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By applying a Kerr gate to reject fluorescence, the picosecond time-resolved resonance RainspeGRImM

of the intramolecular charge-transfer (ICT) state of 4-dimethylaminobenzonitrile (DMABN) in a polar solvent
has been obtained for the first time. To elucidate the geometric and electronic structural changes occurring
in DMABN in different solvent environments following electronic excitation, the same method (without the
Kerr gate) was also used to study the delocalized excited (DE) state of DMABN. ThepERtrum of the

ICT state is dominated by a phenyl ring band, while the band corresponding te=tNes@etching mode is

absent. The TRspectrum of the DE state, observed in nonpolar solvents, implies a planar structure with
double bond character in the;fg—N(CHs), bond. Conjugation therefore extends mainly between the
dimethylamino group and the ring in the DE state. The Kerr gate has also been used to measure the temporal
spectral profile of the DMABN fluorescence in both nonpolar and polar solutions with 3 ps time resolution
covering the spectral window from 320 to 560 nm. Subpicosecond transient absorption spectra of DMABN
in solvents of different polarity have also been measured. The presence of an isosbestic point in the time-
resolved fluorescence spectra at early time delays demonstrates the interchange of a two-state system during
the initial relaxation process following the photoexcitation. The results are discussed and placed in context
with the wealth of work performed to date on this molecular system.

1. Introduction model of Lippert et al® suggests that the two bands correspond
The dual luminescence of 4-dimethylaminobenzonitrile to emission frqm two different low-lying exuted smgle_t states
which invert in polar solvent. On the basis of different

(DMABN) in a polar solvent was discovered by Lippert et al. . . .
in 1959! Since then a great deal of effort has been devoted to _expenmental observations, several alternative models have been

determining the origin of this anomalous fluorescence behavior, introduced, such as the excimer model by Khalil et’ahe

and both steady-state fluorescehdeand time-dependence excited state isomerization model by Grabowski etal8the
fluorescencE? measurements have been made. The main proton-transfer model by Kosower et #land the exciplex and

. . i 21,22
observations have been that in nonpolar solvents, such as alkaneS2MPlex model by Nakashima et #.vVarma et al?'?? and
Eisenthal et af.Recently, Zachariasse et’2324put forward a

with small polarizabilities, DMABN exhibits a single normal - . .
fluorescence band centered~&850 nm, historically termed the ~ SOlvent-induced JahnTeller coupling model as the origin for
F, band or “b-band”, while in polar solvents a deeply red-shifted the anomalous fluorescence. Of these models, the most widely

fluorescence band centered a420-500 nm, termed the /7  accepted is the excited-state isomerization model, known as the
band or “a-band”, appears together with thetfand. The F TICT (twisted intramolecular charge transfer) model. According
band emission is attributed to a less polar delocalized excited 0 this modef”** DMABN dual fluorescence originates from
(DE) state, in earlier literature termed the locally excited (LE) tWo excited-state isomers differing in the orientation of the
state (because it is observed only in nonpolarizable sof@nts  dimethylamino group relative to the aromatic ring. Thebnd
B* state, or'L,-type (according to Platt’s notatiof)state. The emission arises from a planar isomer with the dimethylamino
frequency and intensity of thesfband are solvent polarity ~ group situated in the plane of the ring. Charge is supposed to
dependent, which indicates the charge-transfer character and€ distributed over the entire conjugated system and the dipole
high polarity of this emitting state. Therefore, thgfand was ~ moment of this state is considered to be similar to that of the
assigned to emission from a more polar intramolecular charge-ground state. By contrast, thg fand arises from a highly polar
transfer (ICT) state, A* state, di_,-type state. The polarities ~ excited-state isomer, which is formed by twisting the dimethyl-
of the DE and ICT states have been confirmed by dipole moment amino group perpendicular to the plane of the ring, accompanied
measurementd:12The red-shifted emission has also been found by a full intramolecular charge transfer from the lone pair on
for many derivatives of DMABN and numerous electron denor  the amino N atom to the in-plame* orbital on the cyano group.
acceptor molecules where the two moieties are linked by a The 90 twisted conformation leads to a practically complete
flexible single bond3-15 electronic decoupling and complete loss of conjugation between
A large number of different mechanisms have been proposedthe dimethylamino and benzonitrile groups (the principle of
to account for the dual fluorescence of DMABN. The original minimum overlap}® This electronic decoupling is thought to
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be necessary for prohibiting electron transfer in the reverse decoupled from the acceptor subgroup, A (the benzonitrile group
direction. The rotation of the dimethylamino group around the in DMABN), in the ICT state? Zachariasse et al. found that the
Ciing—N(CHs)2 bond was proposed to lower the energy of the energy of the k emission maximum in a series of dual
highly polar state, which depopulates to the electronic ground fluorescent 4-aminobenzonitriles does not show a correlation
state by emission of red-shifted fluorescence (théand). In with the redox potentials of the donor D and the acceptor A.
the TICT model, the presence of high polarity or polarizable Thus, they concluded that in the ICT state a considerable
solvent was thought to be necessary to yield therission. electronic coupling exists between the And D" parts?*37
The decisive role of solvent polarity was referred to as solvent-  (3) A further unresolved issue is the conformation of the DE
induced 'La—'Ly, level crossing and deemed necessary to state: Is it planar? A twist angle of 3@or this excited state
stabilize the highly polar ICT isomer through mainly electrostatic \vas deduced from high-resolution laser-induced fluorescence
interaction?®-28 (LIF) excitation spectra measured in a free-jet experiment by
The TICT model is supported by a considerable amount of Kajimoto et al*! The same twist angle was also suggested by
experimental data. The best evidence comes from the compari-Howell et al*? and Bernstein et &f in their gas-phase
son of a series of DMABN derivatives, from which only those supersonic molecular-beam experiments.
with a rotatable dialkylamino group exhibit dual fluorescence  (4) The rate-determining step for the ICT process and the
in moderately polar solvent8:*’However, derivatives with the  relationship between the rate of formation of the ICT state and
amino group forced into the ring plane by incorporation into a selvent dielectric relaxation motion are unclear. One of the
five- or six-membered ring exhibit only,Femission:* On the  criticisms of the TICT model is that the initial evidence for a
other hand, compounds with steric hindrance to planarity such strong dependence of ,Femission upon viscosity of the
as 6-cyanobenzquinuclidine (CBRQ)or N,N-3,5-tetramethyl-  solvent445 turned out to be an experimental artif4&tErom
aminobenzonitrile (TMABN}*%yield only F, emission, inde-  the time dependence of the fluorescence measurements of a
pendent of the solvent polarity. However, Khalil efahave series of dialkylaminobenzonitriles, it was found that the ICT
pointed out that the Femission behavior of CBQ and TMABN  rate constant increased with the size of the amino gfég’
cannot be explained exclusively by the TICT model, because This casts doubt on the TICT argument that the rotation around
the observations merely indicate that the geometry restrictionsthe Ging—N(CHs), bond is the rate-determining step. Although
on the grOUnd state Strongly affect the emissive behavior of the the importance of the solvent in the anomalous emission
excited state. On the other hand, the large dipole momentmechanism has been specifically considered as due to the
measured for the ICT Sta%é,lzthe observation of a benzonitrile sensitivity of the Eemission maximum and intensity of solvent
anion-like species in picosecond TA spectroscopy of DMABN polarity#748the effect of solvent in the DMABN ICT process
in polar solven€?~** and many theoretical studf®¥-*support s, in reality, far from completely understood at presént.

the TICT model. _ Numerous theoretical ~studies using both  semi-
Further investigations on DMABN by various methods empiricaf:31.36:5653 and ab initid>5455 methods have been

provide some challenges to the TICT model. Remaining performed to evaluate the geometric and electronic structures
unresolved questions about the TICT model can be summarizedof DMABN in the ground, DE, and ICT states. Besides

as the following: geometry optimizatioR¢58 some elegant theoretical investiga-
(1) Is the structure of the ICT state twisted? If so, is it fully tions have been made into the evolution of the several lowest-

twisted? According to the solvent-induced Jafireller coupling lying potential surfaces (ground-state included) along possible

model proposed by Zachariasse et-#24for DMABN, the reaction coordinates for the ICT process, both in gas ghes?

dimethylamino group N-inversion (wagging) is the most im- and in solution phas&36.53.59Most of these studies confirm the
portant reaction coordinate in the ICT process; the perpendicularvalidity of the TICT model. However, recently, an alternate
twist of the amino group is thought not to be essential for the relaxation pathway (and thus a different equilibrium structure)
ICT state formation. It was suggested that the wagging motion of the ICT state was proposed by Sobolewski et%the so-

of the amino group also decouples the donor from the acceptorcalled RICT model (rehybridization by intramolecular charge
orbitals, leading to formation of the ICT state with a greater transfer). According to this model, the structure of the ICT state
dipole moment than the DE staté!-24373Two mechanisms  consists of an in-plane bent cyano group (rehybridization of
explaining the formation of the ICT state in terms of wagging the cyano group C atom from sp to Zpwith the N,N-
motion have been proposed: the WICT (wagged intramolecular dimethylaniline subgroup in almost the same geometry as in
charge transfer) model suggested by Schuddeboom’&f@l.  the ground state. In a very recent study using refined calculation
and the PICT (planar intramolecular charge transfer) model with more sophisticated basis sets, the RICT model for DMABN

recently suggested by Zachariasse &f-&lln the WICT model, could not be validate#f->4In the absence of direct experimental
the structural change associated with the ICT process is fromdata on the structure of excited-state DMABN, these quantum
planar (sp) to pyramidal (sp) hybridization of the dimethyl- chemical calculations undoubtedly provide very valuable in-
amino group N. In the PICT model, a conformation change of formation.

amino N from pyramidal (s} to planar (sp) is put forward Much of the experimental work, both in solutfoh 386162
and a planar quinoidal structure is proposed. Rotkiewicz®t al. andin jets$3-65 has focused on the interaction of DMABN with
found experimentally that the DMABN derivativemethyl{- the solvent and the origin of the dual fluorescence. Very little

cyanoN,N-dimethylaniline, which has a pretwisted structure in  direct information on the structure of DMABN is available from
the ground state, showed a twist angle remarkably smaller thanexperimental observations to date. Though refined calculations
90° in its ICT state. Bernstein et &.also expressed doubts  have recently been carried out, these are still limited in providing
about the fully twisted ICT structure from their supersonic an accurate, realistic description of the complex ICT processes
molecular beam studies of DMABN. in DMABN because only a small number of degrees of freedom
(2) The second question concerns the electronic propertieswere considered for geometry optimization, limited reaction
of the ICT state: Is the electron donor subgroup, D (supposed coordinates were involved for studying evolution of potential
to be the dimethylamino group in DMABN), completely surfaces, and only a very approximate description of solvent
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porting data are required as has recently been demonstfated. OPA
Time-Resolved Resonance Raman {JI&pectroscopy with = SHG

picosecond time resolution is a powerful method for providing Regenerative amplifier

direct geometric and electronic structural information about | z :

short-lived specie%/68Our long-term program seeks to identify ~ *--==7--===77777mmtmommmoomeeoes '

structural changes following an electron-transfer process and

determine how such changes stabilize the formation of the ion-
pair while restricting the back electron-transfer process. In this och

paper we report the use of FRpectroscopy to elucidate the 0O Delay line Delay line
structural and electronic properties for the DE and ICT states 5 ,_ Gating pulse (830nm)

of DMABN in both nonpolar and polar solvents. Previous § '

attempts have failed because the brog@mission present in 8 Excitation pulse (277nm)

polar solvents overwhelms the weak Raman si§halo & E l]/

overcome this problem, we have developed an efficient fluo-
rescence rejection technique based on utilization of a Kerr'§ate.
By applying this method we have obtained the first3TR
spectrum of DMABN in a polar solvent. To select suitable probe
wavelengths for the TRexperiments, transient absorption (TA)
measurements with subpicosecond time resolution for DMABN methanol (shown in Figures 5 and 6) result from summing 20
in various solvents have also been carried out. The Kerr gateindividual spectra. Cosmic ray noise was subtracted during data
has also been used to measure the changes in the wavelengtacquisition by using software written specifically for the
fluorescence profile up to 750 ps with 3 ps time resolution of purpose. Samples were renewed gv2rh during the experi-
both the F and k emissions in polar and nonpolar solvents. ments, and within these time intervals no degradation was
The results obtained from our experiments are compared with observed by UV absorption spectroscopy.

those from the TICT model and other experimental and  petails of the Kerr gated TRsetup are given in ref 70. Figure

Kerr gate  Sample Probe pulse (615nm or 415nm)

Figure 1. Schematic of our picosecond ¥Rpparatus with the Kerr
gate.

theoretical investigations. 1 displays the setup diagram of the preseng €Rperiments.
) _ Briefly, the separation of Raman signal from fluorescence was
2. Experimental Section achieved in the time domain by ugira 3 psKerr gate. The

Kerr gate consisted of two crossed polarizers and a Kerr medium
(gCSZ) activated to propagate the Raman signal by using a gating
pulse derived from a portion of the regenerative amplifier
fundamental (830 nm). The throughput efficiency of the Kerr

The TA measurements were carried out using two indepen- gate was about 30% (excluding polarizer losses), and the gating
dently tunable and synchronized 26800-fs pulses generated duration was about 3 ps when driven by a pulse with 1 ps, 150

by a regenerative amplifier system operated at 800 Hz. The . .
pﬁmp p%lses were ob[t)ained rz\/t 267 nFr)n by frequency-tripling pulse energy focused to a spot S'Z_M mm diameter.
the regenerative amplifier fundamental, providing uJ after For TRF measurements the following changes were made.
attenuation. A white light continuum generated in a0D  'he Raman probe pulse was blocked and the Kerr gate opened
medium pumped by the regenerative amplifier fundamental was 10 sample the fluorescence spectrum at various time delays
used as a probe. The white light continuum was separated intofollowing the excitation pulse. The first collection lens was
two beams, one passing through the sample and the other usefePlaced by a mirror, and benzene was used instead pfrCS
as a reference. The beams were dispersed on two identica® 1 mm rather thaa 2 mmcell. These modifications reduced
photodiode arrays. The signals from each array were down- dispersion and extended the spectral range into the UV (310
loaded to a PC and normalized shot-to-shot. nm). The gate was formed by a UV sheet polarizer (set at the
For the TR experiments, samples were pumped by a 277 magic angle), the Kerr cell, and a crossed Glan Taylor polarizer.
nm pulse and probed with 415 and 615 nm pulses for the 1€ instrument response time was ps (rise from 10% to
DMABN in polar and nonpolar solvents, respectively. The 277 90%) A 1 cm cell with copper sulfate solution in water was
nm pump and 415 nm probe pulses were the third and second!/S€d in front of the spectrometer to block residual scattered light
harmonics of the regenerative amplifier fundamental, respec- Tom the gating pulse.
tively. The 615 nm probe pulse was generated in the OPA which  All TR3, TA, and TRF spectra were obtained by subtracting
was pumped by the frequency-doubled output of the regenerativethe negative time-delay background signal from the positive
amplifier. The pump and probe pulse durations wetk ps, time-delay signal. For TRspectra, the fluorescence background
and the pulse energies at the sample wer8 2J. The sample  passing through both polarizers when the Kerr gate was open
was flowed in a jet with a 50@m diameter. The pump and  Wwas eliminated from the data by subtracting the signal which
probe beams were polarized in parallel and focused to a spothad been recorded with no Raman probe pulse present. The
size of approximately 10@m at the sample. The TRsignal TR® spectra were calibrated using nonresonant solvent bands
was collected at 90geometry, dispersed through a single and were not corrected for variations in spectral throughput.
spectrograph, and detected by a liquid-nitrogen-cooled charge-The TA and TRF spectra were calibrated using 10 nm band-
coupled device (CCD). A low-fluorescence cutoff and holo- pass filters.
graphic filters were used to block the pump and probe Rayleigh The DMABN and spectroscopic-grade solvents were pur-

The experiments were carried out using®I'RA, and time-
resolved fluorescence (TRF) setups based on optical parametri
amplifiers (OPAs) as described in detail in the literat(r&

scattered light. chased from commercial sources and used without further
The spectra were fitted using custom-written softwarehe purification. The concentrations of the sample solutions were
wavenumber values reported are accuratett® cnm®. The in the range +3 mM, and no differences in relative intensity

spectra for DE and ICT state DMABN in cyclohexane and changes within the TRsignals were observed up to 10 mM.
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Figure 3. Time-resolved fluorescence spectra of DMABN in hexane
recorded at different delay times. The main picture depicts the intensity
increase of the [fluorescence and the existence of an isosbestic point.
Inset (a) displays the early time (8 ps) and late time (750 ps) spectra.
The corresponding red fluorescence spectrum is obtained by subtracting
the late time spectrum from the early one after normalizing the former
with respect to the latter. Inset (b) shows the decay,dfuérescence

at late decay times.
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Wavelength (nm) nonpolar solvent. The most significant difference is the change
Figure 2. Transient absorption spectra of DMABN in the nonpolar Of shape with time. The 3 ps spectrum is similar to the 2 ps
solvent hexane (a) and the polar solvent ethanol (b), obtained at differentspectrum of DMABN in hexane (other polar solvents show the
delay times. The pump laser wavelength was 267 nm. same pattern). This indicates that the same species is present at
early time in both solvents, i.e., both the DE and the ICT states
as discussed further below. As time evolves, the 3 ps spectrum
decays, and an absorption band at about 400 nm (as also present
in the TA spectrum of Okada et &) grows in. Though the
maximum of the absorption band is outside our spectral range,
the growth of this band can be clearly seen from Figure 2b.
3. Results The growth lasts for several tens of picoseconds. Detailed kinetic
analysis shows that as the 400 nm band decays, a broad
absorption around 566640 nm grows in, indicating a stepwise
reaction. This band corresponds to the-Tr; absorptiort? For

all of the polar solvents investigated (alcohol series, acetonitrile,
THF, dioxane, etc.), our TA spectra all display similar behavior,
and results are consistent with those obtained by Baumann et
al32and Okada et &8 We ascribe the late time absorption band

of the second-lowest energy level. Thesiate, which is related &t ~400 nm (50 ps spectra as shown in Figure 2D) to the ICT
to the Ly-type band in the FC region, cannot be directly ~ State.
populated because of its low oscillator strength>.74.75]t 3.2. Picosecond Time-Resolved Fluorescence Spectroscopy.
should be noted that, along the proposed twist-angle coordinate We have also used the Kerr gate to measure the temporal
S; becomes a mainly,-type ICT state as the twist angle evolution of the fluorescence profile. The TRF experiments were
increase$§:35365356 Figure 2 shows typical TA spectra of performed in solvents of different polarities, and the spectra of
DMABN in the nonpolar solvent hexane (Figure 2a) and the DMABN in the nonpolar solvent hexane and the polar solvent
polar solvent ethanol (Figure 2b) recorded at different time ethanol are displayed in Figures 3 and 4, respectively. It is clear
delays. that in both solvents the shapes of the spectra are similar at
As shown in Figure 2a, in the nonpolar solvent hexane, the €arly time, consistent with our TA measurements in the
transient spectra display three maxima at 460, 525, and 710corresponding solvents. This suggests that both thenBl F,
nm, consistent with the observation made by Baumann®t al. fluorescence emission bands are present at early times in both
with slower time-resolution. It is reasonable to attribute the polar and nonpolar solvents. As shown in Figure 3, the F
observed absorption to the DE state. The absorption intensityfluorescence dominates at late delay times, whereas the spectra
increases until 50 ps following excitation, before decaying (as in Figure 4 show that the Hluorescence dominates at long
shown by the 250 and 500 ps spectra) on a time scale consisten@lelay times. The appearance of isosbestic points in both spectra
with the excited-state lifetime. This increase at early times is suggests two interconverting distinct species are present, namely
not consistent with the TICT modehs it stands nor with ~ the DE and the ICT states of DMABMN:38
conclusions drawn from other time-dependent fluorescence 3.3. Picosecond Time-Resolved Resonance Raman Spec-
studies that propose the DE state as the precursor to the ICTiroscopy. From our TA measurements, the probe wavelength
statell387678 As discussed below, we attribute this inconsis- of 615 nm was chosen for the TRxperiments on the DE state
tency to reverse formation of the ICT state. of DMABN (nonpolar solvent) and 415 nm for the ICT state
For DMABN in the polar solvent, it can be seen from Figure (polar solvent). A 50 ps delay time was selected for recording
2b that the TA spectrum is very different from that in the TR3 spectra of both the DE and ICT states.

The nonresonant ground-state Raman spectra of DMABN in
hexane and methanol were recorded using an Infinity ISA
Raman microspectrometer with 632.8 nm excitation wavelength.

3.1. Subpicosecond Transient Absorption Spectroscopy.
The TA spectra of DMABN in various solvents were measured
in the spectral region 440740 nm using 267 nm excitation,
with the white light continuum probe polarized at the magic
angle. The excitation wavelength fell within the strong-
absorption band.g-type in Platt’s notation) of DMABN, which
corresponds to the optically allowe@ ® S (777*) transition
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Figure 4. Time-resolved fluorescence spectra of DMABN in ethanol
recorded at different delay times. The main picture shows the early
time spectra and the rapid decay gfffaorescence. Inset (a) shows an
isosbestic point during the ICT process at early times. Inset (b) depicts
the dynamic Stokes shift of the, Auorescence at late delay times.

Figure 6. Time-resolved resonance Raman spectrum of the ICT-state
DMABN obtained for DMABN in methanol solvent, with a 277 nm
pump, 415 nm probe, at 50 ps time delay. The bands indicated by “*”
are not fully established. Cosmic ray artifact is labeled by “#".

the observed bands are not due to poor solvent-band subtraction,
— Expt. the same experiment was repeated in fully deuterated cyclo-
z —Fit hexane, which has no strong Raman solvent band in the ranges
\ : b 1300-1900 and 25083200 cnt?, and no spectral differences
were observed. Furthermore, the same spectrum was also
recorded in hexane.

11 In general, the main spectral feature shown in Figure 5 is
1 Al ! / similar to that of the resonance Raman spectrum of the aniline
1N AR 1 radical catiof and the phenoxyl radic&#>d The 1423 crm?

il \l i : band is the strongest in the spectrum and was assigned to
T |J r i il “]Ml [Llluy

i
| A predominantly Gng—N(CHz), stretching vibrational mode (Wil-
1 IR {1 A I " | N | BN son 7a), although some contributions from the ring-HC
800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 bending (Wilson 19a) and methyl deformation motions are
Raman Shift (cm) possibly involved® 8The same mode with the same frequency
Figure 5. Time-resolved resonance Raman spectrum of the DE-state 1S @IS0 been observed for tpephenylenediamine radical
DMABN obtained for DMABN in cyclohexane solvent, with a 277 ~ cation?® from which the bond order of £;—N bond was
nm pump, 615 nm probe, at 50 ps time delay. The bands marked by evaluated to be 1.5. The 1423 chifrequency is higher than
“** are not fully established. Solvent subtraction artifact is labeled by that of the counterpart bands for both ground-state DMABN
L (Table 2) and DMABN radical cation (Table 1), which are 1373
. and 1402 cm?, respectively. A recent X-ray diffraction
The TR spectra of DE-state and ICT-state DMABN in the  analysi8! established that the structure of the DMABN crystal
spectral region 8083200 cnt* are shown in Figures 5 and 6, is not planar, but is pyramidal in the ground state. The
respectively. Both spectra have solvent and fluorescence gimethylamino group N atom was found to have pyramidal
backgrounds subtracted. Due to the relatively weak transient character, with a value of 1T.9wagging angle) for the angle
absorption and the strong fluorescence, the DE-state spectrunhetween the plane of the amino group and the phenyl ring. By
shown in Figure 5 took 10 h to accumulate while the ICT-state contrast, the resonance Raman investigation of DMABN radical
spectrum shown in Figure 6 took 45 h. catiorf® suggested a semiquinoidal planar structure based on
The transient Raman bands were fitted to Lorentzian line the frequency increase of 7a mode in comparison with that in
shape” For the TR spectra of the DE and ICT states, the fitted the ground state, and a partial double bond character of the
band frequencies, relative intensities, and tentative assignments,;,,—N bond. Thus, the double bond character is more obvious
are given in Tables 1 and 2, respectively. Modes related to in the DE state of DMABN than in the DMABN radical cation.
phenyl ring vibrations are referred to using Wilson notation. This indicates a considerable tightening of thedSN(CHs),
Our assignment is based on the normal coordinate analysis ofbond in the DE state. A similar observation was found by
DMABN performed by Gates et &0.and Schneider et &.and Kajimoto et al. in the gas phagéFrom Table 1, it can be seen
our comparison with the previously reported spectra of related that 3,5 DMDMA radical cation shows the similar 7a mode
compound$? 87 For comparison, corresponding information on  frequency (1420 crmi) indicating a similar G,,—N bond
the Raman spectra of ground-state DMABN (in nonpolar strength. The frequency of this mode in the aniline radical cation
solvent), the DMABN radical catiof? aniline radical catio§2°8° is 1494 cm! (Table 1) with the G,g—N bond order greater
and 3,5 DMDMA radical catiofi is included in Table 1, and  than 1.5%2¢89The lowering of the 7a frequency for the DE state
that of ground-state DMABN in polar solvent in Table 2. of DMABN relative to that in the aniline radical cation might
3.3.1. DE State.The TR spectrum of DE-state DMABN be due to the interaction between the lone pair orbital of the
presented in Figure 5 was obtained in cyclohexane solvent withamino N atom with the orbitals of methyl groups, as discussed
a 277 nm pump, 615 nm probe at 50 ps pump, and probe pulseby Brouwer and Wilbrandt®
time delay. As interpreted above, under such experimental The structure of the aniline radical cation is revealed to be a
conditions, the observed transient Raman bands originate fromplanar conformatid#¢ which is similar to the structure of
the population of the DE state of DMABN. To confirm that phenoxyl radicaf?® Also the planar structure was concluded

1174
/1423

*
2181

Relative Intensity
973
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TABLE 1: Vibrational Frequencies and Tentative Assignments of the DMABN DE-State Time-Resolved Resonance Raman
Spectrum (DMABN in Cyclohexane, 277 nm Pump, 615 nm Probe, 50 ps Time Delay)

vibrational frequency

. . DMABN DMABN
tentative assignment DE state DMABN ground state
Wilson in cyclohexané, 3,5 DMDMA CeHsNH; radical cation in hexaneyd

approximate description mode this work radical catiofi radical catioa® in EtOH, 77 K¢ this work
ring breadth 1 f 808 (m) 785 (m)
N—(CHj), stretch(s) 973 (41) 975 964 (m)
CHjz rocking 1117 (53) 1159
ring C—H in-plane bend 9a 1174 (70) 1175 (8) 1186 (m) 1179 (m)
C=C stretch 3 1334 (37) 1338
CHjs deformation 1370
Ciing—N stretch 7a 1423 (100) 1420 1494 (100) 1402 (m)
0 CHs 1460 (36) 1435
C=C stretch 19a 1482 1528 (8) 1522 (s)
C=C stretch 8a 1571 1574 (15) 1624 (m) 1608 (s)
C=N stretch 2181 (37) 2214 (m) 2220 (vs)

aRelative intensities are given in parentheses along with frequertidieferences 82c and 89Reference 88¢ Values from normal Raman
spectrum of ground-state DMABN in hexane solution excited at 632.8eference 87.Because of the effect of the filter, Raman bands below
800 cnT?! cannot be detected.

TABLE 2: Vibrational Frequencies and Tentative Assignments of the DMABN ICT State Time-Resolved Resonance Raman
Spectrum (DMABN in Methanol, 277 nm Pump, 415 nm Probe, 50 ps Time Delay)

vibrational frequency (crt)

ground state

- - DMABN
tentative assignment in EtOH
Wilson ICT state DMABN DMABN excited at
approximate description mode in MeOH?, this work in MeOH?®, this work 488 nnt
ring breadth 1 d 784 (m) 788
ring out-of-plane 5 946 (47) 946
C—H bending
ring in-plane 9a 1182 (48) 1180 (m) 1184
C—H bend
Ciing—N stretch 7a 1373
C=C stretch 19a 1532
C=C stretch 8a 1585 (100) 1607 (s) 1608
C=N stretch 2214 (vs) 2215

2 Relative intensities are given in parentheses along with frequefidiedues from normal Raman spectrum of ground-state DMABN in methanol
solution excited at 632.8 nniReference 88 Because of the effect of the filter, Raman bands below 800*@annot be detected Observed
from IR spectrum. See ref 81.

for 3,5 DMDMA radical catioi” and DMA radical cation from Wilson 5. According to the harmonic-vibrational frequency
both the experiments and calculat®¥’ Therefore, we suggest  calculation of the similar specieb|,N-dimethylaniline radical
a planar conformation for the DE-state DMABN. Given the cation and its various isotopic derivativ&the band appearing
pyramidal structure in the ground stdtethis indicates a at this frequency range corresponds to the phenyl ring mode
geometry change from a nonplanar to a planar structure for Wilson 12, although no experimental observations were made.
DMABN on going from the ground state to the DE state. But, the gas-phase LIF experiments on DMABN assigned a low-
The 1174 and 1334 cm bands (Figure 5) were assigned to frequency band at about 500 ciio Wilson 12° for the DE
the pure pheny| ring cH bending vibration (Wi]son ga) and state of DMABN. To resolve this ambiguity, deuterated
non-totally symmetric &C stretching mode (Wilson 3), DMABN experiments will be carried out.
respectively. The latter assignment is based upon Brouwer and As shown in Figure 5, a high intensity shoulder near the 7a
Wilbrandt's analysis of the resonance Raman spectra of di- band is present at 1460 cth This frequency coincides with
methylaniline radical cation and aniline radical cat®nn the methyl group deformation vibrati@fCHs (in Table 1), and
alternative assignment for the 1334 thband is the methyl this is insensitive to the parent grop?? Referring to the
group deformation vibration mode, as the tentative assignmentnormal-mode analysi¥;81 the 1117 cm! band is tentatively
suggested by Poizat et El(Table 1). assigned to the dimethylamino group methyl in-plane rocking
From Table 1, the comparison with DMABN radical cation Mmotion. As discussed by Poizat et &l.the activity of the
and 3,5 DMDMA radical cation seems to suggest the assignmentvibrations of alkyl group for the radical cation of dimethylaniline
of the 973 cmi® band to the N-(CHs), stretching mode of the ~ and its derivatives can be taken as characteristic Nf) for
DE state of DMABN (Figure 5). However, in light of more  the nitrogen bonding configuration in aromatic amines. This is
recent normal-mode analysis of the ground-state DMABN assumed to result from the couplings between the alkyl group
presented by Schneider et#assignment of the corresponding and thez chromophore.
ground-state band at 946 ci(Table 2) to N-(CHs), stretching The middle intensity band at 2180 cinclearly belongs to
vibration made by Gates et &l.is no longer believed to be  the G=N stretching mode. The-40 cnt! frequency downshift
valid, and we reassigned the band to the phenyl ring mode on going from the ground state to the DE state (Table 1)
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indicates a partial charge-transfer character for this §t&fe.
This is consistent with the TICT modél8 and theoretical
analyseg:5>5° mode Wilson 8a (Table 2). The 23 cifrequency downshift
3.3.2. ICT State. The TR spectrum of the ICT-state 0N going from the ground state to the ICT state indicates the
DMABN, shown in Figure 6, was obtained in methanol with a Weakening of the €&C bond in the latter case. This is in
277 nm pump, 415 nm probe at 50 ps pump, and probe pulse@greement with the results of several refined ab initio calcula-
time delay. As described above, the observed transient Ramarfions*>***®which showed increased size of the phenyl ring and
bands originate from the population of the ICT state. Although lengthened distance between<C, in the ICT state. The other
the 415 nm probe wavelength is not within the monitored NG mode, 1182 cm, is assigned to the pure-Gi bending
spectral range (Figure 2b), it is near to the maximum of the que Wilspn 9a, this mode_being insensitive to substitution.
first S+—S; TA band (the second band is around 320 nm) for This band is the only one with almost the same frequency in
DMABN in polar solvents. This can be seen from the transient all the states, i.e., ground, DE, and ICT state. The ground-state
absorption spectrum recorded by Okada &8 the spectral ~ 946 cnT* band appears at the same frequency as in the ICT
range from 300 to 480 nm. Transient resonance Raman bandstate. The assignment of this bqnd warrants further investigation
under these conditions thus obtain their resonance enhancemerif! light of the work by Schneider et &. Furthermore, the
from the corresponding electronic transition. Because of the intensity of this band in the presented spectrum may have been
large red shift of the Ffluorescence for DMABN in methanol, diminished because of the spectral cutoff filter, and thus its
this means the TRspectrum with the best S/N ratio was relative intensity is probably higher than that recorded. At this
obtained in this solvent. Similar spectra, not illustrated, were Stage, because of the poor signal-to-noise ratio we do not attempt
also recorded in ethanol and acetonitrile solvents. Considering0 @ssign any of the other weaker features observed within the
the different polarities of the alcohol solvents and the aprotic SPectra. These bands are marked with asterisks within Figure

picosecond time-resolved infrared experim&ntve therefore
assign the 1585 cnt band to the phenyl ring €C stretching

nitrile solvent ¢ = 32.66 for methanok = 24.55 for ethanol,
ande = 35.94 for acetonitrile§? we suggest that the conforma-
tion of the ICT-state DMABN in polar solvents, at least in

When comparing the TRspectra of the DE state (Figure 5)
and the ICT state (Figure 6) of DMABN, the most notable

comparably strong polar solvent, is essentially the same. Okadadifference is the absence of the broad 1423 ttvand, which
et al3 presented the same argument based on the calculateds the strongest one in the DE state, and the absence of the

transition momentgy:, of the F, emission which were found to

C=N mode in the ICT spectrum. This may indicate localization

be independent of solvent polarity. We also obtained the samef the chromophore in resonance with probe wavelength on the

TR® spectrum for the ICT state in deuterated alcohol. This

isotope substitution experiment indicates that the isotopic effects

phenyl ring.

previously observed in fluorescence experiments are attributed4. Discussion

mainly to the dynamics of the ICT reaction, especially radia-

tionless intramolecular processes, such as intersystem crossinq_r

and internal conversiof?;°>*and do not influence the structure
of the ICT state. It should be pointed out that the ICT state
detected in the present $Rexperiment is the final solvent-

equilibrated state. It is known that besides internal coordinates,
such as rotation of amino group, solvent reorganization is an

important reaction coordinaf® Though Su and Simdhpointed
out the importance of fluctuations of intramolecular vibrational
motion compared to solvent diffusion in determining the reaction
rates in a series of alcohol solvents, a specific setst#vent
interaction has been postulated by several auth®r% Our

recent TRF measurements, to be fully reported elsewhere,

showed that the dynamic shift of thg fluorescence continued

for several hundreds of picoseconds in long-chain alcohol

solvents, which is attributable mainly to the solvent reorientation
relaxation?” However, because of the large dielectric constant
and the short solvation time (5 p¥of methanol, both the ICT

reaction and the solvation process are expected to have alread

finished at the 50 ps delay tin%é.

As displayed in Figure 6, the spectral features of the ICT
state are distinctly different from those of the DE state (Figure
5). In the 806-2400 cn1! frequency range, the ICT-state
spectrum is composed of a strong band at 1583'camd two
relatively weak bands at 1182 and 946 dmHowever, at the
2000-2200 cnt! range, corresponding to the frequency of the
C=N stretching modé&%%3no reproducible feature was recorded.

It can be seen from Figure 6 that the 1585 @rhand is the
most intense. According to a previous calculatibthe G=N
stretching mode of the ICT state in the RICT model is predicted
to be downshifted to 1649 cmh, which is near the 1585 cm
band. However, the frequency of thesBl stretching vibration
was found at 2096 cm by Hamaguch?? and recently by

4.1. Transient Absorption and Fluorescence Spectroscopy.
ansient absorption represents an optical transition from a lower
excited state to the+C states of upper potential surfaces. The
absorption intensity change with time reflects the change of
population of the absorbing excited state. In the case of DMABN
in a nonpolar solvent, this state corresponds to the DE state,
which is anLp-type state on the ;Ssurface?>32 As mentioned
above, the initially excited state is thg-type S state and to
reach theL,-type § surface an internal conversion is needed;
this is supported by both experimenrtdi® and theoretical
work.255 Our TRF measurements show, in Figure 3, that both
Fa and K fluorescence bands are present at early tinves0(

ps), and we suggest that this is because the ICT and DE states
are rapidly populated by the internal conversion process.
Mechanistically, the intensity increase of thg fliorescence

as the K fluorescence intensity decreases, and the presence of
an isosbestic point (Figure 3), are evidence that the ICT state
decays rapidly to the DE state; i.e., the reverse charge-transfer
%rocess from the ICT state to DE state is occurfihghe
importance of the reverse ICT reaction has been pointed out
by Zachariasse et &:33Using the continuum models of Onsager
to describe the solutesolvent interaction, the theoretical study
performed by Gorse et 8lshowed that the barrier for the ICT
reaction AE of DE—ICT) is independent of solvent polarity,
whereas the reverse barrié& of ICT—DE) is strongly solvent
polarity dependent, being small in nonpolar solvent. This is
consistent with our TRF results. Therefore, we deduce that the
observed intensity increase of TA bands at early delay times is
caused by the reverse IEIDE process. Although we cannot
completely rule out the possibility that the early red-shifted
fluorescence is due to IVR, this interpretation seems unlikely
as our TRF spectra exhibit a clear isobestic point, implying the
presence of two distinct interchanging states. This is the first
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direct experimental evidence for the population increasing of that the shape of the DE state potential curve becomes steep as
the DE state at short times following electronic excitation. In the twist angle in both polar and nonpolar solvent is increased,
previous time-dependence fluorescence measurements perwith a steeper slope in polar solvents. Undoubtedly, this causes
formed on DMABN>67:%8 it was always found that the,F  the planar structure (with°Qwisting angle) to be the most stable
fluorescence decayed immediately upon the excitation. We conformation for the DE state in solution. This interpretation
believe this is because (i) the behavior of DMABN in nonpolar is in good agreement with our result. The planar structure of
solvent has been much overlooked in previous work investigat- the DE state was verified again by the recent calculdion.
ing the origin of the Eemission, (ii) the slower time resolution 4.2.1.2. Electronic PropertyOne of the main goals of our
in previous studies obscured the real rise time of the F investigation is to understand the electronic properties of the
fluorescence, and (jii) the overlap of thgdnd F fluorescence  DE and ICT states, which is very important for elucidating the
below 400 nm prevents accurate measurement of the fluores-charge-transfer process in the excited state of DMABN. As
cence decay profile by the time-dependence fluorescencementioned above, the frequency increase of the Wilson 7a
experiments performed at a fixed wavelength. vibration implies the shortening of the,ig—N(CHs)2 bond
Previous time-resolved studies of the dual fluorescence of length, and clearly indicates the overlap of the amino N atom
DMABN indicate that the equilibrium between the DE and ICT lone pair orbital with ther system of the phenyl ring. This
states occurs within the excited-state lifetifié;38°8and our means an increased delocalization of the electron distribution
results are in agreement with this. For DMABN in nonpolar in comparison to the ground state, and a conjugated character
solvent, the charge transfer takes place but the ICT state is notin this DE state, as was also concluded by Kajimoto €t al.
stabilized, so that theyFluorescence dominates at later times. and the theoretical studies using both semiempff®aind ab
In contrast, for polar solvents the initially formed DE state initio®>®methods. Furthermore, this reasoning favors describing
rapidly changes to the ICT state, and this is stabilized by the the excited state as a delocalized excited (DE) state rather than
dielectric interaction of the polar solvents. Taking into consid- a local excited (LE) state.
eration that no kfluorescence has been observed for isolated  One interesting question is whether the cyano group is a part
DMABN or even for 1:1 complexes of DMABN with nonpolar  of the conjugated system. The answer is affirmative in the TICT
or polar solvent molecules in the gas phé&s#,43:6465the model”18 and some theoretical wofi€® However, our TR
existence of both f£and k fluorescence in both polar and evidence appears to be inconsistent with these conclusions. We
nonpolar solvents indicates that the dielectric interaction betweensuggest this because of the lack of the characteristically high-
excited-state DMABN and solvent molecules in a solution intensity Wilson 8a mode, which always shows as the strongest
environment is important for the ICT process, and the longi- band in the resonance Raman spectra of compounds possessing
tudinal relaxation of the solvent influences the ICT reaction. quinoidal®102or semiqunioiddP3.1%structures and indicates
The former allows the charge-transfer process to occur in thethat the cyano group is not significantly involved in the
nonpolar solvent and is thus in accordance with an inner-sphereconjugated system. For example piCHs)oNCgH4N(CHs),,10°
process of the SumiNadler-Marcus definitior?® while in the and thep-NH,CsH4OCH; radicalg?e etc., the full conjugated
polar solvent ethanol the initially formed charge-transfer state system includes both of the para-substituents. The similarity
is further stabilized by the reorientational relaxation of the between the spectral feature of the DE-state DMABN and that
surrounding solvent. This includes the outer-sphere solvent of the aniline radical catidi and the phenoxy! radic&f also
relaxation as indicated by the large dynamic Stokes shift of the implies that the cyano group does not perturb the electronic
Fa fluorescence (Figure 4b). However, in ethanol, kinetic transition very much. One explanation for the absence of the
analysis suggests that the reaction rate is not limited by the Wilson 8a mode may be that this vibration is not resonantly
solvation time. That is, the time for the ICT reactiomi8 ps enhanced at the 615 nm probe wavelength. However, from the
while the average solvation time for ethanohi¢6 ps® This above description (section3.3.1), it is clear that all of the
indicates that the impetus for the charge separation comes fromdimethylamino group, phenyl ring, and cyano group are part of
the DMABN intramolecular relaxation as well as the solvent the chromophore. It is thus reasonable to expect that the phenyl
dielectric response, in agreement with the results of Su andring CG=C stretching vibration (the characteristic quinoidal mode
Simon#® The fluorescence studies will be fully reported 8a) should be resonance-enhanced if the DE state of DMABN
elsewhere; for this work we limit our interpretation to the above. is similar in nature to fully conjugated systems with para-
4.2 Time-Resolved Resonance Raman Spectroscopy. 4.2.1. substituents. In fact, in molecular orbital calculatiéfithe bond
DE State. 4.2.1.1. Geometric StructureThough there are  length of Ging—Ceyanowas found to be longer in the DE state
similarities between our results and those of free-jet molecular- than in the ground state, but theifg—N(CHs), bond length
beam experiment¥;*3 such as the contraction of theifg— was found to become notably shorter on going from the ground
N(CHz), bond, the planar structure we put forward is in state to the DE staf&?%:56 This was believed to indicate that
contradiction with the structure deduced from gas-phase studies conjugation between the N atom lone pair orbital and the phenyl
A structure with a 30twisted angle (the torsional angle between ring 7 system is importarft>>-6.66
the plane of the dimethylamino group and that of the phenyl  On the basis of the above discussion, we conclude that in
ring) and a 0 wagging angle has been suggested by several the DE state, the cyano group does not participate in the
authors*43 However, as discussed by Kajimoto et“dlthe conjugated system composed of the dimethylamino group and
estimation of this angle was subject to significant uncertainty the phenyl ring. Forster et &.drew the same conclusion for
because the simulated spectra were rather insensitive to thehe DMABN radical cation. They attribute this to the electron-
angle. This was well explained by a theoretical study performed withdrawing property of the cyano group. It was pointed out
by Roos et ab®> and Gorse et &.They found that in the gas  that the ability only to withdraw but not to donate electrons to
phase the potential curve for the DE state is very flat for a an attached conjugated molecular system is fully conserved for
motion of 0-30° along the twist angle coordinateThis implies the cyano group in the DMABN radical cation system. Our
a very small torsional barrier up to 30n the gas phase. spectral observations here imply that the case in the DE state
However, by including solvent effects, Gorse ef ahowed of DMABN is similar.
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H3C\ — is attributed to a reverse population of the DE state from the
N=— & C=N ICT state. Our TRF spectra support these conclusions.
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Figure 7. Suggested structures for the DE-state DMABN.
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