nonpolar n-hexane (ε25 = 1.88) to the strongly polar MeCN (ε25 

= 36.7), see Table 2.  

Table 2: Fluorescence Maxima 
max~ν  of CVL, DMABN, and DIABN (in 1000 cm-1) at 25 oC in a Series of Solvents 

CVL 

Solventa ε n 
f(ε)  

- f(n²) 
f(ε)  

- ½f(n²) 
max~ν (LE) 

max~ν (ICT) 
DMABNb 

max~ν (LE) 

DIABN c 
max~ν (ICT) 

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

ethyl acetate (2) 5.99 1.370 0.200 0.292 23850 20780 27900 22260 

tetrahydrofuran (3) 7.39 1.405 0.208 0.307 23990 20760 27800 22380 

n-propyl cyanide (4) 24.2 1.382 0.281 0.375 23260 17990 27700 21090 

ethyl cyanide (5) 29.2 1.363 0.293 0.384 23070 17400 27600 20870 

acetonitrile (6) 36.7 1.342 0.306 0.393 22700 16440 27600 20490 

a Solvent acronyms: (2) EAC, (3) THF, (4) PrCN, (5) EtCN, (6) MeCN. b4-(dimethylamino)benzonitrile. c4-

(diisopropylamino)benzonitrile.  

 

From a plot of max~ν (LE) vs the solvent polarity parameter g(ε,n) = f(ε) –f(n2), µe(LE) can be 

obtained, whereas µe(ICT) can be determined by plotting max~ν (ICT) vs g(ε,n) = f(ε) – ½f(n2) 

(eqs 1-3), see Figure 3a.30,49,51-54,56-60 This difference in g(ε,n) appears while the ICT state is not 

populated by absorption in S0, but is formed from the directly excited LE precursor, as can be 
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seen from the time-resolved fluorescence spectra to be discussed below.30,49,51 
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In eqs 1-3, µg and µe are the ground and excited state dipole moments, ε is the dielectric 

constant, n the refractive index, h is Planck’s constant, c is the speed of light, and ρ the Onsager 

cavity radius of the solute. 

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

determination of Onsager cavity radii ρ,29,30,32,45,51,56,61-64 is to scale the crystal density data in 

such a manner that a value of 17 D results for µe(ICT) of 4-(dimethylamino)benzonitrile 

(DMABN) from the solvatochromic and thermochromic analysis, giving an effective crystal 

density of 0.78, as described in detail in ref 49. The µe(ICT) = 17 D for DMABN comes from 

time-resolved microwave induced conductivity (TRMC) experiments,8 which does not depende 

on the Onsager cavity radius and can hence be used as a calibration independent of 

solvatochromy.  

The advantage of using such scaled crystal densities instead of, for example, an uniform density 

equal to 1.0, obviously is that the specific nature of the molecules is then better taken into 

account, provided that their crystal free volumes are comparable. From the density of 0.78, ρ = 

5.96 Å is calculated here for CVL. The crystal density of CVL (1.19)1 is practically the same as 

that of DMABN (1.139),65 supporting the validity of our approach.  

Excited State Dipole Moments µµµµe(LE) and µµµµe(ICT) of CVL. In addition to the 

solvatochromic plots in Figure 3, the LE and ICT emission maxima of CVL are, as usual for 

us,29,30,32,45,49,51,56,61-64 also plotted against the max~ν (LE) of DMABN (µe(LE) = 10.6 D) and the 

max~ν (ICT) of 4-(diisopropylamino)benzonitrile (DIABN) (µe(ICT) = 18 D), respectively 

(Figure 3b).8,66 With this second procedure, the scatter in the data points is generally reduced by 

mutually compensating the specific solute/solvent interactions, as can clearly be seen in Figure 

3.30,34,49,51,62 The calibration is based on TRMC dipole moments of DMABN, making the results 

much less dependent on the choice of ρ (eq 1). 
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From the slope of the plot of max~ν (LE,CVL) vs f(ε) –f(n2), a dipole moment µe(LE) = 16.6 D is 

calculated for CVL, whereas from the plot against max~ν (LE,DMABN) the nearly identical 

µe(LE) = 17.4 D is obtained (Figure 3a). Similarly, µe(ICT) = 32.7 D results from plotting 

max~ν (ICT,CVL) vs f(ε) – ½f(n2) and a comparable µe(ICT) = 34.3 D is found from the plot 

against max~ν (ICT,DIABN), see Figure 3b and Table 3. Note that the LE dipole moment µe(LE) 

is very large and that we know that it is nevertheless not an ICT state, within the context of our 

definition of LE and ICT.7-9 For DMABN, µe(LE) is also already relatively large (10.6 D),8 

which likewise does not mean that it is the dipole moment of an ICT state.8,44 

, 

Figure 3. Solvatochromic plots of the LE and ICT fluorescence maxima max~ν (LE) and max~ν (ICT) of CVL vs 

(a) the solvent polarity parameters g(ε,n2) and (b) max~ν (LE) of DMABN and max~ν (ICT) of DIABN (eqs 1-3). 

For LE, g(ε,n) = f(ε) – f(n2), whereas for ICT g(ε,n) = f(ε) – ½f(n2), see Table 3 and text. The max~ν data and the 
numbering of the solvents are given in Table 2. From the slopes of the plots, the LE and ICT dipole moments 
µe(LE) and µe(ICT), indicated in the Figures, are calculated (Table 3). 
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Table 3: Data from the Solvatochromic Analysis of the Fluorescence Maxima 

max~ν (LE) and max~ν (ICT) of CVL  

 ρ (Å)a µg (D)b Slope (cm-1) max~ν (CVL) vs µe (D)c 

LE 5.96 6.0 -9410 ± 590d f(ε)-f(n²) 17.4 ± 0.4 

LE 5.96 6.0 1.45 ± 0.24e max~ν (LE,DMABN) 16.6 ± 1.1 

ICT 5.96 6.0 -41700 ± 4400f f(ε)-½f(n²) 32.7 ± 1.6 

ICT 5.96 6.0 2.33 ± 0.08g max~ν (ICT,DIABN) 34.3 ± 0.6 

aOnsager radius (eq 1), determined from a density equal to 0.78, based on DMABN (ref 49). bGround state dipole 
moment, calculated by AM1; result scaled by µg (DMABN) = 6.6 D (ref 8). cICT or LE dipole moment (eq 1). 
dFrom a plot of max~ν (LE) vs f(ε)-f(n²), eqs 1-3, see Figure 3a. eFrom a plot of max~ν (LE) vs max~ν (LE) of 

DMABN (Figure 3b), with ρ = 4.20 Å, µg = 6.6 D, from refs 49, 51, and 61. fFrom a plot of max~ν (ICT) vs f(ε)-

½f(n²), eqs 1-3, see Figure 3a. gFrom a plot of max~ν (ICT) vs max~ν (ICT) of DIABN (Figure 3b), with ρ = 4.68 
Å, µg = 6.8 D and µe(ICT) = 18 D for DIABN, from refs 49 and 66. 

 
Comparison of µµµµe(LE) and µµµµe(ICT) of CVL with Literature Data.  In the solvatochromic 

analysis of ref 2, the LE and ICT fluorescence maxima max~ν (LE) and max~ν (ICT) of CVL are 

both plotted versus the solvent polarity parameter f(ε) – ½f(n2), see eqs 1-3, in contrast with our 

procedure described above. In this analysis, different Onsager radii were employed for the LE 

and ICT states of CVL: ρ(LE) = 3.6 Å and ρ(ICT) = 5.8 Å. This assumption was based on the 

notion the charges in the LE state are located (and displaced) only within the 6DMAPd moiety, 

whereas for the ICT state the charges are delocalized over 6DMAPd and the DMAs in the CVL 

molecule. It was then considered to be reasonable that the solvation of the LE state involves 

primarily the solvent molecules surrounding 6DMAPd. Here, an Onsager radius ρ = 5.96 Å is 

taken for the LE as well as the ICT state (Table 3), adopting the point of view that the same 

cavity has to be created in the solvent for both states, due to their identical molecular volume. 

Note that our ρ = 5.96 Å is similar to the ρ(ICT) = 5. 8 Å of ref 2. 

In ref 2, µe(LE) = 10.7 D and µe(ICT) = 25.2 D are reported for CVL. The dipole moment µg = 

5.5 D (AM1)2 is somewhat smaller than that used here (µg = 6.0 D, Table 3). The slopes of the 

plots of max~ν (LE) and max~ν (ICT) vs g(ε,n) = f(ε) – ½f(n2) are -10645 cm-1 (LE) and -32910 

cm-1 (ICT), respectively. The LE slope is somewhat larger than our result of -9410 cm-1, 

whereas the ICT slope is condiderably smaller than our 41700 cm-1 (Table 3). Maroncelli 

obtained similar dipole moments µe(LE) = 9-12 D and µe(ICT) = 24 D, also taking ρ = 3.6 Å for 

LE and ρ = 5.8 Å for ICT, from Karpiuk,2 with µg = 6.0 D (B3LYP/6-311G(d)).13 The 

solvatochromic method employed in ref 13 is different from that used here and in ref 2 and is 

therefore not directly comparable. 
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As described above, the dipole moments calculated from our solvatochromic analysis of CVL 

are clearly larger: µe(LE) = 17 D and µe(ICT) = 33±1 D (Table 3). On inspection of the max~ν  

data of refs 2 and 13 (Table S1), it is seen that our max~ν (LE) and max~ν (ICT) (Table 2) are 

shifted more to the red than the previous ones.2,13 As this red-shift grows when the solvent 

polarity becomes higher, the slopes of our plots are larger, leading to an increase of the dipole 

moments, especially µe(ICT). There is no difference in the absorption maxima max~ν (abs), see 

Table S1. These red-shifts are most probably due to problems with the spectral calibration of 

the fluorimeters employed in the experiments, as well as with the subtraction procedure used to 

separate the fluorescence spectra into its LE and ICT components. The impact of the differences 

in this calibration is much more severe for the ICT than for the LE fluorescence maxima, as the 

max~ν (ICT) are in the red part of the spectrum, such as max~ν (ICT) = 16440 cm-1 in MeCN at 25 
oC (Table 2). We have circumvented these problems, and also to an important extent that of 

ρ(Onsager), by plotting the max~ν of CVL vs those of DIABN and basing ourselves on the 

µe(ICT) of DMABN determined by TRMC,8 a method independent of solvatochromy, as 

mentioned above. We therefore think, that our values for the µe(LE) and µe(ICT) of CVL more 

correspond to reality. Over the years, in line with the present spectral calibration problems, it 

has been our experience, that fluorescence spectra in the literature are rarely, if at all, identical.  

Temperature Dependence of CVL Fluorescence in MeCN. The fluorescence and absorption 

spectra of CVL in MeCN have been studied as a function of temperature. Those at the two 

extreme temperatures, -45 and 75 oC, are shown in Figure 4. The ICT fluorescence maxima 

max~ν (ICT) increase from 15840 to 16970 cm-1 over this temperature range, a blue-shift of 1120 

cm-1 (Table 2). The corresponding shift of max~ν (LE), from 22100 to 22860 cm-1, is with 760 

cm-1 considerably smaller, as to be expected because of the much smaller dipole moment 

µe(LE) of 17 D as compared with the µe(ICT) of 33 D (Table 3), see eq 1. Both blue shifts are 

caused by the decrease in solvent polarity of MeCN upon heating: the dielectric constant ε goes 

down from 50.2 at -45 oC to 30.3 at 75 oC (Table 1) and the refractive index n decreases from 

1.378 to 1.317 between these temperatures.  
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Figure 4. Fluorescence (LE + ICT) and absorption (Abs) spectra of CVL in acetonitrile (MeCN) at (a) -45 oC. and 
(b) at 75 oC. The fluorescence spectra show dual fluorescence from a locally excited (LE) and an intramolecular 
charge transfer (ICT) state, see text. Excitation wavelength: 330 nm. 
 

ΦΦΦΦ´(ICT)/ ΦΦΦΦ(LE) as a Function of Temperature. Stevens-Ban Plot. For systems with two 

kinetically interconverting states, such as LE and ICT in Scheme 1, the fluorescence quantum 

yield ratio Φ´(ICT)/Φ(LE) can be expressed by the following equations (eqs 4-6).30,31,49,56,67 

Φ´(ICT)/Φ(LE) = ḱ f(ICT)/kf(LE) {ka/(kd + 1/τ´o(ICT))}         (4) 

 

In Scheme 1 and eqs 4-6, ka and kd are the rate constants of the forward and backward ICT 

reaction, τ0(LE) is the fluorescence lifetime of the model compound (no ICT), τ´0(ICT) is the 

fluorescence lifetime of the ICT state (no back ICT). kf(LE) and k'f(ICT) are the radiative rate 

constants. The reciprocal lifetimes are equal to the sums of their radiative and nonradiative rate 

constants. 

Temperature Limits. When kd >> 1/τ´o(ICT), the high-temperature limit (HTL), with a small 

ICT reaction enthalpy difference -∆H,56 eq 4 simplifies to eq 5. 

Φ´(ICT)/Φ(LE) = ḱ f(ICT)/kf(LE) ka/kd           (5) 

Alternatively, when kd << 1/τ´o(ICT), the low-temperature limit (LTL) (large -∆H),67 eq 6 

holds. 

Scheme 1 
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Φ´(ICT)/Φ(LE) = (k´f(ICT)/kf(LE)) kaτ´o(ICT)          (6) 

At 25 oC, Φ´(ICT)/Φ(LE) = 18.3 (Table 1). This value is closer to the result of ref 13 (13.3) 

than that of ref 2 (6.5).68 The data for Φ´(ICT)/Φ(LE) of CVL in MeCN between -45 and 75 oC 

are plotted in Figure 5 as a Stevens-Ban (SB) plot, ln(Φ´(ICT)/Φ(LE)) vs 1000/T. The 

activation energy Ea(SB) = 8.7 kJ/mol of ka (LTL-slope, eq 6) and the enthalpy difference 

∆H(SB) = -23.9 kJ/mol (HTL-slope, eq 5) are determined by a nonlinear fitting (eq 4) of 

ln(Φ´(ICT)/Φ(LE)) over the whole temperature range, with the reasonable approximation that 

(k´f(ICT)/kf(LE) is temperature independent, as both rate constants will depend on the solvent 

refractive index. The activation energy of kd, Ed(SB) = Ea(SB) - ∆H(SB) = 32.6 kJ/mol. One 

can thus safely conclude that the ICT reaction of CVL in MeCN is not barrierless. An 

inspection of Figure 5 shows that the maximum of ln(Φ´(ICT)/Φ(LE)) occurs at around 10 oC. 

At this maximum, kd = 1/τ´o(ICT),49,56,65,69 which means that at 25 oC the HTL condition kd >> 

1/τ´o(ICT) and eq 5 are just barely fulfilled. A comparison of the data of CVL with 

corresponding photostationary data for DMABN in MeCN is of interest: ∆H(SB) = -23.2 

kJ/mol, Ea(SB) = 7.7 kJ/mol, Ed(SB) = 30.9 kJ/mol, similar to those of CVL.44 Data for Ea, Ed, 

or ∆H for CVL in MeCN have previously not been reported in the literature. Only results for 

∆G are available.2,13 These data will be compared in a later section with those derived from the 

analysis of fluorescence decays as a function of temperature (Table 4). 

 
Figure 5. Stevens-Ban (SB) plot of Φ´(ICT)/Φ(LE) vs 1000/T of CVL in MeCN, see eq 1. The activation energies 
Ea(SB) and Ed(SB) of the forward and backward reactions in the LE ⇄ ICT equilibrium (Scheme 1) and the 
enthalpy difference ∆H(SB) = Ea(SB) - Ed(SB) are indicated in the Figure. The thermodynamic data obtained here 
from the photostationary experiments are characterized in this caption and in the text with (SB), to differentiate 
them from the corresponding data derived from fluorescence decays in a later section. 



 19 

Double Exponential LE and ICT Fluorescence Decays of CVL in MeCN at 25 oC. Global 

Analysis. The LE and ICT picosecond fluorescence decays of CVL in MeCN at 25 oC are 

depicted in Figure 6. From a global analysis44,71,72 of these decays, two times are determined: τ2 

= 9.2 ps and τ1 = 1180 ps (eqs 7-9) with A12/A11 = 35.3. The ICT fluorescence response function 

shows a growing in (Figure 6), with an amplitude ratio A22/A21 equal to -1.00 (eq 8). When A21 

= -A22, then the concentration [ICT] = 0 at t = 0 (eq 8). This means that the ICT state does not 

yet exist at the moment of light absorption in S0: LE is the precursor of ICT.44 Comparable 

decay times have been observed previously for CVL in MeCN at 25 oC: τ2 = 8 ps, τ1 = 1200 ps 

with A12/A11 = 49.4 in ref 13 and τ2 is 7.8 ps (LE) and 9.5 ps (ICT) in ref 24. The LE decays 

appearing in the literature are not double exponential. An additional time of 0.5 ps is found in 

ref 24 and the decays in ref 13 are triple exponential, with a small amplitude middle time of 

around 200 ps, attributed to impurities. 

i f(LE) = A11exp(-t/τ1) + A12exp(-t/τ2)            (7) 

i f(ICT) = A21exp(-t/τ1) + A22exp(-t/τ2)  with A21 = -A22        (8) 

A = A12/A11               (9) 

As τ2 << τ1, the amplitude ratio A = A12/A11 (eq 9) of the LE decay (Figure 6) is practically 

equal to the ratio of the forward and backward ICT rate constants ka/kd (Scheme 1, eq 7).44 In 

such a case, also 1/τ2 = ka + kd.
44,70 From τ2 = 9.2 ps and A12/A11 = 35.3, ka = 106 x 109 s-1 and kd 

= 3.0 x 109 s-1 are then calculated. These approximate but in this case accurate73 results already 

show that not only the LE → ICT forward reaction of CVL in MeCN at 25 oC is very fast, but 

that this is also still the case for the ICT → LE back reaction, a clear indication that ∆H is not 

extremely large. For comparison, kd = 0.47 x 109 s-1 and ∆H = -27.0 kJ/mol for DMABN in 

MeCN at 25 oC.44 See Figure 9 and Table 6, below, with ∆H = -19.6 kJ/mol for CVL in MeCN.  
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Figure 6. Picosecond fluorescence decays of CVL in MeCN at 25 oC. The decays are measured at 440 nm and 650 
nm, with a time resolution of 0.4969 ps/channel and a time window of 1500 effective channels. The 440 nm decay 
is attributed to LE, that at 650 nm to ICT, see Figure 1b. The LE and ICT decays are analyzed simultaneously 
(global analysis), resulting in decay times τ2 = 9.2 ps and τ1 = 1180 ps, with amplitudes A1i(LE) and A2i(ICT), see 
eqs 7-9. The shortest time τ2 is listed first. Excitation wavelength: 272 nm. The weighted deviations sigma, the 
autocorrelation functions A-C, and the values for χ2 are also indicated. 

 

Fluorescence Decays in MeCN as a Function of Temperature: -45 to 75 oC. The LE and 

ICT fluorescence decays of CVL in MeCN at -45 oC (Figure 7a) and 75 oC (Figure 7b) are also 

double exponential, which is the case over the entire temperature range (Table 5). The ICT 

amplitude ratio A22/A21 is with -0.99 (-45 oC) and -0.97 (75 oC) close to the value -1.00 

observed at 25 oC, from which it can again safely be deduced that at all temperatures 

investigated the ICT state is not directly prepared by absorption in S0, but is formed from LE as 

the precursor, similar to the situation at 25 oC discussed in the previous section (Figure 6).  
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Figure 7. Picosecond fluorescence decays of CVL in MeCN at (a) -45 oC and (b) 75 oC. The decays are measured 
at 440 nm and 650 nm, with a time resolution of 0.4969 ps/channel and a time window of 1500 effective channels. 
The 440 nm decay are attributed to LE, those at 650 nm to ICT, see Figure 1b. The LE and ICT decays are 
analyzed simultaneously (global analysis), resulting in decay times τ2 and τ1, with amplitudes A1i(LE) and A2i(ICT), 
see eqs 7-9. The shortest time τ2 is listed first. Excitation wavelength: 272 nm. See the caption of Figure 6. 

 

Decay Times ττττ2 and ττττ1 and Amplitude Ratios A12/A11 as a Function of Temperature. The 

decay time τ2 of CVL in MeCN decreases from 15.5 ps at -45 oC to 8.1 ps at 75 oC, whereas τ1 

increases from 0.84 to 1.58 ns over this temperature range (Figure 8). The amplitude ratio 

A12/A11 continually becomes smaller from 263 to 10.5, when going from -45 to 75 oC, see Table 

4.  
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Figure 8. CVL in MeCN. Plots as a function of temperature of the fluorescence decay times τ1 (a, ■) and τ2 (b, ○ 
and ●), see eqs 7 and 8, and (c, ∆ and ▲) the LE amplitude ratio A12/A11 (eq 9). 

 

LE Lifetime ττττ0(LE) = 39 ns for CVL in MeCN. To determine the ICT reaction parameters ka, 

kd, τo(LE), and τ´o(ICT) (Scheme 1) from the decay times τ2 and τ1 together with the LE 

amplitude ratio A12/A11 (eq 8), a fourth input is necessary. As usual,8,25,29,30,31,35,44-46,48,51,56,61-

64,66,67,70,72 this is the fluorescence lifetime τ0(LE), which is equal to the LE fluorescence 

lifetime under the condition that an ICT reaction does not take place (ka = 0). For CVL this is 

the case in solvents less polar than EAC, such as n-hexane (Figure 1a, Tables 1 and 2).  

The LE emission spectrum of CVL in low-polarity solvents such as n-hexane and diethyl ether 

(DEE) is identical to that of 6DMAPd.2,13,24 Also the LE fluorescence lifetimes τ0(LE) of CVL 

and 6DMAPd in the solvent series between n-hexane and THF have comparable values, such as 

15.5 ns (CVL)2 and 24.7 ns (6DMAPd)16 in DEE. We therefore adopt the τ0(LE) = 39.2 ns of 

6DMAPd in MeCN16 as the lifetime τ0(LE) = 39 ns of the LE state of CVL in MeCN.74 Even 

for EAC and THF, in which solvents we have observed dual (LE + ICT) fluorescence of CVL 

(Figures S1 and S2), similar fluorescence decay times τ1 are found: 19.3 or 15 ns (CVL)2,13 and 

27.9 ns (6DMAPd)16 in EAC, 22.4 ns (CVL)2 and 25.1 ns (6DMAPd)16 in THF. Note that a 

surprisingly much smaller τ1 of 4.5 ns has been reported for CVL in THF.13  
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ICT Reaction Rate Constants ka and kd, Lifetime ττττ´o(ICT). The ICT rate constants ka and kd, 

as well as the lifetime τ´o(ICT) of CVL in MeCN, calculated from τ1, τ2, and A12/A11 (eqs 7-9) 

with τ0(LE) = 39 ns, are listed in Table 4. At 25 oC (Figure 6), ka = 106 x 109 s-1, kd = 3.0 x 109 

s-1 and τ´o(ICT) = 1.15 ns (Table 4). Upon heating from -45 to 75 oC, the forward rate constant 

ka becomes larger, from 64 x 109 to 114 x 109 s-1, whereas the backward rate constant kd as 

usual increases more strongly, from 0.23 x 109 to 10.6 x 109 s-1 between these temperatures. 

Also the lifetime τ´o(ICT) becomes larger when going from -45 to 75 oC,75 which will be further 

discussed below. A similar temperature dependence of τ´o(ICT) has been observed with 

DMABN in MeCN.44  

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

T (oC) τ2 (ps) τ1 (ns) A12/A11 ka (109 s-1)a,b kd (109 s-1)a,c τ´o(ICT) (ns)a 
∆G 

(kJ/mol)d 
∆Ga

≠ 
(kJ/mol)e 

74.9 8.1 (7.1) 1.58 (1.60) 10.7 (12.0) 114 (130) 10.55 (10.75) 1.45 (1.48) -6.9 (-7.2) 12.0 (11.6) 

65.0 8.7 (7.5) 1.54 (1.50) 12.9 (14.6) 107 (125) 8.21 (8.45) 1.43 (1.41) -7.2 (-7.6) 11.8 (11.3) 

54.9 8.4 (7.9) 1.38 (1.42) 17.0 (18.1) 113 (120) 6.55 (6.55) 1.31 (1.34) -7.8 (-7.9) 11.2 (11.0) 

45.0 8.5 1.36 22.7 113 4.91 1.31 -8.3 10.8 

35.1 8.9 1.28 27.1 108 3.93 1.23 -8.5 10.5 

25.0f 9.2 1.18 35.3 106 2.95 1.15 -8.9 10.1g 

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 15.5 (15.5) 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) 

aIn the calculation of ka, kd, and τ´o(ICT) from τ2, τ1, and A12/A11, the value τ0(LE) = 39 ns is adopted, see text. 
bThe value in parentheses is calculated from Ea = 3.9 kJ/mol and ka

o = 4.95 x 1011 s-1 (Table 6). cThe value in 
parentheses is calculated from Ed = 23.6 kJ/mol and kd

o.= 3.68 x 1013 s-1 (Table 6). d∆G = -RTln(ka/kd). 
e∆Ga

≠ is 
calculated from ka, employing the expression ka = kT/h e-∆Ga≠/RT , assuming that such an approach based on the 
vibration of a diatomic molecule (hν = kT) is valid here for a compound as large as CVL, in MeCN. fRef 2: τ1 = 
1.5 ns, τ2 = 7.8 ps (LE) or 9.5 ps (ICT), with additional shorter decay times 0.5 ps or <0.3 ps (ref 2). Ref 13: τ2 = 
8 ps, τ1 = 1.2 ns, A12/A11 = 49.4, ∆G = -9.8 kJ/mol. From these data for τ2, τ1, A12/A11, and τ0(LE) = 39 ns: ka = 
1.23 x 1011 s-1, kd = 2.45 x 109 s-1, τ´o(ICT) = 1.18 ns, and ∆G = -9.7 kJ/mol. gRef 13: ∆Ga

 ≠ = 10.8 kJ/mol; Ref 
38: ∆Ga

≠ = 85.8 kJ/mol from MD simulation. 

 

Temperature Dependence of ττττ´o(ICT) in MeCN. The observation that the lifetime τ´o(ICT) of 

CVL in MeCN increases when going from -45 to 75 oC (Table 4) is at first sight surprising. The 

reciprocal of the ICT lifetime, 1/τ´o(ICT), is equal to the sum of three rate constants, k´f(ICT) 

for fluorescence, k´(IC) for internal conversion (IC), and k´(ISC) for ISC (eq 10). It is hence 

clear that the temperature dependence of τ´o(ICT) can in principle be an inherently complex 

issue. The last two processes IC and ISC are often activated in similar D/A systems,76 which 

means that k´(ISC) and k´(IC) become larger upon heating (Arrhenius behavior), which would 

contribute to a shortening of τ´o(ICT). Because k´f(ICT) depends on the refractive index n, as np 
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with values for p between 2 and 3,44,76-78 it becomes smaller upon cooling, as n decreases when 

the temperature rises, for MeCN from 1.3780 at -45 oC to 1.3169 at 75 oC.79,80 Therefore, only 

when k'f(ICT) is the dominant decay process, such as when Φ´(ICT) is close to 1.0, τ´o(ICT) 

would become longer at higher temperatures. For CVL in MeCN, however, Φ´(ICT) is very 

small, 0.007 at 25 oC (Table 1). This means that the condition k´f(ICT) ∼np cannot be 

responsible for the drastic (72 percent) increase of τ´o(ICT) between -45 and 75 oC. 

1/τ´o(ICT) = k´f(ICT) + k´(IC) + k´(ISC)         (10) 

Energy Gap Law and Temperature. A plausible explanation of the observed temperature 

dependence of τ´o(ICT) of CVL in MeCN is the following. Over the range from 75 to -45 oC, 

the energy of the fluorescence maximum max~ν (ICT) shifts from 16970 to 15840 cm-1 (Table 1). 

This red-shift is caused, as mentioned above, by the increase in solvent polarity (from ε75 = 30.3 

to ε-45 = 50.2)81 and the large difference in the dipole moments µe(ICT) - µg of ∼28 D (eq 1 and 

Table 3). As a consequence, the energy gap (equal to max~ν (ICT)) between the ICT state and its 

corresponding Franck-Condon (FC) ground state S0(FC) becomes smaller when the temperature 

is lowered, leading to a more efficient IC process (energy gap law)82-85 and hence to a 

shortening of τ´o(ICT). There will not be an appreciable influence of the ICT-S0(FC) energy gap 

on the ISC process, because this reaction proceeds isoenergetically between the ICT state and 

the CVL triplet manifold. Also k´f(ICT) is not expected to be governed by the energy gap law: it 

depends on the solvent refractive index as np, with values for p between 2 and 3, as mentioned 

above. When ISC would be the predomimant process, as previously reported for CVL in MeCN 

with Φ(ISC) ∼1.05 instead of our result of 0.015 (Table 1), the decrease of τ´o(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 explain 

the shortening of the τ´o(ICT) of CVL as a function of increasing solvent polarity at room 

temperature.2,13,15 max~ν (ICT) decreases when the polarity becomes larger: 18210 cm-1 (acetone, 

ε25 = 20.6), 17990 cm-1 (PrCN, ε25 = 24.2), 16440 cm-1 (MeCN, ε25 = 36.7), 16640 cm-1 

(DMSO, ε25 = 46.5), and 16770 cm-1 (PC, ε25 = 64.9). The lifetimes τ´o(ICT) (≤ τ1) of CVL in 

the solvents with the smallest max~ν (ICT), PC (0.59 ns), DMSO (0.70 ns) and MeCN (1.2 ns), 

are clearly shorter than those in PrCN (4.3 ns) and acetone (3.4 ns), see Table S3 in Supporting 

Information (ref 13) and Table 3. This difference is therefore likewise assumed to originate 

from an enhanced nonradiative ICT → S0 transition, caused by the decrease of the energy 

difference max~ν (ICT) between the ICT and its S0(FC) state, the energy gap law, due to 



 25 

exponentially increasing FC factors.2,13 The same explanation had also been adopted in the case 

of MGL in polar solvents, from BAC to MeCN.15  

Also for 2,3,5,6-tetrafluoro-4-(dimethylamino)benzonitrile (DMABN4F), 2,3,5,6-tetrafluoro-4-

(diethylamino)benzonitrile (DEABN4F), and 2,3,5,6-tetrafluoro-4-(azetidinyl)benzonitrile 

(AZABN4F), τ´o(ICT) becomes smaller when going from the nonpolar n-hexane (ε25 = 1.88) to 

the strongly polar MeCN (ε25 = 36.7), leading to a decrease in the energy gap between the ICT 

and S0(FC).51 For DMABN4F at 25 oC, with max~ν (ICT) decreasing from 20860 cm-1 (n-

hexane) to 17300 cm-1 (MeCN), τ´o(ICT): 0.27 to 0.15 ns (Table S6). Similarly, for DEABN4F 

max~ν (ICT) decreases from from 21000 to 17900 cm-1 and τ´o(ICT) drops from 1.5 to 0.54 ns 

(Tables 6 and S6), whereas max~ν (ICT) of AZABN4F goes from 21990 to 181900 cm-1 and 

τ´o(ICT) from 0.078 to 0.050 ns (Table S6).  

Temperature Dependence of ττττ´o(ICT) in Other D/A Systems. In our earlier studies of D/A 

systems, we have encountered two other examples for which τ´o(ICT) becomes larger with 

increasing temperature (Table 5): DMABN in MeCN44 and 3,4-dicyano-(N-methyl-N-

isopropyl)aniline (34DCMIA) in MeCN.64 For both systems, max~ν (ICT) is rather small, below 

20500 cm-1 at 25 oC: 20250 cm-1 (DMABN) and 17280 cm-1 (34DCMIA), see Table 5, similar 

to CVL in MeCN with max~ν (ICT) = 16440 cm-1 (Table 1).  

With more D/A molecules, in contrast, τ´o(ICT) becomes shorter with increasing temperature 

(Table 5). For these systems, max~ν (ICT) is larger than 21000 cm-1: DMABN, 4-

(diethylamino)benzonitrile (DEABN), and 4-(di-n-propylamino)benzonitrile (DPrABN) in 

toluene, as well as with 2,4-dicyano-(N-methyl-N-isopropyl)aniline (24DCMIA) in DEE,64 

NTC6 in MeCN,32 N-phenylpyrrole (PP) in MeCN,48 EtCN,48 and PrCN,35,36 fluorazene (FPP) 

in EtCN,56,70 and also 4-cyano-N-phenylpyrrole (PP4CN) and FPP4CN in MeCN, see Table 5 

and Tables S2, S4-S6 in Supporting Information. For this series of D/A systems, max~ν (ICT) is 

larger than for CVL, DMABN, and 34DCMIA in MeCN: from 21160 cm-1 for 24DCMIA in 

DEE at 25 oC to 28150 cm-1 for PP in PrCN at -50 oC. It therefore follows that for sufficiently 

large gaps between the energies of the ICT state E(ICT) and its corresponding FC state, equal to 

the ICT fluorescence maximum max~ν (ICT), τ´o(ICT) becomes shorter upon heating.  
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Table 5. Data for CVL and Other D/A Molecules in a Series of Solvents at Different Temperatures 

D/A systema ref Solvent T (oC) τ´o(ICT) (ns) max~ν (ICT) (cm-1) Φ(ISC) Φ(IC) 

CVL 
Tables 1 

and 5 
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 24420b   

 67  -20 3.1    

 48  -45 3.48    

DEABN 67 Toluene 20 2.5 24560b   

 67  -20 2.9    

DPrABN 67 Toluene 20 2.7 24750b   

 67  -20 2.8    

 48  -45 2.90    

24DCMIA 64 MeCN 25  19430 0.83 0.15 

24DCMIA 64 DEEc 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 PrCN -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 14.5 26310   

PP4CN 29 MeCN 25 13.6 20750 0.63 0.31 

 29  -45 16.7 20080   

FPP4CN 29 MeCN 25 29.7 21550 0.44 0.31 

 29  -45 39.2 21040   

DEABN4F 51 n-hexane 25 1.5 21000 0.42 0.57 

 51 MeCN 25 0.54 17900 0.09 0.91 

aDMABN: 4-(dimethylamino)benzonitrile; DEABN: 4-(diethylamino)benzonitrile; DPrABN: 4-(di-n-propylamino)benzonitrile; MDB: 4-
dimethylamino-2,6-dimethyl-benzonitrile; EDB: 4-diethylamino-2,6-dimethyl-benzonitrile; PrDB: 4-di-n-propylamino-2,6-dimethyl-
benzonitrile; 24DCMIA: 2,4-dicyano-(N-methyl-N-isopropyl)aniline; 34DCMIA: 3,4-dicyano-(N-methyl-N-isopropyl)aniline; NTC6: 1-tert-
butyl-6-cyano-1,2,3,4-tetrahydroquinoline; PP: N-phenylpyrrole; FPP: fluorazene; PP4CN: 4-cyano-N-phenylpyrrole; FPP4CN: 4-
cyanofluorazene; DEABN4F: 2,3,5,6-tetrafluoro-4-(diethylamino)benzonitrile. bAt 25 oC. cDEE: diethyl ether. 

 



 27 

Free Enthalpy Differences ∆∆∆∆G and ∆∆∆∆G≠≠≠≠. The free enthalpy differences ∆G = -RTln(ka/kd) for 

CVL in MeCN are listed in Table 4. At 25 oC, ∆G = -8.9 kJ/mol, which compares well with the 

∆G = -9.8 kJ/mol reported in ref 13, but is rather different from the -3.3 kJ/mol estimated in ref 

24 and the previous ∆G of -57 kJ/mol in ref 2. In Table 4, ∆G changes from -6.9 kJ/mol at 75 
oC to -10.7 kJ/mol at -45 oC, when taking the data determined directly from τ2, τ1 and A12/A11. 

By using the corrected data for ∆G based on Ea, Ed, ka
o and kd

o (Table 6, below), the following 

values are obtained: -7.2 kJ/mol at 75 oC to -11.5 kJ/mol at -45 oC (Table 4). This increase of -

∆G is caused by the solvent polarity becoming larger, from ε = 30.3 at 75 oC to ε = 50.2 at -45 
oC.81 

The free energy of activation ∆Ga
≠ of CVL in MeCN at 25 oC is 10.1 kJ/mol (Table 4), similar 

to the ∆Ga
≠ of 10.8 kJ/mol that can be calculated from ka = 1.23 x 1011 s-1 (Tables 5 and S3) of 

ref 13. The ∆Ga
≠ in Table 4 ranges between 12.0 kJ/mol (or 11.6 kJ/mol corrected) at 75 oC and 

8.2 kJ/mol at -45 oC. In the literature, ∆Ga
≠ = 85.8 kJ/mol in MeCN has been determined from 

MD simulation.38 This outcome is much larger than our 10.1 kJ/mol, which must mean that the 

simulation leads to results far removed from the experimental situation.86 

Literature Data from Fluorescence Decays and ΦΦΦΦ´(ICT)/ ΦΦΦΦ(LE) . Instead of using as input 

data τ2, τ1, and A12/A11, with τ0 = 39 ns, such as here, a somewhat different procedure is 

followed in ref 13. There, τ2, τ1, and A12/A11 are employed, with the condition that A12/A11 = 

ka/kd. The ratio ka/kd is also extracted from Φ´(ICT)/Φ(LE), making the assumption that the 

ratios of the LE and ICT radiative rate constants k´f(ICT)/kf(LE) (eq 4) in different solvents 

depend only on emission frequencies, due to the relation kf ∝ ν3. ∆G = -RTln(ka/kd) is then 

determined as a weighted average of these two estimates. This approximate solution is only 

valid, however, when kd >> 1/τ´o(ICT), the high-temperature limit (HTL), leading to the 

expression Φ´(ICT)/Φ(LE) = ḱ f(ICT)/kf(LE) ka/kd (eq 5 in the present text).35,36,87 The 

condition kd >> 1/τ´o(ICT) is not fulfilled for CVL in PC and DMSO (Table S3) and is barely 

valid for CVL in acetone and MeCN at 25 oC.87 This may jeopardize at least some of the results 

for ka and ∆G in ref 13. It also becomes evident from inspection of the Stevens-Ban plots in 

Figure 6 in ref 13 that the HTL limit applies for CVL in PrCN (butyronitrile, not BuCN) only 

above -15 oC and in PC for temperatures clearly above 100 oC. Under HTL conditions, τ´o(ICT) 

is in fact equal to τ1 (= 1.2 ns), as seen from the analysis above giving τ´o(ICT) = 1.18 ns.87 

ICT Reaction is Not Controlled by Solvent Relaxation Dynamics. The ICT reaction time 

1/ka = 9.4 ps (τ2 = 9.2 ps) of the LE → ICT reaction of CVL in MeCN at 25 oC is substantially 



 28 

longer than the mean solvent relaxation time <τsr> = 260 fs, with times of 89 and 630 fs.26,27 

This means that the ICT reaction of CVL in MeCN is much slower than the solvent relaxation 

and is hence not solvent controlled, contrary to previous reports in the literature.2,13 A similar 

situation is encountered with DMABN44 and PP48 in MeCN, different from PP in PrCN at low 

temperatures,34 for which slow dielectric solvent relaxation interferes with the ICT reaction 

dynamics below -70 oC. 

The conclusion was reached that the ICT reaction of CVL, in conventional solvents24 as well as 

in ILs,13,14 is controlled by solvation dynamics, although it was stated in ref 14 that ‘the 

distinction between control by solvation dynamics as opposed to other frictional effects could 

not be definitely established for CVL’. Also Samanta et al. suggested that the LE → ICT 

reaction of CVL in the IL [bmmim][Tf2N] is controlled by solvation dynamics,37 wich was 

questioned in ref 13 (footnote 26). 

Activation Energies Ea and Ed. Thermodynamic Data ∆∆∆∆H (= Ea - Ed). An Arrhenius plot of 

ka, kd, and 1/τ´o(ICT) of CVL in MeCN is shown in Figure 9. The data points for kd fall on a 

straight line from 75 down to -25 oC, whereas those for ka start to deviate from linearity for 

temperatures above 50 oC. This deviation is caused by the reduction of the contribution of the 

short time τ2 to the overall LE fluorescence decay: A12τ2/(A12τ2 + A11τ1), see eq 7. This 

percentage is equal to 0.83 at -45 oC and 0.22 at 25 oC, but decreases to 0.05 at 75 oC (Figures 5 

and 6), apparently not large enough to make an accurate measurement of τ2 possible at 

temperatures above 50 oC. From a similar reasoning it becomes clear on the other hand that the 

contribution of the long time τ1 to the overall LE fluorescence decay, A11τ1/(A12τ2 + A11τ1), is 

relatively small at temperatures below -15 oC (0.78 at 25 oC and only 0.17 at -45 oC), leading to 

the observed lack in accuracy of kd below -25 oC. 

From the slopes of the lines through the data points of ka and kd in Figure 9, the activation 

energies Ea = 3.9 kJ/mol and Ed = 23.6 kJ/mol are determined (Table 6). From these data, the 

ICT reaction enthalpy difference ∆H = Ea - Ed = -19.7 kJ/mol is calculated. The corresponding 

preexponential factors are: ka
o = 4.95 x 1011 s-1 and kd

o = 3.68 x 1013 s-1, giving ∆S = Rln(ka
o/kd

o) 

= -35.8 Jmol-1K-1, see Table 6. With DMABN in MeCN similar results are found (Table 6).44 

From the photostationary data for CVL in MeCN (Stevens-Ban plot, Figure 5) somewhat 

different data are calculated: ∆H(SB) = -23.9 kJ/mol, Ea(SB) = 8.7 kJ/mol, and Ed(SB) = 32.6 

kJ/mol (Figure 5). These differences may be caused by the temperature dependence of 

k´f(ICT)/kf(LE) (eq 4).44  
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Figure 9. Arrhenius plots of the ICT rate constants ka (○ and ●) and kd (■ and □) and the reciprocal ICT lifetime 
1/τ´0(ICT) (▲), see Scheme 1, of CVL in MeCN. The activation energies Ea = 3.9 kJ/mol and Ed = 23.6 kJ/mol of 
ka and kd, respectively, are listed in Table 6. The reaction enthalpy ∆H = Ea - Ed = -19.7 kJ/mol. The preexponential 
factors are: ka

o = 4.95 x 1011 s-1 and kd
o = 3.68 x 1013 s-1. ∆S = Rln(ka

o/kd
o) = -35.8 Jmol-1K-1, see Table 6. 

 

 

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

9) and DMABN in MeCN 

molecule 
Ea  

(kJ/mol)a 
Ed  

(kJ/mol)b 
ka

o  
(1011 s-1)c 

kd
o  

(1013 s-1)d 
∆H  

(kJ/mol)e 
∆S  

(J mol-1K-1)f 

CVL 3.9 ± 0.1 23.6 ± 0.3 4.95 ± 0.22 3.68 ± 0.38 -19.7 ± 0.4 -35.8 ± 1.2 
DMABN g 5.0 ± 0.25 32.0 ± 0.4 18.3 ± 0.2 18.7 ± 0.2 -27.0 ± 0.7 -38.0 ± 1.0 

aActivation energy of the forward LE → ICT reaction ka (Scheme 1). bActivation energy of the backward ICT → 
LE reaction kd (Scheme 1). cPreexponential factor of the rate constant ka. 

dPreexponential factor of the rate 
constant kd. 

eEnthalpy difference ∆H = Ea - Ed of the LE ⇄ ICT equilibrium. fEntropy difference ∆S = 
Rln(ka

o/kd
o). fData from ref 44. 

 

CVL is a Weakly-Coupled D/A System, Similar to an Exciplex 1(A-D+). Because of the 

weak electronic coupling between its D and A moieties, CVL is comparable with 4-(di-tert-

butylamino)benzonitrile (DTABN), 3-(di-tert-butylamino)benzonitrile (mDTABN), and 6-

cyanobenzoquinuclidine (CBQ), in which the amino (D) and benzonitrile (A) subgroups are 

likewise electronically decoupled as a result of their mutually perpendicular configuration, due 

to the strong steric hindrance of the bulky tert-butyl substituents DTABN and the rigidized 
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molecular structure of CBQ.22,45,46 In these weakly coupled D/A systems, the ICT energetics 

corresponds to that of an intermolecular exciplex, determined by the redox potentials E(D/D+) 

and E(A-/A).9,20-22 This is fundamentally different from molecules with strong electronic 

coupling between D and A, such as DMABN and related aminobenzonitriles, N-phenypyrroles 

(PP, 4-fluoro-N-phenylpyrrole (PP4F), 4-cyano-N-phenylpyrrole (PP4CN)), and fluorazenes 

(FPP, 4-fluorofluorazene (FPP4F), FPP4CN).29,30,32,35,44,48,56,61,70 

 

Conclusion 

CVL undergoes a LE → ICT reaction in solvents more polar than n-hexane (ε25 = 1.88), such as 

EAC (ε25 = 5.99) and THF (ε25 = 7.39). In these last two solvents and more polar media, the 

fluorescence spectrum consists of two emission bands, from the LE and the ICT states. The 

dipole moments of these states are determined from solvatochromic measurements, with f(ε)-

f(n²) as the solvent polarity function for the LE fluorescence maxima max~ν (LE) and f(ε)-½f(n²) 

for the ICT emission maxima max~ν (ICT). The same Onsager radius ρ = 5.96 Å is used for LE 

and ICT, as the size of the cavity to be made in the solvent continuum does not depend on 

charge distribution in these two states of CVL. The value of ρ is scaled with the dipole 

moments µe(LE) = 10.6 D and µe(ICT) = 17 D determined for DMABN by TRMC, a method 

independent of ρ. Employing this approach, µe(LE) = 17.4 D and µe(ICT) = 32.7 D were 

calculated for CVL. Similar values for the dipole moments were obtained by plotting the 

emission maxima of CVL versus those of DMABN (LE) and DIABN (ICT), resulting in µe(LE) 

= 16.6 D and µe(ICT) = 34.3 D. Both dipole moments are considerably larger than those 

published previously: 10.7 or 9-12 D for µe(LE) and 25 or 24 D for µe(ICT). This discrepancy 

comes from differences in the fluorescence spectra due to fluorimeter calibration, as well as in 

the subtraction procedure used to obtain the separate LE and ICT emission spectra. In the case 

of µe(LE), the different ρ also plays an important role. 

The LE and ICT picosecond fluorescence decays of CVL in MeCN between -45 and 75 oC are 

double exponential. The amplitude ratio A21/A22 of the ICT decay is equal to -1, which means 

that the ICT is not prepared by direct excitation of CVL in the ground state, but is exclusively 

formed from LE as the precursor. Upon heating from -45 and 75 oC, the decay time τ2 becomes 

shorter, from 15.5 to 8.1 ps and τ1 becomes longer, from 0.84 to 1.58 ns (τ1), whereas the 

amplitude ratio A12/A11 decreases from 273 to 10.7. An analysis of the times τ1, τ2, the LE 

lifetime τ0(LE), and the ratio A12/A11 as a function of temperature, leads to the ICT activation 

energies Ea = 3.9 kJ/mol and Ed = 23.6 kJ/mol, giving ∆H = Ea - Ed = -19.7 kJ/mol. These 
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results show that the ICT reaction is an activated process. The reaction free enthalpy change ∆G 

ranges from -10.7 (-11.5) kJ/mol at -45 oC to -6.9 (-7.2) kJ/mol at 75 oC, whereas ∆G≠ changes 

from 8.2 to 12.0 (11.6) kJ/mol between these temperatures. From the temperature dependence 

of the fluorescence quantum yield ratio Φ´(ICT)/Φ(LE) of CVL in MeCN, a Stevens-Ban (SB) 

plot, Ea(SB) = 8.7 kJ/mol and Ed(SB) = 32.6 kJ/mol were determined, giving ∆H(SB) = -23.9 

kJ/mol. A possible reason for the difference of these values with those derived from the 

analysis of the time-resolved fluorescence experiments is the temperature dependence of 

k´f(ICT)/kf(LE), considered to be constant in the SB approach. 

The rate constant ka of the LE → ICT reaction of CVL in MeCN at 25 oC equals 1.06 x 1011 s-1, 

equivalent with an ICT reaction time 1/ka of 9.4 ps. This indicates that the reaction is 

substantially slower than the solvent relaxation in MeCN, which takes place in a mean time of 

260 fs. We therefore conclude that the ICT reaction of CVL in MeCN is not solvent controlled, 

contrary to previous reports in the literature. Our conclusion that there is no solvent control of 

the ICT reaction is supported by the observation that the LE and ICT fluorescence decays of 

CVL in MeCN are perfectly double exponential over the entire temperature range from -45 to 

75 oC. In the investigation of N-phenylpyrrole (PP) in EtCN and PrCN, it was found that such 

decays can no longer be fitted with two exponentials when solvent dynamics control starts to 

become dominant, such as with PP in PrCN below -70 oC.  

Because of the weak electronic coupling between its D and A moieties, CVL is not comparable 

with D/A molecules such as DMABN, but much more with DTABN, mDTABN, and CBQ, in 

which the amino (D) and benzonitrile (A) subgroups are likewise electronically decoupled due 

to their mutually perpendicular configuration, caused by the strong steric hindrance of the bulky 

tert-butyl substituents DTABN and the rigidized molecular structure of CBQ. In these weakly 

coupled D/A systems as well as in CVL, the ICT energetics corresponds to that of an 

intermolecular exciplex 1(A-D+), determined by the redox potentials of D and A. 
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