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The intramolecular charge transfer (ICT) reaction of 1-tert-butyl-6-cyano-1,2,3,4-tetrahydroquinoline (NTC6)
in n-hexane and acetonitrile (MeCN) is investigated by picosecond fluorescence experiments as a function of
temperature and by femtosecond transient absorption measurements at room temperature. NTC6 inn-hexane
is dual fluorescent from a locally excited (LE) and an ICT state, with a quantum yield ratioΦ′(ICT)/Φ(LE)
of 0.35 at+25 °C and 0.67 at-95 °C, whereas in MeCN mainly an ICT emission is observed. From the
temperature dependence ofΦ′(ICT)/Φ(LE) for NTC6 in n-hexane, an LE/ICT enthalpy difference∆H of
-2.4 kJ/mol is determined. For comparison, 1-isopropyl-6-cyano-1,2,3,4-tetrahydroquinoline (NIC6) is also
investigated. This molecule does not undergo an ICT reaction, because of its larger energy gap∆E(S1,S2).
From the molar absorption coefficientεmax of NTC6 as compared with other aminobenzonitriles, a ground-
state amino twist angleθ of ∼22° is deduced. The increase ofεmax betweenn-hexane and MeCN indicates
thatθ decreases when the solvent polarity becomes larger. Whereas single-exponential LE fluorescence decays
are obtained for NIC6 inn-hexane and MeCN, the LE and ICT decays of NTC6 in these solvents are double
exponential. For NTC6 inn-hexane at-95 °C, with a shortest decay time of 20 ps, the forward (ka ) 2.5×
1010 s-1) and backward (kd ) 2.7 × 1010 s-1) rate constants for the LET ICT reaction are determined from
the time-resolved LE and ICT fluorescence spectra. For NTC6 inn-hexane and MeCN, the excited-state
absorption (ESA) spectrum at 200 fs after excitation is similar to the LE(ESA) spectra of NIC6 and
4-(dimethylamino)benzonitrile (DMABN), showing that LE is the initially excited state for NTC6. These
results indicate that the LE states of NTC6, NIC6, and DMABN have a comparable molecular structure. The
ICT(ESA) spectrum of NTC6 inn-hexane and MeCN resembles that of DMABN in MeCN, likewise indicating
a similar ICT structure for NTC6 and DMABN. From the decay of the LE absorption and the corresponding
growing-in for the ICT state of NTC6, it is concluded that the ICT state originates from the LE precursor and
is not formed by direct excitation from S0, nor via an S2/ICT conical intersection. The same conclusion was
made from the time-resolved (picosecond) fluorescence spectra, where there is no ICT emission at time zero.
The decay of the LE(ESA) band of NTC6 inn-hexane occurs with a shortest timeτ2 of 2.2 ps. The ICT
reaction is much faster (τ2 ) 0.82 ps) in the strongly polar MeCN. The absence of excitation wavelength
dependence (290 and 266 nm) for the ESA spectra in MeCN also shows that LE is the ICT precursor. With
NIC6 in n-hexane and MeCN, a decay or growing-in of the femtosecond ESA spectra is not observed, in line
with the absence of an ICT reaction involving an S2/ICT conical intersection.

Introduction

Rigidized aminobenzonitriles such as 1-methyl-6-cyano-
1,2,3,4-tetrahydroquinoline (NMC6),1,2 1-ethyl-6-cyano-1,2,3,4-
tetrahydroquinoline (NEC6),3 and 1-isopropyl-6-cyano-1,2,3,4-
tetrahydroquinoline (NIC6)3 have played an important role in
the investigation of the intramolecular charge transfer (ICT)
taking place with electron donor(D)/acceptor(A) benzenes,
among which 4-(dimethylamino)benzonitrile (DMABN) is the
central representative. The absence of ICT and dual fluorescence
with NMC61-3 and, in particular, with the planarized molecules
1-methyl-5-cyanoindoline (NMC5),2,4,51-ethyl-5-cyanoindoline

(NEC5),3,6 and 1-ispropyl-5-cyanoindoline (NIC5),3 has been
seen4-7 as the most important experimental support for the
twisted intramolecular charge transfer (TICT) model. With
1-tert-butyl-6-cyano-1,2,3,4-tetrahydroquinoline (NTC6), how-
ever, fast and efficient ICT has been observed in a large series
of solvents, from the nonpolar alkanes to the polar acetonitrile
and methanol.3 The dipole momentµe(ICT) of the ICT state of
NTC6 (19 D), determined from its solvatochromic shift relative
to that of DMABN or 4-(diisopropylamino)benzonitrile
(DIABN), was found to be larger than that of DMABN (17 D)
and DIABN (17 D).3 For the locally excited (LE) state of NMC6
and NIC6 a considerably smaller dipole momentµe(LE) of
around 11 D was determined. Theµe(LE) of NTC6 could not
be obtained directly from a solvatochromic plot as the fluores-
cence bands of the LE and ICT states of NTC6 strongly overlap.3

It was concluded from NTC63 and likewise from fluorazene,8
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that for ICT with aminobenzonitriles and related molecules a
full 90° amino twist (TICT) and hence a complete electronic
decoupling of the amino (D) and benzonitrile (A) moieties is
not required. It has further been assumed that the ICT state
cannot be populated by direct absorption from S0 but is formed
from the equilibrated lowest excited singlet state S1(LE) as the
precursor.2,3

Recently, theoretical studies on the energies of the LE and
ICT states of NTC6 and NMC6 have appeared.9-11 These three
calculations all attribute the appearance of ICT emission with
NTC6 in n-hexane and its absence with NMC6 and DMABN
in this solvent to the relatively small energy gap∆E(S1,S2)
between the two lowest excited singlet states of the former
molecule. This finding supports our conclusion on the essential
importance of ∆E(S1,S2) for ICT in aminobenzonitriles.3,8

Different from our opinion,3 however, it is found in refs 10
and 11 that the molecular structure of the ICT state of NTC6
has a substantially twisted amino group, with a computed twist
angleθ of 69 or 65°, as compared with 35 or 39° for LE and
35 or 28° for S0. This ICT state was therefore termed TICT, in
contrast to a planar intramolecular charge transfer (PICT)3,8 state.
It is of interest to note that in refs 10 and 11 the suggestion is
made that the ICT state of NTC6, as well as that of DMABN,
can be populated by direct absorption from the ground state to
a Franck-Condon S2 state, via a conical intersection of the S2

and ICT potential energy surfaces.
In discussing the TICT/PICT issue, it is important to recall

that TICT stands for a full (perpendicular) amino twist and a
complete electronic decoupling of the D and A subgroups. The
opposite PICT concept would possibly not have been intro-

duced12 when TICT would have been less demanding. It
certainly does not intend to claim that the ICT amino twist angle
should be zero degrees. Therefore, adapting TICT to make it
also applicable to smaller twist angles than perpendicular, for
which the D/A-electronic coupling may be substantial, is not
in line with the original concept.13 It is hence advisable to
emphasize the extent of electronic D/A coupling in an ICT state,
rather than the extremes of the amino twist angle.

In the present paper, absorption and fluorescence spectra of
NTC6 and NIC6 inn-hexane and MeCN as a function of
temperature are reported. From the analysis of the LE and ICT
fluorescence quantum yields inn-hexane, the∆H of the ICT
reaction is determined. Molar absorption coefficients are
measured to determine the amino twist angle in solution.
Picosecond fluorescence decays of NTC6 inn-hexane and
MeCN at several temperatures are discussed, together with
femtosecond transient absorption spectra of NTC6 at room
temperature in these solvents. Similar experiments are carried
out with NIC6,3 a NTC6 derivative for which an ICT reaction
does not take place.

Experimental Section

The synthesis of NTC6 (mp 130.8-131.0°C) and NIC6 has
been described previously.3 HPLC was the last purification step.
The solventn-hexane (Merck, Uvasol) was used as received,
whereas acetonitrile (MeCN, Merck, Uvasol) was chromato-
graphed over Al2O3. 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. The measurement of the absorption and fluorescence
spectra and the fluorescence quantum yields was described
earlier.14 The fluorescence quantum yieldΦf was corrected for
the temperature dependence of the optical density of the solution
by measuring the absorption spectrum of NTC6 and NIC6 as a
function of temperature. In the determination of the temperature
dependence ofΦf, the change in optical density with temperature
and its nonlinear effect on the fluorescence intensity were

CHART 1

Figure 1. Absorption and LE fluorescence spectra of 1-isopropyl-6-cyano-1,2,3,4-tetrahydroquinoline (NIC6) inn-hexane at (a)+25 °C and (b)
-95 °C and in acetonitrile (MeCN) at (c)+25 and (d)-45 °C.
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accounted for by using absorption spectra measured over the
relevant temperature range.

The fluorescence decay times were obtained with a picosec-
ond laser (λexc: 276 nm) single-photon counting (SPC) sys-
tem,15,16 two time ranges being routinely measured simulta-
neously (0.5 and 10 ps/channel in up to 1800 effective channels).
The estimated reproducibility is better than 10% for the
picosecond decay times. The time-resolved fluorescence spectra
of NTC6 in n-hexane at-95 °C were separated into their LE
and ICT contributions by varying the amplitudes and spectral
shifts for the LE and ICT steady-state fluorescence spectra
measured at the same temperature. The femtosecond transient
absorption setup has been described in detail elsewhere.17,18

NTC6 and NIC6 inn-hexane or acetonitrile at room temperature
(22 °C) were excited with 1µJ, 70 fs pulses at 290 or 266 nm.
The pump-induced transient absorption signal was monitored
with a supercontinuum probe in the range 334-1072 nm.14

Results and Discussion

Absorption and Fluorescence Spectra of NIC6. In
n-Hexane at+25 and-95°C. The absorption and fluorescence
spectra of NIC6 inn-hexane at+25 and-95 °C are shown in
Figure 1a,b. The absorption spectrum at 25°C (Figure 1a)
consists of a main band attributed to S2, with a maximum
ν̃max(abs) at 34460 cm-1, and a much weaker structured band
on the leading edge of the absorption spectrum (at 30840 cm-1,
shoulder), which corresponds to the S0 f S1 transition.3

At -95 °C, the structure of the S0 f S1 absorption is more
pronounced, with a lowest-energy maximum at around
30930 cm-1. The fluorescence spectrum of NIC6 inn-hexane
consists of a single LE emission with some vibrational structure,
at +25 as well as at-95 °C, with ν̃max(abs) at 28510 and
28450 cm-1 (Table 1).

In Acetonitrile at +25 and -45 °C. In the absorption
spectrum of NIC6 in MeCN at+25 and-45 °C with maxima
at 32600 and 32360 cm-1 (Figure 1c,d), the structured S1

absorption is no longer visible. It is covered by the broad band
of S2, due to the larger spectral shift (1860 cm-1 at 25°C) of
the latter as compared with that of S1 in this solvent, caused by
its stronger polar character.3,7-11,19 The fluorescence spectrum
of NIC6 in the polar solvent MeCN remains a single LE band
at both temperatures, i.e., intramolecular charge transfer (ICT)
does not take place with NIC6 in MeCN at+25 and-45 °C.3

Absorption and Fluorescence Spectra of NTC6.In
n-Hexane at+25 and-95°C. The absorption spectra of NTC6
in n-hexane at+25 and-95 °C in Figure 2 consist of a broad
band (ν̃max(abs) at 33390 and 32890 cm-1), without an indication
of a structured S1 absorption at its red edge, showing that the
energy gap∆E(S1,S2) of NTC6 is smaller than that of NIC6;
see Figure 1. At both temperatures, dual fluorescence is
observed. The separation of the total fluorescence spectra into
their LE and ICT components was carried out by making the
assumption that for NTC6 the shape of the LE emission band
is similar to that of NIC6, whereas the ICT emission band of
NTC6 is taken to be equal to that of DIABN, in both cases
measured inn-hexane at the same temperature.20 The ICT-to-
LE-fluorescence quantum yield ratioΦ′(ICT)/Φ(LE) increases
from 0.35 at+25 °C to 0.67 at-95 °C, indicating that-∆H

TABLE 1: Data Obtained from the Fluorescence and Absorption Spectra of NIC6 and NTC6 inn-Hexane and Acetonitrile
(MeCN)

NIC6 NTC6

solvent n-hexane MeCN n-hexane MeCN

T (°C) -95 25 -45 25 -95 25 -45 25
Φ(LE) 0.225 0.194 0.250 0.245 0.228 0.159 a a
Φ′(ICT) 0 0 0 0 0.153 0.056 0.564 0.597
Φ′(ICT)/Φ(LE) 0 0 0 0 0.67 0.35
Φ(ISC)b 0.31 0.31c

ν̃max(total,fl) [cm-1] 28450 28510 27050 27130 27870 28170 22600 23130
ν̃max(abs) [cm-1] 34430 34460 32360 32600 32890 33390 31910 32100
εmax[M -1 cm-1] 26320 25930 28270 26290 25820 22040 28460 25780
E(S1)fl [cm-1]d 30640 30790 29790 29890 30790 30860 28790 28880
σ(abs) [10-17 cm2]e 4.37 4.31 4.69 4.37 4.29 3.66 4.73 4.28
σ(em) [10-17 cm2] f 1.64 1.51 2.24 2.21 1.49 1.52
E(S1)cs [cm-1]g 30620 30760 29750 29840 30760 30820 28650 28760

a Total fluorescence spectrum consists mainly of ICT emission. The precise contribution of the LE emission cannot be established.b Measurements
as in ref 21.c The triplet yield of NTC6 in MeCN is reproduced, using 308 nm excitation and perylene (ref 21).d Crossing point of the fluorescence
and absorption spectra (Figures 2 and 5).e Absorption cross sectionσ(abs) (Figure S1 in Supporting Information).f Emission cross sectionσ(em)
(Figure S1).g Crossing point of the emission and absorption cross section spectra (Figure S1).

Figure 2. Absorption and fluorescence spectra of 1-tert-butyl-6-cyano-
1,2,3,4-tetrahydroquinoline (NTC6) inn-hexane at (a)+25 °C and (b)
-95 °C. The overall fluorescence spectra are separated into the
contributions of the LE and ICT emissions; see text.
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for the ICT reaction with NTC6 inn-hexane is relatively small
(see below).

LE and ICT Fluorescence Quantum Yields of NTC6 in
n-Hexane as a Function of Temperature.The total fluores-
cence quantum yield of NTC6 inn-hexane was measured as a
function of temperature from+65 to-95 °C. From the overall
fluorescence spectra, the fluorescence quantum yieldsΦ′(ICT)
and Φ(LE) were determined (see Figure 3). It is seen that
Φ(LE) increases upon cooling, from 0.03 at 65°C to 0.16 at
-95 °C, whereasΦ′(ICT) changes from 0.10 to 0.23, with a
maximum of 0.24 at around-60 °C.

ICT Enthalpy Difference ∆H of NTC6 in n-Hexane.
The plot of the natural logarithm of the quantum yield ratio
Φ′(ICT)/Φ(LE) versus 1000/T for NTC6 in n-hexane (Figure
4) shows a linear increase, which means that the system is in
the high-temperature limit (HTL) over the entire temperature

range between 65 and-95 °C, with the conditionkd .
1/τ′0(ICT); see eqs 1 and 2.2,14Under these HTL conditions, the
slope of the plot is equal to-∆H/R, where∆H is the enthalpy
difference for the equilibrated LEf ICT reaction andR is the
gas constant, giving a value of-2.4 kJ/mol for∆H.

Under HTL-conditions (kd . 1/τ′0(ICT)), eq 1 simplifies to

In eqs 1 and 2 and Scheme 1,ka andkd are the rate constants
of the forward and backward ICT reaction,τ0(LE) andτ′0(ICT)
are the fluorescence lifetimes, whereaskf(LE) andk′f(ICT) are
the radiative rate constants.

In Acetonitrile at +25 and -45 °C. The maximum of the
broad absorption spectra of NTC6 in MeCN (Figure 5)
undergoes a red shift upon cooling, from 32100 cm-1 at +25
°C to 31910 cm-1 at -45 °C (Table 1), in accordance with the
identification of this band as an S0 f S2 transition.3 In the
absorption spectrum, the S1 transition is not visible due to the
overlapping S2 absorption, similar to what was observed with
NIC6 (Figure 1).

The fluorescence spectrum of NTC6 in MeCN at+25 and
-45 °C (Figure 5) consists of an ICT emission band, without
clear evidence for an LE fluorescence. Note, however, the empty

Figure 3. Plots of the total fluorescence quantum yieldΦ(LE +ICT)
and the separate quantum yieldsΦ′(ICT) andΦ(LE) of 1-tert-butyl-
6-cyano-1,2,3,4-tetrahydroquinoline (NTC6) inn-hexane as a function
of temperature.

Figure 4. Plot of ln(Φ′(ICT)/Φ(LE)) Versusthe reciprocal absolute
temperature for 1-tert-butyl-6-cyano-1,2,3,4-tetrahydroquinoline (NTC6)
in n-hexane over the temperature range from+65 to-95 °C. The slope
of the plot, equal to-∆H/R (eq 2), results in a value of-2.4 kJ/mol
for the LE f ICT enthalpy difference∆H; see text.

Figure 5. Absorption and fluorescence spectra of 1-tert-butyl-6-cyano-
1,2,3,4-tetrahydroquinoline (NTC6) in acetonitrile (MeCN) at (a)+25
°C and (b)-45 °C. The fluorescence spectrum consists of an ICT
emission, without clear evidence for an LE fluorescence. In the
absorption spectra the S1 band is not visible; see text and Figure 1.

SCHEME 1

Φ′(ICT)

Φ(LE)
)

k′f (ICT)

kf (LE)

ka

kd + 1/τ′0(ICT)
(1)

Φ′(ICT)

Φ(LE)
)

k′f(ICT)

kf(LE)

ka

kd
(2)
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spectral space between the absorption and emission spectra at
-45 °C, which is indicative of a short-lived LE emission, as
will be substantiated in a later section. The ICT emission
maximum ν̃max(ICT) shifts to the red from 23130 cm-1 at
+25 °C to 22600 cm-1 at -45 °C, due to its large dipole
moment of 19 D and the increase of the solvent polarity upon
cooling.14,19

Molar Absorption Coefficients and Amino Twist Angle
of NXC6 and NXC5 in S0. The decadic molar absorption
coefficientεmaxof the maximum of the lowest-energy absorption
band of NTC6 inn-hexane at 25°C (Figure 2a) is with 22085
M-1 cm-1 considerably lower than that of the three other
1-alkyl-6-cyano-1,2,3,4-tetrahydroquinolines NIC6, NEC6, and
NMC6 in this solvent, for whichεmax ranges between 26220
and 25410 M-1 cm-1 (Table 2).22 On the basis of the observation
that for 4-aminobenzonitriles the amino twist angleθ in the
ground state S0 determinesεmax according to the relation
εmax ∼ cos2 θ,23,24 an amino twist angle of 22.8° (NEC6) or
21.2° (NMC6) is derived for NTC6 inn-hexane, depending on
which molecule (NEC6 or NMC6) is taken to have a nontwisted
amino nitrogen. This result is in good agreement with the amino
twist angleθ ) 22.7° obtained from the X-ray structure analysis
for NTC6, to be discussed separately.25

Influence of Solvent Polarity on Molar Absorption Coef-
ficient of NTC6. In MeCN, somewhat surprisingly, the differ-
ence between theεmax of NTC6 and that of NIC6, NEC6, and
NMC6 is much smaller than inn-hexane (Table 3). From the
εmax of NTC6 (25800 M-1 cm-1) and NIC6 (26540 M-1 cm-1)
in MeCN, an approximate twist angleθ of 9.6° is calculated
for NTC6, viaεmax∼ cos2 θ and an assumed planar amino group
in NIC6; see previous section. When the solvent polarity
becomes larger, such as in the seriesn-hexane, di-n-butyl ether,
diethyl ether, tetrahydrofuran, MeCN (Table 3),εmax of NTC6
gradually increases. This result could indicate that the amino
twist angle of NTC6 is affected by interaction with the solvent,
the molecule becoming more planar with increasing solvent
polarity.

Single-Exponential Picosecond Fluorescence Decays of
NIC6 in n-Hexane and Acetonitrile.The fluorescence decays
if of NIC6 are single exponential over the entire temperature
ranges investigated (time resolution 2 ps/channel), from+65
to -95 °C in n-hexane and from+75 to -45 °C in MeCN.
The single-exponential character of these LE decays, also at
low temperatures (Figure 6) where conditions are usually
optimal for marginal systems with a small-∆H for the LEf

ICT reaction,2,14,27supports the absence of ICT fluorescence in
the emission spectra of NIC6 shown in Figure 1. The fluores-
cence lifetimeτ0(LE) of NIC6 in n-hexane ranges from 2.8 ns
at +65 °C to 3.1 ns at to-95 °C and in MeCN from 2.6 ns at
+75 °C to 2.7 ns at to-45 °C; see Figure 7 in the following
section.

LE Fluorescence Quantum Yield and Lifetime of NIC6
in n-Hexane and Acetonitrile as a Function of Temperature.
The temperature dependence of the fluorescence quantum yield
Φ(LE) of NIC6 in n-hexane and MeCN is plotted in Figure 7b.

TABLE 2: Decadic Molar Absorption Coefficients, Emax, Measured at the Maximum, λmax, of the Main Lowest-Energy
Absorption Band of Compounds NXC6, DMABN, and NXC5 in n-Hexane and Acetonitrile (MeCN) at 25°C (Figures 1, 2, and
5)

solvent (dielectric constant) NTC6 NIC6 NEC6 NMC6 DMABN NIC5 NEC5 NMC5

n-hexane (1.88) εmax [M -1 cm-1] 22085a 26220b 26005 25410 29370 23465 22000 21445
λmax [nm] 299.7 290.0 289.3 287.5 280.7 291.0 289.7 287.6

MeCN (36.7) εmax [M -1 cm-1] 25800c 26540d 25850 24980 27755e
λmax [nm] 311.8 306.9 306.2 304.0 292.1

a 3080 M-1 cm-1 at 266 nm.b 20110 M-1 cm-1 at 290 nm.c 1370 M-1 cm-1 at 266 nm.d 13520 M-1 cm-1 at 290 nm.e See ref 14, where for
DMABN in MeCN εmax ) 27990 M-1 cm-1 at 292.0 nm.

TABLE 3: Decadic Molar Absorption Coefficients, Emax,
Measured at the Maximum, λmax, of the Lowest-Energy
Absorption Band of NTC6 in Various Solvents at 25°C

solvent n-hexane DBEa DEEb THFc MeCN

εd,e 1.88 3.05 4.24 7.39 36.7
εmax [M -1 cm-1] 22085 22755 23585 24980 25800
λmax [nm] 299.7 303.6 303.9 308.3 311.8

a Di-n-butyl ether.b Diethyl ether.c Tetrahydrofuran.d Dielectric
constant at 25°C. e Reference 26.

Figure 6. Single-exponential LE fluorescence decays of 1-isopropyl-
6-cyano-1,2,3,4-tetrahydroquinoline (NIC6) (a) inn-hexane at-95 °C
and (b) in acetonitrile (MeCN) at-45 °C. The emission wavelengths
are (a) 330 nm and (b) 370 nm. The decay timeτ and the values forø2

are given in the figure. The weighted deviationsσ and the autocorre-
lation functions A-C are also indicated. Excitation wavelengthλexc:
276 nm. Time resolution: 2.0 ps/channel with a time window of 1500
effective channels.
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From Φ(LE) and the corresponding fluorescence decay times
τ0(LE) in Figure 7a, the radiative rate constantskf(LE) of NIC6
in n-hexane and MeCN are calculated by using the relation
kf(LE) ) Φ(LE)/τ0(LE) (see Figure 7c), to be able to compare
thesekf(LE) data with those of NTC6 in MeCN in a following
section. For NIC6 inn-hexane, the radiative rate constant
kf(LE) becomes somewhat smaller with increasing temperature,
from 7.1 × 107 s-1 at -95 °C to 6.2× 107 s-1 at +65 °C,
similar to what has been observed14 previously for DMABN in
n-hexane and MeCN. This has been explained via the relation-
ship kf ) kf(0)n2, wheren is the solvent refractive index and
kf(0) is temperature independent.28 The refractive indexn in
n-hexane becomes smaller with increasing temperature.29 For
NIC6 in MeCN, however,kf(LE) remains practically constant,
increasing between-45 and+75 °C from 9.2× 107 to 9.3×
107 s-1.

Picosecond LE and ICT Fluorescence Decays of NTC6
in n-Hexane and Acetonitrile. NTC6 in n-Hexane.The LE
and ICT fluorescence decaysif(LE) and if(ICT) of NTC6 in
n-hexane (Figure 8) are double exponential (eqs 3 and 4), at
+25 °C as well as at-95 °C. Between these temperatures, the
shortest apparent decay timeτ2 increases from 2.1 to 20 ps,τ1

becomes somewhat longer (from 2.44 to 3.99 ns) and the LE
amplitude ratioA (eq 5) increases from 0.43 to 1.08. At both
temperatures, the ICT amplitudes (eq 4) are equal and of
opposite sign (A22 + A21 ) 0). This indicates that the ICT
concentration [ICT]) 0 at time zero, which means that the
ICT state is exclusively formed from the initially excited
equilibrated LE state.2,14In other words, there is no experimental
evidence for a reaction S2 f ICT, nor for direct population of
the ICT state by absorption from theS0 ground state.2,3,14,30

The expressions forτ1, τ2, andA appearing in eqs 3-5 are2,14,31

whereτ0 is the fluorescence lifetime of the model compound
(no ICT) andX andY are given by

NTC6 in MeCN. The LE and ICT fluorescence decays of
NTC6 in MeCN (Figure 9) are double exponential at+25 and
-45 °C. The shortest timesτ2, 1.8 ps at+25 °C and 2.0 ps at
-45 °C, are clearly at or beyond the limit of the time-
resolution14 of our SPC measurements. The long decay times
τ1, 10.37 ns (25°C) and 10.68 ns (-45 °C), are equal to the
ICT lifetimes τ′0(ICT).2,14,15 Although the timeτ2 obtained
from the SPC decay at 25°C in Figure 9a is longer than the
correct time determined from femtosecond transient absorption
measurements (0.82 ps, see below), the large amplitude ratios
A, 160 at+25 °C (a) and 590 at-45 °C (b), indicate14 that for
NTC6 in MeCN the thermal back reaction rate constantkd is
much smaller than the forward LEf ICT reaction ka rate
constant (Scheme 1,A ) ka/kd whenkd . 1/τ′0(ICT))2,14,15and
becomes smaller upon lowering the temperature.

Fluorescence Quantum Yield Φ′(ICT) and Lifetime
τ′0(ICT) of NTC6 in Acetonitrile as a Function of Temper-
ature. The temperature dependence of the fluorescence decay
time τ1, the fluorescence quantum yield, and the radiative rate
constant for NTC6 in MeCN is shown in Figure 10. As there is
no evidence for an LE emission in the fluorescence spectra of
NTC6 in MeCN (Figure 5), the total fluorescence spectrum is
that of the ICT state. Hence, the overall fluorescence quantum
yield Φ equalsΦ′(ICT), increasing from 0.56 to 0.61 between
-45 and+75 °C; see Figure 10b. Similarly, the fluorescence
decay timeτ1 is equal to the ICT lifetimeτ′0(ICT), decreasing
from 10.7 to 9.9 ns between-45 and+75 °C (Figure 10a).

From Φ′(ICT) andτ′0(ICT), the ICT radiative rate constant
k′f(ICT) can be calculated by using the relationk′f(ICT) )
Φ′(ICT)/τ′0(ICT).15 The rate constantk′f(ICT) of NTC6 in
MeCN becomes larger with increasing temperature, from 5.3
× 107 to 6.2× 107 s-1 between-45 and+75 °C (Figure 10c),
in contrast to the decrease ofkf(LE) for NIC6 over this
temperature range in MeCN (Figure 7). The temperature
dependence ofk′f(ICT) for NTC6 in MeCN observed here is
similar to that found for DMABN in this solvent.14 This indicates
that the structure of the ICT state changes with temperature,
whereas that of the LE state remains unchanged. It also could
reflect the decrease of the energy of the ICT state with increasing
solvent polarity upon cooling,2,14,15,26which affects the Einstein
coefficient (k′f(ICT)) and hence the transition dipole moment.31

Time-Resolved LE and ICT Emission Spectra of NTC6
in n-Hexane from SPC Decays at-95 °C. By measuring
fluorescence decays over the entire fluorescence band (17
emission wavelengths), the time-resolved LE and ICT emission
spectra of NTC6 inn-hexane at-95 °C were obtained; see
Figure 11. At this temperature, the ICT reaction is withτ2 )
20 ps (Figure 8b), well within the experimental time resolution

Figure 7. Temperature dependence of (a) the fluorescence decay time
τ0(LE), (b) the LE fluorescence quantum yieldΦ(LE) and (c) the
radiative rate ofkf for 1-isopropyl-6-cyano-1,2,3,4-tetrahydroquinoline
(NIC6) in n-hexane and acetonitrile (MeCN).

if(LE) ) A11 exp(-t/τ1) + A12 exp(-t/τ2) (3)

if(ICT) ) A21 exp(-t/τ1) + A22 exp(-t/τ2) (4)

A ) A12/A11 (5)

1/τ1,2 ) 1
2
{(X + Y) - x(X - Y)2 + 4kakd} (6)

A )
X - 1/τ1

1/τ2 - X
)

kakdτ0
2

(1 + kaτ0 - τ0/τ1)
2

(7)

X ) ka + 1/τ0 (8)

Y ) kd + 1/τ′0 (9)
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of around 3 ps.14 The spectral separation of the LE and ICT
contributions to the total fluorescence spectra was carried out
as described previously (see Experimental Section).14

It is seen from Figure 11 that the relative contribution of the
ICT emission becomes gradually larger with increasing delay
time from 3 to 90 ps, with a simultaneous decrease of the LE
fluorescence. At time zero, the presence of an ICT emission

cannot be detected, as the overall spectrum is indistinguishable
from that of LE. It hence follows, similar to what was observed
with DMABN in MeCN,14 that the ICT state of NTC6 in
n-hexane is formed from the initially excited relaxed LE state
and not by direct excitation from S0 or from the higher excited
unrelaxedS2 state.10,11,30,32This conclusion is also reached from
the observation that the sum of the amplitudesA21 + A22 (eq 4)
of the ICT fluorescence decays is equal to zero,2,14,15 as
discussed above (Figure 8b).

Time Development of the LE and ICT Band Integrals of
NTC6 in n-Hexane at-95 °C. The time development of the
band integrals BI(LE) and BI(ICT) over the separated LE and
ICT fluorescence bands of NTC6 inn-hexane at-95 °C (see

Figure 8. Double exponential LE (340 nm) and ICT (440 nm)
fluorescence decays of 1-tert-butyl-6-cyano-1,2,3,4-tetrahydroquinoline
(NTC6) in n-hexane at (a)+25 °C and (b)-95 °C. The decay times
τ2 andτ1 with the corresponding amplitudesA1i(LE) andA2i(ICT) (see
eqs 3-5) are given in the figure. The shortest decay time is listed first.
The values forø2, the weighted deviationsσ and the autocorrelation
functions A-C are also indicated. Excitation wavelengthλexc: 276 nm.
Time resolution: 0.5 ps/channel with a time window of 650 channels.

Figure 9. Double exponential LE (340 nm) and ICT (440 nm)
fluorescence decays of 1-tert-butyl-6-cyano-1,2,3,4-tetrahydroquinoline
(NTC6) in acetonitrile (MeCN) at (a)+25 °C and (b)-45 °C. The
decay times areτ2 andτ1 with the corresponding amplitudesA1i(LE)
andA2i(ICT), see eqs 3-5, are given in the figure. The shortest decay
time is listed first. The timeτ1 (kept fixed in the global analysis) was
determined from the same decays with 10.38 ps/channel. Excitation
wavelengthλexc: 276 nm. Time resolution: 0.5 ps/channel with a time
window of 600 channels. See the caption of Figure 8.
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Figure 11) is shown in Figure 12. From a global analysis of
both integrals, the timesτ2 ) 19 ps andτ1 ) 4150 ps, with an
amplitude ratioA ) 0.92 (eqs 3-5), are derived. These decay
times are in good agreement with those (20 and 3990 ps)
obtained from a global analysis of the LE and ICT fluorescence
decays; see Figure 8b. The possibility to fit BI(LE) and
BI(ICT) with the same timesτ2 andτ1 underlines the fact that
NTC6 in n-hexane at-95 °C undergoes a reversible reaction
with two excited states LE and ICT (Scheme 1). The observation
that BI(ICT) grows in from zero, i.e., the amplitude ratio
A22/A21 ) -1.0 (eq 4), supports our earlier conclusion (see
above) that the ICT state is not present at time zero but is formed
from the relaxed LE state.2,3,14,15

From the decay times (τ1, τ2) and the amplitude ratioA (eqs
6 and 7), the rate constantska and kd and also the lifetime
τ′0(ICT) (see Scheme 1) can be determined in the usual
manner.2,14,15The LE fluorescence decay time of NIC6 at each
temperature (no ICT; see above)3 is adopted here forτ0(LE).
The LE and ICT radiative rate constants can be calculated from
ka, kd, τ0(LE), and τ′0(ICT), together withΦ(LE) for kf(LE)
(see eq 10) and withΦ′(ICT) for k′f(ICT); see eq 11. The data
so obtained are listed in Table 4.

NIC6: Transient Absorption Spectra in n-Hexane and
Acetonitrile. n-Hexane.The transient absorption spectrum of
NIC6 in n-hexane at 290 nm excitation is shown in Figure 13a
for pump-probe delay times from 0.4 to 120 ps. Similar spectra
were measured atλexc ) 266 nm; see the spectra at 30 ps delay
time in Figure 13b. The excited-state absorption (ESA) spec-
trum, obtained after correction for stimulated emission (SE) is
depicted in Figure 13 c.

The ESA spectrum shows strong similarities with the
LE(ESA) spectrum of DMABN inn-hexane,14 with maxima at
460 and 750 nm (Table 5) as compared with 445 and 745 nm

for DMABN. It is seen that the strongest absorption band of
NIC6 will have a maximum below 330 nm, outside our present
spectral range, in a direction toward the strongest ESA absorp-
tion maxima of DMABN at 320 and 300 nm.

MeCN. The transient absorption and ESA spectra of NIC6
in MeCN (Figure 14a,), with pump-probe delay times from
0.1 to 5.0 ps, are similar to those inn-hexane (Figure 13).
The ESA spectrum in this solvent has absorption maxima at
730 and 450 (Table 5), with the strongest maximum (below
350 nm) now becoming clearly visible. This spectrum should
be compared with the ESA spectrum of DMABN in MeCN at

Figure 10. Temperature dependence of (a) the fluorescence decay time
τ′0(ICT) equal toτ1 (see text), (b) the ICT fluorescence quantum yield
Φ′(ICT), and (c) the radiative rate constantk′f(ICT) for 1-tert-butyl-6-
cyano-1,2,3,4-tetrahydroquinoline (NTC6) in acetonitrile (MeCN).

kf(LE) ) Φ(LE){1/τ0(LE) + 1/τ′0(ICT)(ka/(kd + 1/τ′0(ICT))} (10)

k′f(ICT) ) Φ′(ICT){1/τ′0(ICT) + 1/τ0(LE)[(kd + 1/τ′0(ICT))/ka]} (11)

Figure 11. Time-resolved fluorescence spectra of NTC6 inn-hexane
at -95 °C, at (a) 3 ps, (b) 10 ps, and (c) 90 ps after excitation. The
black dots indicate the 17 fluorescence decays from which the total
fluorescence spectrum is constructed. See the text for the spectral
separation procedure used to obtain the LE (blue) and ICT (red)
emission bands. The ICT fluorescence grows from zero, from the
primarily excited LE state.
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a delay time of 0.2 ps (mainly LE),14 with maxima at 710, 440,
355, and 320 nm.

The absence of a decay and growing-in in the transient
absorption spectra of NIC6 inn-hexane and MeCN (Figures
13 and 14), with a time resolution down to 100 fs, again (see
above) shows that an ICT state is not formed with this molecule.
This observation is in contradiction with the interpretation of
gas-phase experiments with NMC6 in the literature, from which
it is concluded that an ICT state is populated by passing through
an S2/ICT conical intersection and from there reaches the LE
state of lower energy.32 In the n-hexane spectrum, a solvent
cooling14,33effect is visible (see arrows in Figure 13a), whereas
in MeCN a solvation process manifests itself between 0.1 and
1 ps after excitation, with no further evolution after 5 ps (Figure
14a,b). A comparison between the spectra of NIC6 inn-hexane
and MeCN at 30 ps delay time with anλexc of 290 and 266 nm
(Figures 13b and 14c), shows that these transient absorption
spectra do not depend on excitation wavelength. A similar
independence was observed for DMABN in MeCN.14

NTC6: Transient Absorption Spectra in n-Hexane and
Acetonitrile. n-Hexane. The transient and ESA spectra of
NTC6 in n-hexane for the spectral range 334-1072 nm (λexc

) 290 nm) are presented in Figure 15a,b for pump-probe delay
times between 0.2 and 32 ps (six spectra). For the band with a
maximum around 800 nm, a decay of the differential absorbance
is observed, whereas around 360 nm a spectral growing-in
occurs; see the upward arrow below 400 nm in Figure 15a,b.
The decay of the band integral BI(600,970) for the ESA

TABLE 4: Data (Scheme 1 and Eqs 3-11) for NTC6 in n-Hexane at+25 and -95 °C
T [°C] τ2 [ps] τ1 [ns] A τ0(LE) [ns] ka [109 s-1] kd [109 s-1] τ′0(ICT) [ns] kf(LE)a [107 s-1] kf′(ICT)b [107 s-1]

25c 2.1 2.44 0.43 3.0 143 333 1.7 9.3 7.6
25d 2.23 2.44 0.39 3.0 126 322 1.7 8.9 8.0

-95e 20 3.99 1.08 3.06 26 24 5.6 11 8.2
-95f 19 4.15 0.92 3.06 25 27 6.8 10 7.6

a Determined by employing eq 10 andΦ(LE) ) 0.159 at 25°C and 0.228 at-95 °C (Table 1).b Determined by employing eq 11 andΦ′(ICT)
) 0.056 at+25 °C and 0.153 at-95 °C (Table 1).c Data from the global analysis of the LE and ICT picosecond fluorescence decays in Figure
8a. The decay timeτ1 comes from measurements at a larger time scale (10.4 ps/channel).d Data from a global analysis of the decays in Figure 8a
with fixed values forτ2 andτ1. The decay timeτ2 is taken from the decay of the femtosecond LE excited-state absorption band in Figure 15c.e Data
from the global analysis in Figure 8b. The decay timeτ1 comes from measurements at a larger time scale (10.4 ps/channel).f Data from the
simultaneous analysis of the time development of the LE and ICT band integrals in Figure 12.

Figure 12. Time development of the band integrals (a) BI(LE) and
(b) BI(ICT) over the entire separated LE and ICT fluorescence bands
of NTC6 in n-hexane at-95 °C (Figure 11). The decay timesτ1 and
τ2, obtained from a global analysis of both integrals, compare favorably
with the times (20 and 3990 ps) from the global analysis of the LE
and ICT fluorescence decays in Figure 8b. The amplitude ratioA )
0.92 (eq 5) for BI(LE) is close to that from the fluorescence decays
(1.08); see text. BI(ICT) is seen to grow in from zero, which means
that the ICT state is not present at time zero. This conclusion is
supported by the amplitude ratioA22/A21 ) -1.0 (eq 4) for BI(ICT);
see text.

Figure 13. NIC6 in n-hexane. (a) Transient absorption spectra (334-
1072 nm) with excitation wavelength (λexc) at 290 nm, for pump-
probe delay times between 0.4 and 120 ps. (b) Transient absorption
spectra at 30 ps delay time withλexc at 290 and 266 nm. (c) Excited-
state absorption (ESA) spectra after the subtraction of the stimulated
emission (SE), at delay times between 0.4 and 120 ps. The SE spectrum
is also shown. The cross sectionσ is given on the right axis. mOD is
optical density/1000.
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spectrum between 600 and 970 nm (Figure 15c), can be fitted
with as a double exponential with two decay times of 2.23 and
20.1 ps. The shortest timeτ2 ) 2.23 ps obtained from the
femtosecond ESA spectrum is to be compared with the decay
time τ2 ) 2.1 ps from the picosecond LE and ICT decays of
NTC6 in n-hexane at 25°C shown in Figure 8a. This, perhaps
surprisingly, good agreement is a verification of the accuracy
of the picosecond SPC decays down to 2 ps.

The ESA spectrum of NTC6 inn-hexane at the shortest delay
time (200 fs) in Figure 15b, closely resembles that of the LE
state of NIC6 in this solvent (Figure 13c), with peaks at 470
and 800 nm as compared with 460 and 750 nm for NIC6 (Table
5). In the spectrum of NTC6 there is an onset to a larger peak

Figure 14. NIC6 in acetonitrile (MeCN). (a) Transient absorption
spectra (334-1072 nm) with excitation wavelength (λexc) at 290 nm,
at pump-probe delay times between 0.1 and 5.0 ps. (b) Transient
absorption spectra with excitation wavelength (λexc) at 290 nm, at
delay times between 5 and 100 ps. (c) Transient absorption at 30 ps
delay time withλexc at 290 and 266 nm. (d) Excited-state absorption
(ESA) spectra after the subtraction of the stimulated emission (SE),
at delay times between 0.1 and 5.0 ps. The SE spectra are also
shown. The cross sectionσ is given on the right axis. mOD is optical
density/1000.

Figure 15. NTC6 in n-hexane at 290 nm excitation. (a) Transient
absorption spectra (334-1072 nm) and (b) excited-state absorption
(ESA) spectra after the subtraction of the stimulated emission (SE), at
pump-probe delay times between 0.2 and 32 ps. The LE and ICT SE
spectra are also shown. In (a) and (b), the downward arrow (800 nm)
indicates the decay of the LE absorption, whereas the upward arrow
(below 400 nm) shows the rise of the ICT absorption. (c) Double
exponential decay curve of the band integral BI(600,970) between 600
and 970 nm in the ESA spectrum, having decay timesτ2 and τ1 of
2.23 and 20.1 ps, amplitudesA2 andA1 and an offsetA0. mOD is optical
density/1000.
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below 330 nm, toward the spectral range for the ICT absorption
maximum of DMABN (in MeCN)14 at 315 nm. The decay of
the band of NTC6 at 800 nm therefore represents the decay of
the absorption of the LE precursor, whereas the rise below 400
nm is due to the formation of the ICT state.

MeCN at λexc ) 290 nm.The transient and ESA spectra of
NTC6 in MeCN for λexc ) 290 nm are shown in Figure 16,

with delay times between 0.2 and 5.0 ps. Similar to what is
observed for NTC6 inn-hexane (Figure 15), the band having a
maximum at 770 nm decays with increasing delay time, whereas
a growing-in is observed below 400 nm (upward arrow). The
decay of BI(600,970) can be fitted with a single decay timeτ
of 0.82 ps and an offsetA0; see Figure 16c.

The ESA spectrum at the shortest delay time of 200 fs (Figure
16b) is that of the LE state. This identification of the absorption
spectrum, with maxima at 765, 460, and below 334 nm (Table
5), is based on the similarity with the LE(ESA) spectrum of
NIC6 in MeCN (Figure 14d), having maxima at 730 and 450
nm. The decay of the LE absorption band is accompanied by a
spectral growing-in around 440 nm and below the spectral
window at 334 nm (Figure 16b). As already mentioned in the
previous section, the main ICT peak of DMABN in MeCN is
found at 315 nm and a smaller band occurs at 425 nm. It is
therefore concluded that the ICT state of NTC6 in MeCN is
formed from the LE precursor, the same conclusion as for
n-hexane (Figure 15b).

MeCN at λexc ) 266 nm.The decay and rise pattern of the
transient absorption spectra of NTC6 in MeCN for 266 nm
excitation (Figure 17a) is similar to that found for the spectra
with λexc ) 290 nm in Figure 16. The somewhat lower quality
of the spectra in Figure 17 as compared with Figure 16, is due
to the fact that the molar absorption coefficient (Table 2) of
NTC6 in MeCN is much smaller at 266 (1370 M-1 cm-1) than
at 290 nm (13520 M-1 cm-1).

Figure 16. NTC6 in acetonitrile (MeCN) at 290 nm excitation. (a)
Transient absorption spectra (334-1072 nm) and (b) excited-state
absorption (ESA) spectra after the subtraction of the stimulated emission
(SE), at pump-probe delay times between 0.2 and 5.0 ps. The LE and
ICT SE spectra are also shown. In (b), the downward arrow (770 nm)
indicates the decay of the LE absorption, whereas the upward arrow
(below 400 nm) shows the rise of the ICT absorption. (c) Decay curve
of the band integral BI(600,970) between 600 and 970 nm in the ESA
spectrum, having a decay timeτ of 0.82 ps and an offsetA0. mOD is
optical density/1000.

Figure 17. NTC6 in acetonitrile (MeCN) at 266 nm excitation. (a)
Transient absorption spectra (334-1072 nm) at pump-probe delay
times between 0.2 and 5.0 ps. The downward arrow (770 nm) indicates
the decay of the LE absorption, whereas the upward arrow (below 400
nm) shows the rise of the ICT absorption. (b) Decay curve of the band
integral BI(600,920) between 600 and 920 nm in the transient absorption
spectrum, having a decay timeτ of 1.04 ps and an offsetA0. mOD is
optical density/1000.
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The band integral BI(600,920) for the ESA spectrum can be
fitted as a single exponential (Figure 17b) with a decay time of
1.04 ps, slightly longer than the time of 0.82 ps forλexc ) 290
nm in Figure 16c.

Intramolecular Charge Transfer with NTC6 in n-Hexane
and MeCN. It is seen from the ESA spectra (Figures 15-17)
that NTC6 undergoes a fast ICT reaction (2.2 ps) inn-hexane,
whereas such a reaction does not take place with DMABN in
this solvent.14 With NTC6 in MeCN, a subpicosecond ICT
reaction (0.82 ps) is observed, as compared with 4 ps reaction
for DMABN.14 The observation that the shortest decay timeτ2

of NTC6 in MeCN (ε25 ) 36.7) is considerably shorter than in
n-hexane (ε25 ) 1.88) reflects the generally observed7,14,15

increase in the rate constantka for the LE f ICT reaction of
aminobenzonitriles (Scheme 1) when the solvent polarity
becomes larger. The LE(ESA) spectrum of NTC6 inn-hexane

as well as in MeCN (at 200 fs after excitation) is comparable
to that of NIC6 in both solvents, indicating that these LE states
have a similar molecular structure, in contrast to the expectation
based on recent computations.11

ICT Mechanism for NTC6. The decay of the LE absorption
and the corresponding growing-in for the ICT state in the ESA
spectra of NTC6 inn-hexane as well as MeCN at room
temperature (Figures 15-17) makes clear that the ICT state
originates from the LE precursor (Figure 18). The observation
that for NTC6 in MeCN the transient spectra and their time
development is the same for 266 and 290 nm excitation is in
line with this interpretation. The conclusion that there is no ICT
fluorescence at the moment of excitation was already made from
the global analysis of the ICT SPC decay curve (Figure 8b)
and also from the time-resolved fluorescence spectra (Figure
11).

Our conclusion that the ICT state is not present at time zero,
is in contradiction to the results of calculations10,11 and the
interpretation of gas-phase experiments with NMC6 and
DMABN,32,34 from which it is concluded that the ICT as well
as the LE state are formed via an S2/ICT conical intersection.
Within this mechanism, ICT and LE can appear simultaneously,
i.e., LE is not the precursor of ICT.

Conclusions

With the rigidized molecule NTC6, dual fluorescence (LE
+ ICT) is observed in the nonpolar solventn-hexane as well as
in the polar MeCN, whereas only LE emission is found for its
N-isopropyl derivative NIC6, even in MeCN at-45 °C. The
absence of ICT in the case of NIC6 is attributed to its larger
energy gap∆E(S1,S2) as compared with NTC6 (Figure 18).
From the temperature dependence of the quantum yield ratio
Φ′(ICT)/Φ(LE) for NTC6 in n-hexane an enthalpy difference
∆H of -2.4 kJ/mol is calculated for the LEf ICT reaction.

By measuring the molar absorption coefficientsεmax of NTC6
and NIC6, together with a number of their derivatives, an amino
twist angleθ between 21 and 23° is determined for the ground
state of NTC6 inn-hexane. It is found that theεmax of NTC6
becomes larger when going fromn-hexane to MeCN, from
which it is concluded that the amino group of NTC6 becomes
less twisted with increasing solvent polarity.

With NIC6 in n-hexane from+65 to -95 °C as well as in
MeCN from+75 to-45°C, single-exponential picosecond SPC
fluorescence decays are observed, supporting the conclusion
based on the photostationary LE emission spectra that ICT does
not occur with this molecule. For NTC6 inn-hexane and MeCN,
the LE and ICT fluorescence decays are double exponential.
Whereas the shortest decay timeτ2 of 2.1 ps for NTC6 in
n-hexane at+25 °C appears to be at the limit of the SPC time
resolution,τ2 increases to 20 ps at-95 °C in this solvent,
making the measurement of time-resolved emission spectra
possible at this temperature. From the time development of these
spectra it is seen that the ICT state grows in from zero, indicating
that the LE state is the precursor in the ICT reaction of NTC6.

TABLE 5: Excited-State Absorption (ESA) Maxima and Decay Timesτ2 for NTC6 and NIC6 in n-Hexane and Acetonitrile
(MeCN) (Figures 13-16)

ESA maxima [nm] decay timesτ2 [ps]a

n-hexane MeCN n-hexane MeCN

NTC6 470, 800 765, 460, below 334 2.23 0.82b

NIC6 460, 750 730, 450, below 350
DMABN (LE) c 300, 320, 445, 470, 745 320, 355, 440, 710
DMABN (ICT) c 315, 425, (490), 970 4.07

a Excitation at 290 nm.b 1.04 ps at 266 nm excitation (Figure 17); see text.c Data from ref 14.

Figure 18. Potential energy surfaces for the ground state S0 and the
excited states S1, S2, LE, and ICT. When excited to the S2 state (with
an energy gap∆E(S1,S2) above S1), the system relaxes by internal
conversion to the equilibrated LE state, having an energyE(LE) above
S0. The ICT reaction proceeds from the LE to the ICT state, with a
reaction barrierEa and an enthalpy difference∆H. Fluorescence from
the LE and ICT states, with emission maximaν̃max(LE) andν̃max(ICT),
reaches the corresponding Franck-Condon statesE(FC,LE) and
E(FC,ICT).
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By analyzing the LE and ICT band integrals derived from the
time-resolved spectra, the following results are obtained:τ2 )
19 ps andτ1 ) 4.15 ns with an amplitude ratio of 0.92. The
forward and backward ICT rate constants (Scheme 1),ka ) 2.5
× 1010 s-1 andkd ) 2.7× 1010 s-1, calculated from these data
show that the ICT reaction is still fast for NTC6 at-95 °C.

The absence of a decay and growing-in in the transient
absorption spectra of NIC6 inn-hexane and MeCN, with a time
resolution down to 100 fs, again shows that an ICT state is not
formed with this molecule, in contradiction of the interpretation
of gas-phase experiments with NMC6 in the literature, from
which it is concluded that an ICT state is populated by passing
through an S2/ICT conical intersection and then reaches the LE
state of lower energy. With NTC6, the transient spectra consist
of contributions from the LE and ICT state. The decay of the
LE absorption and the corresponding growing-in for the ICT
state make clear that LE is the precursor in the ICT reaction,
i.e., that the ICT and LE states are not formed simultaneously
from an S2/ICT conical intersection. This conclusion supports
the observation mentioned above that in the picosecond time-
resolved fluorescence spectra ICT emission is absent at the
moment of excitation. From the decay of the band integrals of
the ESA spectra, with shortest decay timesτ2 of 2.2 ps in
n-hexane and 0.82 ps MeCN, it appears that ICT with NTC6
becomes faster with increasing solvent polarity. With DMABN,
the ICT reaction in MeCN is considerably slower (τ2 ) 4.0 ps
at 25 °C) than for NTC6 and ICT does not take place in
n-hexane. For NTC6 in MeCN, the ESA spectra and their time
development are the same forλexc ) 290 and 266 nm. This
independence of excitation wavelength is in line with our
conclusion that LE is the ICT precursor.

The transient absorption spectrum of NTC6 inn-hexane and
MeCN at 200 fs after excitation is similar to the LE(ESA)
spectra of NIC6 and DMABN, showing that LE is the initially
excited state for NTC6. The spectral similarity also indicates
that the LE states of NTC6, NIC6, and DMABN have a
comparable molecular structure. The same conclusion is made
for the structure of the ICT states of NTC6 and DMABN, as
the ICT(ESA) spectrum of NTC6 inn-hexane and MeCN
resembles that of DMABN in MeCN.
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