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Abstract

Fluorescence excitation spectra of 4-(diisopropylamino)benzonitrile (DIABN) and 4-(dimethylamino)benzonitrile
(DMABN) in thermal vapour and seeded jet expansions are compared. The spectrum of jet-cooled DIABN shows an

intense 0-0-transition at 31751.8 cm™'. The spectrum collapses at excess excitation energies above 800 cm

-1, indicating

the presence of an efficient non-radiative decay channel. In the gas phase, fluorescence emission of DIABN occurs from
the intramolecular charge transfer (ICT) state. The non-radiative decay channel, therefore, is attributed to rapid ICT in
the isolated molecule. The related compounds 4-(methylamino)-3,5-dimethylbenzonitrile (MHD), 4-(azetidinyl)-3,5-
dimethylbenzonitrile (M4D), and 4-(dimethylamino)-3,5-dimethylbenzonitrile (MMD) in the jet show extremely weak
and structureless emission. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

The origin of the dual fluorescence of 4-(dim-
ethylamino)benzonitrile (DMABN) and related
compounds in solution continues to be the subject
of detailed investigation and controversial discus-
sion [1,2]. While there seems to remain little doubt
that, following excitation of a locally excited state
(LE), structural changes accompanied by intra-
molecular charge transfer (ICT) lead to population
of a second emitting state, conflicting hypotheses
concerning the nature of these structural rear-
rangements have been put forward. Among the
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mechanisms discussed, the most prominent is the
twisted intramolecular charge transfer (TICT)
model as originally proposed by Grabowski et al.
[3]. In essence it states that intramolecular charge
separation is accompanied by a 90° twist of the
dimethylamino group with respect to the benzo-
nitrile moiety, taking the molecule from a more or
less planar conformation in the LE state to a
perpendicular structure in the ICT state. There is
substantial evidence, however, that alternative
mechanisms have to be considered in order to ac-
count for kinetics and spectra observed for a
variety of related compounds under different
physical conditions, ranging from the isolated
molecule to supercritical fluid, as well as in non-
polar and polar liquid solutions. In this context,
we recently proposed a planar intramolecular
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charge transfer (PICT) model [2,4-6] which as-
sumes an essentially planar conformation of the
ICT state, whereas the LE state retains at least
part of the pyramidal structure of the dimethyla-
mino group present in the electronic ground state.
In this PICT-model, the energy gap AE(S;,S)
between the two lowest excited singlet states is of
crucial importance for the dynamics of ICT state
formation. Its magnitude can be controlled either
externally by varying solvent polarity or internally
by appropriately modifying the molecular struc-
ture of the aminobenzonitriles. Systematic inves-
tigations of structural and solvent effects on ICT
have therefore been made to elucidate the detailed
mechanism of formation and the molecular nature
of the emitting ICT state [1-6].

Recently, dual fluorescence of the DMABN
derivative 4-(diisopropylamino)benzonitrile (DI-
ABN) in alkane solvents was reported and shown
to be associated with fast ICT [6], while it is well-
known that DMABN itself does not exhibit dual
fluorescence in such non-polar solvents. This ob-
servation lends strong support to the PICT model,
as fast ICT in DIABN is favoured by the com-
paratively small intrinsic energy gap AE(Si,S,).
Moreover, the bulkiness of the isopropyl substit-
uents in DIABN reduces the pyramidality of the
amino nitrogen [6] and should retard any twisting
motion of the amino group. ICT with DMABN in
a non-polar environment is prevented by a much
larger AE(S;,S,) gap than that present in DIABN.

Under collision-free conditions in a supersonic
jet expansion, isolated DMABN appears to emit
only from the LE state [7-9] with a lifetime around
5 ns independent of excitation energy in the energy
range up to about 900 cm~! above the 0-0-tran-
sition [8,10]. In this region, the laser induced flu-
orescence (LIF) excitation spectrum shows no
indications for electronic coupling between the
emitting LE(S;) and the higher lying S, state.
Based on results of a careful investigation of ro-
tational contours of some prominent vibronic
transitions in DMABN [11], however, it has been
argued recently that already at low excess energy
E = hvexe — EJ) (vexe 18 the frequency of the exciting
laser pulse and E{) the energy of the 0-0-transition)
there is evidence for substantial coupling between
electronic states. For smaller AE(S;,S,;) energy

gaps such as in DIABN, one would expect that
even stronger perturbations indicative of enhanced
S1-S; coupling appear in the LIF excitation spec-
trum at sufficiently high excess energy. Such effects
were inferred, e.g., for jet-cooled isolated 4-
pyrrolidinobenzonitrile from the change of shape
of the fluorescence emission spectrum upon exci-
tation at 773.1 cm~! excess energy [12] and the
methyl esters of 4-(pyrrolidinyl)benzoic acid
(PSME) and 4-(dimethylamino)benzoic acid based
on the appearance of an underlying continuum
component in the spectrum and characteristic
changes in the rotational contour with increasing
excitation energy [12,13]. The purpose of the pre-
sent study is the comparison of LIF excitation
spectra of jet-cooled DMABN derivatives having
different AE(S;,S,) energy gaps. In addition to
DIABN and DMABN we investigated jet expan-
sions of 4-methylamino-3,5-dimethylbenzonitrile
(MHD), 4-(azetidinyl)-3,5-dimethyl-benzonitrile
(M4D), and 4-(dimethylamino)-3,5-dimethylben-
zonitrile (MMD). The structures of the com-
pounds investigated in this study are given below.
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DIABN DMABN MMD MHD M4D

2. Experimental

Details of our experimental setup have been
described elsewhere [14,15]. We therefore only
summarize the main features. The jet apparatus
consists of a vacuum chamber evacuated by a
diffusion pump (Edwards Diffstak 250/2000M)
backed by a rotary pump (Edwards E2M40). The
samples were heated to 90-150°C, entrained in
1.5-10 bar helium and expanded into the vacuum
using a General Valve Series 9 pulsed nozzle. The
nozzle orifice had a diameter of 100 um.

For measuring fluorescence excitation spectra,
the jet beam 1is crossed at right angles by a
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perpendicularly polarized laser beam. The laser
system consists of a dye-laser (Lambda Physik
Scanmate 11, 0.15 cm™! resolution) pumped by a
Nd:YAG laser (Quantel Brilliant ®) at a 10 Hz
repetition rate. The dye laser beam was frequency
doubled in a KDP crystal to generate excitation
wavelengths in the range from 268 to 325 nm. The
broadband fluorescence was collected perpendic-
ularly to the plane spanned by laser beam and jet
expansion and focused by a collimating f/1 lens
system onto a microchannel plate photomultiplier
(MCP-PMT, Hamamatsu R3809U). The resulting
signal was accumulated in a home-made boxcar
integrator, digitized and stored in a computer.

Vapour phase absorption and fluorescence
spectra were measured employing a Cary 500 Scan
spectrophotometer and an ISA-SPEX Fluorolog
3-22 fluorometer, respectively. The samples were
contained in a sealed quartz cuvette of 1 cm path
length. Care was taken to maintain the optical
windows at a higher temperature than the sample
reservoir of the cell. Temperatures were controlled
by a JUMO Dicon 1000 Universal Profile Con-
troller. The vapour pressure of the compounds
was adjusted by varying the temperature of the
reservoir.

3. Results and discussion
3.1. DMABN and DIABN

In order to obtain for the class of compounds
investigated here a relative standard for our spe-
cific experimental set-up, the fluorescence excita-
tion spectrum of jet-cooled DMABN was
measured, see Fig. 1, resulting in a spectrum
similar to those already published in the literature
[7-9,13,16,17]. The weak 0-0-transition was found
at Ej =32246.5cm™!, in excellent agreement
with the value given by Salgado et al. [11]. As
in dimethylaniline, the low frequency part
(0250 cm™!) of the LIF excitation spectrum is
dominated by transitions arising from torsion of
the methyl rotors of the dimethylamino substitu-
ent [18]. Though there still may remain some un-
certainty regarding the detailed assignment and
the coupling with the amino inversion mode
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Fig. 1. LIF excitation spectrum of jet-cooled isolated
DMABN. Pulsed helium expansion at 9 bar stagnation pres-
sure, sample temperature 150°C. The four main band systems
of the frequency range are indicated at their most prominent
transition, X = 137 cm™'.

[16,19,20], following the arguments put forward in
the case of dimethylaniline [18] it seems very rea-
sonable to assume that the weak 0-O-transition
observed for DMABN is caused by a substantial
change of the equilibrium torsion angle of the
methyl rotors between the ground and the locally
excited state. The low frequency pattern then re-
peats itself in combination transitions with 365,
498, and 783 cm™! that are assigned to (benzene-
like notation [21]) modes 6a (in-plane ring defor-
mation), 12 (in-plane ring stretch), and 1 (in-plane
ring breathing), respectively [19].

Jet-cooled DIABN likewise exhibits a well-de-
fined structured LIF excitation spectrum as shown
in Fig. 2. From a comparison of the fluorescence
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Fig. 2. LIF excitation spectrum of jet-cooled isolated DIABN.
Pulsed helium expansion at 5 bar stagnation pressure, sample
temperature 100°C. The main band systems are labelled and
two low frequency progressions are identified.
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intensities of corresponding spectral lines of
DIABN and DMABN, a relative fluorescence
quantum yield of about 1072 is estimated for
DIABN with respect to that of DMABN, assuming
similar values for the absorbance of DMABN and
DIABN under our experimental conditions. The
lowest energy line in the DIABN spectrum was
found to have the largest intensity, similar to
LIF excitation spectra reported for 4-(diethyla-
mino)benzonitrile [22], 4-(pyrrolidino)benzonitrile
(P5C), and 4-(pyrrolidino)benzoic acid methyl es-
ter [13], which indicates that only little structural
change takes place in DIABN upon 0-0-excitation
to the LE state. Equivalently, a strong 0-0-transi-
tion is found for N, N-diethylaniline, supporting
the assumption that methyl rotor torsion is re-
sponsible for the low frequency part of the LIF
spectrum [18]. Line positions are given with respect
to the origin at 31751.8 cm™'. The red shift of the
0-0-transition by 495 cm~' compared to that of
DMABN is also reflected in a corresponding red
shift of the vapour phase absorption spectra be-
tween DMABN and DIABN as illustrated in Fig. 3.

Due to the presence of the two isopropyl
groups, the LIF spectrum of DIABN is very
crowded already at small excess energy and con-
tains a number of intense lines indicating efficient
excitation of the multitude of twisting modes pre-
sent in this molecule. Two progressions may be
identified, one with a 46 cm~! mode that can be
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Fig. 3. Vapour phase absorption and fluorescence spectra ex-
cited at 280 nm of DMABN (dotted line; absorption at 150°C
and fluorescence at 90°C) and DIABN (full line; absorption at
100°C and fluorescence at 90°C).

followed up to v = 5 at 230 cm~!, and another one

with 79 cm™! up to v = 3 at 238 cm~!. There ap-
pear to be also a number of low frequency com-
bination bands that are not further specified here.
Similar to DMABN, the complex low frequency
pattern reappears in combination with higher fre-
quency modes at 171, 344, and 479 cm~!. The
latter two may again be assigned to modes 6a and
12 as in the case of DMABN.

Another striking difference between the LIF
spectra of DMABN and DIABN is the complete
absence of intense combination bands with mode 1.
Only the weak origin of this band system is visible
at 764 cm~!. The benzene-like modes 6a, 12, and 1
are shifted to lower frequencies by about 20 cm™!
with respect to their positions in the LIF spectrum
of DMABN, an effect that is in line with an
equivalent shift between the spectra of ABN and
DMABN [19]. As far as can be judged considering
this congested spectrum, there appears to be very
little background, indicating the absence of strong
electronic coupling for energies £< 600 cm™'. A
similar conclusion has been drawn for DMABN
and P5C [13]. This lack of strong coupling is also
born out by the widths of the rotational contours
which are close to 1.3 cm™~!. At higher excess en-
ergy, the intensity rapidly drops to very low values,
with a corresponding significant increase in line-
width. Both observations suggest that an efficient
non-radiative decay channel becomes accessible to
the LE state in this energy range. In view of the
large efficiency of the ICT reaction of DIABN in
alkane solvents [6], we assign this non-radiative
decay to the channel leading eventually to the ICT
state in solution.

Strong additional evidence to support this hy-
pothesis may be obtained from a comparison of
the fluorescence emission spectra of DMABN and
DIABN. In n-hexane solution [6], the Stokes shift
between the absorption and fluorescence emission
spectrum of DMABN is about 6500 cm~!, and, in
this case, emission only takes place from the LE
state. In contrast, the Stokes shift for DIABN is
close to 8000 cm~!, and most of the emission is
from the ICT state with a small contribution from
the LE state which is visible as a small shoulder at
the blue side of the main fluorescence band at
about 29500 cm~!. The corresponding spectra in



276 R. Daum et al. | Chemical Physics Letters 341 (2001) 272-278

the vapour phase are shown in Fig. 3. For
DMABN, the maximum of the absorption spec-
trum is shifted 1000 cm™~' to the blue, while that of
the LE fluorescence spectrum changes to a much
smaller extent. In the case of DIABN, both the
absorption and the fluorescence emission band
maximum roughly shift 1000 cm™! to the blue,
maintaining the same Stokes shift as in non-polar
solution. The fluorescence peaks at about
26500 cm™!, which still is 3000 cm™! to the red of
the LE band in n-hexane solution, clearly indi-
cating that also in the vapour phase the fluores-
cence of DIABN predominantly originates from
the ICT state, whose emission band now com-
pletely obliterates the weak shoulder of the LE
state emission.

3.2. MMD, M4D and MHD

Having taken LIF excitation spectra of
DMABN and DIABN, we prepared correspond-
ing expansions with MMD, M4D and MHD. The
wavelength range 30 nm up and downward from
the maximum of the respective bulk vapour phase
absorption was scanned carefully. With MMD we
obtained a very weak and broad LIF excitation
band as described previously by two other groups
[17,23]. The intensity of the fluorescence was about
a factor of 103 weaker than for DMABN and close
to our detection limit. In the case of M4D the light
intensity at the detector was even an order of
magnitude less than that found with MMD and we
were hence not able to identify an LIF excitation
band. MHD gave signals similar in intensity to
those obtained from MMD. Fig. 4 shows a com-
bination of four spectral scans of the emission
from a jet seeded with MHD (sample temperature
150°C) corrected for pump laser intensity. The
structure at short excitation wavelengths is due to
etalon effects at wavelengths below 280 nm re-
sulting from blocking filters. The signal-to-noise
ratio is very poor, a result of the very low fluo-
rescence intensity, similar to that observed in the
case of MMD. The spectral shape and position of
the broad excitation band of MHD may still be
contaminated by stray light, with an intensity that
varies with laser output power during the spectral
scan. Therefore, we are reluctant to identify the
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Fig. 4. Emission spectrum normalized to laser power variation
obtained from an MHD-seeded helium jet (7 bar stagnation
pressure; 120°C sample temperature). Uncorrected data.

emission band as the pure LIF excitation spectrum
of MHD, also because its maximum at 284 nm is
red-shifted by about 20 nm with respect to its
vapour phase absorption spectrum. From the ex-
tremely weak fluorescence observed for MMD,
M4D and MHD under jet-conditions, one may
conclude that S;-S, coupling is extensive in these
molecules, as to be expected on the basis of the
close proximity of the two electronic states.

3.3. Rotational contour analysis with DMABN

At first glance, the spectrum of DMABN in
Fig. 1 is an example of a relatively unperturbed
LE-excitation spectrum at low excess energics
above E). However, results to the contrary were
obtained by Salgado et al. when they carried out a
rotational contour analysis of several of the vib-
ronic transitions in the spectrum over the excess
energy range of 76-1158 cm™' [11]. By fitting the
experimental contours of their spectral lines and
using calculated rotational constants, a rotational
temperature of the ensemble of 5 K and the spec-
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tral resolution of their apparatus, they arrived at
surprisingly large homogeneous rotational line
widths in the range between 0.3 and 3.5 cm™'.
These widths were interpreted as an indication for
a fast intramolecular non-radiative process on a
picosecond timescale (1.5-24 ps) starting from the
Franck-Condon (FC) state, i.e., preceding fluo-
rescence emission. According to this view, the LE
state of DMABN is not the primarily emitting
state under jet conditions. In support of this in-
terpretation, indications of corresponding expo-
nential rise components in the fluorescence
emission traces of jet-cooled DMABN measured
by time correlated single photon counting [8] were
reported to be present in the original data [11].
Considering the low rotational temperature of
5 K, the large spectral widths of the rotational
contours observed for DMABN were puzzling
[11]. The measured half-widths as taken from the
published spectra gradually increase from 2.6 up
to 4.2 cm™! for transitions at 76 and 916 cm™',
respectively. A width of 3.4 cm~' was observed for
the transition at 136 cm~', with a contour identi-
fied as C-type. This transition is somewhat broader
than expected from the general trend, signalling a
short lifetime of 6.5 ps for the excited vibronic
state. The line was assigned to an out-of-plane
transition leading to a twisted geometry of the
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excited state. In contrast, a B-type rotational
contour for this transition having a width of
around 2 cm~! may be estimated from the pub-
lished spectra [12,13].

In view of this discrepancy we took a closer
look at some of the most prominent transitions of
DMABN measured with our experimental setup
(Fig. 1). Under optimal cooling conditions for
isolated medium size molecules such as trans-stil-
bene, 1,4-diphenyl-(1,3)-butadiene, 4-dimethyla-
mino-4'-cyanostilbene, azulene, phenylindene, and
others (no dimers or higher oligomers detectable)
we have consistently found rotational tempera-
tures of about §-10 K [14,15] so we would not
expect this temperature to be significantly lower in
our present jet expansion seeded with DMABN.
All rotational contours we observe agree in shape
with those published by Salgado et al. [11], except
for the contour of the transition at 136 cm™~!. For
the latter transition we find, in agreement with
[12,13], a rotational contour indicating a B-type
transition, see Fig. 5. In addition, the widths of the
rotational contours of the low-energy transitions
in our measurements are significantly smaller than
those of Salgado et al., as illustrated in Fig. 5.
Applying a rotational contour analysis to estimate
the underlying homogeneous line-widths of the
rovibronic transition yields Lorentzian widths
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Fig. 5. Rotational contours of vibronic transitions of jet-cooled DMABN at: (a) 76 cm™!; (b) 137 cm™.
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about an order of magnitude smaller than those
given in [11], taking into account the presumably
higher rotational temperature and the similar ap-
paratus bandwidth of 0.17 cm™' in our experi-
ments. This implies significantly longer lifetimes of
the LE state on the order of 100 ps or more in the
excess energy range up to 200 cm~!. These life-
times should have been clearly visible as an initial
rise in the corresponding time resolved fluores-
cence signals if the LE state was merely a precursor
of the emitting state under jet conditions. In our
view, the absence of a corresponding lifetime
component as well as the fact that a B-type con-
tour is observed for all low-energy transitions of
jet-cooled DMABN cast considerable doubt on
the interpretation of the line-widths in the spec-
trum presented in [11].

4. Conclusion

A comparison of the fluorescence excitation
spectra of jet-cooled DIABN and DMABN shows
that, in contrast to DMABN, the spectrum of jet-
cooled DIABN is characterized by an intense 0-0-
transition and a low frequency part consisting of
many intense lines. The spectrum completely col-
lapses above an excess excitation energy of
800 cm™~!, indicating the presence of an efficient
non-radiative decay channel related to rapid ICT
in non-polar solution and DIABN vapour. For the
compounds MHD, M4D, and MMD only ex-
tremely weak and structureless emission was ob-
tained from correspondingly seeded jet-cooled
expansions. In addition, a reinvestigation of the
rotational contours of selected DMABN transi-
tions did not reveal any indications of a fast non-
radiative process at low excess energies.
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