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Structures of the locally excited (LE) states of 4-aminobenzonitrile (ABN) and 4-dimethylaminobenzonitrile
(DMABN) have been studied by picosecond time-resolved resonance Raman and transient absorption
spectroscopy. Contrary to reported time-resolved infrared experiments, our time-resolved resonance Raman
spectra show characteristic frequency shifts of several modes from their ground-state values. Combined with
ab initio geometric and vibrational analysis of the ground and LE states, our results indicate a similar planar
structure for the LE states of both ABN and DMABN. In the LE state, the pyramidal conformation of the
ground state flattens along the inversion coordinate, the phenyl ring expands, and the ph-N bond shortens.
Partial charge transfer in the LE state, mainly from the amino nitrogen lone pair orbital to the*rambital,

is indicated by the observation of a frequency downshift of the ring CC stretching mode arnglacnt?
downshift of the GEN stretching mode. This is supported by calculated changes of electron distribution in
molecular orbitals upon excitation.

1. Introduction frequency and the close resemblance of tEeNGstretching and
) ) . ring local mode frequencies to those of the benzonitrile radical

Charge transfer (CT) reactions are of great importance in gnior2 sirongly favor the TICT modé® as does most theoreti-
many fields of chemistry and biology, but many questions .| work, including calculations of Hynes et‘dland Mennucci
remain to be answered. Comparisons of molecules which do g g 15 i which solvent effects are considered. However, on
not react with analogues that do are useful in resolving issuese pasis of systematic measurements of the fluorescence of a
that depend on subtle structural details, 4-aminobenzonitrile wide series of derivatives of DMABN. Zachariasse et al. favor
(ABN) and 4-dimethylaminobenzonitrile (DMABN) are such  he piCT modet® Although no conclusive structural evidence
a pair. The electronic doneracceptor DMABN is a classic caseé 155 peen reported to support the PICT model and the very recent

where intramolecular charge transfer (ICT) and structural ineoretical work? favors the TICT, the PICT model cannot be
reorganization take place in polar solvehiEhis is interpreted ruled outl819

as an ICT reaction from a locally excited (LE) to an ICT state
that only occurs in polar solvents. Several mo@iélbave been
proposed to interpret the nature and structure of the LE and
ICT states. At present, only two, TICT (twisted ICBNd PICT  Tps)s and TRIRO spectroscopy in solution phase. Conflicting
(planar ICT)? remain under discussion. In the TICT model, the ' oqjits have been presented. Some gas-phase studies suggest
ICT reaction is accompanied by a twisting of the amino group he | £ state has a 22r 3¢° twist between the planes of the
from a conjugated planar configuration in the LE state to an i group and pheny! rim§;2-25but a planar LE structure
electronically decoupled perpendicular ICT geométhyt in is suggested by others, as for example, the supercooled
the PICT model, the amino group structure changes from & yqjecylar jet study of Salgado etZISolution phase studies
pyramidalized LE state to a conjugated planar ICT state, and ;.. i agreement with the planar strucfut the keyv(ph-
this is supposed to be the rate-determining step for the ICT \) mode was not identified. Comparison between the results
reaction of our ps-TR measurements and the TRIR study will be
The ICT state has been studied in recent picosecond Kerr dgiscussed in the text below (section 5). Theoretical studies are
gate time-resolved resonance Raman (ps-K)TR and time-  aiso in conflict. Ab initio RCIS (Restricted Configuration
resolved infrared (TRIR) experimerftst* The observation of  |nteraction Singles) work by Scholes et8iland Lommatzsch
an ~96 cnt* downshift of the keyv(ph-N) mode (dominate et al2! supports the twisted conformation, but calculations using
by phenyl-amino stretching vibration) from its ground-state CcASSCRE327and some other semiempirical methods, with and
without solvent effects, lend support to a planar geontrs?

The structure of the DMABN LE state has been investigated
by rotationally resolved electronic spectroscopy in the gas
phasé®25 and picosecond time-resolved resonance Raman (ps-
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fluorescence can be observed, even in polar solVéAtsThe 2. Experimental Section
absence of the ICT fluorescence in ABN has been attributed to
an increased energy gap between the two lowest excited state
and a lower amino group donor strendfht has often been
taken as a model for the LE state of DMABR{3.16.21,23,27,29,31,32
From gas phase rotationally resolved excitation spectroscopy
studies, pyramidal or planar structure has been suggé2ted.36
Based on a comparison of the experimental TRIR spectrum with
CASSCEF calculations, Chudoba et'@land Dreyer et al327
proposed a conformation with a pyramidal amino group.
However, this view contradicts theoretical work predicting a acetonitrile solution. The IR spectrum of ABN in solid KBr

21

planar structure for the,State of ABN was recorded using a Perkin Elmer FT-IR spectrometer 1760X.

To clarify and establish the structural and electronic properties The resolution of both the Raman and IR spectra was 1icm
of the LE states of DMABN and ABN, we obtained ps-K-TR  The steady-state fluorescence spectra of ABN and DMABN
spectra over the 80€2400 cm* range. Spectra of methyl-  were measured using a SPEX FluoroMax spectrometer.
deuterated DMABN (DMABNe) were used to help assign Time-resolved experiments were carried out using a sys-
modes related to the dimethylamino group. To find suitablé TR tenf445hased on optical parametric amplifiers (OPAs). Transient
probe wavelengths for the PRexperiments and also to help  apsorbance spectra were measured under “magic angle” condi-
identify the intermediate species probed, the transient absorptiontions using the arrangement described in ref 6, with a pump
(TA) of ABN and DMABN was measured. To relate the wavelength of 267 nm. The ps-K-PRpectra of the LE states
experimental observations to excited-state structure, equilibriumof ABN and DMABN were obtained using the methods
geometries and vibrational frequencies were calculated by thedescribed in refs 6, 7, and 8, with pump and probe wavelengths

ABN and DMABN samples from suppliers were recrystal-
ized from hexane three times before use. DMABNwas
synthesized according to the method given in ref 3 and its purity
confirmed by NMR and mass spectroscopic analysis. Spectro-
scopic grade solvents were used as received. The normal Raman
spectrum of ABN was measured in the solid phase with 628
nm excitation using an ISA Infinity Raman system. The
depolarization ratio ) was calculated from the parallel-to-
perpendicular ratio of the integrated areas of bands recorded in

ab initio RCIS method. of 267 and 460 nm, respectively. ¥Rpectra of the LE state
The ground-state structures of ABN and DMABN have been of DMABN and DMABN-ds were obtained with 267/600 nm
determined by X-ray diffraction analysis (crystallife)nd pump/probe wavelengths. Each spectrum shown is the sum of

microwave spectroscopy (gas pha&eJhe LE state frequency  three individual background-subtracted spectra with accumula-
shifts from ground-state values of modes such as tsNC  tion times typically of 2000 seconds. The spectra were not
stretch andv(ph-N), not hitherto determined, are sensitive to corrected for variations in spectral throughput and detector
extent of the ICT and amino group conformation, respectively, €fficiency.

requiring accurate information on ground-state vibrational Acetonitrile Raman bands were used to calibrate the spectra
spectra. Vibrational spectra and analyses of ground-stateWith an estimated accuracy in absolute frequencyd® cni ™.
DMABN based on density function theoretical (DFT) ab initio Sample concentrations were-% x 10°2 mol dnm 3. UV
calculation and isotopic shifts observed in various DMABN absorption measurements before and after sample use revealed
isotopomers have recently been reported by Okamoto 3t al. N0 degradation.

and ourselved? Assignments of several modes, suchvgsh-

N) andv(ph-CN), which are sensitive to structure, differ from 3. Calculation

those reported by Gates et“8land Schneider et 4l.on the
basis of empirical and semiempirical force field methods,
respectively. We conclude that, when using a reasonable
description of the electronic interaction between N lone pair
and the ringr system in DMABN (strong n-conjugation), the
guantum chemical force field of the DFT method is superior to

the emgi?gcal ar_u_j semiempiri_cal ones in_prec_zlicting vibrational Yang-Parr correlation functional (B3LYP). According to
modes*®:39Empirical and semiempirical vibrational analyses of experimental dat& Cs symmetry was assumed for the ground
ABN have been reported by Kumar etdf3and Schneider et giata
al. res_,pecti\_/ely. These give conflicting assignments for Many  calculations of excited-state ABN and DMABN were made
bands, including/(ph-N). We therefore made DFT calculations using RCIS with 6-31G(d) and cc-pVDZ basis sets for ABN
of IR and Raman spectra of the ground state of ABN. AS 46 31G(d) for DMABN. To determine the true minima on
expected, the calculations reproduce the experimental spectrgne | £ state potential surface, various initial geometries of
sat|sfa_ctor|ly and the results suggest revised attributions for yittarent symmetry were explored, such@s Cs, andCy,. RCIS
many important bands. calculations usually overestimate excitation energy and are not
This paper is arranged as follows: after a brief description adequate for computing one-electron properties of excited states
of experimental and computational methods, we present adue to neglect of dynamical electronic correlations. However,
vibrational analysis of the ground state of ABN. We then present accurate geometries have been predicted for many moleédfes.
and discuss fluorescence, transient absorption, and time-resolvedt will be seen below that the results provide a qualitatively
resonance Raman spectra of the LE states of ABN and DMABN. reasonable interpretation to the experimental observations.
Finally, we compare the observed excited-state frequencies with Assignments of the calculated modes were made according
values calculated using the RCIS method. Our experimental andto calculated atomic displacements of the corresponding vibra-
calculated ground/LE frequency shifts and optimized excited- tions. Wilson notation was used to label the ring CC and CH
state structures provide strong evidence that ABN and DMABN vibrations analogous to benzene motions. We assigned the
have similar planar LE state structures. This clarifies the observed vibrational bands by comparing the calculated and
controversy on these states and is also helpful in understandingexperimental frequencies. For the ABN ground-state modes, the
the ICT mechanism of dual fluorescence compounds. attributions were also based on comparison of the calculated

Ab initio calculations were made using Gaussian“®8.
Restricted HartreeFock (HF) and DFT calculations with
6-31G(d) and cc-pVDZ basis sets were made to obtain optimized
geometry and vibrational frequencies of ground-state ABN and
Raman and IR activities. The DFT calculation was performed
with Becke's three-parameter hybrid method using the-tee
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o B x 3 Inversion o B y 8 Inversion
HF/6-31G(d)  {/9.1 1205 1206 1123 360 RCIS/6-31G(d) 122.2 1189 119.1 1175 0.0
HF/cepVDZ 1190 1205 1206 1lIL7 384 RCIS/cc-pVDZ 1224 1189 1190 1179 Q0

DFT/6-31G(d) 1188 1207 1206 1129 335
DFT/cc-pVDZ 1187 1208 1207 112.8 340
Experiment: 34(3)

Ground state LE state

Figure 1. Optimized structural parameters of the ground and LE state of ABN using different methods and basis sets. Bond distances are in A and
bond angles in degreesReference 37.

TABLE 1: Calculated Energies (in Hartree) and Dipole Moments (in Debye) of the Ground State of ABN Using Different
Methods and Basis Sets

method HF DFT expt
basis set 6-31G(d) cc-pvDZ 6-31G(d) cc-pvDZ
symmetry Cs A’ Cs A’ Cs A’ Cs A’ C&
energy (Hartree) —377.46986 —377.50358 —379.849 —379.87591
dipole moment (D) 6.5 6.5 6.7 6.7 6.6

aReference 370 Reference 3, in cyclohexane.

and observed Raman and IR activities as well as the depolar-This implies that 6-31G(d) is reliable enough for the interpreta-

ization ratios of Raman bands. tion of experimental data for molecules of the ABN type. This
is also confirmed by the vibrational analysis below.
4. Results Figure 2 displays experimental and calculated (DFT/6-31G-

4.1. Vibrational Analysis of the Ground State of ABN. (d)) Raman and infrared spectra of ground-state ABN from 300
Geometric parameters of the optimized structure of ground-stateto 1700 cn?. Calculated frequencies were scaled by a factor
ABN using HF and DFT methods with different basis sets are of 0.9629 to minimize the root-mean-square difference between
presented in Figure 1. Experimental valiemre displayed for calculated and experimental values for bands having definite
comparison. Calculated total energies and dipole moments areidentifications, very close to the recommended value of 0.9613.
collected in Table 1. Similar results are obtained from all Calculated Raman and IR activities are shown without modi-
computations, and the calculated structures are in good agreefication, and calculated bands are represented by Lorentzians
ment with experiment. The ground state of ABN was found with a width of 10 cm®. Rauhut et at® have demonstrated
experimentally to have a pyramidal amino group with the N that DFT with the B3LYP functional and 6-31G(d) basis set,
atom being opposed to the H atoms an@.005 A out of the as used here, is a reliable tool for the calculation of the
plane of the phenyl ring’ This structure was reproduced fairly ~ vibrational force field and interpretation of vibrational spectra
well by the computations. The inversion angle calculated at the and predicts frequencies and intensities better than RHF. This
DFT/cc-pVDZ level reproduces the experimental value of 34 is indeed observed in our computations. Among the four
(Figure 1). The dipole moments of the ground state of ABN methods, DFT/6-31G(d) reproduces the data best.
calculated in HF and DFT of 6.5 and 6.7 D, respectively, also It is clear from Figure 2 that the principal features of the
correlate well with the experimental value of 6.6°D. observed Raman and IR spectra are reproduced satisfactorily

The larger of the two basis sets used, cc-pVDZ, is expected by the calculation. This allows direct attribution of experimental
to be more reliable for computing one-electron properties than bands from comparison of calculated and observed spectra and
is the 6-31G(d) basis set, and it can be seen from Table 1 thatcalculated symmetry and measured depolarization ratios of
it produces lower total energies than the 6-31G(d) at both HF Raman bands. Assignments of most bands with frequency above
and DFT levels. However, the 6-31G(d) and cc-pVDZ optimized 600 cnT! are affirmative due to the accurate simulation in this
geometries and dipole moments are very similar at both levels. region. Deviations between calculation and experiment can be
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Figure 2. Experimental and DFT calculated normal Raman (a) and
(b) and IR (c) and (d) spectra in the 300700 cnT? region for ABN
in the ground state. (No IR measurement was made below 408)cm

found for low-frequency bands below 600 thand assign-
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shoulders (at 1334 and 1299 chp are assigned to the ring
asymmetric Wilson 14 (CC stretching) and 3 (CH in plane
bending) modes, respectively. The former corresponds to a weak
but clearly resolved band at 1334 chin our Raman spectrum
(Figure 2a), not previously reported. Our attribution of the
observed 1315 cmt band is supported by CASSCF calculations
by Chudoba et ak? but Schneider et &t assigned it to Wilson

14 and Kumar et &? to Wilson 3.

Attribution of the bands observed at 1212 and 1176 m
(Figure 2a, 2c) to modes dominated bph-CN) and Wilson
9a (ring CH in plane bending), respectively, is also straight-
forward based on a good match with the DFT calculation and
depolarization ratios. Our assignment of the 1212 hand is
consistent with Schneider etdlHowever, both Kumar et &f
and Schneider et 4k attributed the 9a mode to a band at 1140
cm™1, seen at 1138 crd in this work, which we attribute with
certainty to another ring CH in-plane bending mode, Wilson
18b, as indicated by the calculation.

The key modes of ground-state ABN relevant to excited-state
properties are the €N stretching, Wilson 8a, 19a, andph-
N) modes, which we have attributed to the bands observed at
2211, 1601, 1519, and 1314 ctaThe corresponding DMABN
ground-state bands lie at 2210, 1600, 1523, and 1369.h{°
As deduced from the X-ray analysisthe major ground-state
structural difference between ABN and DMABN is related to
amino group conformation: the respective inversion angles are
34° and 17, and the ph-N bond lengths are 1.391 and 1.377 A.
This is consistent with only the(ph-N) vibration showing a
significant difference in frequency due to the more pyramidal
character of ABN than DMABN in the ground state. It also
correlates well with similar vibrations in closely related amino
benzene compounds. For exampi@h-N) is recorded at 1348
and 1278 cm! for the ground states of dimethylaniline
(DMA) 4250 and aniline?® respectively, whose inversion angles
are measured to be 2&nd 37-40°, respectivelyl~>* DMABN
and DMA have less pyramidalization character than do ABN
and aniline due to the-N(CHs), group having donor strength

ments in this region are tentative. Table 2 summarizes the 9réater than that of the-NH; group. The existence of an

observed Raman and infrared frequencies, Raman depolarizatioff/€Ctron acceptor group in the para position, the cyano group
ratios, calculated frequencies, symmetries, and approximate'n this case, reduces further the pyramidal character, as can be
descriptions of the calculated normal modes. As most of the S€€n from comparisons of DMA with DMABN and aniline with

Raman bands observed in the LE state spectrum of ABN (FigureABN-

5a) appear in the 1162400 cnt? region, only those ground-
state bands that fall in this range will be discussed.
We assign the €N stretching, NH symmetric scissoring

The v(ph-N) frequency is useful in evaluating the bonding
conformation of the amino group and the electron distribution
in aromatic amine compounds. A frequency decrease from

and several ring local CC stretching modes, dominated and DMABN to DMA to ABN to aniline is an indication of decrease
described approximately by the Wilson 8a, 8b, 19a, and 19b to in bond order thus increase of the ph-N bond length, which is
bands observed at 2211, 1622, 1601, 1567, 1519, and 143@lso linked to a decrease in the extent afgonjugation and to

cmL, in agreement with previous attributiofis?2 The broad
band previously observed at 1630 Tthwas resolved as
composed of two bands at 1635 and 1622 &in the present

an increase in the amino group inversion frevi1° to ~40°
across the set. Studies of geometrical parameters in a series of
para-substituted anilings®® show that the ph-N bond length

work (Figure 2a). As no calculated fundamental can be found increases linearly with the inversion angle. However, as found

corresponding to 1635 cm, it may be a combination band or
overtone. This is also the case for a weak band at 1197 cm
(Figure 2a).

from the vibrational analysis of ABN and DMABN, the
vibration dominated by the(ph-N) is a complex mode with
additional contributions from the ring modes 19a (CC stretch-

Our other assignments, discussed below, differ substantially ing), 18a (CH in-plane bending), and a methyl deformation

from the work of Schneider et &.and Kumar et al*2 especially
in the crowded 11081350 cn1! spectral range and including
vibrations such ag(ph-N), which are particularly relevant to

motion, and the coupling is much stronger in DMABN°than
in ABN. This makes it hard to predict the amino conformation
of the excited state merely from the frequency shift of this mode,

structural change. We believe that the present calculations, madéecause the shift could also be due to changes of other structural

at a significantly higher level should be more reliable.
The strong infrared band at 1315 chis reproduced

parameters normally observed for aromatic compounds upon
photoexcitation, such as the ring=C lengths. A full compari-

accurately by the calculation (Figure 2), and can be attributed son between the experimental and calculated frequencies of the

confidently to a mode dominated by tléph-N) stretch. Two

LE state is therefore necessary to determine the structure.
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TABLE 2: Observed and DFT Calculated Vibrational Frequencies (cnt!) and Assignments of ABN in the Ground State (G
Point Group)

observation calculation
IR Raman o symmetry DFT assignment
342 A’ 332 NH rocking, 18b (ring CH in-plane bending)
387 a A" 369 ph-N in-plane bending
A" 399 16a (ring CC out-of-plane def.)
418 0.3 A 403 6a (ring CC in-plane def.)
483 481 0.3 A 458 NH wagging
546 547 ? A 508 NH, wagging
A" 539 ph-N in-plane bending, 6b
A’ 544 16b (ring CC and CH out-of-plane def.)
650 a A" 640 6b (ring CC in-plane def.)
696 696 <0.1 A 691 12 (ring CC in-plane def.)
717 718 ? A 700 4 (ring out-of-plane def.)
819 ? A’ 794 10a (ring CH out-of-plane bending)
830 819 ? A 807 17b (ring CH out-of-plane bending)
838 841 0.2 A 822 1 (ring breathing)
946 A’ 917 10b (ring CH out-of-plane bending)
967 965 ? A 924 17a (ring CH out-of-plane bending)
1009 A 993 18a (ring CH in-plane bending)
1100 ? A 1048 NH rocking, 18b (ring CH in-plane bending)
1137 1138 ? A 1123 18b (ring CH in-plane bending)
1176 1176 0.3 A 1165 9a (ring CH in-plane bending)
1212 1212 0.3 A 1195 v(ph-CN)
1299 1299 ? A 1290 3 (ring CH in-plane bending)
1315 1314 <0.1 A 1292 v(ph-N)
1333 1334 ? A 1325 14 (ring CC stretching)
1436 ? A 1430 19b (ring CC stretching)
1513 1519 0.3 A 1507 19a (ring CC stretching)
1567 ? A 1558 8b (ring CC stretching)
1602 1601 0.4 A 1609 8a (ring CC stretching)
1624 1622 0.4 A 1634 NH scissoring
2212 2211 0.2 A 2252 CG=N

aDepolarized band, ? represents weak features with uncerteatue.

' — the vibronic spectrum. This spectral difference can be quantified
& as follows. We recall that convolution can be used in ab initio
spectral simulations to fold in the contribution of a mode or
group of modes that is not mixed with the remainefer.
Differences from a reference data spectrum due to increases in
optical activity can therefore be simulated by convolving the
data with the stick spectrum of a suitable model satisfying this
condition. Decreases in activity are modeled by deconvolution
(see Appendix). The model can include anharmonic modes and
mixing within, but not between, the convolved, deconvolved,
and remainder groups. Solvent broadening and all other proper-
ties of the reference spectrum are unchanged. It is assumed this
method will provide a first approximation when comparing

@

----DMABN /
—ABN

3

Intensity/frequency

f-l

0.01 " p .

ooofw spectra of unknown composition, mixing, and anharmonicity,

0,014 enabling small spectral differences to be quantified using a few
2 24 26 28 30 32 34 explicit assumptions. For simplicity, the harmonic approximation

Wavenumber (x 10° em’) for modes without frequency change is used to compute the
Figure 3. Fluorescence of ABN and DMABN. (a) Fluorescence spectra intensities of the model fundamentals and overtohes,
in hexane in vibronic units (intensity/frequericys frequency); (b)
derivatives of spectra in (a) with respect to frequency (arbitrary scale); I, = (s”/n!) exp(s) Q)
(c) difference between ABN data in (a) and model spectrum derived
from DMABN data in (a) as described in the text, relative to peak \yheres is half the square of the normalized displacement and
intensity of (). n = 1 denotes the fundamental. The model “convolution
difference spectrum” that fits the data can easily be calculated
4.2. LE State SpectraFigure 3a shows fluorescence spectra using the parameters given below.
of ABN and DMABN in hexane and Figure 3b shows their The convolution of the DMABN data with the stick spectrum
derivatives with respect to frequency. Vibronic units (intensity/ of a mode with frequency between 400 and 500 Eands ~
frequency vs frequency) are used. The spectra are very similar 0.5 to 1.1 is sufficient to match the ABN spectrum from 34000
but the structure on the rising edge of the DMABN spectrum, to 29000 crmt at the 1% level. The whole ABN spectrum can
seen very clearly in the derivative, is absent in ABN. be reproduced with residuatsd.4% of the peak by convolving
If the DMABN data are convolved with a Gaussian to the DMABN data with stick spectra of modes at 586+0.77)
simulate increased solvent broadening, the result does not matctand 2200 ¢ = 0.14), and deconvolving at 1408 € 0.2). The
the ABN profile, indicating a real difference in the structure of residuals are shown in Figure 3c. This quantifies the differences



Excited States of ABN and DMABN J. Phys. Chem. A, Vol. 106, No. 14, 2002299

4_ - 1481
Acetonitrile
1135 1189
34 1367
WA
S 1289
27 460 nm Hexane
[
—
1 g Z
= 2
g 1aBN@ g b
Q0 T T T T T T :é ( )
< L460 n 2 68 1416 1467
6 = s Mg
600 nm Hexane )
[~
4] ]
2- B
o . Acetonitrile
OIDMABN (b) ey i i o @
450 500 550 600 650 700 A | 0 S 10740
Wavelength (nm) 800 1000 1200 1400 1600 1800 2000 2200 2400
Figure 4. Transient absorption spectra of ABN (a) and DMABN (b) Wavenumber (cm™)
in hexane and acetonitrile with excitation at 267 nm, at 50 ps delay rig,re 5. picosecond Kerr-gated time-resolved resonance Raman
time. spectra of ABN in methanol (a) and DMABN in hexane (b) with 267

nm pump and 460 nm probe wavelength at 50 ps delay time. Picosecond
between the spectra to the estimated systematic accuracy of théme-resolved resonance Raman spectra of DMABN (c) and DMABN-
data without any change in solvent broadening. Resolution is ds (d) in cyclohexane with 267 nm pump and 600 nm probe wavelength

are active in both molecules, or only one. Poorer but acceptableStbPtraction.

fits can be obtained using smaller activity at 5@down to 615 nm probé.The spectrum of DMABNEg in nonpolar solvent
~0_4) .plus Qaussmn broadenlng th up~250 cnrt Stand'ard (d) has not been reported previously. Bands appearing between
deviation. Since the actual physical differences may well involve 1000 and 1600 crit are not well resolved in the 460 nm
mixed or anharmonic modes, perhaps with barriers, all that can paBN spectrum (b), but the €N stretch at 2180 cni is
be said with certainty is that the spectral differences are largely clearly seen and we note that it is absent in polar solvents at
due to molecular differences rather than solvent broadening and,og nm probe wavelength but has been observed at 2095 cm
that activity at_~500 cntlis signif_icantly enhanced in ABN, using 330 nm probe wavelength at 50 ps délgterference
to the approximate degree indicated by the model. Other effects may occur in resonance Raman scattering when the
differences are small but nonzero. The enhancementa0 absorption bands of electronic states oveffags is likely to
cm™! may relate to the larger ABN ground-state inversion angle pe the case here. There may also be mode mixing. In the absence
if both molecules are planar in LE, and we note that modes 4t Raman excitation profiles, band intensities therefore give only
associated with the amino group in ABN are found in the 450 5 gyalitative indication of molecular properties and no definite
to 550 cn't region (Table 2). Limited experimental resolution  concjusions can be drawn, but we take the data to indicate that
precludes a definite assignment. S, states of similar character are resonant with LE at both 460

Transient absorption spectra of ABN and DMABN in hexane and 600 nm (or there is a single very broad state in this region).
and acetonitrile, excited at 267 nm, are shown in Figure 4. The The spectrum of ABN in methanol at 460 nm probe wavelength
fine structure is due to uncorrected instrumental effects. The (3) closely resembles the 600 nm spectrum of DMABN in
ABN spectra (Figure 4a) resemble the spectrum of DMABN in hexane (c), indicating that both molecules have LE anst&es
nonpolar hexane (Figure 4b) and change little with time. There of similar character and ABN does not form the ICT state in
is no significant solvent dependence for ABN, in contrast to polar solvent.
the well-known behavior of DMABN® where there is no ICT Band positions and relative intensities obtained using uncon-
reaction in nonpolar solvent but an isobestic point-465 nm strained Lorentzian fits are summarized in Table 3. Tentative
indicates the picosecond time scale transfer from LE to ICT in assignments, RCIS calculated frequencies (scaled by 0.8923),
acetonitrile?® These observations are in good agreement with and frequencies of the corresponding bands in the ground states
the scenario that LE states of similar properties are formed in gre included in the table for comparison. The assignments are
ABN in either polar or nonpolar solvent and in DMABN in  hased on DMABN/DMABNG; isotopic shifts for DMABN and
nonpolar solvent. the RCIS frequency calculations for both ABN and DMABN.

The ps-K-TR experiments were carried out for ABN and It is important to note that all the spectra in Figure 5 show
DMABN with pump and probe wavelengths of 267 and 460 the C=N stretch at~2180 cnT?, corresponding to the same
nm, respectively, as well as ps-TRieasurements of DMABN ~ ~30 cnt! downshift for ABN and DMABN relative to the
and DMABN-ds at 600 nm probe wavelength where the Kerr ground state. This indicates a decrease of tEeNCbonding
gate was not required. The probe wavelengths used are indicatedrder and can be interpreted as being due to a similar degree of
by arrows in Figure 4. The pump wavelength falls into the partial localization of transferred charge on the cyano antibond-
lowest absorption band of ABN and DMABN. The spectra ing orbital in the LE states of both molecules. (Full transfer
obtained are shown in Figure 5. and localization is indicated bya175 cnt® downshift of the

The DMABN spectrum at 600 nm probe wavelength (c) is C=N stretching in the triplet state of DMABR, while in the
very similar to that previously obtained in cyclohexane using a ICT state of DMABN, a~115 cnt! downshift, corresponds to
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TABLE 3: Observed and RCIS Calculated Raman Band Frequencies and Their Assignments for the LE States of ABN,
DMABN, and DMABN- ds (observed ground state frequencies included for comparison)

LE state 9 state
ABN DMABN DMABN- ds ABN DMABN DMABN- ds
assignment expt cc-pVDZ 6-31G(d) expt 6-31G(d) expt 6-31G(d) expt 2expt expt

C=N 2172 (1.0) 2288 2299 2176 (1.0) 2294 2178 (1.0) 2294 2211 2210 2210
19a (ring CC streching) 1481 (1.5) 1437 1446 1467 (1.4) 1477 1454(3.2) 1466 1519 1523 1515
Owme (Methyl deformation) 1416 (1.1) 1420 1122 1414 1134
v(ph-N) 1367 (0.4) 1295 1297 1357(0.6) 1357 1351(2.4) 1360 1314 1370 1375
3 (ring CH bending) 1289 (0.2) 1272 1288 1325(0.8) 1308 1285(0.2) 1309 1299 1306 1306
v(ph-CN), 9a (ring CH bending) 1189 (0.6) 1141 1143 1168 (1.5) 1154 1166 (1.5) 1166 1212 1227 1227
9a (ring CH bending)y(ph-CN) 1135 (0.6) 1109 1124 1113 (1.0) 1136 1102 (2.0) 1142 1176 1180 1178

aReferences 38 and 39Weak features of uncertain assignment.

TABLE 4: Calculated Energies (in Hartree), Dipole Moments (in Debye), Excitation Energies (in cm?), and Oscillation
Strengths of the LE States of ABN and DMABN Using the RCIS Method with Different Basis Sets

ABN DMABN

method RCIS expt RCIS expt
basis set cc-pvDZ 6-31G(d) 6-31G(d)
symmetry Cs A" Cs A" Cs A"
energy (Hartree) —377.49588 —377.45893 —455.51474
dipole moment (D) 7.8 7.9 80 8.8 9.9
excitation energy (cm) 43997 46788 33842 45057 32247
oscillation factor 0.0624 0.0539 very weak 0.0502 very weak
transition moment short axis short axis short &xis short axis short axis

aReference 3, in cyclohexaneReference 22 Reference 23.

full charge transfer but delocalization over the benzonitrile  4.3. Ab Initio Calculations of the LE States of ABN and
subgroup.~19) DMABN. The ABN calculation was carried out with both the
The other striking aspect of Figure 5 is that the strong band 6-31G(d) and cc-pVDZ basis sets. Pyramidal as well as planar
at 1481 cm! in the ABN spectrum and the features at 1367, structures (inversion angke 0°) were found in our geometry
1189, and 1135 crt all have slightly downshifted counterparts  optimization of the LE state, but short-axis polarization was
in the DMABN and DMABN-ds spectra recorded at 600 nm found only for the optimized planar LE state. Since gas-phase
probe wavelength. Comparing DMABN (Figure 5c) with rotationally resolved fluorescence experiméht®33and solu-
DMABN-ds (Figure 5d), it can be seen that all the bands are tion phasé anisotropy measurements establish that the LE states
insensitive to methyl group deuteration, except for one unre- of both ABN and DMABN arise from weakly alloweld, type
solved feature at 1416 crhin DMABN. The ring CC stretching S1 — S transitions with short-axis polarization, we take the
and some CH in-plane bending and ring-substituent stretching optimized planar structure to be the LE state conformation. The
vibrations of normal substituted aromatic compounds are LE state calculation of DMABN using 6-31G(d) resulted in a
expected to appear in this regi®According to the RCIS result  planar optimized structure with transition moment oriented along
(see below) and also with reference to the established groundthe short axis of the molecule (the cc-pVDZ calculations failed
state vibrational assignments and corresponding modes ofto converge). Although the optimized geometries actually have
closely related compound5>963the observed common bands C,, symmetry, Cs was assumed for all computations, for
were tentatively attributed to totally symmetric vibrations comparison with ground-state calculations. Frequency analysis
dominated by the Wilson 19a (ring CC stretching(jph-N), of the optimized planar structure of ABN using cc-pVDZ gave
v(ph-CN), and Wilson 9a (ring CH in-plane bending) modes positive values for all modes, but using 6-31G(d), one ABN
(Table 3). Being sensitive to methyl group deuteration, the 1416 and two DMABN low-frequency modes of’Asymmetry had
cm~! band can readily be attributed to a methyl deformation imaginary values. This may be due to deficiencies of the RCIS
mode that may correspond to the 1448érband in ground- method when used with this basis set or to the crude level of
state DMABNS383 This is consistent with the absence of this calculation?? We note that similar LE geometries have been
band in the spectrum of ABN (Figure 5a) and the calculated predicted for both molecules by the CASSCF methed.
result. Structural parameters of the LE state of ABN and DMABN
Most of the recorded bands in the LE states of both ABN obtained by geometry optimizations are displayed in Figure 1
and DMABN were observed at frequencies shifted from ground- and Figure 6, respectively. For comparison, HF and DFT,
state values. Besides the=®l stretch, for example, the ABN  6-31G(d), parameters for ground-state DMABIsre also given

mode dominated by Wilson 19a ha87 cnt! downshift while in Figure 6. It can be seen from the results summarized in Table
the band dominated by(ph-N) upshifts by~53 cnt?! from 4 that calculated transition and dipole moments correlate well
the ground to LE state. We note that these frequency shifts with experiment but excitation energies are overestimated.
observed using TR this and our previous wofkare not seen From Figures 1 and 6, it is clear that calculated structural
in the TRIR experiment¥ This experimental contradiction is  differences from the ground state predicted for the LE states of
discussed further in section 5. ABN and DMABN are similar. Comparing LE-state RCIS and

We conclude that the experimental fluorescence, transientground-state HF calculations made with the same basis sets
absorption and TRspectra of the LE states of ABN and (values in italic format for 6-31G(d) and with underline for cc-
DMABN are very similar, indicating similar electronic and pVDZ), the pyramidal amino groups are flatter in the LE states
vibrational properties. of both ABN and DMABN than in the ground states, the phenyl
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[ B X & Inversion
HF/6-31Gdyr 1185 121.0 121.0 1184 152
DFT/6-31G(dy 118.4 121.1 121.0 1i9.7 L0
Experiment® 116.5 108

Ground state
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[’1 B x 8
RCIS/6-31G(d) 121.5 1198 119.6 1183 0.0

Inversion

LE state

Figure 6. Optimized structural parameters of the ground and LE state of DMABN using different methods with 6-31G(d) basis sets. Bond distances

are in A and bond angles in degreeé®Reference 3% Reference 37.

TABLE 5: Experimental and Calculated Frequency Shifts of Observed Raman Bands on Going from the Ground to LE States

of ABN, DMABN, and DMABN- dg

ABN DMABN DMABN- ds
expt cc-pvDZ 6-31G(d) expt 6-31G(d) expt 6-31G(d)

C=N -39 -17 —15 -34 —18 -32 —18
19a (ring CC stretching) —38 —54 —61 —56 -39 —61 —44
dwme (Methyl deformation) 2 5

v(ph-N) 53 37 32 -13 14 —24 31
3 (ring CH bending) —10 —14 —-23 19 42 -21 -9
v(ph-CN), 9a (ring CH bending) —23 —27 =35 -59 —34 —61 -35
9a (ring CH bending)y(ph-CN) —-41 -28 —-29 —67 3 —76 -15

rings are larger (CC bonds increase ©9.020-0.035 A for
both ABN and DMABN), the ph-N bond contracts-Q.04 A
for ABN, ~0.026 A for DMABN), the ph-CN bond is slightly
shorter (0.004 A for ABN and DMABN) and there is a very
small change of &N bond length (increase by0.001 A for
ABN and DMABN).

planar structure for the ABN LE state. It is interesting to note
that the ~53 cnt?! upshift (Table 5) of the ABNwv(ph-N)
frequency on going from the ground (1314 cinto the LE
state (1367 cmt) might be a direct indication of enhanced n
conjugation in the LE compared with ground state, which leads
to shortening of the ph-N bond and, quite possibly, flattening

To evaluate the reliability of the calculated results and relate of the amino group. The downshift of the ring CC stretching
them to experimental observations, it is worthwhile to compare mode (19a, Table 5) from its ground-state frequency implies
the experimental frequency shifts on going from the ground to reduced ringzr bonding density, which can also be attributed
LE state with the calculated ones. Table 5 lists calculated andto occupation of the ring antibonding orbital upon excitation
experimental ground/LE frequency changes for bands observedand is consistent with the enlargement of the ring skeleton

in the ps-TR spectra (Figure 5) of ABN, DMABN and

indicated by the RCIS structural calculation. We note that this

DMABN-ds. The calculated values were obtained by subtracting is consistent with the geometric change of the analogous aniline
ground-state HF frequencies from the corresponding LE state molecule in photoexcitatioff.6® Extensive studies have shown

RCIS frequencies computed using the same basis set.

that the $— S excitation of aniline flattens the molecule from

It can be seen from Table 5 that agreement between thea pyramidal (9) to quasiplanar (§ geometry along the
experimental and calculated results is fairly good for ABN. For inversion coordinate, expands the phenyl ring and shortens the

example, the downshift of the ABN=N stretch and ring modes
19a and 9a and upshift of th€ph-N) stretch are all predicted

ph-N bond®>-67 |t is expected that the cyano electron acceptor
group at the para-amino position will enhance a similar

reasonably well by the computation. We therefore suggest ageometric change in both ABN and DMABN.
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The agreement with experiment is less good for some modessolution-phase vibrational spectrum of the LE state of ABN. In

of DMABN. The major inconsistency is that th¢ph-N) mode

is calculated to shift up by 14 cmhon going from the ground
to LE state, but experiment shows a 13¢mdownshift (Table

5). Vibrational analyses of the DMABN ground st&#&° show
much more extensive vibrational coupling than we find for
ABN, especially in the ring CC stretching and ring-substituent
stretching {¢(ph-N) andv(ph-CN)) modes. These are always
hybridized with the ring CH bend motions and/or each other in
ground state DMABN. The RCIS atomic displacements indicate
similar complicated vibrational mixing in the LE state. There-
fore, changes in the structure of DMABN cannot be inferred
directly from the frequency shifts of the relevant modes. For
example, the so-called(ph-N) mode is coupled substantially
with the ring CH bending and CC stretching vibratig&s?
Consequently, the 13 crh frequency downshift is not neces-
sarily due to loosening of the ph-N bond in the LE state, but

contrast to the substantial frequency shift of thelf ring
CC stretching and(ph-N) modes observed here (Figure 5a),
they find only negligible frequency shifts and relatively small
changes in IR band intensities upon formation of the LE state
of ABN. The cause of these experimental differences is not
known. Although one gas phase study by Berden €¥ al.
seems to support the pyramidal LE state of ABN, our data is
supported by a more recent gas phase rotationally resolved LIF
and resonance two-photon ionization spectroscopy study by
Lommatzsch et &' and an LIF study of jet-cooled ABN by
Gibson et aP® Ab inito RCIS calculations of the LE state of
ABN by Lommatzsch et & give a planar structure similar to
that proposed here.

Our spectra for the LE state of DMABN agree with our
previous study and also differ from the TRIR work The
crucial G=N and v(ph-N) modes, which we observe clearly,

could result from the decrease of the phenyl ring force constants gre not present in the TRIR spectrum. In addition, in contrast

and the increase of the ring<C lengths. The discrepancies

to our observation of downshifts of the ring CC stretching modes

between the calculated and experimental frequency observed(such as the 19a), they observed no shifts from ground-state
here could be due to the crude level of the RCIS method, which fequencies.

is not sophisticated enough to take the vibrational hybridization
character of DMABN fully into account. Comparison of

experiment with calculated frequencies of much higher accuracy
is essential to determine the structure. To our knowledge, there
is as yet no adequate theoretical treatment for such a complicate
excited state. However, as illustrated above, the RCIS method

is reasonably successful in reproducing the experimental dat

for molecules that have less extensive vibrational coupling, such

as ABN.

Molecular orbitals for ABN and DMABN related to the
LE — S transition obtained from RCIS/6-31G(d) are shown
in Figure 7. It is clear that the LE states with’ Aymmetry in
Csare formed by a transition combining LUM® 1 — HOMO
with ~0.63 weight and LUMO— HOMO — 1 with ~0.32
weight. The promotion of an electron from the amino nitrogen
lone pair to the ring antibonding* orbital can be clearly

recognized in the first component. The second corresponds to

an excitation from the ring bondingorbital to ring antibonding

or* orbital and also leads to occupation of thee antibonding

ar* orbital. Analogous to aniline and many of its derivatives,
the molecular orbital character of the LE states of ABN and
DMABN are mainlyzzr*, but with partial charge transfer mainly
from the amino group to the phenyl ring and weakening of the
C=N bond. This is fully consistent with the frequency changes
observed in our ps-TRspectra and explains the calculated
frequency and structural changes.

In summary, considering the similarities of ABN and
DMABN fluorescence, transient absorption and®BRectra and
the general agreement of experiment with calculation, we
propose a similar planar structure for the ABN and DMABN
LE states.

5. Discussion
In the CASSCF study of ABN and DMABN by Dreyer et

a

In our previous worlé, we tentatively attributed the(ph-N)

mode to a strong band at 1423 chin the 615 nm spectrum
(corresponding to the 1416 crhband in Figure 5¢). Considerng
heds isotopic shift and RCIS calculation, we now attribute the
423 cn1! band to a symmetric methyl deformation vibration.
The mode dominated by(ph-N) is actually the band at 1357
cm L. The 1460 cm! LE state band provisionally assigned to
a methyl vibration in the previous pafes now found to be a
mainly ring CC stretching mode (19a) according to the RCIS
result. The shortening of the ph-N bond and planarity of the
amino group suggested here is consistent with a microwave
spectroscopy study of the LE state of DMABN by Kajimoto et
al.2% A structure with a 30twist angle and a Oinversion angle
has been suggested for the LE state of DMABN by several
authors20-21.242+owever, as discussed by Kajimoto ef&and
Salgado et ak? the simulated spectra were insensitive to the
twist angle. This was well explained by a theoretical study by
Roos et af? and Gorse et & They found that the potential
curve for the LE state in the gas phase is very flat frohmd
30° along the twist angle coordinate, implying a very small
torsional barrier up to 30in the gas phase. However, by
including solvent effects, Gorse etZIshowed that the shape
of the LE state potential curve steepens as the twist angle is
increased in both polar and nonpolar solvent, with a steeper
slope in polar solvents. This causes the planar structute (0
twisting angle) to be the most stable conformation for the LE
state in solution. This interpretation is in good agreement with
our result, which is also supported by the semiempirical AM1-
Cl calculations of Schneider et #l.The twisted LE states of
DMABN obtained using RCIS theory by Scholes e€&and
Lommatzsch et a! are suspect, as the calculated transition
moments do not agree with experiment.

Photoinduced changes in permanent electronic dipole mo-
ments reflect the degree of charge separdtiéh.Dipole

al.327planar LE states similar to those suggested here and alsomoment measurements by Schuddeboom et al. indicate increase

pyramidal LE states were located by geometry optimizations.

of dipole moment from 6.6 to 8.0 D and from 6.6 to 9.9 D for

However, based mainly on comparison of calculated IR activities ABN and DMABN, respectively, on going from the ground to

with experimental TRIR spectfd,pyramidal ABN and planar

LE state? As the degree of localization of negative charge on

DMABN LE states have been suggested. The difference from the cyano group is the same for ABN and DMABN, as reflected

our conclusion in the case of ABN originates from differences
between our ps-TRspectra and the TRIR spectrifimoted
above. To our knowledge, the TRIR spectrum recorded in
acetonitrile by Chudoba et #lis the only previously published

by the same-30 cnT! downshift of the &N frequency (section
4.3), and the two molecules have the same ground-state dipole
moment, the larger dipole moment change in DMABN indicates
greater charge separation between the amino and phenyl ring
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Figure 7. Calculated molecular orbitals of the LE states of ABN and DMABN.

in the LE state of DMABN than ABN. This implies increased more efficient transfer of charge from the amino nitrogen lone
localization of positive charge on the dimethylamino of DMABN  pair orbital to ther* orbital of the ring in DMABN than ABN.
than on the amino group of ABN, or in other words, greater This is well within expectation when considering the stronger
degree of negative charge localized on the phenyl in the LE electronic donor ability of the DMABN dimethylamino group
state of DMABN than ABN. This is clearly a consequence of relative to the ABN amino group.
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regularly spaced frequencies denoted by the suffix, and the A, Acta Crystallogr.1994 B50, 363.

function to be deconvolved has valuieg at frequenciegk(m)

in the regular set (but not necessarily evenly spaced), With

bn = 1 andk(0) = 0, all otherk(m) > 0, thenD and the

deconvolved spectrum, A, are related by
Dn = AnbO + z:m>OAn—k(m)bm (Al)

Equation Al is rearranged and solved for each using

recursion in Mathematic& D must be defined as zero outside
the measurement range.
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