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Dynamics of Ultrafast Intramolecular Charge Transfer with
1-tert-Butyl-6-cyano-1,2,3,4-tetrahydroquinoline (NTC6) inn-Hexane and Acetonitrile

Introduction

Rigidized aminobenzonitriles such as 1-methyl-6-cyano-
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The intramolecular charge transfer (ICT) reaction @édt-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.rN1e2érie

is dual fluorescent from a locally excited (LE) and an ICT state, with a quantum yield®aiGT)/D(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 @f(ICT)/®(LE) for NTC6 in n-hexane, an LE/ICT enthalpy differengeH 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 enerdy(8af;).

From the molar absorption coefficiedt® of NTC6 as compared with other aminobenzonitriles, a ground-
state amino twist anglé of ~22° is deduced. The increase & betweenn-hexane and MeCN indicates

thatf decreases when the solvent polarity becomes larger. Whereas single-exponential LE fluorescence decays
are obtained for NIC6 im-hexane and MeCN, the LE and ICT decays of NTC6 in these solvents are double
exponential. For NTC6 im-hexane at-95 °C, with a shortest decay time of 20 ps, the forwagg= 2.5 x

10 s™Y) and backwardky = 2.7 x 10% s?) rate constants for the LE- ICT reaction are determined from

the time-resolved LE and ICT fluorescence spectra. For NTCB-lexane 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 im-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 NTCS, it is concluded that the ICT state originates from the LE precursor and
is not formed by direct excitation frompSnor via an Q/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 mhexane occurs with a shortest timgof 2.2 ps. The ICT
reaction is much fasterr{ = 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 agfiIST conical intersection.

(NEC5)38 and 1-ispropyl-5-cyanoindoline (NICS)has been
seed™7 as the most important experimental support for the

1,2,3,4-tetrahydroquinoline (NMCBJ, 1-ethyl-6-cyano-1,2,3,4- twisted intramolecular charge transfer (TICT) model. With

tetrahydroquinoline (NEC&and 1-isopropyl-6-cyano-1,2,3,4-
tetrahydroquinoline (NIC68)have played an important role in

1-tert-butyl-6-cyano-1,2,3,4-tetrahydroquinoline (NTC6), how-
ever, fast and efficient ICT has been observed in a large series

the investigation of the intramolecular charge transfer (ICT) ©f solvents, from the nonpolar alkanes to the polar acetonitrile
taking place with electron donor(D)/acceptor(A) benzenes, and methanot.The dipole moment(ICT) of the ICT state of
among which 4-(dimethylamino)benzonitrile (DMABN) is the ~NTC6 (19 D), determined from its solvatochrqmlc shift re]apve
central representative. The absence of ICT and dual fluorescencd0 that of DMABN or 4-(diisopropylamino)benzonitrile
with NMC6'~2 and, in particular, with the planarized molecules (DIABN), was found to be larger than that of DMABN (17 D)
1-methyl-5-cyanoindoline (NMC)51-ethyl-5-cyanoindoline ~ and DIABN (17 D)? For the locally excited (LE) state of NMC6

and NIC6 a considerably smaller dipole momen(LE) of

* Corresponding authors. E-mails: S.1.D., sdruzhi@gwdg.de; S.A.K., around 11 D was determined. ThgLE) of NTC6 could not

skovale@chemie.hu-berlin.de; K-A.Z., kzachar@gwdg.de. Res®-551- b obtained directly from a solvatochromic plot as the fluores-
 Max-Planck-Institut fu biophysikalische Chemie. cence bands of the LE and ICT states of_ NTC6 strongly ovérlap.
# Humboldt Universitazu Berlin. It was concluded from NTC6and likewise from fluorazen®,
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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
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duced? 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 concep# 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

not required. It has further been assumed that the ICT statefluorescence quantum yields mhexane, theAH of the ICT

cannot be populated by direct absorption frogb8t is formed
from the equilibrated lowest excited singlet staiél §) as the
precursoi3

reaction is determined. Molar absorption coefficients are
measured to determine the amino twist angle in solution.
Picosecond fluorescence decays of NTC6nHmexane and

Recently, theoretical studies on the energies of the LE and MeCN at several temperatures are discussed, together with

ICT states of NTC6 and NMC6 have appeafet,. 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 ga&k(S;,S)

between the two lowest excited singlet states of the former

femtosecond transient absorption spectra of NTC6 at room
temperature in these solvents. Similar experiments are carried
out with NIC63 a NTC6 derivative for which an ICT reaction
does not take place.

molecule. This finding supports our conclusion on the essential Experimental Section

importance of AE(S;,S;) for ICT in aminobenzonitrile$?®
Different from our opinior? however, it is found in refs 10
and 11 that the molecular structure of the ICT state of NTC6

The synthesis of NTC6 (mp 136-831.0°C) and NIC6 has
been described previoushHPLC was the last purification step.

has a substantially twisted amino group, with a computed twist The solvenin-hexane (Merck, Uvasol) was used as received,

angle® of 69 or 65, as compared with 35 or 39or LE and
35 or 28 for &. This ICT state was therefore termed TICT, in
contrast to a planar intramolecular charge transfer (F1€3tate.

whereas acetonitrile (MeCN, Merck, Uvasol) was chromato-
graphed over AlOs;. The solutions, with an optical density
between 0.4 and 0.6 at the maximum of the first band in the

It is of interest to note that in refs 10 and 11 the suggestion is absorption spectrum, were deaerated by bubbling with nitrogen

made that the ICT state of NTC6, as well as that of DMABN,

for 15 min. The measurement of the absorption and fluorescence

can be populated by direct absorption from the ground state tospectra and the fluorescence quantum vyields was described

a Franck-Condon $ state, via a conical intersection of the S
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

earlier’* The fluorescence quantum yiedet 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

complete electronic decoupling of the D and A subgroups. The dependence aby, the change in optical density with temperature

opposite PICT concept would possibly not have been intro-

and its nonlinear effect on the fluorescence intensity were
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Figure 1. Absorption and LE fluorescence spectra of 1-isopropyl-6-cyano-1,2,3,4-tetrahydroquinoline (Ni€GBgxane at (a}-25 °C and (b)

—95 °C and in acetonitrile (MeCN) at (c¢)-25 and (d)—45 °C.
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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
®(LE) 0.225 0.194 0.250 0.245 0.228 0.159 a a
P'(ICT) 0 0 0 0 0.153 0.056 0.564 0.597
@'(ICT)/®(LE) 0 0 0 0 0.67 0.35
d(ISCy 0.31 0.3¢
ymax(total,fl) [cm™Y 28450 28510 27050 27130 27870 28170 22600 23130
maX(abs) [cnT?] 34430 34460 32360 32600 32890 33390 31910 32100
em*[M~1cm™ 26320 25930 28270 26290 25820 22040 28460 25780
E(S)" [ecm1]¢ 30640 30790 29790 29890 30790 30860 28790 28880
o(abs) [10Y cn?]e 4.37 431 4.69 4.37 4.29 3.66 473 4.28
o(em) [10'Y cng]f 1.64 151 2.24 2.21 1.49 1.52
E(S)°s[cm™1]9 30620 30760 29750 29840 30760 30820 28650 28760

aTotal fluorescence spectrum consists mainly of ICT emission. The precise contribution of the LE emission cannot be estaidisksactements
as in ref 21.° The triplet yield of NTC6 in MeCN is reproduced, using 308 nm excitation and perylene (ref i9ssing point of the fluorescence
and absorption spectra (Figures 2 and®#bsorption cross section(abs) (Figure S1 in Supporting InformatiofEmission cross sectiomem)
(Figure S1).9 Crossing point of the emission and absorption cross section spectra (Figure S1).
: : A[nm
accounted for by using absorption spectra measured over the 550500 450 400 [350] 300 250
relevant temperature range. T T I AR R

The fluorescence decay times were obtained with a picosec- 1.0 1 Sl
ond laser fexc 276 nm) single-photon counting (SPC) sys- I NP

tem1516 two time ranges being routinely measured simulta-
neously (0.5 and 10 ps/channel in up to 1800 effective channels). L
The estimated reproducibility is better than 10% for the o5+ "
picosecond decay times. The time-resolved fluorescence spectra | in n-hexane
of NTC6 in n-hexane at-95 °C were separated into their LE 2
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 elsewhéte.
NTC6 and NIC6 im-hexane or acetonitrile at room temperature
(22 °C) were excited with 1J, 70 fs pulses at 290 or 266 nm.
The pump-induced transient absorption signal was monitored
with a supercontinuum probe in the range 33972 nm!4
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Results and Discussion

Absorption and Fluorescence Spectra of NIC6.In
n-Hexane at+25 and—95 °C. The absorption and fluorescence 0.0 1 T — = ’
spectra of NIC6 im-hexane at-25 and—95 °C are shown in 20 s 0% 3 40
Figure 1a,b. The absorption spectrum at &5 (Figure 1a) V10" em]
consists of a main band attributed te, Svith a maximum Figure 2. Absorption'anc'j quorescen_ce spectra deft-butyl-6-cyano-
pma(abs) at 34460 cm, and a much weaker structured band 1+2:3:4-tetrahydroquinoline (NTC6) mhexane at (a)25°C and (b)
on the leading edge of the absorption spectrum (at 30840,cm =95 °C.. The overall fluorescence_ spectra are separated into the

. ™ contributions of the LE and ICT emissions; see text.
shoulder), which corresponds to the S S; transition®
At —95 °C, the structure of the S— S; absorption is more
ronounced, with a lowest-ener maximum at around .
20930 el The fluorescence spec%/um of NIC6 fishexane n-Hexane at+25 and—95 °C. The absorption spectra of NTC6

consists of a single LE emission with some vibrational structure, ' N-néxane at-25 and—95°C in Figure 2 consist of a broad
at +25 as well as at-95 °C, with 7™(abs) at 28510 and band §™{abs) at 33390 and 32890 ch), without an indication
28450 cm! (Table 1). of a structured Sabsorption at its red edge, showing that the

In Acetonitrile at +25 and —45 °C. In the absorption  S"€'9Y 9aPAE(SLS,) of NTCE is smaller than that of NIC6;
spectrum of NIC6 in MeCN at-25 and—45 °C with maxima see Figure 1. At both temperatures, dual fluorescence is
at 32600 and 32360 crh (Figure 1c,d), the structured;S  °observed. The separation of the total fluorescence spectra into
absorption is no longer visible. It is covered by the broad band their LE and ICT components was carried out by making the
of S, due to the larger spectral shift (1860 chat 25°C) of assumption that for NTC6 the shape of the LE emission band
the latter as compared with that of i@ this solvent, caused by is similar to that of NIC6, whereas the ICT emission band of
its stronger polar charactf- 1119 The fluorescence spectrum NTC6 is taken to be equal to that of DIABN, in both cases
of NIC6 in the polar solvent MeCN remains a single LE band measured im-hexane at the same temperatéft@he ICT-to-
at both temperatures, i.e., intramolecular charge transfer (ICT) LE-fluorescence quantum yield rati'(ICT)/®(LE) increases
does not take place with NIC6 in MeCN &25 and—45°C.2 from 0.35 at+25 °C to 0.67 at—95 °C, indicating that-AH

Absorption and Fluorescence Spectra of NTC6.In
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Figure 3. Plots of the total fluorescence quantum yiddLE +ICT)
and the separate quantum yiel@#§ICT) and ®(LE) of 1-tert-butyl-
6-cyano-1,2,3,4-tetrahydroquinoline (NTC6)rishexane as a function
of temperature.
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Figure 4. Plot of In(®'(ICT)/®(LE)) versusthe reciprocal absolute
temperature for tert-butyl-6-cyano-1,2,3,4-tetrahydroquinoline (NTC6)
in n-hexane over the temperature range fré6b to—95 °C. The slope
of the plot, equal to-AH/R (eq 2), results in a value 6f2.4 kJ/mol
for the LE— ICT enthalpy difference\H; see text.

for the ICT reaction with NTC6 im-hexane is relatively small
(see below).

LE and ICT Fluorescence Quantum Yields of NTC6 in
n-Hexane as a Function of TemperatureThe total fluores-
cence quantum yield of NTC6 in-hexane was measured as a
function of temperature from-65 to—95 °C. From the overall
fluorescence spectra, the fluorescence quantum yiIAET)
and ®(LE) were determined (see Figure 3). It is seen that
®(LE) increases upon cooling, from 0.03 at 85 to 0.16 at
—95 °C, whereasd'(ICT) changes from 0.10 to 0.23, with a
maximum of 0.24 at around60 °C.

ICT Enthalpy Difference AH of NTC6 in n-Hexane.
The plot of the natural logarithm of the quantum yield ratio
P'(ICT)/P(LE) versus 1000V for NTC6 in n-hexane (Figure

J. Phys. Chem. A, Vol. 111, No. 50, 20012881
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Figure 5. Absorption and fluorescence spectra deft-butyl-6-cyano-
1,2,3,4-tetrahydroquinoline (NTCB6) in acetonitrile (MeCN) at<{&5
°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 $and is not visible; see text and Figure 1.

SCHEME 1

hv

N

LE===1ICT

/ ky \
1o # (k) (KN 1/t

range between 65 ane95 °C, with the conditionky >
1/7(ICT); see eqgs 1 and 224 Under these HTL conditions, the
slope of the plot is equal te AH/R, whereAH is the enthalpy
difference for the equilibrated LE> ICT reaction andR is the
gas constant, giving a value ef2.4 kJ/mol forAH.

@'(ICT) _ k(ICT) Ka
®(LE)  k(LE) ky+ 1/7,(ICT)

)

Under HTL-conditions K4 > 1/t(ICT)), eq 1 simplifies to

@'(ICT) _K(CT) k,
®(LE)  K(LE) ky

In egs 1 and 2 and Schemek},andky are the rate constants
of the forward and backward ICT reactian(LE) andzy(ICT)
are the fluorescence lifetimes, wherdg@&.E) andki(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 ¢rat +25
°C to 31910 cm' at —45 °C (Table 1), in accordance with the
identification of this band as angS— S transition® In the
absorption spectrum, the 8ansition is not visible due to the
overlapping $ absorption, similar to what was observed with
NIC6 (Figure 1).

The fluorescence spectrum of NTC6 in MeCN-a25 and

)

4) shows a linear increase, which means that the system is in—45 °C (Figure 5) consists of an ICT emission band, without

the high-temperature limit (HTL) over the entire temperature

clear evidence for an LE fluorescence. Note, however, the empty
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TABLE 2: Decadic Molar Absorption Coefficients, €™, Measured at the Maximum, A™2, 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) emx[M~1cm™ 220858 26220 26005 25410 29370 23465 22000 21445
Amax[nm] 299.7 290.0 289.3 287.5 280.7 291.0 289.7 287.6
MeCN (36.7) emx[M~Lcem™ 25800 26540 25850 24980 27755
Amaxnm] 311.8 306.9 306.2 304.0 292.1

23080 Mlcmtat 266 nm> 20110 Mt cmtat 290 nm.£ 1370 Mt cm ! at 266 nm 413520 Mt cmt at 290 nm. See ref 14, where for

DMABN in MeCN e = 27990 Mt cm™t at 292.0 nm.

TABLE 3: Decadic Molar Absorption Coefficients, eMa,
Measured at the Maximum, 4™, of the Lowest-Energy
Absorption Band of NTC6 in Various Solvents at 25°C

solvent n-hexane DBE DEE THF® MeCN
ede 1.88 3.05 4.24 7.39 36.7
emX[M~1cm 22085 22755 23585 24980 25800
AmaxTnm] 299.7 303.6 303.9 308.3 311.8

aDi-n-butyl ether.P Diethyl ether.c Tetrahydrofuran? Dielectric
constant at 25C. © Reference 26.

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 ¥™(ICT) shifts to the red from 23130 crh at
+25 °C to 22600 cm?® at —45 °C, due to its large dipole
moment of 19 D and the increase of the solvent polarity upon
cooling141°

Molar Absorption Coefficients and Amino Twist Angle
of NXC6 and NXC5 in S. The decadic molar absorption
coefficiente™® of the maximum of the lowest-energy absorption
band of NTC6 inn-hexane at 28C (Figure 2a) is with 22085
M~1 cm™! considerably lower than that of the three other
1-alkyl-6-cyano-1,2,3,4-tetrahydroquinolines NIC6, NEC6, and
NMCS6 in this solvent, for whiche™@ ranges between 26220
and 25410 M cm™ (Table 2)?2 On the basis of the observation
that for 4-aminobenzonitriles the amino twist angleén the
ground state & determinese™@* according to the relation
eMX ~ cog 0,2324 an amino twist angle of 22°8(NEC6) or
21.2 (NMCS6) is derived for NTC6 im-hexane, depending on
which molecule (NEC6 or NMCS6) is taken to have a nontwisted
amino nitrogen. This result is in good agreement with the amino
twist angled = 22.7 obtained from the X-ray structure analysis
for NTC6, to be discussed separatély.

Influence of Solvent Polarity on Molar Absorption Coef-
ficient of NTC6. In MeCN, somewhat surprisingly, the differ-
ence between the"® of NTC6 and that of NIC6, NEC6, and
NMC6 is much smaller than in-hexane (Table 3). From the
emof NTC6 (25800 M1 cm™1) and NIC6 (26540 M! cm™1)
in MeCN, an approximate twist angte of 9.6° is calculated
for NTCB6, viae™™~ cog 0 and an assumed planar amino group
in NIC6; see previous section. When the solvent polarity
becomes larger, such as in the sernidsexane, din-butyl ether,
diethyl ether, tetrahydrofuran, MeCN (Table 8} 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
ir of NIC6 are single exponential over the entire temperature
ranges investigated (time resolution 2 ps/channel), froé®
to —95 °C in n-hexane and from+75 to —45 °C in MeCN.
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Figure 6. Single-exponential LE fluorescence decays of 1-isopropyl-
6-cyano-1,2,3,4-tetrahydroquinoline (NIC6) (ayihexane at-95°C
and (b) in acetonitrile (MeCN) at45 °C. The emission wavelengths
are (a) 330 nm and (b) 370 nm. The decay tinend the values foy?

are given in the figure. The weighted deviatianand the autocorre-
lation functions A-C are also indicated. Excitation wavelendthc

276 nm. Time resolution: 2.0 ps/channel with a time window of 1500
effective channels.

ICT reaction?1427supports the absence of ICT fluorescence in
the emission spectra of NIC6 shown in Figure 1. The fluores-
cence lifetimerg(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

The single-exponential character of these LE decays, also atin n-Hexane and Acetonitrile as a Function of Temperature.

low temperatures (Figure 6) where conditions are usually
optimal for marginal systems with a smatlAH for the LE—

The temperature dependence of the fluorescence quantum yield
®(LE) of NIC6 in n-hexane and MeCN is plotted in Figure 7b.
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@ MMM The expressions far, 75, andA appearing in eqs-35 aré-14.31
i~ ) n-hexane :
= 301 8 1 >
3 :)(5) : U, =X NFYX -+ 2k} 6
v Raane £ S0 SN
25§ M ] X — 1/t kKyTo2
I T T A= = 2 (7)
LU I U, =X (14 kg, — 17y)
02sL ® e L
) [ ] wheretg is the fluorescence lifetime of the model compound
E 0.20 Nne_ (no ICT) andX andY are given by
osk ] X=k,+ 1i, (8)
| (©) —>vvttvevoyt, | Y=Kky+ Lty 9)
Ty MeCN
S 0.08f . .
a NTC6 in MeCN. The LE and ICT fluorescence decays of
2 wﬂe' NTC6 in MeCN (Figure 9) are double exponentiaHe?5 and
“ 0.06f . —45°C. The shortest times,, 1.8 ps at+25 °C and 2.0 ps at
AT T T —45 °C, are clearly at or beyond the limit of the time-

=50 050

TFO) resolutio* of our SPC measurements. The long decay times

i 7, 10.37 ns (25°C) and 10.68 ns—<45 °C), are equal to the
Figure 7. Temperature dependence of (a) the fluorescence decay time| =T Jifetimes ‘L’b(lCT).Z’M'lS Although the timer, obtained

7o(LE), (b) the LE fluorescence quantum yietl(LE) and (c) the P .
radiative rate ok for 1-isopropyl-6-cyano-1,2,3,4-tetrahydroquinoline from the_ SPC deca_y at 2% in Figure 9a is Ionger than the_
(NIC6) in n-hexane and acetonitrile (MeCN). 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 a+45 °C (b), indicaté* that for
) ) NTC6 in MeCN the thermal back reaction rate constais
From ®(LE) and the corresponding fluorescence decay times mch smaller than the forward LE- ICT reactionk, rate

7o(LE) in Figure 7a, the radiative rate constak{t.E) of NIC6 constant (Scheme B = ky/kg whenky > 1/74(ICT))21415and
in n-hexane and MeCN are calculated by using the relation pacomes smaller upon lowering the temperature.

ki((LE) = ®(LE)/7o(LE) (see Figure 7c), to be able to compare
thesek;(LE) data with those of NTC6 in MeCN in a following
section. For NIC6 inn-hexane, the radiative rate constant
ki(LE) becomes somewhat smaller with increasing temperature
from 7.1 x 10’ st at —95°C to 6.2 x 10’ s1 at +65 °C,
similar to what has been obser¥égreviously for DMABN in
n-hexane and MeCN. This has been explained via the relation-
ship ki = ki(O)n2, wheren is the solvent refractive index and
ki(0) is temperature independéfitThe refractive index in
n-hexane becomes smaller with increasing temperafurer
NIC6 in MeCN, howeverk:(LE) remains practically constant,

. . N -
T()%rzismg betweerr45 and+75°C from 9.2 1010 9.3 x from 10.7 to 9.9 ns between45 and+75 °C (Figure 10a).

Picosecond LE and ICT Fluorescence Decays of NTC6 From @'(ICT) and 7(ICT), the ICT radiative rate constant
in n-Hexane and Acetonitrile. NTC6 in n-Hexane.The LE K(ICT) can be calculated by using the relatigf{ICT) =
and ICT fluorescence decaygLE) and i(ICT) of NTC6 in P'(ICT)/7(ICT).2° The rate constaniy(ICT) of NTC6 in
n-hexane (Figure 8) are double exponential (egs 3 and 4), atMeCN becomes larger with increasing tempera_lture, from 5.3
+25°C as well as at-95 °C. Between these temperatures, the x 100 6.2x 10" s™* between—45 and+75 °C (Figure 10c),
shortest apparent decay timgincreases from 2.1 to 20 ps, in contrast to the decrease &f(LE) for NIC6 over this
becomes somewhat longer (from 2.44 to 3.99 ns) and the LE témperature range in MeCN (Figure 7). The temperature
amplitude ratioA (eq 5) increases from 0.43 to 1.08. At both dependence ok(ICT) for NTC6 in MeCN observed here is
temperatures, the ICT amplitudes (eq 4) are equal and of Similar to that found for DMABN in this soIveHﬂThls indicates
opposite sign A + A= 0). This indicates that the ICT that the structure of the ICT state changes with temperature,
concentration [ICT]= 0 at time zero, which means that the whereas that of the LE state remains unchanged. It also could
ICT state is exclusively formed from the initially excited reflect the decrease of the energy of the ICT state with increasing

equilibrated LE statd4In other words, there is no experimental  Solvent polarity upon cooling}**>?which affects the Einstein
evidence for a reaction,S~ ICT, nor for direct population of ~ Coefficient ((ICT)) and hence the transition dipole moméht.

Fluorescence Quantum Yield ®'(ICT) and Lifetime
7,(ICT) of NTC6 in Acetonitrile as a Function of Temper-
ature. The temperature dependence of the fluorescence decay
"time 74, 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 @ equals®'(ICT), increasing from 0.56 to 0.61 between
—45 and+75 °C; see Figure 10b. Similarly, the fluorescence
decay timer; is equal to the ICT lifetimer(ICT), decreasing

the ICT state by absorption from tI ground staté:3.14.30 Time-Resolved LE and ICT Emission Spectra of NTC6
in n-Hexane from SPC Decays at-95 °C. By measuring
i{(LE) = Ay exp(=t/ty) + A, exp(-tizy) 3) fluorescence decays over the entire fluorescence band (17
emission wavelengths), the time-resolved LE and ICT emission
i(ICT) = A,y exp(=tit;) + Ay, exp(—t/ty) 4) spectra of NTC6 im-hexane at-95 °C were obtained; see

_ Figure 11. At this temperature, the ICT reaction is with=
A=AGlAy ®) 20 ps (Figure 8b), well within the experimental time resolution
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Figure 9. Double exponential LE (340 nm) and ICT (440 nm)
fluorescence decays oftért-butyl-6-cyano-1,2,3,4-tetrahydroquinoline
§ (NTC®6) in acetonitrile (MeCN) at (a)-25 °C and (b)—45 °C. The
decay times are, andt; with the corresponding amplitudesi(LE)
% andAx(ICT), see eqs 35, are given in the figure. The shortest decay
. time is listed first. The time; (kept fixed in the global analysis) was

determined from the same decays with 10.38 ps/channel. Excitation
wavelengthlexs 276 nm. Time resolution: 0.5 ps/channel with a time
window of 600 channels. See the caption of Figure 8.

Figure 8. Double exponential LE (340 nm) and ICT (440 nm)

?ﬁ-?-gg;: ?r? E?hde?(;iyes ;):t (“*;;;2“5%'(':6;1{;’" ?Sif’géssé't?{]aehé/gr:%@ut'x gge cannot be detected, as the overall spectrum is indistinguishable

7, andry with the corresponding amplitudés;(LE) andAx(ICT) (see from that of LE. It hence follows, similar to what was observed
eqgs 3-5) are given in the figure. The shortest decay time is listed first. With DMABN in MeCN,'* that the ICT state of NTC6 in
The values fory?, the weighted deviations and the autocorrelation  n-hexane is formed from the initially excited relaxed LE state
functions A-C are also indicated. Excitation wavelength; 276 nm. and not by direct excitation frome®r from the higher excited
Time resolution: 0.5 ps/channel with a time window of 650 channels. unrelaxeds; statel011.3032Thjs conclusion is also reached from
of around 3 p34 The spectral separation of the LE and ICT the observation that the sum of the amplitudes+ Az, (eq 4)
contributions to the total fluorescence spectra was carried outof the ICT fluorescence decays is equal to Z&tb!® as

as described previously (see Experimental Secfibn). discussed above (Figure 8b).

It is seen from Figure 11 that the relative contribution of the =~ Time Development of the LE and ICT Band Integrals of
ICT emission becomes gradually larger with increasing delay NTC6 in n-Hexane at—95 °C. The time development of the
time from 3 to 90 ps, with a simultaneous decrease of the LE band integrals BI(LE) and BI(ICT) over the separated LE and
fluorescence. At time zero, the presence of an ICT emission ICT fluorescence bands of NTC6 mhexane at-95 °C (see
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Figure 10. Temperature dependence of (a) the fluorescence decay time
75(ICT) equal tor: (see text), (b) the ICT fluorescence quantum yield
@'(ICT), and (c) the radiative rate consta@iCT) for 1-tert-butyl-6-
cyano-1,2,3,4-tetrahydroquinoline (NTCB6) in acetonitrile (MeCN).

Figure 11) is shown in Figure 12. From a global analysis of
both integrals, the times, = 19 ps andr; = 4150 ps, with an
amplitude ratioA = 0.92 (egs 35), 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 times; andr; 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
AzdAy = —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 statg314.15

From the decay timeg{, 7o) and the amplitude ratié\ (egs
6 and 7), the rate constanksg and kg and also the lifetime
7o(ICT) (see Scheme 1) can be determined in the usual
manner21415The LE fluorescence decay time of NIC6 at each
temperature (no ICT,; see abo¥é$ adopted here forg(LE).
The LE and ICT radiative rate constants can be calculated from
Ka, ka, To(LE), and 7i(ICT), together with®(LE) for ki(LE)
(see eq 10) and witkd'(ICT) for ki(ICT); see eq 11. The data
S0 obtained are listed in Table 4.

k(LE) = ®(LEX{ 1/ro(LE) + 1/r(ICT)(K/(ky + Liz(ICT))} (10)

K((ICT) = &' (ICT){ 1/r(ICT) + Lhro(LE)[(ky + Ury(ICT))k]} (11)

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 dty. = 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 im-hexanéi* with maxima at
460 and 750 nm (Table 5) as compared with 445 and 745 nm

J. Phys. Chem. A, Vol. 111, No. 50, 20012885
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Figure 11. Time-resolved fluorescence spectra of NTC@ihexane
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.

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 pumpprobe delay times from
0.1 to 5.0 ps, are similar to those mhexane (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
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TABLE 4: Data (Scheme 1 and Egs 3-11) for NTC6 in n-Hexane at+25 and —95 °C
T[°C] 12[ps] ti[ns] A 7o(LE) [ns]  ka[10°s7Y ki[10°s™]  7o(ICT)[ns]  k(LE)2[10”s™] ke(ICT)° [10” s

25 21 2.44 0.43 3.0 143 333 17 9.3 7.6
251 2.23 2.44 0.39 3.0 126 322 1.7 8.9 8.0
—95° 20 3.99 1.08 3.06 26 24 5.6 11 8.2
—95 19 4.15 0.92 3.06 25 27 6.8 10 7.6

a Determined by employing eq 10 ade{LE) = 0.159 at 25°C and 0.228 at-95 °C (Table 1).? Determined by employing eq 11 adel (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 time; comes from measurements at a larger time scale (10.4 ps/chahibetp from a global analysis of the decays in Figure 8a
with fixed values forr, andz;. The decay time: is taken from the decay of the femtosecond LE excited-state absorption band in Figur®aft.
from the global analysis in Figure 8b. The decay timecomes from measurements at a larger time scale (10.4 ps/chdriaty. 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 times and

T2, 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 Fatio
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 0

e —
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supported by the amplitude ratdp./A;; = —1.0 (eq 4) for BI(ICT); —04
see text. —
a delay time of 0.2 ps (mainly LEY,with maxima at 710, 440, LE 10
355, and 320 nm. 20 — 120

The absence of a decay and growing-in in the transient E 1-1
absorption spectra of NIC6 in-hexane and MeCN (Figures
13 and 14), with a time resolution down to 100 fs, again (see T T I
above) shows that an ICT state is not formed with this molecule. 400 600 800 1000
This observation is in contradiction with the interpretation of A [nm]

gas-phase experiments with NMCE6 in the literature, from which

itis concluded. tha'g anICT state is populated by passing throug 1072 nm) with excitation wavelengtti4d) at 290 nm. for pump

an S/ICT conical intersection and from there reaches the LE probe delay times between 0.4 and 120 ps. (b) Transient absorption

state of lower energf. In the n-hexane spectrum, a solvent  gpectra at 30 ps delay time wifla, at 290 and 266 nm. (c) Excited-

coolingt433effect is visible (see arrows in Figure 13a), whereas state absorption (ESA) spectra after the subtraction of the stimulated

in MeCN a solvation process manifests itself between 0.1 and emission (SE), at delay times between 0.4 and 120 ps. The SE spectrum

1 ps after excitation, with no further evolution after 5 ps (Figure s also shown. The cross sectioris given on the right axis. mOD is

14a,b). A comparison between the spectra of NICB-irexane optical density/1000.

and MeCN at 30 ps delay time with dgy: of 290 and 266 nm

(Figures 13b and 14c), shows that these transient absorption= 290 nm) are presented in Figure 15a,b for pumppbe delay

spectra do not depend on excitation wavelength. A similar times between 0.2 and 32 ps (six spectra). For the band with a

independence was observed for DMABN in Me&N. maximum around 800 nm, a decay of the differential absorbance
NTC6: Transient Absorption Spectra in n-Hexane and is observed, whereas around 360 nm a spectral growing-in

Acetonitrile. n-Hexane. The transient and ESA spectra of occurs; see the upward arrow below 400 nm in Figure 15a,b.

NTC6 in n-hexane for the spectral range 334072 nM fexc The decay of the band integral BI(600,970) for the ESA

h Figure 13. NIC6 in n-hexane. (a) Transient absorption spectra (334
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Figure 14. NIC6 in acetonitrile (MeCN). (a) Transient absorption t [pS]
spectra (3341072 nm) with excitation wavelengtiig at 290 nm,
at pump-probe delay times between 0.1 and 5.0 ps. (b) Transient Figure 15. NTC6 in n-hexane at 290 nm excitation. (a) Transient
absorption spectra with excitation wavelength.g at 290 nm, at absorption spectra (334L072 nm) and (b) excited-state absorption
delay times between 5 and 100 ps. (c) Transient absorption at 30 ps(ESA) spectra after the subtraction of the stimulated emission (SE), at
delay time with/e, at 290 and 266 nm. (d) Excited-state absorption pump—probe delay times between 0.2 and 32 ps. The LE and ICT SE
(ESA) spectra after the subtraction of the stimulated emission (SE), spectra are also shown. In (a) and (b), the downward arrow (800 nm)
at delay times between 0.1 and 5.0 ps. The SE spectra are alsgindicates the decay of the LE absorption, whereas the upward arrow
shown. The cross sectianis given on the right axis. mOD is optical ~ (below 400 nm) shows the rise of the ICT absorption. (c) Double
density/1000. exponential decay curve of the band integral BI(600,970) between 600
and 970 nm in the ESA spectrum, having decay timgand r; of
spectrum between 600 and 970 nm (Figure 15c), can be fittedé'ezrfsggggbl_ ps, amplitudés andA, and an offsefo. mOD is optical
with as a double exponential with two decay times of 2.23 and
20.1 ps. The shortest time, = 2.23 ps obtained from the )
femtosecond ESA spectrum is to be compared with the decay The ESA spectrum of NTCE in-hexane at the shortest delay
time 7, = 2.1 ps from the picosecond LE and ICT decays of time (200 fs) in Figure 15b, closely resembles that of the LE
NTC6 in n-hexane at 28C shown in Figure 8a. This, perhaps state of NIC6 in this solvent (Figure 13c), with peaks at 470
surprisingly, good agreement is a verification of the accuracy and 800 nm as compared with 460 and 750 nm for NIC6 (Table
of the picosecond SPC decays down to 2 ps. 5). In the spectrum of NTC6 there is an onset to a larger peak

BI(600,970) [mOD]
th
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1-2 Figure 17. NTC6 in acetonitrile (MeCN) at 266 nm excitation. (a)
Transient absorption spectra (338072 nm) at pumpprobe delay
, times between 0.2 and 5.0 ps. The downward arrow (770 nm) indicates

'1000' 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 timeof 1.04 ps and an offsét,. mOD is
; ; ! d ; ';E\- optical density/1000.
Ky , . - .
- with delay times between 0.2 and 5.0 ps. Similar to what is
1,=082ps  A,=0.0059 y P

observed for NTC6 im-hexane (Figure 15), the band having a
A, =0.0021 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 time
of 0.82 ps and an offsély; see Figure 16c.
0 jwert . . ) . < 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
t [ps] 5), is based on the similarity with the LE(ESA) spectrum of
Figure 16. NTC6 in acetonitrile (MeCN) at 290 nm excitation. (a) ~NIC6 in MeCN (Figure 14d), having maxima at 730 and 450
Transient absorption spectra (338072 nm) and (b) excited-state nNmM. The decay of the LE absorption band is accompanied by a
absorption (ESA) spectra after the subtraction of the stimulated emissionspectral growing-in around 440 nm and below the spectral
(SE), at pump-probe delay times between 0.2 and 5.0 ps. The LE and window at 334 nm (Figure 16b). As already mentioned in the

ICT SE spectra are also shown. In (b), the downward arrow (770 nm) previous section, the main ICT peak of DMABN in MeCN is

indicates the decay of the LE absorption, whereas the upward armow ¢ 1 at 315 nm and a smaller band occurs at 425 nm. It is

(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 therefore concluded that the ICT state of NTC6 in MeCN is

spectrum, having a decay timeof 0.82 ps and an offse%. mOD is formed from the LE precursor, the same conclusion as for
optical density/1000. n-hexane (Figure 15b).

MeCN atlexc = 266 nm.The decay and rise pattern of the
below 330 nm, toward the spectral range for the ICT absorption transient absorption spectra of NTC6 in MeCN for 266 nm
maximum of DMABN (in MeCN}* at 315 nm. The decay of  excitation (Figure 17a) is similar to that found for the spectra
the band of NTC6 at 800 nm therefore represents the decay ofwith Aexc = 290 nm in Figure 16. The somewhat lower quality
the absorption of the LE precursor, whereas the rise below 4000f the spectra in Figure 17 as compared with Figure 16, is due
nm is due to the formation of the ICT state. to the fact that the molar absorption coefficient (Table 2) of

MeCN atlexe = 290 nm.The transient and ESA spectra of NTC6 in MeCN is much smaller at 266 (1370 %cm™1) than
NTC6 in MeCN for dexc = 290 nm are shown in Figure 16, at 290 nm (13520 M! cm™1).

BI1(600,970) [mOD]
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TABLE 5: Excited-State Absorption (ESA) Maxima and Decay Timest, for NTC6 and NIC6 in n-Hexane and Acetonitrile

(MeCN) (Figures 13-16)

ESA maxima [nm] decay times [ps]?
n-hexane MeCN n-hexane MeCN
NTC6 470, 800 765, 460, below 334 2.23 *82
NIC6 460, 750 730, 450, below 350
DMABN (LE)® 300, 320, 445, 470, 745 320, 355, 440, 710
DMABN (ICT)¢ 315, 425, (490), 970 4.07

a Excitation at 290 nm? 1.04 ps at 266 nm excitation (Figure 17); see téfata from ref 14.

XZ\/
Sl ;]&&‘E /E_\
E(LE)f-->y"---- -\ 1cT
FX(ICT)
Y™(LE)
E(FC,ICT)
So E(FC,LE)

Figure 18. Potential energy surfaces for the ground stater®l the
excited states $S, LE, and ICT. When excited to the, State (with

an energy gapA\E(S;,S;) above %), the system relaxes by internal
conversion to the equilibrated LE state, having an en&(gy§) above

So. The ICT reaction proceeds from the LE to the ICT state, with a
reaction barrieE, and an enthalpy differencgH. Fluorescence from
the LE and ICT states, with emission maxie(LE) andv™2{ICT),
reaches the corresponding Frantkondon statesE(FC,LE) and
E(FC,ICT).

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 fgg: = 290
nm in Figure 16c.

Intramolecular Charge Transfer with NTC6 in n-Hexane
and MeCN. It is seen from the ESA spectra (Figures—1)
that NTC6 undergoes a fast ICT reaction (2.2 ps)-imexane,
whereas such a reaction does not take place with DMABN in
this solvent* With NTC6 in MeCN, a subpicosecond ICT

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 computatioHs.

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 158.7) 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 calculatidh&! and the
interpretation of gas-phase experiments with NMC6 and
DMABN, 3234from which it is concluded that the ICT as well
as the LE state are formed via ag/IST 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 solvanhexane as well as
in the polar MeCN, whereas only LE emission is found for its
N-isopropy! derivative NIC6, even in MeCN at45 °C. The
absence of ICT in the case of NIC6 is attributed to its larger
energy gapAE(S;,S;) as compared with NTC6 (Figure 18).
From the temperature dependence of the quantum yield ratio
O'(ICT)/P(LE) for NTC6 in n-hexane an enthalpy difference
AH of —2.4 kJ/mol is calculated for the LE~ ICT reaction.

By measuring the molar absorption coefficiedt§* of NTC6
and NICB6, together with a number of their derivatives, an amino
twist angled between 21 and 23s determined for the ground
state of NTC6 inn-hexane. It is found that the"® of NTC6
becomes larger when going fromhexane 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 fromH-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 mhexane and MeCN,
the LE and ICT fluorescence decays are double exponential.

reaction (0.82 ps) is observed, as compared with 4 ps reactionWhereas the shortest decay timgof 2.1 ps for NTC6 in

for DMABN. 1 The observation that the shortest decay time

of NTC6 in MeCN 25 = 36.7) is considerably shorter than in
n-hexane ¢2°> = 1.88) reflects the generally observéf!®
increase in the rate constaktfor the LE— ICT reaction of
aminobenzonitriles (Scheme 1) when the solvent polarity
becomes larger. The LE(ESA) spectrum of NTCéihexane

n-hexane at-25 °C appears to be at the limit of the SPC time
resolution, 7, increases to 20 ps at95 °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.
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By analyzing the LE and ICT band integrals derived from the
time-resolved spectra, the following results are obtained=

19 ps andr; = 4.15 ns with an amplitude ratio of 0.92. The
forward and backward ICT rate constants (Schemé&.E;, 2.5

x 100 s 1 andky = 2.7 x 100s71, calculated from these data
show that the ICT reaction is still fast for NTC6 a5 °C.

The absence of a decay and growing-in in the transient

absorption spectra of NIC6 mhexane 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 gICT 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,

Druzhinin et al.

(5) Grabowski, Z. R.; Rotkiewicz, K.; Rubaszewska, W.; Kirkor-
Kaminska, E Acta Phys. Polon1978 54A 767.

(6) Ginter, W.; Rettig, WJ. Phys. Chem1984 88, 2729.

(7) Grabowski, Z. R.; Rotkiewicz, K.; Rettig, WChem. Re. 2003
103 3899.

(8) Yoshihara, T.; Druzhinin, S. I.; Zachariasse, K. A.Am. Chem.
S0c.2004 126, 8535.

(9) Amatatsu, YJ. Phys. Chem. 2005 109 7225.

(10) Gamez, I.; Mercier, Y.; Reguero, Ml. Phys. Chem. 2006 110,

455.

(11) Hatig, C.; Hellweg, A.; Kthn, A. J. Am. Chem. So2006 128
15672.

(12) Zachariasse, K. A.; Grobys, M.; von der Haar, Th.; Hebecker, A.;
Ilichev, Yu. V.; Morawski, O.; Rigkert, I.; Kthnle, W.J. Photochem.
Photobiol. A: Chem1997 105 373.

(13) Braslavsky, S. EPure Appl. Chem2007, 79, 293.

(14) Druzhinin, S. I.; Ernsting, N. P.; Kovalenko, S. A.; Lustres, L. P.;
Senyushkina, T. A.; Zachariasse, K. A.Phys. Chem. 2006 110, 2955.

(15) Yoshihara, T.; Druzhinin. S. I.; Demeter, A.; Kocher, N.; Stalke,
D.; Zachariasse, K. AJ. Phys. Chem. 2005 109, 1497.

(16) Galievsky, V. A.; Druzhinin, S. |.; Demeter, A.; Jiang, Y.-B.;

i.e., that the ICT and LE states are not formed simultaneously yovajenko, S. A.: Lustres, L. P.; Venugopal, K.; Emsting, N. P.; Allonas,

from an S/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 timesof 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 slowes & 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 figy. = 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 NTCéihexane 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

X.; Noltemeyer, M.; Machinek, R.; Zachariasse, K.@hem. Phys. Chem.
2005 6, 2307.

(17) Kovalenko, S. A.; Dobryakov, A. L.; Ruthmann, J.; Ernsting, N.
P.Phys. Re. A 1999 59, 2369.

(18) Ernsting, N. P.; Kovalenko, S. A.; Senyushkina, T. A.; Saam, J.;
Farztdinov, V.J. Phys. Chem. 2001, 105 3443.

(19) Yoshihara, T.; Galievsky, V. A.; Druzhinin. S. [;
Zachariasse, K. APhotochem. Photobiol. S&2003 2, 342.

(20) Inref 3, the ICT fluorescence spectrum was obtained by subtracting
the LE emission spectrum of NIC6 from the total fluorescence spectrum of
NTCS6, giving somewhat different results. This difference in procedure does
practically not affect the slope of the plot for {b{(ICT)/®(LE)) versus
the reciprocal absolute temperature (see Figure 4).

(21) Suzuki, K.; Demeter, A.; Kanle, W.; Tauer, E.; Zachariasse, K.
A. Phys. Chem. Chem. Phy200Q 2, 981.

(22) The data foe™2of NTC6, NIC6, NEC6, and NMC6 im-hexane
listed in Table 2 are somewhat different from those reported in Table 1 of
our previous publication ref 3. The reason for this discrepancy is not clear.
Our present data have been obtained from repeated measurements with
carefully purified compounds (fresh HPLC) and a comparison with well-
established data such as those of DMABN (Table 2).

(23) Burgers, J.; Hoefnagel, M. A.; Verkade, P. E.; Visser, H.; Wepster,

Saha, S,

comparable molecular structure. The same conclusion is madeB- M- Recl. Trax. Chim. Pays-Bad958 77, 491.

for the structure of the ICT states of NTC6 and DMABN, as
the ICT(ESA) spectrum of NTC6 im-hexane and MeCN
resembles that of DMABN in MeCN.

Acknowledgment. We thank Dr Attila Demeter (Chemical

Research Center, Budapest) for measuring the intersystem

crossing yield of NTC6. Many thanks are due to Mirgkn
Bienert for carrying out HPLC purifications and to Mr. Wilfried
Bosch and Mr. Helmut Lesche for technical support.

Supporting Information Available: Figure showing ab-

(24) Rickert, I.; Hebecker, A.; Parusel, A. B. J.; Zachariasse, KZA.
Phys. Chem200Q 214, 1597.

(25) Druzhinin, S. I.; Noltemeyer, M.; Zachariasse, K. A. Paper in
preparation.

(26) Landolt-Bonstein,Numerical Data and Functional Relationships
in Science and Technology, New Seridadelung, O., Ed.; Springer:
Berlin, 1991; Group 1V, Vol. 6.

(27) For systems with smattAH, the thermal ICF— LE back reaction
(k¢, Scheme 1) often becomes large relative tollICT) already at room
temperature. This high-temperature-limit (HTL) condition leads to small
values for®'(ICT)/®(LE); see eqs 1 and 2 (refs 2 and 14). The maximum
value for ®'(ICT)/®(LE) is reached wherkg = 1/1(ICT), which then
obviously can be brought about by lowering the temperature.

(28) Druzhinin, S. I.; Demeter, A.; Galievsky, V. A.; Yoshihara, T.;

sorption and fluorescnce cross section spectra of NTC6 in Zachariasse, K. Al. Phys. Chem. 2003 107, 8075.

n-hexane and acetonitrile. This material is available free of
charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Visser, R. J.; Varma, C. A. G. Q. Chem. Soc., Faraday Trans.
2198Q 76, 453.

(2) Leinhos, U.; Kinnle, W.; Zachariasse, K. Al. Phys. Cheml99],
95, 2013.

(3) Zachariasse, K. A.; Druzhinin, S. I.; Bosch, W.; MachinekJR.
Am. Chem. So004 126, 1705.

(4) Rotkiewicz, K.; Grabowski, Z. R.; Kmeczyfski, A.; Kihnle, W.
J. Luminescenc&976 12/13 877.

(29) Landolt-Banstein.Numerical Data and Functional Relationships
in Science and Technology, New Serieschner, M. D., Ed.; Springer,
Berlin, 1996; Group Ill, Vol. 38B.

(30) Gamez, |.; Reguero, M.; Boggio-Pasqua, M.; Robb, M.JAAm.
Chem. Soc2005 127, 7119.

(31) Birks, J. B.Photophysics of Aromatic Moleculé#/iley: London,
1970.

(32) Fuss, W.; Schmid, W. E.; Pushpa, K. K.; Trushin, S. A.; Yatsuhashi,
T. Phys. Chem. Chem. Phy007, 9, 1151.

(33) Schwarzer, D.; Troe, J.; Zerezke, M. Chem. Phys1997 107,
8380.

(34) Fuss, W.; Rettig, W.; Schmid, W. E.; Trushin, S. A.; Yatsuhashi,
T. Faraday Discuss2004 127, 23.



