Journal of Fluorescence, Vol. 9, No. 2, 1999

The LIF Excitation Spectrum of Jet-Cooled 2,6-Dicyano-3,

S-Dimethylaniline

P. Kolek,! P. Gajdek,! T. Motylewski,! M. Tulej,! and J. Najbar!

Received August 7, 1998; accepted November 23, 1998

The laser-induced fluorescence (LIF) excitation spectrum of jet-cooled 2, 6-dicyano-3,5-dimethylani-
line (DCDMA) has been measured in the spectral range of 29,750-32,250cm™!, The band origin
at 29,860.8 cm™! and as many as 250 vibrational bands have been identified in the excitation
spectrum. The analysis of the excitation spectrum of DCDMA gives more than 28 vibrational modes
involving aromatic ring oscillations and oscillations related to the substituent groups. DCDMA is
nonplanar in the ground state, with the NH, plane at about 9° with respect to the molecular plane
(RHF/6-31G*). The singlet excited molecule is planar (CIS/6-31G*). Both CIS/6-31G* and CASPT2
calculations predict that the lowest excited state of DCDMA involves a dominant HOMO-LUMO
excited configuration. The characteristic feature of the excitation spectrum of DCDMA is the
presence of progressions in the low-frequency mode, 112 cm™!, The calculations suggest that this
mode and some other active modes involve motions of the amino group and strongly interacting
adjacent cyano substituents.
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hydrogen bonding.

INTRODUCTION

The applications of laser techniques to the UV/VIS
range and supersonic jet expansion to the spectroscopy
of organic molecules have contributed greatly to the eval-
uation of potential energy surfaces in their ground elec-
tronic state and, especially, potential surfaces for excited
electronic states as well as vibronic couplings between
different electronic states [1-6]. Although spectroscopic
information is limited to the Franck—Condon zone, the
equilibrium geometries of the excited states can, in favor-
able circumstances, be readily evaluated from the spectral
data [7—13]. The benzene aromatic ring represents a rigid
structure, undergoing small geometry expansion upon
electronic excitation. Excited states and intramolecular
dynamics in substituted benzene have been the subjects
of many studies [13-25]. Among substituted benzene
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molecules, the aniline molecule and its derivatives are of
fundamental interest for many reasons. They undergo
large geometry changes between the ground and the
excited electronic states [8,17,19,21,24,26-28]. Aniline
is nonplanar in the ground electronic state, with the NH,
plane at 42° with respect to the ring plane. The ground-
state potential energy surface shows a double minimum
in the inversion mode. In the lowest singlet excited state
the aniline molecule is planar. The corresponding poten-
tial function in the inversion mode is anharmonic, having
a very small barrier at planar geometry. There is a nearly
twofold increase in this mode frequency between the
ground and the excited state for the isolated aniline mole-
cule. Due to these geometry and frequency changes, the
fluorescence excitation spectrum of the jet-cooled aniline
molecule shows significant intensity of the bands correlat-
ing with the inversion mode [8,17].

Recently, ab initio electronic structure calculations
have been performed by Sobolewski et al. [29] to charac-
terize the charge transfer process in benzonitrile, 4-amino-
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bezonitrile, and 4-dimethylaminobezonitrile. Geometry
optimizations of the singlet excited charge-transfer states
predict a planar configuration with a bent CN group. The
rehybridization of the carbon atom of the cyano group is
largely responsible for the stabilization of the lowest CT
state. The contribution of higher excited states to the
spectral behavior of the lowest excited state and generally
the vibronic coupling between excited electronic states
are very important issues for elucidation of the photo-
transformations of benzene and its derivatives [20].

2,6-Dicyano-3,5-dimethylaniline (DCDMA), hav-
ing two cyano groups next to the amino group, shows
very different properties from those characteristic for ani-
line. The interactions between the amino group and the
cyano groups in the DCDMA molecule induce significant
rehybridization at the nitrogen atom and its basicity com-
pared to the aniline molecule. The equilibrium constant
for the protonation of DCDMA is very small, with a pK,
at of about —10.

The purpose of this work is to investigate the ground
state and the lowest singlet excited state of DCDMA
using spectroscopy and ab initio quantum mechanical
calculations. We report the fluorescence excitation spectra
of jet-cooled DCDMA in the spectral range of 29,750~
32,250 cm™". Quantum mechanical ab initio calculations
and analysis of the progressions observed in the spectrum
have allowed for assignment of the majority of the vibra-
tional modes. The modes present in the fluorescence exci-
tation spectrum include vibrations of the aromatic ring
as well as many modes due to interacting substituents of
the benzene ring.

EXPERIMENTAL

For excitation of the fluorescence emission a HY
400 Nd:YAG laser and a dye laser DY 300 (Lumonics)
were used. The pulses from the dye laser at 10 Hz were
10 ns in duration and 20 mJ of energy per pulse, with a
band width of about 0.1 em~!. The frequency-doubled
(BBO) output of the dye laser operating with DCM in
methanol:propylene carbonate (1:1) was used to excite
DCDMA fluorescence. The laser beam is introduced to
a vacuum chamber by an f = 300-mm silica fused lens
and crossed the seeded supersonic expansion 10 mm
downstream from a needle 25 mm long having a 0.25-
mm internal diameter. A General Valve device was used
for pulsed operation of the free expansion. The data acqui-
sition and control of our experimental setup were per-
formed using a CAMAC electronic system controlled by
an AT 486 microcomputer. A CAMAC 712 pulse analyzer
was used to measure pulses delivered from a cooled Thorn
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EMI 9558QB photomultiplier. Three different triggering
pulses at 10 Hz were generated and independently delayed
by a specially designed CAMAC module. The first pulse
was used to trigger a Nd:YAG laser and dye laser; the
second was used to trigger the operation of the supersonic
jet valve. The third pulse was used to trigger a CAMAC
712 analog-to-digital converter. A digital power meter
was use to monitor the energies of the dye laser pulses.
The computer programs in Pascal were developed for
data acquisition, additional signal averaging, and spectral
corrections. Argon or helium was used as carrier gas. The
sample injection system was heated at 140°C.

Samples of DCDMA were synthesized using the
procedure described in Ref. 30. The structure of this
compound was verified using IR, Raman, and NMR meth-
ods. Deuterium exchange in DCDMA was achieved by
multiple recrystalization of this compound from boiling
deuterated ethanol (C,HsOD) with a small amount of
D,0. The deuteration exchange in the amino group was
confirmed by IR spectroscopy. For the deuterated sample
of DCDMA the injection system was heated at 180°C.

The quantum mechanical calculations were per-
formed at the Jagiellonian University Computer Center
Cyfronet using a CONVEX computer and at Bergen Uni-
versity, Norway.

RESULTS AND DISCUSSION

DCDMA Geometry and Vibrational Frequencies

The ground and the lowest singlet excited-state
geometry of DCDMA and the normal mode frequencies
in these two electronic states have been evaluated by ab
initio calculation using GAUSSIAN 94 program. The S,
and S, molecular geometries of DCDMA are shown in
Fig. 1. The largest geometry changes upon electronic
excitation are connected with the amino group. In Fig. 1
the bond length for the ground states of DCDMA are
given on the left side of the formula. On the right side
of the formula the changes in the bond lengths for the
transition Sy—S; are shown. The DCDMA molecule is
nonplanar in the ground electronic state, with the NH,
plane at 9° with respect to the ring plane (RHF/6-31G*),
C;. In the excited state the DCDMA molecule is planar
(RCIS/6-31G*), C,,. The lowest singlet excited state of
DCDMA is of p character, with a dominant contribution
from a HOMO-LUMO configuration. This conclusion
agrees well with the photophysical behavior of DCDMA
in cyclohexane solution. The fluorescence quantum yield,
0.25, and the fluorescence lifetime, 3.07 ns, give 12.3 ns
for the radiative fluorescence lifetime of the lowest
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Fig. 1. The DCDMA ground-state geometry (HF/6-31G*; left side) and the geometry change for the S-S,
exitation (CIS/6-31G*; right side).

excited state of DCDMA. The radiative fluorescence life-
time evaluated from the integral absorption intensity was
found to be equal ca. 10 ns.

The RCIS/6-31G* calculation predicts the S, energy
at 4.99 eV. Much better evaluation of the lowest singlet
excited-state energy has been obtained using the CASSCF
[31] and CASPT?2 [32,33] methods from the MOLCAS3
program with a contracted ANO basis set: C, N
(10s6p3d)/[3s2p1d], H 7s/2s. The calculated energies of
the S, state are at 4.37 eV (CASSCF) and 3.68 eV
(CASPT2). The latter value is very close to the experi-
mental value 3.702 eV corresponding to the 00 transition
in the DCDMA excitation spectrum. In both calculations
12 orbitals antisymmetric to the molecular plane were
active. In the first preliminary computation 8 occupied
orbital were active: 3 1 of the aromatic ring, 2m(C=N),
1 nitrogen lone pair, 2 o (CHj), and 4 virtual. In the final
calculation, three orbitals with the highest occupation
numbers and the lowest energies, 2 (CH;) and the nitro-
gen lone pair, were inactive, and seven virtual orbitals
were active.

The equilibrium geometry and Hessian matrix
derived from ab initio calculations give good characteris-
tics of the potential energy function of the molecule in
the corresponding electronic state [9,10, 12,13,28,34-37].
The limitations concern some vibrational modes involv-
ing, e.g., the inversion mode or some other large-ampli-
tude motions. Upon electronic excitation both the
equilibrium geometry and the force field are changed.
Within harmonic approximation the situation can be con-
veniently described using the displacement vector and the

rotation matrix, giving the transformation of the normal
vibrational coordinates after electronic excitation. The
normal coordinates in the ground state (g) and in the
excited state (e) are given by displacements in Cartesian
coordinates from the equilibrium geometry in the corres-
ponding electronic state, g or e. They are expressed by
the following relations [38]:

N
052 = 2 15%: ~ qt*)

where Q; are normal coordinates and g, are Cartesian
coordinates of the atoms.

The normal coordinates in the two electronic states
are related as follows:

3N
Qf=D; + j§] Riij

where the displacement vector of the normal coordinates
is given by

3N
Di= 2 lilgt = 4P

whereas the rotation matrix is expressed as follows:
N
Ry = Ellfk(l )y

The rotation matrix gives a very convenient measure
of the normal mode correlations and their mixing upon
electronic excitation (Dushinsky effect).

The normal mode frequencies have been calculated
for the Sy and S, electronic states using the RHF/6-31G*
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and RCIS/6-31G* methods, respectively. The present cal-
culations predict that electronic excitation induces small
frequency changes (1% decrease) except for the modes
involving motions of the amino group and some skeletal
modes [5,28,36]. The calculated ground-state mode fre-
quencies for the DCDMA molecule have been compared
with the frequencies determined from IR and Raman
spectra measured for crystalline DCDMA, but the calcu-
lated frequencies were found to be too high. The scaling
factor was found to be 0.856. The corresponding scaling
factor (0.99 X 0.856 = (.845) has been applied to the
S, mode frequencies. The calculated normal mode fre-
quencies for the ground and excited electronic states are
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given in Table I. The ground-state frequencies are num-
bered according to their increasing values. This number-
ing of the vibrational modes is used in subsequent
discussion. The S, vibrational frequencies have been
assigned to the corresponding Sy modes by comparing
the overlap of the normal mode motions in these two
electronic states.

The components of the displacement vector are
given in Fig 2a. They are arranged according to increasing
normal mode frequencies in the ground electronic state.
In Fig. 2b the elements of the Dushinsky rotation matrix
are shown. In Fig. 2b the normal modes are grouped
according to four irreducible representations of the C,,
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Table I. The Vibrational Frequencies for DCDMA in the Ground Elec-
tronic State S (HF/6-31G*) and in the Excited Electronic State S,
(CIS/6-31G*)

So state S, state
Mode C, v 1-0.855 C,. v v-0.846
No. symmetry (€m™") (m™)" symmerry (cm™) (em™H)
1 a' 90 77 b, 87 74
2 a” 94 81 a, 55 47
3 a' 104 89 b, 124 105
4 a" 107 92 2, 129 110
5 a' 137 117 a, 137 116
6 a" 173 148 b, 171 144
7 a' 196 167 b, 162 137
8 a' 206 176 b, 608 515
9 a' 271 232 b, 230 195
10 a" 285 243 a 232 196
11 a' 303 259 a 286 242
12 a" 332 283 b, 322 272
13 a" 442 378 b, 400 338
14 a’ 461 394 a, 456 386
15 a" 468 400 a, 687 581
16 a” 507 433 b; 509 431
17 a" 557 476 a 415 351
18 a’ 570 488 b, 551 466
19 a 580 496 a 579 490
20 a' 628 537 a 616 521
21 a 672 574 b, 451 381
22 a” 706 604 b, 700 592
23 a” 711 607 a, 556 471
24 a’ 715 612 a, 707 598
25 a’ 856 732 b, 731 619
26 a” 873 746 b, 852 721
27 a’ 936 800 b, 928 785
28 a’ 1078 921 a 1058 895
29 a’ 1111 950 b, 1150 973
30 a” 1154 986 b, 1033 874
31 a’ 1167 998 b, 1150 973
32 a" 1170 1000 a 1133 959
33 a' 1189 1017 a 1191 1008
34 a" 1234 1055 b, 1195 1011
35 a’ 1321 1130 a 1333 1128
36 a’ 1323 1131 b, 1763 1491
37 a’ 1374 1175 b, 1346 1139
38 a’ 1473 1259 a, 1450 1227
39 a' 1563 1337 a 1561 1321
40 a” 1567 1340 b, 1566 1325
41 a' 1576 1348 a, 1586 1342
42 a” 1624 1388 b, 1615 1367
43 a” 1628 1392 a; 1616 1367
44 a' 1629 1393 b, 1617 1368
45 a' 1634 1397 a 1635 1383
46 a” 1653 1414 b, 1637 1385
47 a’' 1749 1495 a 1692 1431
48 a” 1779 1521 b, 1409 1193
49 a' 1840 1573 a 1854 1568
50 a” 2583 2208 b,y 2469 2088
51 a’ 2583 2208 a 2510 2124
52 a" 3219 2752 b, 3181 2691
53 a’ 3219 2752 a 3183 2693
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Table I. Continued
Sp state S, state

Mode C, v 1-0.855 Co v v-0.846
No. symmetry {(cm” ) (em'y symmetry (cm” H (em™)
54 a’ 3279 2803 a 3223 2727
55 a’ 3279 2804 b, 3224 2727
56 a’ 3306 2827 a 3284 2778
57 a” 3307 2827 b, 3284 2778
58 a’ 3386 2895 b, 3381 2860
59 a’ 3834 3278 a 3787 3204
60 a” 3953 3380 b, 3909 3307

¢ Scaled frequency.

point group appropriate for the geometry of the DCDMA
molecule in the singlet excited state. The ordering of the
normal modes in the excited state in each irreducible
representation was permutated to bring the largest ele-
ments of the Dushinsky matrix to the diagonal position.
The resulting correlation of the normal modes in these
two electronic states is given in Table I. Figure 2b also
shows that this electronic excitation involves some mode
mixings. They are represented by the off-diagonal ele-
ments of the Dushinsky rotation matrix.

Some mode frequencies, predominantly those con-
nected with the amino group, undergo significant change
upon excitation. One should note that the present calcula-
tion correctly predicts the frequency change upon excita-
tion for the vibrational mode, which involves ring,
deformations toward two Kekule structures of the ben-
zene ring [39]. This mode, 1131 cm™! (Sp) and 1491
cm™! (S,), involves motion of the skeleton carbon atoms.
Assigned values are 1183 and 1494 cm™!, which compare
very well with the above calculated and scaled frequen-
cies.

The LIF Excitation Spectrum of the DCDMA
Molecule

The UV absorption and fluorescence spectra of the
DCDMA in solution show small Stokes shifts. The
absorption spectrum of the DCDMA in cyclohexane at
293 K shows a ca. 600-cm™' bathochromic shift com-
pared with the vapor phase absorption at 433 K. The
fluorescence excitation spectrum of jet-cooled DCDMA
in the 29,750- to 32,250-cm™! spectral range is shown
in Fig 3. For the argon carrier gas the bandwidths of the
vibronic lines are about 2 cm™!. For helium as the carrier
gas at 4 atm of stagnation pressure, line widths of about
1.4 cm™' were obtained. The strongest transition, at
29,860.8 cm™! (bandwidth, 1.5 cm™}), corresponds to the
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Fig. 3. The LIF excitation spectrum of DCDMA cooled by argon expansion.

band origin. Two low-intensity satellite transitions have
been found, at —28 and —12 cm™!, below the strong 00
transition. Their intensities depend on the carrier gas used
in the supersonic expansion. In Fig. 4 the excitation spec-
tra of DCDMA in the 00 region are shown for argon and
heliuvm carrier gases. For helium a significant reduction of
the —28-cm™! band intensity is observed. Similar results

Int| A

29861cm’!

.5 atm

28cm™

Ar
S atm

12cm™

He
atm

29810 29820 29830 29840 29850 29860 cm’

Fig. 4. The 00 transition region of the excitation spectrum of jet-cooled
DCDMA-h, using Ar or He as the carrier gas and DCDMA-d, using
Ar as the carrier gas.

have been obtained for the supersonic expansion using
nitrogen as a carrier gas. The increase in stagnation pres-
sure reduces the intensity of the satellite bands. These
results suggest that the bands at —28 cm™! and —12 cm™!
from the 00 transition are hot bands due to incomplete
cooling of the vibrational modes in the ground state of
the DCDMA molecule.

In Fig. 4 the fluorescence excitation spectrum
obtained for partially deuterated sample of DCDMA
using argon carrier gas is also shown. The strong lines
occurring at 29,852.5 and at 29,843.8 cm™! can be tenta-
tively assigned to DCDMA molecules containing —-NDH
and —ND, amino groups, respectively. The corresponding
deuteration shifts of the 00 transition are equal to —9
cm™! for the DCDMA molecule containing a singly deu-
terated amino group and — 18 ¢cm ™! for doubly deuterated
species. The deuteration shifts observed here are larger
than that found for 1-aminonaphthatene +1.5 and —3.5
cm™! for singly and doubly deuterated species, respec-
tively [40]. The deuteration shifts observed for the
DCDMA molecule are comparable to those observed for
the exchange of the hydrogen atoms bonded to the aro-
matic ring or for the deuterium exchange in methyl groups
(e.g., in toluene). Large shifts of the 00 transition due to
deuteration of the amino group in DCDMA suggest strong
interaction of hydrogen atoms of the amino group with
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two cyano groups. In the excitation spectrum for the
partially deuterated sample of DCDMA shown in Fig. 4,
the hot bands for each chemical species can be recog-
nized.

About 250 vibrational bands can be identified in
the spectrum in Fig. 3. The characteristic feature of this
excitation spectrum is the presence of progressions with
the spacing 112 ¢cm™'. The progression in the 112-cm™!
mode appears in combination with many other vibrational
frequencies. The proposed band assignments are based
on more than 25 fundamental frequencies. These funda-
mental frequencies are indicated in Fig. 3. They are col-
lected in Table II. The proposed assignments of the
excited-state fundamental vibrations are also presented
in Table II [41]. Some evaluation of the present assign-
ment can be gained from Fig. 5, where the fundamental
frequencies identified in the the DCDMA excitation spec-
trum are compared with the corresponding calculated
mode frequencies. The assignments find support for the
nonzero values of the components of the displacement
vector for the S;—S, electronic transition. The characteris-
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tic mode 112 cm™' can be easily identified with the mode
involving in-plane symmetrical motion of two cyano
groups adjacent to the amino group. Moreover, three other
strong transitions, at 426, 1344, and 1569 cm™' from
the 00 transition, have significant intensities. Using the
displacement vector these vibronic transitions have been
assigned vibrations 14, 41, and 49 (a’ symmetry). The
other fundamentals were assigned to the calculated modes
using the frequency correlations. The resulting assign-
ment of the vibrational modes for the DODCA molecule
in the singlet excited state is given in Table II. In Fig. 6
the mode patterns for 10 fundamental vibrational modes
appearing in the LIF excitation spectrum of DCDMA
with intensities greater than 20% of the intensity of the
00 transition are shown.

Comparing the correlation presented in Fig. 5, it
seems that there exists a very good correlation between
the frequencies derived from the excitation spectrum and
the vibrational mode frequencies obtained from the ab
initio quantum mechanical calculation (after appropriate

scaling) for vibrational frequencies above 500 cm™'.

Table II. Assignment of the S; Fundamental Modes of DCDMA

Calc.

Mode No. and S, Displacement Calc. S, displacement Correlation with
symmetry frequency parameter frequency parameter benzene modes
Sa' (al) 112 0.78 116 0.765

7 a' (bl) 156 0.03 137 0.003

6 a" (b2) 184 144

9a’ (bl) 191 0.04 195 0.001 17b
10 2" (a2) 229 196 10a
11 a’ (al) 240 0.02 242 0.03 18a
12 a" (b2) 262 272 9%
13 a” (b2) 266 338 6b
17 a” (a2) 285 351 17a
21 a’ (bl) 412 0.37 381 0.003 5
14 a’ (al) 426 0.60 386 0.817 6a
16 a" (b2) 429 431 3
18 a’ (bl) 439 0.16 466 0.016 10b
19 a' (al) 494 0.02 490 0.047

8 a’ (bl) 513 0.07 515 0.139
20 a’ (al)and 5 + 21 525 0.29 521 0.074 12
23 a" (a2) 569 581
24 a’ (al) and 5° + 12 599 0.02 598 0.071
25 a’ (bl) 618 0.04 619 0.006
27 a’ (bl) 815 0.13 785 0.000 11

820 0.18

35a’ (al) 1122 0.25 1127 0.075 2
38 a’ (al) 1233 0.37 1227 0.051 19b
39a’ (al) 1321 0.11 1321 0.018 7a
41 a' (al) 1344 0.44 1342 0.377
47 a’' (al) 1407 0.63 1431 0.011 15
36 a” (b2) 1494 1491 14
49 a' (al) 1569 0.10 1568 0.040
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However, for some modes in the range 200-500 c¢m™!

significant discrepancies between frequencies derived
from the excitation spectrum and the calculated values
are observed. There is a deficiency of the calculated vibra-
tional modes (using the scaling factor 0.845) in this fre-
quency range.

Some vibrational modes in Table II belong to a”
symmetry. Their presence indicates vibronic coupling
between the singlet excited state and other excited states
of A" symmetry. For DCDMA a’ symmetry vibrational
modes may be involved in the vibronic coupling between
excited states of the same symmetry. The latter coupling
may substantially alter the intensities of the allowed
vibronic transitions. A number of the vibrational modes
assigned to a’ symmetry have much lower intensities than
those predicted from ab initio CIS/6-31G* calculations
(see columns 3 and 5 in Table I). These are the fundamen-
tal modes 412, 439, 1233, and 1407 cm™'. To a large
extent the observed regular structure of the fluorescence
excitation spectrum of the DCDMA molecule can be
accounted for using a single potential energy surface for
the singlet excited state and invoking the Herzberg—Teller
coupling mechanism [7].

S
51i6a 14381 b,
S 1174a) 21574 a")

22581 a,
21521 a 23607 a")

@0537 2

Loa® Ground state description 5. (491573 a')
®
Ordinal Symmetry
411342 8 471431 a]' number sz (Cy)
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y 16431b
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i
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351128 a 381227 2
(3511294 (381259 2)
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Excited state description . 491568 a

Fig. 6. The normal mode patterns for the fundamentals appearing in the LIF excitation spectrum with intensities greater than 0.2 of the 00
transition intensity.
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The fluorescence excitation spectrum of DCDMA
shows the presence of many vibrational modes involving
the substituents of the pheny! ring. These modes involve
bending of the nitrile group (motion inducing rehybridiza-
tion at the carbon atom of the cyano group), as well as
the symmetric motion of two cyano group and adjacent
substituents (amino group and two methyl groups). A
particularly strong interaction occurs between the amino
group and two adjacent cyano groups. In the ground
state of DCDMA this interaction is responsible for the
extremely weak basicity of the amino group. Upon elec-
tronic excitation the changes in the interactions cause a
significant change in the geometry of the excited
DCDMA molecule. In the excited state the amino group
is planar, with a substantially shortened C—N bond length.
These geometry changes give rise to the long progression
in 112 cm™!,

The characteristic feature of the aromatic amines is
the presence of the inversion mode in the amino substitu-
ent. Both semiempirical AM1 and ab initio quantum
mechanical calculations using harmonic approximations
are inadequate to predict the mode frequency in the
ground state and in the excited state of the aniline mole-
cule. Ab initio RCIS/6-31G* calculation gives two high-
frequency 720 cm ™! (after scaling) compared with the 351
cm™ ! observed in the fluorescence excitation spectrum of
jet-cooled aniline.

The vibrational frequency 521 cm™! derived from
the excitation spectrum of DCDMA seems to agree with
the 513 cm™! (scaled RCIS/6-31 result for the inversion
mode for DCDMA). However, this result must be con-
firmed using results for DCDMA with a deuterated amino
group. These experiments are in progress.

CONCLUSIONS

Available photophysical data for DCDMA in solu-
tion and ab initio quantum mechanical calculations (CIS/
6-31G* and CASPT2 [31-33]) for vacuum-isolated mol-
ecules suggest that the transition to the singlet excited
state of the DCDMA molecule in the spectral range
29,800-32,200 cm ™! represents a p-type transition. The
fluorescence excitation spectrum of the jet-cooled
DCDMA molecules has a very rich vibronic structure.
Dominant features in the spectrum are connected with
totally symmetric vibrational modes (S at 112 cm™", 14 at
426 cm™!, and 49 at 1569 cm™"). The agreement between
observed vibrational excited-state frequencies of the
DCDMA molecule and the results of the ab initio CIS/
6-31G* calculations is good. This result supports the
conclusions that the ab initio CIS method is particularly
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suitable for calculations of the geometry and frequencies
of the singlet excited states with a dominant HOMO-
LUMO excited configuration [12,15,34,36].

Mode 5 involves symmetrical in-plane motions of
CN groups adjacent to the amino group. The amino group
undergoes geometry change upon electronic excitation
(nonplanar in the ground state, planar in the excited state).
The ab initio calculations of the vibrational modes in the
ground state of the DCDMA molecule show that mode
5 involves symmetrical in-plane motions of the cyano
groups and out-of-plane motions of the hydrogen atoms
of the amino group. An important feature of this mode
is that when the cyano groups move toward the amino
group, the hydrogen atoms move toward the plane of the
benzene ring. On the basis of the steric consideration,
one should expect the motions of the hydrogen atoms to
be in opposite directions. The significant intensities of
these bands show that electronic excitation induces large
changes in the interaction between adjacent amino and
cyano substituents in the benzene ring. The hydrogen
atoms of the amino group are engaged in hydrogen bond-
ing with the cyano substituent. For DCDMA we find
large shifts of the 00 transition upon deuterium exchange
in the amino group. This also seems to support the notion
of intramolecular hydrogen bonding. The evidence for
intramolecular hydrogen bonding in the DCDMA mole-
cule in the ground state can be found from the IR and
Raman spectra.
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