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Picosecond transient infrared spectra of 4-(dimethylamino)benzonitrile (DMABN) and several isotope-
substituted samples have been recorded in the fingerprint region in acetonitrile solutions. Among several
strong transient infrared bands of the intramolecular charge transfer (ICT) excited state, the band at 1276
cmt (for normal species) shifts to lower frequencies B, 3C, and deuterium substitution of the
dimethylamino group, and is assigned to the ringNMe;, single-bond stretch. Other bands observed are
attributable to vibrational modes of the benzonitrile moiety. The band frequencies obtained, together with
those found in the literature, are compared with results of vibrational analyses based on CIS/6-31G level ab
initio molecular orbital calculations. This treatment has made possible assignments of the bands due to the
benzonitrile moiety. On the basis of the assignments, electronic structure of the ICT state is discussed. The
electronic structure of the ICT state is suggested to be basically of benzenoid nature, with a significant
contribution from quinoidal structure. An advanced theoretical treatment may be needed to obtain final
conclusion on the structure (planar or twisted) of the ICT state.

1. Introduction charge transfer” (WICT) model where the dimethylamino group
is distorted to an out-of-plane direction to increase pyramidiza-
tion of the amino nitrogef31518and the “rehybridized intra-
molecular charge transfer” (RICT) model where an in-plane bent

egeometry is considered for the cyano group structtihe recent

studies, it has been revealed that the RICT model cannot explain
the observed infrared spectrum of the ICT state of DMABR};22

and that the WICT model does not produce a highly polar

statel*1517.18.20owever, it has been still the subject of much

For nearly four decades, the 4-(dimethylamino)benzonitrile
(DMABN) molecule has been well-known for its dual fluores-
cence behavior in polar solveris?® In nonpolar solvents, this
molecule shows a single spectral component of fluorescenc
which is attributed to the locally excited (LE) state, whereas in
polar solvent it shows another spectral component in the longer
wavelength region, in addition to that due to the LE state. This
red-shifted fluorescence is attributed to the intramolecular chargeContro ersv which one of TICT or PICT is more realistic for
transfer (ICT) singlet excited state. On the molecular structure exciteel/ DI\)IIAVI;I\IIZ&Z“ ! ISt
of the ICT state of DMABN, Grabowski and co-workers T ) .
proposed a model of “twisted intramolecular charge transfer”  On dynamic behavior of DMABN, it has been known, from
(TICT), based on the fluorescence behavior of DMABN time-resolved fluorescence and absorption éaf¥ that the ICT
derivatives with restricted conformations of the dimethylamino State is generated on a time scale of several picoseconds to tens
group3~7 In this model, the dimethylamino group of DMABN of picoseconds after photoexcitation in polar solvent. This state
is twisted perpendicularly to the benzene plane in the ICT state has @ lifetime of hundreds of picoseconds. On the other hand,
that charge recombination is hindered because of the “principle direct experimental evidence for the m_olecular structure of the
of minimum overlap”. While this model has been widely ICT state of DMABN, other than experimental data on chemi-
accepted, various other structural models of the ICT state hasc@lly modified compounds, has been very limited. Information
been also discussed extensively. For example, from the sys-On the structure of the ICT state is expected to be given by
tematic studies on substituent effects on fluorescence spectrdransient vibrational spectroscopy in the picosecond regime.
of DMABN derivatives, it has been claimed that excited Until recently, however, the picosecond transient infrared
DMABN has a “planar intramolecular charge transfer” (PICT) SPectrum of.the ICT state, especially in the fingerprint wave-
structure, where all atoms except for the methyl-group hydrogensNumber region, was not measured because of experimental
lie on the same plarfel! Other structures of the ICT states difficulties, and also the picosecond Raman spectrum was not
have been discussed principally on the basis of theoretical observed for its strong ﬂuorescence. The only vibrational
calculationsi2-2° They include the “wagged intramolecular ~SPectrum of the ICT state in polar solvent was the nanosecond
transient infrared spectrum in the=®l triple bond stretching
* Author to whom correspondence should be addressed. E-mail: aho@ region3’ but it was difficult to discuss the molecular structure

muTsic.emaiI_.ne.jp. only from this spectrum. As other approaches to the molecular
The University of Tokyo. . . structure of the ICT state, spectroscopic studies of DMABN-
* Present address: Institute for Molecular Science, Myodaiji, Okazaki, . g . -
Aichi 444-8585, Japan. so!vent complexes in a supersonic jet and those in supercritical
8 Kanazawa University. fluid have been reported by several researckferS.However,
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it is hardly said that much information on the geometrical
structure of the excited DMABN itself has been obtained in
these studies.

Recently, femto- to picosecond transient infraéfedd and x
Ramari® spectra of the ICT state of DMABN have been reported
by a few groups including us. Vibrational analyses based on
CASSCEF level ab initio molecular orbital calculation has been TICT
also reported for the TICT, PICT, and RICT structufés. 2 (twisted intramolecular charge transfer)
However, the assignments of the observed infrared and Raman
bands are not very clear. For clear vibrational assignments,
spectral measurements on isotope-substituted samples are very
informative. The unambiguous band assignments may be also
important when we compare the observed spectra with vibra-
tional frequencies calculated by the molecular orbital method,
because it is not yet well established whether results of quantum-
chemical vibrational calculations of excited molecules are PICT
accurate enough. For example, especially in the fingerprint (planar intramolecular charge transfer)
region where cross terms of force fields have crucial effects on
mode hybridization, it can be hardly said that the following
points are examined sufficiently and systematically for a wide
range of electronically excited species: whether quantum
chemical calculations can predict the vibrational frequencies
within tens of cnl, whether calculated infrared intensities are

reliable, how selections of basis set and active space (for the S L
CASSCF method) have effects on the result, and so on. In the™™ for the transient infrared measurements. The static infrared

present paper, we report picosecond transient infrared spectralsDeCtIra of the ground-state molecules were me_asured for the
of the ICT state of isotope-substituted DMABN. On the basis same solutions by a JASCO FT/IR-420 Fourier transform
of the data obtained, with the aid of comparison with the related infrared spectrophotometer.

molecules and of molecular orbital calculations for some bands, . .

we try to establish vibrational assignments of the observed 3- Molecular Orbital Calculation

infrared bands. We also discuss the electronic and molecular Geometry optimization and vibrational analysis based on ab

Figure 1. Possible molecular structures for the ICT state of DMABN.

matography grade) was purchased from Wako Pure Chemicals
and used as received. The concentration of the sample solution
was~7 x 1072 mol dm3. The sample solution was circulated
through a Bak flow cell with an optical path length of 0.015

structure of the ICT state of DMABN. initio molecular orbital calculation was performed, to obtain
some insight into vibrational assignments. The calculation was
2. Experimental Section done using the Gaussian 98 progPan a personal computer.

The output of the program includes the intramolecular force
field in Cartesian coordinate system. The force field in the
Cartesian coordinate system was transformed into that in the
symmetrized group coordinate sysf@ry a homemade pro-
gram, and then a normal coordinate calculation using this
coordinate system was done. This treatment was needed to pick
up dominant internal coordinates in a normal mode. Detail of
the method was already described elsewhere for the vibrational
analysis of the ground-state DMABN.The molecular orbital
calculations in CIS/6-31G(d) level were tried. We make use of
the results of calculation only as a semiquantitative guide for
vibrational assignments considering the crude calculation level.
As for the molecular structure of the ICT state, we examined
two possibilities (Figure 1): a structure having the coplanarity
of the dimethylamino group with the benzonitrile moiety
(corresponding to PICT) and a perpendicular conformation
Setween the two moieties (corresponding to TICT). In both cases
ghe molecular symmetries were assumed to belonddg point

The experimental setup for the picosecond transient infrared
spectroscopy in the fingerprint region was basically the same
as that already reported elsewh&t&%51The essential points
are briefly described here. The optical beams for the measure-
ment was obtained from a synchronously pumped dye laser with
a dye amplifier excited by the second harmonic output from a
Nd:YLF regenerative amplifier. The repetition rate of the laser
system was 1 kHz. The infrared probe beam in the wavenumber
region between 1700 and 920 chwas obtained by two-stage
difference frequency mixing of the fundamental output (1053
nm) from the Nd:YLF regenerative amplifier and the output
from the amplified dye laser. The ultraviolet pump beam was
obtained as the second harmonic of the amplified dye laser
(277289 nm). The pump pulse energy was in the range
between ca. 1 and#4J. The cross correlation time of the pump

transient infrared spectra was about 8 émin the present
measurements delay time between the pump and probe pulse
was fixed at 16 ps. At this delay time the excited DMABN group.
relaxes for the most part to the ICT state, in the solvent adopted

here (acetonitrile). We made use of a method based on 0ptica||y4' Results

heterodyned detection of absorption anisotropy (OHDAA, 4.1. Observed Transient Infrared Spectra of Isotopomers

order to detect very small infrared absorbance change. of DMABN and Band Assignments. Static and transient
The isotopomers of DMABN measured in the present study infrared spectra of DMABN and isotopomers are shown in

were the natural ones (not isotope labeled);NteCgH4—C°N Figures 2 and 3, respectively. Delay time between the pump

(abbreviated as ©N), Me!N—-CsHs—CN (1NMey), and probe pulses was 16 ps for the transient infrared measure-

(33CH3),N—CgH4—CN (13Cy), and (C3)2N—CgH4s—CN (dk). ments, and at this delay time the excited species is for the most

The method of preparing the isotope-substituted samples, thepart populated on the ICT state. In the wavenumber region
ground-state vibrational spectra, and analyses of them weremeasured, we have four strong induced infrared bands, all of
described elsewheP8.The solvent (acetonitrile, liquid chro-  which are found below 1430 crh No prominent band is
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Figure 2. Static infrared spectra of DMABN and isotope-substituted Figure 3. Transient infrared spectra of DMABN and isotope-
species in acetonitrile solution. The solvent bands are numerically substituted species in acetonitrile solution. The wavenumbers of bands

removed. The sample concentratiomig x 10-2 mol dm 3. attributed to the ICT state are given above each trace. The bands marked
_ _ _ with “G” are due to the ground state. The asterisks represent the bands
observed in the region higher than 1430@nAll of the four with negative signs. The sample concentrationfsx 1072 mol dnr3.

induced bands have positive (upper) absorption peaks. In theDelay time between pump and probe pulses was 16 ps.
OHDAA method, an excited species gives a positive transient
infrared absorption band when the angle between the electronicattributable to the modes of the benzonitrile moiety. One of the
(for pumping) and vibrational (for probing) transition moments present authors (H.O.) presumed in the previous [aeat
is smaller than 54751 The direction of the electronic transition ~ the C-NMe; stretch has a significant contribution to the band
moment giving rise to the ultraviolet absorption around 280 nm at ~960 cn1?, but this assignment should be abandoned.
is considered to be parallel to the long axisakis underCs, In the & species, we have obtained an interesting transient
symmetry, which belongs toiasymmetry species) of the spectral pattern: the positive transient band of the normal species
molecule. Accordingly, the vibrational transition moments of at 1276 cm? shifts to 1249 cm?, while there remains a negative
the positive transient infrared bands are also parallel to the longtransient band at 1274 crh When we carefully examine the
axis of the molecule. In other words, these bands can be transient infrared band of the normal species at 1276'cme
attributed to totally symmetric vibrations und€s, symmetry. find that the band profile consists of two components, a strong
The C°N species gives transient absorption bands at nearly positive band and a relatively weak negative band at almost
the same positions as the natural DMABN. This situation is the same peak position. Also in the other isotopomers, it seems
common to the infrared spectra of the ground-state spéties. that there are contributions of negative bands in the wavenumber
On the isotope substitutions of the dimethylamino group, on region of 1286-1276 cnt!. Since no prominent bands are
the other hand, the transient band at 1276 tof the normal observed in this wavenumber region in the ground-state infrared
species shifts toward lower wavenumbers. This observation, spectra, the negative band is considered to be an induced band
together with its vibrational frequency, clearly indicates that of the ICT state. The negative band seems to show only very
the band at 1276 cnt (normal species) is assigned to the mode small (or no) shift on the isotope substitution of the dimethy-
with major contribution from the ring ENMe, single bond lamino group, in contrast to the positive band at 1276 tm
stretch. Other transient bands do not show frequency shift on (normal species). The negative band is therefore assigned to a
the isotope substitutions of the dimethylamino group, and are vibrational mode of the benzonitrile moiety. It is clear that the
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vibrational transition moment of this band is perpendicular to TABLE 1. Observed and Calculated Vibrational
the long axis of the molecule, from the negative sign of the Frequenme(sj (in cn?) and Assignments of the ICT State of
band. It is hard to consider, from the band frequency, that this PMABN and Isotopomers®

band is due to an out-of-plane vibration of the benzene ring. CIS/6-31G(d)
This band is then attributed to an in-plane nontotally symmetric obs. planar twisted assignment
(b2 symmetry species) vibrational mode. Natural
Recently, Chudoba et al. recorded the transient infrared 2096, 2112 2035 2246 &N
spectrum of DMABN in acetonitrile (the same solvent as we C=N C=N
have adopted) in femto- to picosecond reg#h€hey observed 158% 1559 1576 8a
only one transient band of the ICT state at 2112 &mvhich 1495 1482% 13853‘7 19
. . . a
was assigned to the=EN stretch. Hashimoto and Hamaguchi 19a 19a
measured several years ago the nanosecond transient infrared 1276 1350 1379 4-N
spectrum of DMABN in butanol in the triple bond stretching 4-N,18a 4-N
region, and found a band attributable to ttei stretch of the 1276 1316 1306 3orl4
singlet excited state at 2096 ci®’ Although the solvent 3 3
. . 1220 1183 1185 1-C
adopted was different from that in the present study and the 1-C 1-C
time scale was also different, the species observed was probably 1182 1134 1138 9a
the identical ICT state. The frequencies of theIC stretching 9a 9a
vibration in these two experimental reports are essentially the 959, 946 919 922 12
same, considering the difference in the solvent and the 12 12
experimental errors. .
Kwok et al. recently recorded a transient Raman spectrum 1426 1420 NMe; 1354 19a
of the ICT state of DMABN in methandf They utilized a new 19a 192
device to discriminate weak Raman scattering from strong 1280 1316 1306 3oril4
fluorescence. Although the spectral quality does not seem to 3 3
be very high in the present stage, the three prominent Raman 1262 1337 1366 4-N
peaks observed for the ICT state may be reliable. The observed 1220 11‘;3"18‘3 11%'5'\‘ 1-C
Raman frequencies are 1585, 1182, and 946'camong them, 1.C 1-C
the band 946 cm is possibly attributable to the same 960 917 922 12
vibrational mode as one giving rise to the transient infrared band 12 12
at 959 cn1! presently observed, considering that their spectral 3¢,
data have been obtained in each 10-¢mand that our solvent 1428 1420 1357 19a
is different from that they have adopted. For the other two 19a 19a
Raman bands (1585 and 1182 ¢ we have not observed 1270 1346 1376 4-N
any infrared bands at the corresponding positions. In the first 1223 11415:',:"18"" 11‘;'5'\‘ 1-C
column of Table 1, the band frequencies of the ICT state 1-C 1-C
presently obtained are summarized, together with those so far 959 916 922 12
reported by other groups. 12 12
4.2. Molecular Orbital Calculation. Bond lengths between ds
heavy atoms (C and N) and dipole moments obtained by the 1426 1430 1360 19a
geometry optimizations are summarized in Table 2. In Table 1, 1274 1311%3 1310%& 3or14
calculated vibrational frequencies corresponding to the observed 3 3
ones are shown for the planar and twisted geometries together 1249 1342 1369 4-N
with their brief mode descriptions. The calculated frequencies 4-N,18a 4-N
have been scaled by the factors given in Table 1, which have 1218 1184 1184 1-C
been so obtained as to give the best fits to the observed o goi-c 9116'C ”
frequencies. 12,192 12,192
In both of the calculation sets involved in Table 1, we have
scale factor 0.879 0.887

had relatively small imaginary frequencies of and/or
symmetry species, but we continue the discussion here assuming 2Infrared band frequencies observed for thes®@N species are

C,, symmetry. Generally, the geometry should be optimized. essentially the same as those of the natural one and not listed in this
However, we treat the results of the CIS calculation only table. Abbreviations for the intramolecular coordinates=NG C=N
qualitatively in the present paper, and for this reason we perform stretch; 4-N, ring ©NMe; stretch; Nsc, NMg scissors; 1-C, ring

. - . C—CN stretch; 8a, 19a, 18a, 3, 14, 9a, 12, and 6a, Wilson notations of
the CIS calculation with the molecular symmetry restricted t0 panzene fing modés4. b The assignment of the mode for each

Ca,. calculation is given below the frequencyHashimoto and HamagucHi,
In Table 2, the calculated dipole moment for the planar nanosecond infrared band in butarfbChudoba et aP! femtosecond
geometry seems to be too small compared with that based oninfrared band in acetonitrile.Kwok et al.#® picosecond Raman band

the more sophisticated CASSCF metR8dSimilarly, the " methanol.

calculated G-NMe; bond length for the twisted geometry may
be too short. These results show difficulties in quantitative
discussion on the basis of the CIS calculati&t®@We therefore 5.1. Assignments of the Observed Vibrational Bands of
use the results of the CIS calculations only for qualitative or the ICT State. In the previous section, the transient band at
semiquantitative guides for the vibrational assignments of 1276 cnT! (normal species) has been assigned to the mode with
principally the ring mode. major contribution from the €NMe, single bond stretch, on

5. Discussion
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TABLE 2: Calculated Bond Distances (in A) and Dipole
Moments (in Debye) for the ICT State of DMABN

Okamoto et al.

TABLE 3: Vibrational Frequencies (in cm 1) of Benzenoids,
Quinoids, and the ICT State of DMABN

CIS/6-31G(d) Dreyer, KummroWw

bona? planar twisted PICT TICT
4—N 1.366 1.342 1.351 1.433
4-3,4-5 1.443 1.465 1.438 1.423
3-2,5-6 1.357 1.353 1.385 1.361
2-1,6-1 1.443 1.415 1.448 1.429
1-CN 1.402 1.421 1.402 1.417
C=N 1.153 1.143 1.151 1.145
N—Me 1.446 1.455 1.453 1.457
dipole moment 9.1 13.7 13.1 15.6

aSee Figure 1 for the atomic numberiftgReference 22.

benzenoids quinoids
DMABN tSB DMABN
modé  toluené (So)° (S)¢ BQMe  BQf (ICcT)
8a 1605 1609 1533 1621 1663 1585
1536 1613
19a 1494 1529 1454 1344 1354 1425
8a—19a 111 80 79 277 309 160
192 259
9a 1175 1180 1162 1173 1146 1182
C—NMe, 1372 1276

aWilson notatior?* P Reference 565 Reference 52¢S; State of
trans-stilbene, ref 57¢ p-Benzoquinodimethane, ref 55. Mode 8a of
the ring is hybridized with the €CH, stretch to give two modes at

the basis of the isotope shift of the band. In this section, we 1621 and 1536 cnit. f p-Benzoquinone, ref 55. Mode 8a of the ring is
first try to assign the vibrational bands due to the benzonitrile hybridized with the €O stretch to give two modes at 1663 and 1513

moiety of the ICT state of DMABN, by comparing the observed

and calculated frequencies. We will also make reference to the

established vibrational assignments of the ground-state DMZBN.

There is no experimental evidence on symmetry species of

the Raman band at 1585 cfn However, from its strong

cm L. 9 Difference between vibrational frequencies of 8a and 19a
modes.

The present result may reject a strong double-bond character
of the C—-NMe, bond. However, it does not directly indicate
that the CT state has a twisted structure. We have to analyze

inten%ty,.thisl bandd mar\]y behattributed lt)o a:j'gotallly symmetrilc the experimentally obtained vibrational frequencies further in
(@) vibrational mode. Then, this Raman band is almost uniquely getajl | the following we first discuss quinoidal contribution

assigned tasg, of the benzene ring.

In both geometries for the calculation (planar or twisted), only
v1isamode gives vibrational frequency around 1400 &=mong
the a-symmetry species vibrational modes of benzonitrile
moiety. The infrared band at 1425 cinis hence undoubtedly
assigned tarig, Of the benzene ring.

The infrared band at 1220 crhis attributed to a totally
symmetric (@) vibration of the benzonitrile moiety, as is evident

to the CT state from the ring vibrational frequencies, and then
compare the experimental data with the results of the CASSCF
calculation??49

Vibrational frequencies of the ICT state of natural DMABN
are compared with those of several representative benzenoid
and quinoid compounds in Table 3. The ground state of
DMABN is included in the table as a benzenoid molecule. Here
we make use of the frequency difference betwegrandvig,

from the absence of isotope shift and the positive absorption ags a measure of quinoidal character of the electronic and

peak. For the Raman band at 1182¢émwe have again no

molecular structure. This idea may be qualitatively rationalized

clear evidence on symmetry species of the mode. However, thejf we consider the atomic motions of the mod&&oth of these

band is probably due to a totally symmetrig)(aibration, since
the Raman intensity is moderately stro¥d8y comparing the

modes are totally symmetric-€C stretching of the benzene
ring. In thevga mode, stretching motions of,€C; and G—Cs

observed vibrational frequencies with the calculated frequenciesponds have the most significant contribution, while in the

(Table 1) as well as the ground-state offethe infrared and
Raman bands at 1220 and 1182 @émmay be assigned,
respectively, to the ring €CN stretch andrg, of the benzene

mode these coordinates have only very small or no contribution.
When a molecule has a quinoidal structure, the G and G—
Cs bonds would have double-bond characters whereas the other

ring. The frequencies of these modes are quite close to eachc—C bonds in the ring would have single-bond characters. Then,
other, and hence they may be easily hybridized. In that caseyg, — 14, frequency difference of a quinoidal molecule would
the opposite assignment may be correct. Anyhow, totally pe much larger than that of a benzenoid molecule.

symmetric vibrations of the benzonitrile moiety in this wave-
number region is practically limited to these two modes. The
assignments of the Raman bands at 1585 and that of 1182 cm
are in accordance with those given by Kwok etél.

For the Raman band observed at 946 &nKwok et al.
assigned it to an out-of-plane bending md8i¢lowever, the

Now we compare theg, and viga frequencies of the ICT
state of DMABN with those of other molecular species. The
frequency difference between, andvig, for the ICT state is
substantially larger than that for the ground state. That is, the
vga frequency of the ICT state is approximately similar to that
of the ground state, whereas a serious low-frequency shift on

Raman intensity seems to be a little too high as an out-of-plane going from the ground state to the ICT state is foundifa,
band. If, as mentioned in the previous section, this band is due The observed frequency difference between the two modes is
to the same mode as that giving rise to the infrared band at 959~80 cnt? for the ground staf@ and ~160 cnt? for the ICT

cm1, the mode is obviously totally symmetric, from the positive
sign of the absorption band. From comparison with the

state. The frequency difference may not deviate considerably
from 100 cnt! for the benzenoids in Table 3, although it

calculation, we presently consider that this mode is dominated depends, of course, on the molecular species to some extent. In

by v1, of the benzene ring, with sizable contributions from
several other stretch, deformation, ane i€ in-plane bending
coordinates.

5.2. The Molecular and Electronic Structure of the ICT
State. The observed vibrational frequency of the-RMe;
stretch (1276 cm' for the normal species) may indicate that

quinoid molecules represented by=Xs¢H,=X (ground state)
where X is CH or O, vg, is hybridized with G=X stretch to
give two relatively high-frequency modes in the region of 1670
1530 cnt?, while v194appears at quite a low frequency around
1350 cntl.5% Then, the frequency difference betwerjp and
v19a Feaches even to 2600 cnT!. The observed frequency

this bond retains a single-bond character in the ICT state. In difference betweeng, andvig,for the ICT state of DMABN is

the PICT model, it is sometimes argued that theNd/e, bond
order is so increased that it possesses a double-bond chérfdcter.

much larger than that for benzenoids, and smaller than that for
quinoid molecules. This result suggests that both benzenoid and
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quinoid electronic structures contribute to the ICT state of
DMABN. The ICT state may be neither a pure benzenoid nor
a pure quinoid. It is now worth checking the calculated bond
lengths in Table 2 in relation to this discussion. In quinoid
molecules in the ground electronic steitéhe difference between
bond lengths of &-C; (or CG;—C4) and G—Cs is around 0.1
A, whereas in benzenoid molecuigshe difference is mostly
less than 0.03 A. For the ICT state of DMABN, all the calculated

J. Phys. Chem. A, Vol. 105, No. 17, 2004187

structure?® From these considerations, it becomes clear that one
should be very careful to make quantitative comparison between
the observed vibrational frequencies and the calculated ones (in
refs 22 and 49). In particular, small alteration in cross term force
constants often cause large change of normal frequencies in the
fingerprint region (the frequency changes sometimes reach even
to ~100 cntl). The accuracy of the calculated frequencies
should be sufficiently examined in order to discuss the structure

bond lengths in Table 2 seem to show intermediate bond of the CT state. A final decision may be possible only when

alteration between quinoid and benzenoid. On the other hand,the observed vibrational frequencies are compared with the
as mentioned above, the-GlMe, stretch mode of the ICT state  calculated ones both for the dimethylamino group and for the
is observed in the single-bond stretch region, which suggests abenzonitrile moiety simultaneously. Dependence of the calcu-
benzenoid electronic structure. The electronic structure of the lated vibrational frequencies on the basis set and the definition
ICT state of DMABN is therefore supposed to be basically of of active space (in CASSCF method) should be also examined.

benzenoid nature, with a significant contribution from quinoidal
electronic structure.

Kummrow and co-workers recently performed vibrational
analyses of the ground and excited states of DMABN and
4-aminobenzonitrile by CASSCF level calculations, and they
compared the calculated=N and C-NMe;, stretch frequencies
for some electronic staté$4° They have predicted the shift of
C—NMe; stretch frequencies on going from the ground state to

In conclusion, we have established in the present study the
assignments of the most of the observed transient vibrational
bands of the ICT state of DMABN. The-NMe, bond retains
the single-bond character in the ICT state. The ring moiety is
considered to have primarily an electronic structure of the
benzenoid type, with a considerable contribution from the
quinoidal electronic structure. Unfortunately, it is difficult in
the present stage to conclude the geometric structure of the ICT

the ICT state assuming twisted and planar geometries, and havetate from the data obtained. Detailed vibrational analysis based

claimed that a final decision between PICT and TICT may be
possible by comparing the calculated and observed shifts.
According to their calculation, the-€NMe, stretch frequency

in the TICT state is lower than that in the ground state, whereas
that in the PICT state is higher. (This result is qualitatively
consistent with an expectation that the-8Me, bond order is
lowered in the TICT and raised in the PICT.) Our experimental
result is that the ENMe, stretch frequency in the ICT state is
lower than that in the ground state, which may lead to a
conclusion that the ICT state has a twisted geometry, if we
follow the logic given by Dreyer and Kummro%.However,

we must be sufficiently careful when we try to obtain the
structural information by comparing observed and calculated
intramolecular vibrational frequencies. It should be in general
noticed that a single-bond stretch coordinate is always hybridized
with other stretching and bending coordinates in a normal mode.
It is difficult to discuss the bond-order change only from the
frequency of the relevant stretching coordinate, unless contribu-
tions of other coordinates to the mode are sufficiently small. In
the single-bond stretching region, this condition is usually not
fulfilled. We consider that the frequency of the-GlMe; stretch
may be one of parameters which reflects the molecular structure
of the ICT state of DMABN but it is not possible to judge the
structure only from this frequency.

Generally speaking, the CASSCF method adopted by Kum-
mrow and co-workers surely gives more quantitative vibrational
frequencies than the CIS method. However, the accuracy of the
calculated frequencies should be judged by taking various types
of vibrational modes into consideration, not by some specific
modes. We consider that there are still difficulties in the results
of CASSCF vibrational analysis on the CT excited state of
DMABN, as mentioned in the following. The observed infrared
band at 1425 cri is assigned, from the isotope data, obviously
to a mode without contribution from the methyl groups as
discussed earlier. According to ref 49, however, the CASSCF
calculation gives results not consistent with the experimental
assignment (the band should be assigned to Me-group vibration
if we follow ref 49). As for the observedlvibrational band at
1276 cn1?, there is no corresponding calculated vibrational
mode in ref 49. For the observed strong band at 1220'cin
seems again difficult to explain by the CASSCF result of TICT

on a more advanced theoretical treatment and measurements
on other isotope-substituted samples (especially in the benzene
ring) are desired in the future. If we can record (and assign)
vibrational bands of methyl deformation and/or some other
related modes and their polarization characteristics, it may also
give valuable information on the structure.
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