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The kinetics of the intramolecular charge-transfer (ICT) reaction of 4-(dimethylamino)benzonitrile (DMABN)
in the polar solvent acetonitrile (MeCN) is investigated by fluorescence quantum yield and picosecond time-
correlated single photon counting (SPC) experiments over the temperature range from-45 to+75 °C, together
with femtosecond Sn r S1 transient absorption measurements at room temperature. For DMABN in MeCN,
the fluorescence from the locally excited (LE) state is strongly quenched, with an unquenched to quenched
fluorescence quantum yield ratio of 290 at 25°C. Under these conditions, even very small amounts of the
photoproduct 4-(methylamino)benzonitrile (MABN) severely interfere, as the LE fluorescence of MABN is
in the same spectral range as that of DMABN. The influence of photoproduct formation could be overcome
by a simultaneous analysis of the picosecond and photostationary measurements, resulting in data for the
activation barriersEa (5 kJ/mol) andEd (32 kJ/mol) of the forward and backward ICT reaction as well as the
ICT reaction enthalpy and entropy:∆H (-27 kJ/mol) and∆S [-38 J/(mol K)]. The reaction hence takes
place over a barrier, with double-exponential fluorescence decays, as to be expected in a two-state reaction.
From femtosecond transient absorption down to 200 fs, the LE and ICT excited state absorption (ESA) spectra
of DMABN in n-hexane (LE) and in MeCN (LE and ICT) and also of 4-aminobenzonitrile in MeCN (LE)
are obtained. For DMABN in MeCN, the quenching of the LE and the rise of the ICT ESA bands occurs
with a single characteristic time of 4.1 ps, the same as the ICT reaction time found from the picosecond SPC
experiments at 25°C. The sharp ICT peak at 320 nm does not change its spectral position after a pump-
probe delay time of 200 fs, which suggests that large amplitude motions do not take place after this time. The
increase with time in signal intensity observed for the LE spectrum of DMABN inn-hexane between 730
and 770 nm, is attributed to solvent cooling of the excess excitation energy and not to an inverse ICTf LE
reaction, as reported in the literature.

Introduction

The structural and dynamical aspects of the intramolecular
charge transfer (ICT) taking place with 4-(dimethylamino)-
benzonitrile (DMABN) and related molecules have been under
investigation since 1959, from an experimental1-11 as well as
more recently from a computational12-19 point of view. After
the discovery of the dual fluorescence of DMABN in polar
solvents,1 consisting of emissions from an initially prepared so-
called locally excited (LE)20 and an ICT state, Lippert et al.
primarily focused their studies on the spectroscopy and kinetics
of this reaction. Starting from 1973,21 special attention was
devoted to the molecular structure of the ICT state, leading to
the introduction of a series of reaction models characterized by
the structure of the ICT state. The following suggestions have
appeared for the structural and molecular nature of the red-
shifted second emission band (ICT state) of DMABN and its
dual fluorescent derivatives, in the approximate order of their

appearance as a model: excimer,22 Rydberg state,9,23protonated
molecule,24 ICT state with perpendicularly twisted amino and
benzonitrile moieties (TICT),25 exciplex with a solvent mol-
ecule,28 hydrogen bonded species in the ground state,27 ICT state
with pyramidalized amino group (WICT),28 ICT state with a
rehybridized nonlinear C-CN group (RICT)29 and planar ICT
state (PICT).30-34 The essential difference between the TICT
and the other ICT models for molecules such as DMABN,
consists of the absence of electronic coupling between the amino
and benzonitrile groups in the TICT state (principle of zero
electronic overlap),9,35 whereas in WICT, RICT, and PICT, the
electron donor (D) and acceptor (A) substituents of DMABN
are both electronically coupled to the phenyl group.

The support for the TICT model was mainly derived from
an interpretation of the photophysical behavior of model
compounds in which rotation of the amino group was prevented,
or in which a large amino twist angle was already present in
the electronic ground state S0.9 Experimental evidence based
on such model compounds considered to support the TICT
structure has, however, recently been shown to be inconclusive,
as efficient ICT is observed with the planarized molecules 1-tert-
butyl-6-cyano-1,2,3,4-tetrahydroquinoline (NTC6) and fluora-
zene.11,36These experiments make clear that the formation of a
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TICT structure is not required for excited state charge transfer
in aminobenzonitriles andN-phenylpyrroles. In support of this
conclusion, it has been found by picosecond X-ray analysis that
the ICT state of crystalline 4-(diisopropylamino)benzonitrile
(DIABN), with a fluorescence spectrum similar to that in
n-hexane solution, has an effectively planar structure.37 It was
hence concluded that in the rigidized planar model compounds
the occurrence of ICT is prevented by their structural differences
with DMABN. These differences generally lead to an increase
of the energy gap∆E(S1,S2) between the S1 and S2 excited
singlet states, such as in the case of 1-methyl-6-cyano-1,2,3,4-
tetrahydroquinoline (NMC6).10,36

Apart from the structural aspects of the ICT reaction of D/A
molecules, its time dependence has been the subject of many
investigations. The first study of the dynamics of the ICT
reaction for a dual fluorescent 4-aminobenzonitrile in a strongly
polar aprotic solvent such as acetonitrile (MeCN) was made by
employing oxygen quenching under high pressure (up to 100
atm) measured by phase fluorometry.38 From these experiments,
carried out with the DMABN derivative 2-methyl-4-(dimethyl-
amino)benzonitrile, a time of 11 ps was deduced for the reaction
from the LE precursor to the ICT state having a lifetime of 4.5
ns. By a direct measurement of the LE and ICT fluorescence
decays of DMABN in MeCN (12 ps full width at half-maximum
(fwhm) of the laser pulse), a 13 ps decay for LE and a 14 ps
ICT rise time was obtained.39 From similar streak camera
experiments (20 ps pulse fwhm) pulse-limited LE decay and
ICT rise times smaller than 10 ps and a decay timeτ1(ICT) of
3.7 ns were observed.40

By using time-correlated single photon counting (SPC) with
picosecond laser excitation (30-40 ps fwhm and deconvolu-
tion),41 double-exponential LE and ICT decays with a shortest
decay timeτ2 of 6 ps were reported for DMABN in MeCN at
25 °C,42 a time which also was found by streak camera
experiments with a 4 pstime response.43-45 From an investiga-
tion of the LE and ICT decay times of DMABN in a series of
alkyl cyanides (n-undecyl cyanide (UnCN) to MeCN),45,46 it
was then known to us, however, that the correct decay timeτ2

of DMABN in MeCN must be shorter than 6 ps, as this time
was already obtained with DMABN in the less polar solvents
n-propyl cyanide (PrCN) and ethyl cyanide (EtCN), whereas
τ2 continuously decreases with increasing solvent polarity from
UnCN to PrCN.46 Such a decrease has also been found with
several D/A molecules in other solvent families and solvent
mixtures.47-50

To determine the correct shortest decay timeτ2 for DMABN
in MeCN, Sn r S1 excited state transient absorption measure-
ments were undertaken with DMABN in MeCN at room
temperature,51 resulting in a timeτ2 of around 4 ps. This value
was then used as a guideline for the analysis of the time-resolved
IR measurements of DMABN in MeCN, from which a charge-
transfer timeτ2 ) 4.0 ( 0.5 ps was found,52 by tracking the
downshifted CN stretching mode. Similar IR measurements later
resulted in a somewhat longer ICT timeτ2 of 6.4 ps.53,54

From double-exponential fluorescence decays of DMABN
in MeCN at room temperature, obtained by time-resolved area-
normalized emission spectroscopy (TRANES) based on SPC
measurements with an instrument response function of∼40 ps,
the decay timesτ2 ) 10 ( 5 ps andτ1 ) 3.00( 0.05 ns were
determined.55 More recently,56 streak camera measurements
(system response function of∼30 ps), led for the LE fluores-
cence of DMABN in MeCN at room temperature to a decay
time τ2 of 7 ps, a timeτ1 of 2.6 ns and aτ2/τ1 amplitude ratio

A of 33. The ICT emission showed a rise time equal toτ2(LE),
whereas 2.9 ns was found forτ1(ICT), slightly longer than
τ1(LE).

It is seen from the data presented above that ICT reaction
times τ2 between 4 and 7 ps have lately been obtained for
DMABN in MeCN at room temperature, whereas values
between 2.6 and 4.5 ns were found forτ1, with amplitude ratios
A between 10 and 99.38-42,43,50,52,54,56This insufficient accuracy
of τ2, τ1, andA, obviously makes an adequate determination of
the ICT kinetics impossible.4 Therefore, the present investigation
was undertaken. It should be noted that because of the formation
of photoproducts with fluorescence decay times of a few
nanoseconds, not only the precise evaluation ofτ1 but also that
of τ2 and consequently ofA is affected.42 This photoproduct
leads to a lowering ofA, indicating that the measurements with
the largestA values will be the most reliable.

Besides the studies in dilute solution, numerous investigations
have been published for DMABN in molecular jets. Whereas
jet-cooled DMABN under isolated molecule conditions does
not show ICT fluorescence, an anomalous red-shifted additional
emission band appears for its dimers and higher self-com-
plexes.57 From the first jet experiments with DMABN/MeCN
solvent clusters it was found that the 1:1 complex does not
undergo an ICT reaction.58 In contrast, Bernstein et al. concluded
that an ICT reaction in DMABN/MeCN (two clusters of
different geometry) is induced by only one properly oriented
solvent molecule, namely that on top of the aromatic ring.59 In
another publication it was reported that this new red-shifted
emission band originates from excitation of weakly bound
ground state self-complexes and that no evidence for ICT
emission could be detected with MeCN clusters.60

From a cluster size determination by time-of-flight mass
spectrometry, Brutschy et al. found that dual fluorescence (ICT
+ LE) only is observed with jet-cooled DMABN, when it is
complexed with a minimum of five MeCN molecules.61 Recent
jet experiments of Saigusa et al. with DMABN/MeCN as a
function of cluster sizen led to the conclusion, however, that
there is no significant red shift in the fluorescence spectra (i.e.,
no ICT reaction) on excitation near the S1 electronic origin,
irrespective of cluster size.62 As the excitation energy increases,
a red-shifted fluorescence resembling the ICT emission band
for clusters withn g 5 appears. It was concluded that the cluster
temperature is too low for the ICT reaction to proceed without
excess excitation energy.62,63

In a number of computational approaches, the energetics of
the LEf ICT reaction of DMABN has been calculated.18,19,64-72

In the following, the calculated reaction barriers and reaction
energies for the ICT reaction of DMABN in the gas phase as
well as in polar solvents such as MeCN are discussed (see Table
S1 in Supporting Information). For the activation energyEa in
the gas phase, barriers between 10 and 76 kJ/mol have been
computed, whereas considerably lower barriers were calculated
for MeCN: from zero (barrier-free) to 21 kJ/mol. A large
variation is also encountered in the results of the calculations
for the reaction energy∆E. In the gas phase, the reaction is
generally found to be endothermic (except for a∆E of -2 kJ/
mol, or -58 kJ/mol before correction, in ref 18), between
effectively zero (-2 kJ/mol) and+75 kJ/mol. In MeCN, the
LE f ICT reaction then becomes exothermic, with a∆E
between-6 and-58 kJ/mol. It thus appears that, in the gas
phase as well as in MeCN, the computations presently lead to
vastly different results. In the most recent calculations,72

characterizing the adiabatic S1 equilibration path between the
LE and ICT states,Ea ) 76 kJ/mol and∆E ) +10 kJ/mol for
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the ICT reaction of DMABN in the gas phase have been
reported. In view of the different results discussed in this section,
an accurate experimental determination of the LEf ICT barrier
Ea and enthalpy difference∆H for the ICT reaction of DMABN
seems to be important, to serve as a guideline for future
computational efforts.

Calculations on the reaction pathway of the ICT reaction of
DMABN in MeCN and methanol were presented by Hynes and
his associates.65-67 These calculations started from the molecular
structure of DMABN obtained by Roos et al.,12 and assumed a
TICT structure for the ICT state. The simulation includes direct
frictional damping on the ICT reaction (TICT) and solvent
coordinates and resulted in a reaction time of 6.5 ps for DMABN
in MeCN, in good agreement with the experimental value of
4-7 ps.50,51 It was also concluded that the ICT reaction has an
early transition state, resembling the LE state.67

The calculated reaction barriersEa and ICT formation energies
∆E are to be compared with available experimental data. Such
data are not available for DMABN in the gas phase, and in
solution, values forEa and ∆E are scarse.4,41,47,73An experi-
mental reaction free energy∆G of -5 kJ/mol and a reaction
barrier Ea of 13 kJ/mol has been determined for DMABN in
n-propyl cyanide among other alkyl cyanides.47 For DMABN
in a series of protic and aprotic polar solvents including alkyl
cyanides, experimental reaction enthalpies∆H between-23.8
(methanol) and-3.8 (n-pentyl cyanide) kJ/mol were found with
reaction barriersEa between 21 (decanol) and 6.3 (ethyl cyanide)
kJ/mol. AsEa was equal to or smaller than the solvent viscosity
barrier, it was concluded that the intrinsic barrier of the ICT
reaction is equal to zero: a so-called barrierless reaction.73bWith
DMABN in toluene, the following thermodynamic parameters
were determined:∆H ) -10 kJ/mol andEa ) 7 kJ/mol.4 In
MeCN, such data are not available for DMABN, but only for
a number of its derivatives. For the 4-aminobenzonitriles with
ann-membered heterocyclic ring PnC in MeCN, the activation
energies are 13.5 kJ/mol (P4C), 8.0 kJ/mol (P5C), 6.6 kJ/mol
(P6C), and 4.7 kJ/mol (P7C), with the corresponding ICT
stabilization enthalpies,-∆H, of 15 kJ/mol (P4C) and 16 kJ/
mol (P5C).41 The present investigations with DMABN in MeCN
are therefore in part undertaken to obtain reliable data for∆H
andEa in this solvent.

Several authors are of the opinion3,9,18,64,73-75 that the ICT
reaction of DMABN in polar solvents such as MeCN is
barrierless and that the multiexponential (sometimes called
“nonexponential kinetics”) fluorescence decays they observe are
a logical consequence of this situation and are not a sign of
experimental problems,30,77such as photoproduct formation. We
have, however, reported that the LE and ICT decays of DMABN
and several other dual fluorescent derivatives are double-
exponential over extensive temperature ranges, clearly showing
that a simple kinetic scheme with two excited states LE and
ICT is fully applicable.4,20,30,32,41,42The ICT activation energies
Ea determined from these measurements indicate that the ICT
reactions can not be classified as being barrierless. Only upon
prolonged irradiation does a deviation from double-exponential
LE and ICT decays starts to appear.30,77

In the present paper we report on the analysis of fluorescence
decays of DMABN in the strongly polar aprotic solvent MeCN
and in the nonpolarn-hexane, for comparison. The decays are
measured by the SPC method with a laser system having a
response function of∼19 ps and a time resolution better than
3 ps.11,20,36To extend this time resolution down to 200 fs, S1-
Sn transient absorption experiments are carried out. The LE and
ICT fluorescence SPC decays of DMABN in MeCN are

measured over a large temperature range, from+75 to -45
°C, close to the melting point of the solvent. The results of these
measurements are combined with photostationary LE and ICT
fluorescence measurements (quantum yields and spectra). In
addition, the impact of photochemical product formation on the
data analysis is discussed.77

Experimental Section

Molecules and Solvents.DMABN was synthesized from
4-bromo-N,N-dimethylaniline (Aldrich) in a reaction with
CuCN.78 ABN was obtained from Aldrich. For these molecules,
HPLC was the last purification step. The solvent acetonitrile
(MeCN, Merck, Uvasol) was chromatographed over Al2O3,

whereasn-hexane (Merck, Uvasol) was used as received. The
solutions, with an optical density between 0.4 and 0.6 at the
maximum of the first band in the absorption spectrum, were
deaerated by bubbling with nitrogen for 15 min.

Absorption and Fluorescence Spectra.The absorption
spectra were run on a Cary 500 spectrometer. The fluorescence
spectra were measured with quantum-corrected Shimadzu RF-
5000PC, ISA-SPEX Fluorolog 3-22 or (modified)79 Fluoromax
3 spectrofluorometers. The fluorescence quantum yieldsΦf, with
an estimated reproducibility of 2%, were determined with
quinine sulfate in 1.0 N H2SO4 as a standard (Φf ) 0.546 at 25
°C),80 with equal optical density at the excitation wavelength.
The difference in refractive index between the standard solution
and the solvent was not taken into account. The fluorescence
quantum yield data are corrected for the temperature dependence
of the optical density of the solution by measuring the absorption
spectrum of DMABN as a function of temperature.

In the determination of the temperature dependence ofΦf,
the change in optical density with temperature and its nonlinear
dependence on fluorescence intensity were accounted for by
using absorption spectra measured over the relevant temperature
range.

Fluorescence Decays and Femtosecond Transient Absorp-
tion. The fluorescence decay times were obtained with a
picosecond laser (λexc: 276 nm) single photon counting (SPC)
setup described elsewhere.51,96 The picosecond laser system
(excitation wavelengthλexc: 276 nm) consists of a mode-locked
titanium-sapphire laser (Coherent, MIRA 900F) pumped by an
argon ion laser (Coherent, Innova 415). The instrument response
function of the laser SPC system has a fwhm of 19 ps. Two
time ranges are routinely measured simultaneously (0.5 and 10
ps/channel, in 1200 and 1800 effective channels, respectively).
The estimated reproducibility is better than 10% for the ps decay
times and around 2% for the nanosecond decays.

The femtosecond transient absorption setup has been de-
scribed in detail elsewhere.81,82 DMABN in n-hexane or
acetonitrile at room temperature (∼22 °C) were excited with 1
µJ,∼70 fs pulses at 290 or 266 nm. The pump-induced transient
absorption signal was monitored with a supercontinuum probe
in the range 265-680 nm or 330-1080 nm. The net sample
thickness in the flow-cell was 0.4 mm. The optical density of
the sample was 0.7 at the excitation wavelength. After probing
the sample, the supercontinuum was dispersed and registered
on a photodiode array (512 pixels) with a 1.5 nm spectral
resolution. The recorded transient spectra were time-corrected
for the chirp of the supercontinuum.81 The pump-probe cross-
correlation timeτcc was in the range 110-140 fs, being shorter
in the UV and longer in the red part of the spectrum, due to
group velocity mismatch between pump and probe. The experi-
ments, with a time resolution of 30 fs, were carried out at magic
angle, unless otherwise indicated.
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The parameters for the ICT reaction and the other photo-
physical processes of DMABN in MeCN were obtained by a
global nonlinear least-squares method,83 with the sum of the
weighted squares of the residualsS) ∑j∑iwij(yij - yij

exp)2 as the
target function. In the expression forS, w is the weighting factor
of the response functiony. The response functionsy employed
here are (a) the first 700 ps of the LE fluorescence decays, of
which only the short componentτ2 is used and (b) the LE and
ICT fluorescence quantum yieldsΦ(LE) andΦ′(ICT). The index
j refers to the response functions, the indexi counts the
experimental points for each response function and “exp”
indicates that the quantity is an experimental value. For a
fluorescence decay the factorw ) y-1. In the data set of
DMABN in MeCN collected over the temperature range from
-45 to+75 °C, consisting of LE and ICT fluorescence decays
and LE and ICT fluorescence quantum yields at 13 temperatures
over this range, the total weight ofΦ(LE) and Φ′(ICT) is
adjusted in a such way that their total contribution toS is about
the same as that of two fluorescence decay curves.

Results and Discussion

Fluorescence and Absorption Spectra in Acetonitrile and
n-Hexane.The fluorescence spectrum of DMABN in acetoni-
trile (MeCN) at 25°C (Figure 1a) consists of two components:
a minor LE emission with a maximum at 27 700 cm-1 and a
predominant red-shifted ICT band peaking at 20 310 cm-1, with
an ICT/LE fluorescence quantum yield ratioΦ′(ICT)/Φ(LE)
of 39.5. For the spectral separation of these contributions to
the dual fluorescence spectrum, the single LE emission band
of 4-(methylamino)benzonitrile (MABN) is used, which does
not undergo an ICT reaction under any condition of solvent
polarity or temperature; see Figure S1 in Supporting Informa-
tion.4,30,32,83,84The LE and ICT fluorescence quantum yieldsΦ

of DMABN in MeCN are relatively small: 0.00076 forΦ(LE)
and 0.030 forΦ′(ICT); see Table 1. The LE fluorescence is
strongly quenched, with an unquenched to quenched fluores-
cence quantum yield ratioΦ0(LE)/Φ(LE) of 290 at 25°C. In
this ratio Φ0(LE) is the quantum yield of DMABN in the
absence of an ICT reaction; see eq 3 and Table 4, below.

In Figure 1b, the fluorescence and absorption spectra of
DMABN in n-hexane at 25°C are shown for comparison. The
emission spectrum in this nonpolar solvent mainly consists of
an LE fluorescence band, with only a very small ICT contribu-
tion.32,85 From the absorption spectra in Figure 1a,b, it is seen
that the energy gap∆E(S1,S2) between the two lowest excited
singlet states of DMABN becomes larger when going from
MeCN to n-hexane, as discussed previously.26 The effective
absence of dual fluorescence in the latter solvent has been
connected with this larger energy gap∆E(S1,S2).21,26,37

Fluorescence as a Function of Temperature.The total dual
(LE + ICT) fluorescence spectrum of DMABN in MeCN
strongly changes with temperature over the range between-45
and+75 °C (Figure 2a). Between these temperatures, the ICT
emission maximumν̃max (ICT) undergoes a blue shift from
19 400 to 20 800 cm-1, caused by the decrease of the effective
solvent polarity, fromε-45 ) 50.2 toε75 ) 30.3.86 Over this

Figure 1. Fluorescence and absorption spectra of 4-(dimethylamino)-
benzonitrile (DMABN) in (a) acetonitrile (MeCN) and (b) inn-hexane
at 25°C. The molar extinction coefficients are indicated on the right-
hand axis. The fluorescence spectrum of DMABN in MeCN (a) is
separated into its locally excited (LE) and intramolecular charge-transfer
(ICT) components, by using the LE fluorescence spectrum of 4-(me-
thylamino)benzonitrile (MABN). Excitation wavelengthλexc ) 267 nm.

TABLE 1: Data for DMABN in Acetonitrile (MeCN) or in
n-Hexane (HEX) When Indicateda

ν̃max(ICT) (cm-1) 20 310
ν̃max(LE) (cm-1) 27 700
(HEX)ν̃max(LE) (cm-1) 29 430
Φ′(ICT) 0.030
Φ(LE) 0.00076
Φ′(ICT)/Φ(LE) 39.5
εmax (M-1 cm-1) (at 292.0 nm, 34 250 cm-1) 27 990
(HEX) εmax (M-1 cm-1) (at 280.7 nm, 35 620 cm-1) 29 370
E(S1)b,c (cm-1) 29 990
(HEX) E(S1)b,c (cm-1) 31 830
E(FC)c (kJ/mol) 92.7
Ea(SB)d (kJ/mol) 7.7
Ed(SB)d (kJ/mol) 30.9
∆H(SB)d (kJ/mol) -23.2

a Fluorescence maximaν̃max(ICT) andν̃max(LE), fluorescence quan-
tum yieldsΦ′(ICT) andΦ(LE), extinction coefficientsεmax, energy of
the S1 stateE(S1) and energy of the Franck-Condon stateE(FC) at 25
°C. The activation energiesEa andEd of the forward (ka) and backward
(kd) ICT reactions and the enthalpy change∆H are also listed.b Energy
of the crossing of the normalized absorption and fluorescence
spectra.c See eq 4.d Data derived from the Stevens-Ban (SB) plot in
Figure 3.

TABLE 2: LE Fluorescence Decay Timesτ2 and τ1 and
Their Amplitude Ratio A for DMABN in MeCN at 25 °C
(Figure 4 and eqs 5-7), from Which the Forward and
Backward ICT Reaction Rateska and kd as Well as the
Lifetime of the ICT State τ′0(ICT) (Scheme 1) Are
Determined by Using the Lifetime τ0 of the Model
Compound MABN (See Text)

τ2
(ps)

τ1
(ps) A

τ0
(ps)

ka
(109 s-1)

kd
(109 s-1)

τ′0(ICT)
(ps)

τLC
a

(ps)

DMABN 4.0 3800 393 3410 249 0.63 3800 1060

a See eq 15 and text.

TABLE 3: Thermodynamic Parameters for the ICT
Reaction of DMABN in MeCN Calculated from the LE
Fluorescence Decay Timesτ2 and τ1 and Their Amplitude
Ratio A, Measured as a Function of Temperature (Figure 6)a

Ea
(kJ/mol)

Ed
(kJ/mol)

ka°
(1012 s-1)

kd°
(1012 s-1)

∆H
(kJ/mol)

∆S
[J/(mol K)]

DMABN 4.5 22.5 1.48 8.99 -18.0 -15.0

a A correction for photoproduct formation was not made.
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temperature range,ν̃max (LE) changes from 27 640 to 27 740
cm-1. From these data, the dipole momentsµe(ICT) and
µe(LE) can be determined and will be treated separately.77

The ICT fluorescence quantum yieldΦ′(ICT) of DMABN
in MeCN (Figure 2b) monotonically increases, from 0.019 at
-45 °C to 0.038 at+75 °C, whereas the much smaller LE yield
Φ(LE) first slightly decreases from 0.00053 at-45 °C, reaches
a minimum 0.00047 at-15 °C, and then strongly increases to
0.0025 at+75 °C. The temperature dependence of the ratio
Φ′(ICT)/Φ(LE) is plotted in Figure 3; see eqs 1-3 and Scheme

1. The limiting yieldsΦ′f(ICT) ) k′f(ICT)τ′0(ICT) (eq 2) and
Φ0(LE) ) kf(LE) τ0(LE) (eq 3) are obtained, respectively, when
the ICT back reactionkd can be neglected (kd , 1/τ′0(ICT)) or
ICT does not take place (ka ) 0); see Figure S2 in Supporting
Information. In eqs 1-3 and Scheme 1,ka andkd are the rate
constants of the forward and backward ICT reaction,τ0(LE)
and τ′0(ICT) are the fluorescence lifetimes, andkf(LE) and
k′f(ICT) are the radiative rate constants.

Stevens-Ban Plot. By fitting the Stevens-Ban87 plot of
Φ′(ICT)/Φ(LE) in Figure 3 with eq 1,4,88,89 we obtain the
activation energies of the forward and backward ICT reaction
(Scheme 1):Ea ) 7.7 kJ/mol andEd ) 30.9 kJ/mol, i.e.,∆H
) Ea - Ed ) -23.2 kJ/mol. It is thereby assumed that
k′f(ICT)/kf(LE) and alsoτ′0(ICT) do not depend on temperature.
This assumption will be tested in a later section by direct
measurement ofk′f(ICT)/kf(LE) and τ′0(ICT) employing time-

resolved experiments. A more precise analysis of
Φ′(ICT)/Φ(LE), together with data forka, kd, k′f(ICT), kf(LE),
and τ′0(ICT) (see eq 1) coming from time-resolved experi-
ments, is presented below.

TABLE 4: Kinetic (at 25 °C) and Thermodynamic
Parameters for DMABN in Acetonitrile (MeCN) Obtained
from a Simultaneous Analysis of Time-Resolved and
Photostationary Data and Cross Sections (See Text)

τ1 (ps) 3800
τ2 (ps) 4.1
Φ0(LE)a 0.220
Φ′0(ICT)b 0.030
Φ′(ICT)/Φ(LE) 39.8
A, eq 7 516
ka (109 s-1) 240
kd (109 s-1) 0.47
τ′0(ICT) (ps) 3800
kf(LE) (109 s-1) 0.065
k′f(ICT) (109 s-1) 0.0079
Ea (kJ/mol) 5.0( 0.25
Ed (kJ/mol) 32.0( 0.4
ka

0 (1012 s-1) 1.83( 0.02
kd

0 (1012 s-1) 186.8( 0.2
∆H (kJ/mol) -27.0( 0.7
∆S[J/(mol K)] -38c( 1
E(FC)d (kJ/mol) 88.9
σabs(10-17 cm2)e 4.52 at 292 nm
σSE(LE) (10-17 cm2)f 1.62 at 364 nm
σSE(ICT) (10-17 cm2)f 0.257 at 505 nm

a Φ0(LE) ) kf(LE)τ0. From eq 3: LE fluorescence quantum yield
without ICT reaction (ka ) 0); see Figure S2.b Φ′0(ICT) )
k′f(ICT)τ′0(ICT), (eq 2): ICT fluorescence quantum yield without back
reaction (kd , 1/τ′0(ICT)); see Figure S2.c At 25 °C, T∆S ) -11.4
kJ/mol. ∆S ) R ln(ka

0/kd
0). d Equation 4.E(S1) MeCN, 29 990 cm-1,

ν̃max(ICT) 25 °C, 20 310 cm-1 (Table 1).e Sn r S0 absorption cross
section.f Stimulated emission cross section.

Φ′(ICT)

Φ(LE)
)

k′f(ICT)

kf(LE)

ka

kd + 1/τ′0(ICT)
(1)

Φ′(ICT) ) k′f(ICT)τ′0(ICT)
kaτ0(LE)

1 + kaτ0(LE) + kdτ′0(ICT)
(2)

Φ(LE) ) kf(LE) τ0(LE)
1 + kdτ′0(ICT)

1 + kaτ0(LE) + kdτ′0(ICT)
(3)

Figure 2. (a) Fluorescence spectra of 4-(dimethylamino)benzonitrile
(DMABN) in acetonitrile (MeCN) as a function of temperature, from
+75 to -45 °C. The total emission spectrum at 75°C is separated
into the contributions from the locally excited (LE) and intramolecular
charge-transfer (ICT) states. The red shift of the ICT emission band
upon cooling is caused by an increase in the solvent polarity; see text.
Excitation wavelengthλexc ) 290 nm. (b) Separate ICT and LE
fluorescence quantum yieldsΦ′(ICT) and Φ(LE) as a function of
temperature.

Figure 3. Stevens-Ban plot of the ICT/LE fluorescence quantum yield
ratio Φ′(ICT)/Φ(LE) of 4-(dimethylamino)benzonitrile (DMABN) in
acetonitrile (MeCN). From the high-temperature limit (HTL) slope the
ICT reaction enthalpy∆H is obtained, whereas the low-temperature
limit (LTL) slope yields the activation energyEa of the LE f ICT
reaction.
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The energy differenceE(FC) between the Franck-Condon
state FC(ICT) reached by emission from the ICT state and the
equilibrated S0 state of DMABN in MeCN, calculated via eq
4,4,30,41amounts to 92.7 kJ/mol. This means that the red shift
of the ICT band is for 80% caused by the strongly destabilized
FC(ICT) state, an indication of a substantial structural difference
between the ICT and the S0 states.

whereE(S1) is the energy of the S1 state.
LE and ICT Picosecond Fluorescence Decays in MeCN

at 25 °C. A global analysis of the LE and ICT fluorescence
decays of DMABN in MeCN at 25°C, with a time resolution
of 0.5 ps/channel, is shown in Figure 4. These LE and ICT
decays are measured at wavelengths at which either only LE
(350 nm) or only ICT (520 nm) fluorescence occurs; see Figure
1. The decaysif(LE) andif(ICT) are double-exponential (eqs 5
and 6), with decay timesτ2 of 4.0 ps andτ1 of 3.80 ns (Table
2). The LE amplitude ratioA ) A12/A11 (eq 7) equals 393, which

means that, to a very small extent, the ICTf LE back reaction
(Scheme 1) still takes place with DMABN in MeCN at room

temperature. As discussed in the Introduction, times between 4
and 7 ps forτ2 and between 2.6 and 4.5 ns forτ1 can be found
in the literature, with amplitude ratiosA between 10 and
99.38-42,43,50,52,54,56Complications in the interpretation of the
kinetic significance of the value ofA,41,77 caused by photo-
chemical products with decay times similar to theτ1 of
DMABN, will be discussed below.

The expressions forτ1, τ2, andA appearing in eqs 5-7 are4

where

The observation that the ICT amplitude ratio-A22/A21 (Figure
4; see eq 6), is close to unity, indicates that the ICT state of
DMABN is not formed by direct excitation from the ground
state but originates exclusively from the initially excited LE
state as the precursor (adiabatic reaction on the S1 potential
energy surface), as was first demonstrated for DMABN in
toluene.4,87 This conclusion will be substantiated by the fem-
tosecond measurements presented in a later section.

ICT Reaction Parameters.From the decay timesτ2 andτ1

together with the amplitude ratioA (eqs 5-7) and the lifetime
τ0 of the model compound MABN, the rate constantska andkd

and the lifetimeτ′0(ICT) can in principle be calculated by using
eqs 12-14 (Scheme 1);4,20,87 see Table 2. The fluorescence

lifetime of MABN at each temperature is taken forτ0(LE) of
DMABN (Scheme 1), as dual emission is not observed with
this system in MeCN (Figure S1), nor in any other solvent
investigated.4,30,32,83,84

By deconvolution of the ICT decay by the LE decay curve
as the formal excitation pulse, a single-exponential decay time
τ(LC) should result when Scheme 1 is valid, equal to 1/(kd +
1/τ′0(ICT)); see eq 15.51 From the LE and ICT curves of

DMABN in MeCN at 25 °C (Figure 4) a single-exponential
LE/ICT decay is obtained, with a timeτ(LC) of 1060 ps, close
to the 1120 ps calculated (eq 15) fromkd and 1/τ′0(ICT) in
Table 2.

This observation of a single-exponential LE/ICT decay shows
that there is no severe interference with fluorescence from
photoproducts.51 Nevertheless, the experimental value forτ(LC)
found here is still smaller than our final resultkd + 1/τ′0(ICT)
) 1360 ps (see Table 4 below), due to the reduction ofA caused
by the presence of small amounts of photoproduct.

Figure 4. Double-exponential LE (350 nm) and ICT (520 nm)
fluorescence decays of 4-(dimethylamino)benzonitrile (DMABN) in
acetonitrile (MeCN) at 25°C. The decay times areτ2 andτ1 with the
corresponding amplitudesA1i(LE) and A2i(ICT); see eqs 5-7. The
shortest decay time is listed first. The weighted deviationsσ, the
autocorrelation functions A-C, and the values forø2 are also indicated.
Excitation wavelengthλexc: 276 nm. Time resolution: 0.5 ps/channel
with a time window of 2000 channels.

SCHEME 1

E(FC) ) E(S1) + ∆H - ν̃max(ICT) (4)

i f(LE) ) A11 exp(-t/τ1) + A12 exp(-t/τ2) (5)

i f(ICT) ) A21 exp(-t/τ1) + A22 exp(-t/τ2) (6)

A ) A12/A11 (7)

1/τ1,2 ) 1
2

{(X + Y) - x(X - Y)2 + 4kakd} (8)

A )
X - 1/τ1

1/τ2 - X
)

kakdτ0
2

(1 + kaτ0 - τ0/τ1)
2

(9)

X ) ka + 1/τ0 (10)

Y ) kd + 1/τ′0 (11)

ka ) (1/τ1 + A/τ2)/(1 + A) - 1/τ0(LE) (12)

kd ) {(1/τ2 - 1/τ1)
2 - (2ka + 2/τ0(LE) - 1/τ1 - 1/τ2)

2}/4ka

(13)

1/τ′0 ) 1/τ1(1 + kd

τ0 - τ1

1 + kaτ0 - τ0/τ1
) (14)

1/τ(LC) ) kd + 1/τ′0(ICT) (15)
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Fluorescence Decays as a Function of Temperature.The
decay timesτ2 and τ1 as well as their amplitude ratioA of
DMABN in MeCN were determined over the temperature range
from -45 to +75 °C (close to the melting and boiling points
of the solvent, respectively) from SPC measurements of the LE
and ICT fluorescence decays. The results are depicted in Figure
5. The shortest decay timeτ2 and the ratioA come from LE
decays with a time resolution of 0.5 ps/channel, whereas the
nanosecond decay timesτ1 are taken from the ICT fluorescence
decays with 10.4 ps/channel, which are routinely measured
together with the higher resolution data. In the fitting of the
LE decays, this timeτ1 is kept fixed.

With increasing temperature,τ2 becomes smaller, from 7.7
ps at -45 °C to 3.3 ps at+75 °C (Figure 5a), with a
corresponding decrease ofA from around 1420 to 69 (Figure
5b). The timeτ1 does not depend strongly on temperature,
changing from 3.53 ns at the lowest to 3.90 ns at the highest
temperature. Note thatτ1 is in fact equal to the ICT lifetime
τ′0(ICT); see Table 2. From these data together with
τ0(MABN) (see above), the ICT rate constantska and kd and
alsoτ′0(ICT) (eqs 12-14, Scheme 1) can again be calculated.
The results are presented in Figure 6. From this Arrhenius
plot, the activation energies of the forward (Ea) and back-
ward (Ed) reaction are obtained:Ea ) 4.5 kJ/mol,Ed ) 22.5
kJ/mol, i.e.,∆H ) Ea - Ed ) -18.0 kJ/mol; see Table 3. From
the preexponential factorska° andkd° in Table 2,∆S) -15.0
J/(mol K).

Reduction of LE Ratio A by Photoproducts.In the present
case with large values forA (Figure 5b), the determination of
ka and kd (eqs 12 and 13, Scheme 1) fromτ2, τ1, and A, is
complicated by the fact that by irradiation of DMABN the
photoproduct MABN is produced,77 which has an LE fluores-

cence decay timeτ0 similar to theτ1 of DMABN: 3410 ps (τ0)
as compared with 3800 ps (τ1) in MeCN at 25°C (Table 2).
The accumulation of this photoproduct therefore leads to an
apparent decrease ofA, thereby making the calculation ofkd

inaccurate. This difficulty was already encountered during our
earlier experiments with DMABN in MeCN,41 where it was
mentioned that the decay time analysis was complicated by
photochemical product interference, as also discussed above.
Although the present observation of large values forA (393 at
+25 °C; 1420 at-45 °C, Figure 5b) clearly shows that this
interference has now considerably been reduced (in the literature,
A ranges between 10 and 99 at 25°C; see above), the fact that
A is found to depend on irradiation time of the sample (Figure
5b, consecutive points 1 (393), 2 (233), and 3 (94) at 25°C)
nevertheless shows that the experimental amplitude ratios are
still affected by photoproduct formation. As a consequence, due
to the fact thatka/kd = A in the present case ofτ2 , τ1,4,87 a
sufficiently precise calculation ofkd becomes impossible,
whereaska and its temperature dependence can be obtained with
more confidence (ka = 1/τ2 whenA is large);4,87 see Table 2. It
therefore obviously became necessary to adopt a different
procedure for the determination ofkd. For this purpose, a
simultaneous fitting of time-resolved and photostationary fluo-
rescence data collected over a large temperature range was
carried out. With the fluorescence spectra, photodecomposition
can be neglected due to the much lower excitation intensity than
in the case of the picosecond decays. The fitting procedure will
be discussed in the following section.

Simultaneous Fitting of Time-Resolved and Photostation-
ary Data as a Function of Temperature.In the LE a ICT
reaction (Scheme 1), six unknowns are involved:ka, kd,
τ0(LE), τ′0(ICT), kf(LE), and k′f(ICT). To calculate these six
reaction parameters, a set of six experimentally accessible and
reliable independent data should be available. Five of these data
come from (a) the LE and ICT fluorescence decays (τ1, τ2:
Figure 5a), (b) the fluorescence lifetime of the model com-
pound4,30,32,83,84τ0(MABN) (Figure 5a), and (c) the LE and ICT
fluorescence quantum yieldsΦ(LE) and Φ′(ICT); see Figure
2b. As the ratioA (eq 9), which is normally used as the sixth
input in these calculations,4,36 cannot be determined experimen-
tally with sufficient accuracy for DMABN in MeCN due to

Figure 5. Plots as a function of temperature of (a) the experimental
fluorescence decay timesτ2 andτ1 (eqs 5 and 6) of 4-(dimethylamino)-
benzonitrile (DMABN) and the lifetimeτ0 of 4-(methylamino)-
benzonitrile (MABN) in acetonitrile (MeCN) and of (b) the experi-
mental LE amplitude ratioAexp (eq 7) of DMABN in MeCN. These
values ofAexp have not been corrected for the effects of photoproduct
formation. The curve aboveAexp representsA as obtained from the final
simultaneous analysis of time-resolved and photostationary data as a
function of temperature; see text and the final results forτ2, τ1, andτ0

in Figure 9. The least-squares lines through the points only serve to
connect the data. The points forAexp marked 1, 2, and 3 refer to
consecutive experiments (see text) showing the effect of photoproduct
formation.

Figure 6. Arrhenius plot of the apparent rate constantski (ka, kd, and
1/τ′0(ICT), in 109 s-1) (see Scheme 1) of 4-(dimethylamino)benzoni-
trile (DMABN) in acetonitrile (MeCN). The data were obtained from
for τ2, τ1, and the uncorrected value ofA, taken from the experimental
fluorescence decays together with the lifetimeτ0 of the model compound
4-(methylamino)benzonitrile (MABN); see text and Figure 6.
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photoproduct interference, as discussed in the previous section,
an alternative source for the missing data input is required.

To achieve this goal, the LE and ICT fluorescence decays,
τ0(MABN), Φ(LE) andΦ′(ICT) were measured as a function
of temperature from-45 to+75 °C (Figures 5a and 2b). Using
this entire data set, a simultaneous fitting of the LE fluorescence
decays if(LE), the main source ofτ2 (see Figure 7 and
Experimental Section), together with the results forτ1, τ0,
Φ(LE), andΦ′(ICT) was then carried out, with the following
constraints. The rate constantska andkd at the various temper-
atures, with their activation energiesEi and preexponential
factorski

0, are defined by the Arrhenius expressions eqs 16 and
17. In addition, on the basis of the findings with the model
compound MABN in MeCN (Figure S3), it is assumed that the
temperature dependence of the LE radiative ratekf(LE) can be
expressed askf(LE) ) kf(0)n2 (eq 18), wheren is the refractive

index of the solvent andkf(0) does not depend on tempperature.83

Equations 8a and 14 were used forτ2 andτ′0(ICT) in the fitting
procedure (see Experimental Section). Equation 8a is algebra-

ically equivalent to eq 8. The final values forτ2 obtained by
the simultaneous fitting are presented in Figure 8, together with
the input data forτ1 andτ0.

When the LE and ICT fluorescence decays (τ1,τ2), τ0(LE),
Φ(LE), andΦ′(ICT) are measured atm different temperatures
and analyzed simultaneously, 5m equations become available.
With the constraints (eqs 16-18), one then has as unknowns:
τ′0(ICT) andk′f(ICT) plus the 5 parameterska°, kd°, Ea, Ed, and
kf(0) in eqs 16-18, in total 2m + 5 unknowns. Therefore,
already atm ) 2, the system is defined and can be solved by
the least-squares method. In the present casem ) 13.

ICT Reaction Parameters and Stevens-Ban Plot of
DMABN in MeCN. The rate constantska andkd as well as the
ICT lifetime τ′0(ICT) (eqs 12-14) resulting from this simulta-
neous fitting procedure are plotted as a function of temperature
in Figure 9b. From these data, the activation energiesEa (5.0
kJ/mol) andEd (32.0 kJ/mol) and the preexponential factorska

0

(1.8 × 1012 s-1) andkd
0 (190× 1012 s-1) are determined (eqs

16 and 17, Table 4), giving the∆H (-27.0 kJ/mol) and∆S
[-38 J/(mol K)] for the ICT reaction. The change in enthalpy
-∆H (equal toEd - Ea) of 27.0 kJ/mol obtained here for the
ICT reaction of DMABN in MeCN is substantially larger than
that found in the less polar solvents toluene4b (11.6 kJ/mol) and
diethyl ether49,89 (15 kJ/mol), as to be expected from the large
polarity of MeCN (ε ) 36.7 at 25°C) as compared with toluene
(ε25 ) 2.37) or DEE (ε25 ) 4.23).86 The activation barrierEa of
5 kJ/mol means that the ICT process of DMABN in MeCN is
not a barrierless reaction.

A comparison of the results in Tables 4 and 3 shows that, in
particular the data involving the ICTf LE rate constantkd are
affected when photoproduct formation is neglected, with in that
case the following not optimal results (Table 3):Ed (22.5 kJ/
mol), ∆H (-18.0 kJ/mol) and∆S [-15.0 J/(mol K)].

In Figure 9a, a fit of the Stevens-Ban plot ofΦ′(ICT)/Φ(LE)
is presented, using the final data forka, kd, τ0(LE), andτ′0(ICT)
(Figure 9b). A comparison with Figure 3 shows that the
activation barrierEa has now changed from 7.7 to 5.0 kJ/mol,
whereas-∆H increased from 23.2 to 27.0 kJ/mol, a smaller
difference than that found between the-∆H (18.0 kJ/mol)
obtained from the fluorescence decays when the interference
of photoproduct formation is not removed (Figure 6) and the
final value of 27.0 kJ/mol.

Calculation of LE Amplitude Ratio A and Radiative Rate
Constantsk′f(ICT) and kf(LE). From the data forka, kd, and
τ′0(ICT) obtained from the simultaneous fitting, the LE ampli-
tude ratio A (eq 7) can now be calculated via eq 9. It is
clear from Figure 5b thatA is considerably larger than the
directly measured (i.e., uncorrected) experimental values, which
difference is caused by photoproducts fluorescing at the
spectral position at which the LE fluorescence decays are
measured, as discussed above. For example, at+75, +25, and
-45 °C the following A values are calculated (uncorrected
values in parentheses): 108 (69), 516 (393), 14485 (1420); see
Figure 5b.

The experimental information allowing the determination of
kd in the simultaneous analysis is mainly contained inΦ(LE),
eq 3. Even with an amplitude ratioA ) A12/A11 (eq 7) of 516
at 25°C (Figure 5b), the contributionτ1/(τ1 + Aτ2) of τ1 to the
total integrated LE fluorescence intensityΦ(LE) still equals
0.642, due to the large difference betweenτ2 and τ1 (τ1/τ2 )

Figure 7. LE fluorescence decays of 4-(dimethylamino)benzonitrile
(DMABN) in acetonitrile (MeCN) at three temperatures, obtained from
the simultaneous analysis described in the text; see Figure 8. Excitation
wavelength: 276 nm. Emission wavelength: 350 nm. Time resolu-
tion: 0.5 ps/channel with a time window of 1400 channels (500 shown).
See caption of Figure 4.

1/τ2 ) ka + 1/τ0 -
kakdτ0

1 + kaτ0 - τ0/τ1
(8a)

ka ) ka
0 exp(-Ea/RT) (16)

kd ) kd
0 exp(-Ed/RT) (17)

kf(LE) ) kf(0)n2 (18)
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925, Figure 7b). This means that 64% of the LE decay
is associated withτ1 and that thereforeA (≈ka/kd) and hence
kd is firmly established experimentally. Note in this con-
nection that the double-exponential character of the LE fluo-
rescence decay (eq 5) is caused by the ICT back reactionkd.

Similarly, the radiative rate constantsk′f(ICT) andkf(LE) as
well as their temperature dependence are now available from
the simultaneous fitting. It is seen from Figure 10 thatk′f(ICT),
kf(LE), and hencek′f(ICT)/kf(LE) do depend on temperature.
The temperature dependence ofkf(LE) is caused by the solvent

refractive index (eq 18), whereas fork′f(ICT) eq 18 apparently
does not hold, different from our initial assumption (Figure 3)
that the ratiok′f(ICT)/kf(LE) is temperature independent.

Influence of Temperature Dependence of Solvent Polarity
on ICT Activation Barrier. The solvation energy, calculated
via eq 19,90 of the ICT state of DMABN in MeCN (µe(ICT) )
17 D),10 changes by 2.24 kJ/mol between+75 and-45 °C,
whereas that of the LE state changes by 0.87 kJ/mol, a difference
of 1.37 kJ/mol. In this calculation, the following data are used:
µe(LE) ) 10.6 D,µe(ICT) ) 17 D, andF ) 4.20 Å.10

whereN is the Avogadro number,µ is the dipole moment,F is
the Onsager radius, andε is the dielectric constant.

When the transition state for the LEf ICT reaction has the
character of the final ICT state (late transition state),51 this means
that the effective activation barrierEa will become lower with
decreasing temperature, as the dipole momentµe(LE) of the LE
state (10.6 D) is smaller thanµe(ICT).10 A similar behavior has
been found previously.47-49 The value of 5 kJ/mol determined
here (Figure 9b) should hence be considered as a mean value
of Ea over the temperature range between+75 and-45 °C;
i.e., when taking the uncertainties in the experiments and in
the solvation energy calculations into account,Ea decreases from
6 to 4 kJ/mol between+75 and-45 °C.91,92

Transient Absorption Spectra of DMABN and ABN in
n-Hexane and Acetonitrile. The first transient absorption
spectrum of DMABN in MeCN was published by Okada et al.93

These authors probed the range 315-480 nm at a pump-probe
delay time of 100 ps. The transient spectrum consists of a main
maximum at 325 nm and a smaller one at around 400 nm. At
the delay of 100 ps, it is the spectrum of the ICT state. Parker
et al. measured a similar spectrum (380-600 nm) at a delay
time of 50 ps, with a maximum at 420 nm.94 In n-hexane (no
ICT, see above) at 2 ps, the transient absorption spectrum (440-
740 nm) of the LE state of DMABN has maxima at 460, 525,
and 710 nm, and largely the same LE spectrum was obtained
at a 3 psdelay in ethanol.85 The LE transient spectrum of
4-aminobenzonitrile (ABN), in MeCN as well as inn-hexane,
is comparable in shape to that for the LE state of DMABN in
the last solvent.7

To expand the time range of our investigation of the ICT
reaction with DMABN in MeCN down to 100 fs, femtosecond
transient absorption measurements were performed at room
temperature (∼22 °C). For comparison, such experiments were
also carried out with DMABN inn-hexane, and also with ABN
in MeCN andn-hexane. The transient absorption spectra of ABN
in n-hexane and MeCN and of DMABN inn-hexane are treated

Figure 8. Plot of the final fluorescence decay timeτ2 (eq 8a) for
4-(dimethylamino)benzonitrile (DMABN) in acetonitrile (MeCN) as a
function of temperature, together withτ1 andτ0. These data come from
the simultaneous analysis of the LE fluorescence decays,τ1, τ0, Φ(LE),
andΦ′(ICT); see text. The decay timesτ0 are the fluorescence lifetimes
of the model compound 4-(methylamino)benzonitrile (MABN). In this
procedure, the effect of photoproduct formation onA is removed; see
Figure 5b. The lines through the points are calculated from the final
results forka, kd, τ0(LE), andτ′0(ICT) (eqs 2, 3, 8, and 14).

Figure 9. (a) Fit of the Stevens-Ban plot (see eq 1 and Figure 3)
obtained by using the final results forka, kd, τ′0(ICT), k′f(ICT), andkf-
(LE). (b) Arrhenius plot of the final rate constantski (ka, kd, and
1/τ′0(ICT), in 109 s-1) (see Scheme 1) of 4-(dimethylamino)benzoni-
trile (DMABN) in acetonitrile (MeCN). The data were obtained from
a simultaneous analysis of fluorescence decays and photostationary
experiments; see text, Table 4 and Figures 2b and 8.

Figure 10. Radiative rate constantskf(LE) andk′f(ICT) for DMABN
in acetonitrile (MeCN) as a function of temperature.

∆Gsolv ) -Nµ2(ε - 1)/F3(2ε + 1) (19)
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first, as in these systems an ICT state is absent (ABN) or
kinetically insignificant (DMABN) and the spectra therefore are
from the LE state.4,30,32,83,84In this manner, the LE and the ICT
components of the overall transient absorption spectrum of
DMABN in MeCN can be identified.

Decomposition of the Transient Spectra.Transient absorp-
tion spectra generally consist of contributions from ground state
bleaching (BL), excited state absorption (ESA) and stimulated
emission (SE). When a two-state kinetics is involved, such as
in Scheme 1, each of the two excited states (LE and ICT) have
their ESA and SE bands. For the decomposition of the overall
transient spectra, it is assumed that the BL contribution is
essentially independent of time at magic angle excitation. The
spectral shape of the BL band is taken from the ground state
absorption spectrum. Similarly, the photostationary LE and ICT
fluorescence spectra (Figure 1) are converted into the corre-
sponding SE bands. The relative contribution of the BL and
the SE(LE) band at time zero and the SE(ICT) band at time
infinity can be defined from the ratio of the absolute values for
their cross sections (Table 4). The BL scaling is then adjusted
in such a way that the remaining ESA spectrum is smooth and
positive over the entire probe range. The ESA spectra in Figures
11-15 then result from subtraction of the BL and the SE bands
from the overall transient absorption spectra at each time.

Transient Absorption Spectra of ABN in Acetonitrile
(260-680 nm).The transient absorption spectrum of ABN in
MeCN (λexc ) 290 nm) between 260 and 680 nm is depicted
in Figure 11a, together with the bleach band and the stimulated
emission spectrum SE(LE) of the LE state. By the decomposi-
tion procedure outlined in the previous section, the ESA
spectrum is obtained (Figure 11b), for pump-probe delay times

between 0.5 and 68 ps. The LE spectrum has maxima at 295,
320, 445-465, and above 650 nm (see Table 5). The band
integral BI(268-283) over the bleach band between 268 and
283 nm decays with a timeτR of 7.8 ps (insert in Figure 11a,
not at magic angle), the rotational reorientation time of ABN
in MeCN (Table 5). There is no indication for an ICT reaction
for ABN in MeCN over the time range investigated.

Transient Absorption Spectra of DMABN in n-Hexane
(260-680 nm). The transient absorption spectra of DMABN
in n-hexane (λexc ) 290 nm) in Figure 12 show the spectral
evolution over the time range 0.5-68 ps. The ESA spectrum
of the LE state has maxima at 300, 340, 450, 535, and above
660 nm (Table 5). As with ABN in MeCN (Figure 11), there is
no indication for the occurrence ICT, although the process takes
place to a small extent as concluded from the appearance of a
weak ICT band in the fluorescence spectrum of DMABN in
n-hexane.32,85Instead, the observed spectral changes are uniform
in amplitude across the observation range. As pump and probe
polarizations were parallel for the measurements, this amplitude
decay can be assigned to rotational diffusion of DMABN. The
band integral between the wavelengthsR andω is defined as
BI(R - ω) ) ∫R

ω∆OD(λ)λ-1 dλ. From the decay of the band
integral BI(270-295) for the bleached ground state absorption
between 270 and 295 nm (see insert in Figure 12a), a rotational
diffusion timeτR of 7.4 ps is obtained.

Transient Absorption Spectra of DMABN in Acetonitrile
(260-680 nm).Transient absorption spectra (λexc ) 290 nm)
of DMABN in MeCN are displayed in Figure 13a, for pump-
probe delays times from 0.2 to 64 ps. The band with a negative

Figure 11. (a) Transient absorption spectra (260-680 nm) of
4-aminobenzonitrile (ABN) in acetonitrile (MeCN) for pump-probe
delay times between 0.5 and 68 ps. Pump wavelength wasλexc ) 290
nm and the probe was parallel polarized. The bleach band and the
stimulated LE emission SE(LE) are also shown. (b) Time development
of the excited state absorption (ESA) and SE(LE) spectra. The decay
of the band integral BI(268-283) over the bleach band between 268
and 283 nm, inset in (a), comes from rotational diffusion with a time
constantτR ) 7.8 ps. The spectral evolution of the various bands is
indicated with an arrow. As an ICT reaction does not occur, (b) is the
ESA spectrum of the LE state. m∆OD is the change in optical density/
1000.

Figure 12. (a) Transient absorption spectra (260-680 nm) of
4-(dimethylamino)benzonitrile (DMABN) inn-hexane, for pump-probe
delay times between 0.5 and 68 ps. The pump wavelength wasλexc )
290 nm and the probe was parallel polarized. The bands for bleach
and stimulated LE emission SE(LE) are also shown. (b) Time
development of the excited state absorption (ESA) and SE(LE) spectra.
The band integral BI(270-295) over the bleach band between 270 and
295 nm decays with a time constantτR ) 7.4 ps, inset (Table 5), caused
by rotational diffusion of DMABN. A weak signal evolution in other
spectral regions, BI(300-350) and BI(450-600), with a similar decay
time is likewise assigned to rotational diffusion. The spectral evolution
of the various bands is indicated with an arrow. As an ICT reaction
does not occur with DMABN inn-hexane, the ESA spectrum in (b) is
that of the LE state. m∆OD is the change in optical density/1000.
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peak around 290 nm corresponds to bleaching (BL) of the
ground state. With increasing time, the signal decays in the long-
wavelength (435-680 nm) part of the spectrum and shows a
corresponding growing-in over the short-wavelength 310-370
nm range, with an isosbestic point at 430 nm.

After subtraction of the BL and SE contributions, the ESA
spectra are obtained (Figure 13b). The ESA spectrum at the
shortest delay time (0.2 ps), has maxima at 320 and 355, around
440, and above 680 nm. It may be assigned to the LE state
because the LEf ICT reaction takes place with a decay time
τ2 of 4.1 ps (Figure 7, Table 4). This LE spectrum is similar to
that of ABN in MeCN (Figure 11) and DMABN inn-hexane
(Figure 12). Next let us discuss the evolution of the excited
state absorption. A growing-in of the ICT band is observed at
320 nm, whereas a decay of the LE state is seen at 360 and
between 450 and 680 nm. All these changes occur with a
characteristic time constantτ2 of around 4 ps. The ESA spectrum
at 64 ps delay represents the ICT state, with maxima at 320
and around 430 nm, because at this time the decay of the LE
state is essentially complete (τ2 ) 4 ps, Tables 2, 4, and 5).
The typical ESA(ICT) peaks at 320 and 430 nm are absent with
DMABN in n-hexane (Figure 11), indicating that ICT formation
does not occur in this system at any delay time. In the range
300-400 nm the LE and ICT bands strongly overlap. A detailed
time development of the SE(LE) spectrum is presented in Figure
S5 in Supporting Information.

Transient Absorption Spectra (320-1040 nm) at 290 nm.
In addition to the 260-680 nm spectra presented in the previous
sections, transient absorption spectra were also measured over
a wavelength range extended to the red, from 320 to 1040 nm;
see Figures 14 and 15.

LE Spectra of DMABN in n-Hexane.The ESA spectra of the
LE state of DMABN in n-hexane at 290 nm excitation are
shown in Figure 14a,b, with the main peaks at around 460 (525)
and 750 nm (Table 5). Over the common spectral range (380-
680 nm), these spectra are similar to those displayed in Figure
11 (λexc ) 290 nm).

In the ESA spectrum obtained at 290 nm excitation (Figure
14a), the increase of BI(730-770) is relatively small, with a
rise time of 6.9 ps; see Figure 14b. The band integral BI(600-
1000) over the entire spectral range at both sides of the 750 nm
LE absorption peak essentially does not depend on time (Figure
14b). It was reported in ref 85 that the intensity in the transient
absorption spectrum (440-740 nm) of DMABN in n-hexane
increases between 2 and 50 ps after 267 nm excitation, which
growth was attributed to a reverse ICTf LE reaction from an
endothermic ICT state, formed directly from the S2 state,
bypassing the equilibrated LE state.8,85 Upon excitation of
DMABN in n-hexane at 266 nm, a similar increase is found.
We interpret this phenomenon in terms of solvent cooling of
the excess excitation energy at our 290 nm as compared with
the 267 nm in ref 85, and not by a reverse ICTf LE reaction.8,85

In support of our interpretation, note that in the ESA spectra of

Figure 13. (a) Transient absorption spectra (260-680 nm) of
4-(dimethylamino)benzonitrile (DMABN) in acetonitrile (MeCN) for
pump-probe delay times between 0.2 and 64 ps atλexc ) 290 nm.
The bleach band and the stimulated emission spectra SE(LE) and
SE(ICT) are also displayed. (b) Time development of the excited state
absorption (ESA) spectra. The anisotropyr (275-375 nm) decays with
a time constantτR ) 7.4 ps, inset (Table 5), caused by rotational
diffusion of DMABN. The rise of the ICT absorption band (320 nm)
and the decay of the LE band (355 and above 625 nm) is indicated
with an arrow. This time evolution is due to the ICT reaction. The
spectrum at a delay of 0.2 ps is effectively that of the LE state. At
larger delays, the ESA spectrum develops into that of the ICT state at
a delay of 64 ps. m∆OD is the change in optical density/1000.

Figure 14. Excited state absorption (ESA) spectra (320-1040 nm) of
4-(dimethylamino)benzonitrile (DMABN) inn-hexane at 290 nm
excitation, for six pump-probe delay times between 0.2 and 119 ps.
In (b), the time development of the band integrals BI(730-770) between
730 and 770 nm (open circles) and BI(600-1000) between 600 and
1000 nm (full circles) is shown. The BI(730-770) grows in with a
time τC of 6.9 ps. The BI(600-1000) is hardly time dependent. m∆OD
is the change in optical density/1000.
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DMABN in n-hexane at early times down to 0.2 ps after 290
nm excitation (Figure 14), there is no indication of an ICT
absorption band (maximum at 425 nm, see Figures 13 and 15).
In the 260-680 nm ESA spectrum of DMABN inn-hexane in
Figure 12, in contrast, a decay of the LE bands at 450 and 500-
680 nm (0.5-68 ps) is observed. This difference is due to the
fact that these spectra were not measured at magic angle.

LE and ICT Absorption of DMABN in Acetonitrile.The
transient absorption and the ESA spectra of DMABN in MeCN
with λexc ) 290 nm are displayed in Figure 15a,b, with delay
times from 0.2 to 16 ps. The main feature of the ESA spectra
is the decay of the LE band: around 700 nm. Also note the
rise of the ICT peak at 400 nm in Figure 15a (see Figure 13).
The spectrum at 16 ps delay in Figure 15b is that of the ICT
state, similar to the one at 64 ps in Figure 13 with peaks at 425
and around 320 nm. The ESA spectrum at the shortest delay
time of 0.2 ps, with maxima at 355, around 440 and 680 nm
and essentially that of the LE state, is practically the same as
that in Figure 13 at 0.2 ps (see Table 5).

The LE band integral BI(570-970) decays with a single time
τ2 of 4.07 ps; see Figure 15c. This time is assigned to the LE
f ICT reaction, for which a corresponding timeτ2 of 4.1 ps
was obtained for DMABN in MeCN at 25°C (Table 4 and
Figure 7).

The blue shift of the maximum around 710 nm in the
LE(ESA) spectrum of DMABN in MeCN for delay times up
to 4 ps (see Figure S6 in Supporting Information, taken from
Figure 15b) can be fitted as the sum of a Gaussian and an
exponential,98b with the following times ω-1 and τ2 and
amplitudesai: ω-1 ) 110 fs andτ2 ) 550 fs, with relative
contributions of 0.54 and 0.46 (Figure 15c). These times and
relative amplitudes are similar to those observed for the
dielectric relaxation of MeCN determined with coumarine 153
as the probe molecule:95 89 fs (0.69) and 630 fs (0.31) from ref
95a and 68 fs (0.70) and 600 fs (0.30) from ref 95b. It is hence
concluded thatω-1 andτ2 are the relaxation times of the solvent
MeCN.

It has recently been observed for a series of 2,3,5,6-
tetrafluoroaminobenzonitriles that the ICT reaction in MeCN
is governed by the dielectric solvent relaxation, with a main
reaction time of around 90 fs,96 comparable to the major solvent
relaxation times95 of 89 or 68 fs. The occurrence of large
amplitude motions, such as a full 90° twist of a dimethylamino
group, is rather unlikely under such conditions. The same
conclusion is made here for DMABN in MeCN, based on the
development of the ICT peak at 320 nm in the ESA spectrum
(Figure 13b), which has reached its final spectral position already
at 0.2 ps after excitation.

In summary, intramolecular charge transfer in photoexcited
DMABN is measured down to 200 fs at nanometer spectral
resolution. The photometric signal/noise ratio allows us to
distinguish small fractions (5%) of the population in the excited
state. Single-exponential behavior is observed in the early time
window <70 ps. The characteristic time constant of 4.1 ps is
in excellent agreement with the picosecond SPC results. The
transient absorption spectra were quantitatively decomposed into
the SE and ESA contributions, both for the LE and for the ICT
state. This decomposition should help in quantifying intramo-
lecular charge transfer when, for example, the excess excitation
energy is varied.

LE and ICT Absorption Spectra. DMABN in n-Hexane
(LE) and Acetonitrile (LE and ICT) and ABN in Acetonitrile
(LE). The excited state absorption spectra of DMABN in
n-hexane and MeCN as well as of ABN in MeCN are displayed
in Figures 16 and 17. These spectra (260-1040 nm) are
constructed from the spectra at the two overlapping spectral
ranges, 260-680 and 360-1040 nm in Figures 12-15 for
DMABN and in Figures 11 and S7 for ABN.

The ESA spectra of (a) DMABN inn-hexane and of (b) ABN
in MeCN, shown at pump-probe delay times of 0.4 and 1.0 ps
in Figure 16a,b, are both for the LE state (maxima in Table 5).

The ESA spectrum of DMABN in MeCN is depicted for two
pump-probe delay times in Figure 17: the spectrum at a delay
time of 0.2 ps (a) is that of the LE state and the spectrum at a
delay time of 68 ps (b) is that of the ICT state (maxima in Table
5). The LE spectrum of DMABN in MeCN is similar to that in
n-hexane (Figure 16a). The difference around 300 nm may be
due to the presence of overlapping bleach, LE and ICT bands
over this range (Figures 13 and 15).

The LE and ICT ESA spectra in Figures 16 and 17 are in
good agreement with those reported in the literature over more
limited spectral ranges: DMABN (310-740 nm) and ABN
(430-720 nm);7,85,93,94see Table 5.

Figure 15. (a) Transient absorption spectra (320-1040 nm) of
4-(dimethylamino)benzonitrile (DMABN) in acetonitrile (MeCN) for
seven pump-probe delay times between 0.2 and 16 ps atλexc ) 290
nm. (b) Time development of the excited state absorption (ESA) spectra
and the stimulated emission (SE) spectra of the LE and ICT states. (c)
Decay of the band integral BI(570-970) over the LE band between
570 and 970 nm. The decay can be fitted with a single time: 4.07 ps.
This time is for the LEf ICT reaction. Inset: shift of the maximum
ν̃max of the LE(ESA) band around 700 nm, fitted with the expression
ν̃max (t) ) ν̃max (∞) + a1 exp(-1/2ω2t2) + a2 exp(-t/τs), in which ω-1

andτs are the solvation times. The results area1 ) -480 cm-1 (0.54),
a2 ) -410 cm-1 (0.46), andν̃max (∞) ) 14 450 cm-1, with the relative
contributions in parentheses. m∆OD is the change in optical density/
1000.
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Conclusion

The ICT reaction of DMABN in MeCN was studied as a
function of temperature, by measuring fluorescence spectra and
quantum yields together with picosecond fluorescence decays
over the range between-45 and+75 °C. From these experi-
ments, the kinetic and thermodynamic reaction parameters can
be determined. Formation of the photoproduct MABN, however,
makes a sufficiently precise measurement of the ICTf LE back
reaction from the LE fluorescence decay impossible, as the LE
fluorescence is strongly quenched for DMABN in MeCN and
is hence affected by small amounts of photoproduct. Therefore,
a simultaneous analysis of the LE fluorescence decays, the LE
and ICT fluorescence quantum yields, the data for the longest
decay timeτ1 and the lifetimeτ0 of the model compound MABN

was undertaken. This analysis was carried out with the following
constraints: the Arrhenius expression holds for the forward and
backward ICT rate constantska and kd and the temperature
dependence of the LE radiative rate constantkf only depends
on n2. In this manner, the detrimental effect of photoproduct
formation could be overcome. Fromka andkd so obtained as a
function of temperature, their activation energiesEa (5.0 kJ/
mol) andEd (32.0 kJ/mol) and preexponential factorska

0 (1.8
× 1012 s-1) andkd

0 (190× 1012 s-1) were determined, giving
the ∆H (-27.0 kJ/mol) and ∆S [-38
J/(mol K)] for the ICT reaction. The activation barrierEa of 5
kJ/mol means that the ICT process of DMABN in MeCN is
not a barrierless reaction. As the dielectric constant of MeCN
changes with temperature, the barrierEa also will depend on
temperature, approximately decreasing from 6 to 4 kJ/mol
between+75 and-45 °C. When the photoproduct is neglected,
in particular the data involvingkd are affected, with the following
not optimal results:Ed (23 kJ/mol),∆H (-18 kJ/mol), and∆S

TABLE 5: Excited State Absorption (ESA) Maxima, Rotational Relaxation TimesτR, ICT Decay Times τ2, Solvent Cooling
Times τC and Solvent Relaxation Timesω-1 and τS for 4-Aminobenzonitrile (ABN) and 4-(Dimethylamino)benzonitrile
(DMABN) in Acetonitrile (MeCN) and n-Hexane

ESA maxima (nm) decay timesτR andτ2(ICT), (λexc) (ps)

MeCN n-hexane MeCN n-hexane

ABN 298, 320, 445-472, 685
(LE), Figure 16b

465, 660-720
(LE), Figure S7c

7.8 (τR)a

450-475 (ref 7)b 480 (ref 7)b

DMABN 320, 355, 440, 710
(LE), Figure 17a

300, 320, 445, 470,
745 (LE) Figure 16a

7.4 (τR)c

4.07 (τ2, 290 nm)d
7.4 (τR)a

6.9 ps (τC) (290 nm)e

315, 425, (490), 970
(ICT), Figure 17b

0.11 (ω-1)f

0.55 (τS)f

420 (ICT) (ref 94),g

325, 400 (ICT) (ref 93)i
460, 525, 710 (LE)

(refs 7, 85)h

a Rotational relaxation time measured over the bleach band between 270 and 295 nm in the transient spectra (see Figure 11).b Spectral range:
430-720 nm.c From anisotropy decay in the bleach band (275-305 nm).d Decay of the LE(ESA) band; see Figure 15c.e The timeτC is attributed
to solvent cooling; see text (Figure 14c).f See Figure 15c.g Spectral range: 380-600 nm.h Spectral range: 440-740 nm (ref 85).i Spectral range:
310-480 nm.

Figure 16. Excited state absorption (ESA) spectra (260-1040 nm) of
(a) 4-(dimethylamino)benzonitrile (DMABN) inn-hexane and (b)
4-aminobenzonitrile (ABN) in acetonitrile (MeCN) at 290 nm excitation
for two pump-probe delay times. The spectra are for the LE state of
DMABN and ABN. See text, Figures 12 and 15 for DMABN and
Figures 11 and S7 for ABN. m∆OD is the change in optical density/
1000.

Figure 17. Excited state absorption (ESA) spectra (260-1040 nm) of
4-(dimethylamino)benzonitrile (DMABN) in acetonitrile (MeCN) at 290
nm excitation for two pump-probe delay times: (a) the spectrum at a
delay time of 0.2 ps for the LE state and (b) that at a delay time of 68
ps for the ICT state. See text and Figures 13 and 15. m∆OD is the
change in optical density/1000.
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[-15 J/(mol K)]. It is also found that the ratio of the ICT and
LE radiative ratesk′f(ICT)/kf(LE) as well as the ICT lifetime
τ′0(ICT) depend on temperature.

Femtosecond transient absorption, ESA, and SE spectra of
DMABN and ABN in n-hexane and MeCN were measured over
the range 260 to 1040 nm, with pump-probe delay times
between 0.2 and 119 ps, at an excitation wavelength of 290
nm. For DMABN inn-hexane as well as for ABN inn-hexane,
the ESA spectrum is that of the LE state, without, in the case
of DMABN, any indication of the presence of an ICT state.
The bleach spectra show a decay with a timeτR of 7.4 ps for
DMABN and 7.8 ps for ABN, attributed to rotational diffusion
of the aminobenzonitriles. For DMABN inn-hexane at 267 nm
excitation, an increase with time in signal intensity has been
observed in the literature for the LE(ESA) spectrum. This
increase is considerably smaller at our 290 nm excitation. We
therefore attribute this former rise in signal intensity to relaxation
of the excess excitation energy by solvent cooling, contrary to
an interpretation in the literature that the phenomenon is due to
a reverse ICTf LE reaction from an endothermic ICT state
formed directly from the S2 state, bypassing the equilibrated
LE state. In support of our explanation, note that an indication
of the presence of the ICT state is not found in our subpico-
second ESA spectra of DMABN inn-hexane. For DMABN in
MeCN, the ESA spectrum strongly changes with time, due to
the ICT reaction. At a delay time of 0.2 ps, the spectrum is
essentially that of the LE state, with maxima at 320-360, 450,
and 710 nm. This spectrum changes with a time constant of
4.07 ps (λexc ) 290 nm) into that of the ICT state, with a main
maximum at 320 nm and a smaller peak at 430 nm. From the
picosecond LE and ICT fluorescence decays the same timeτ2

of 4.1 ps is obtained. The sharp ICT(ESA) peak at 320 nm does
not change its spectral position after a pump-probe delay time
of 0.2 ps, which indicates that large amplitude motions do not
take place after this time.
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