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Abstract

Picosecond and nanosecond time-resolved resonance Raman spectra of the intramolecular charge transfer (ICT) and triplet state of
DMABN-d, have been obtained over the frequency range from 650 to 2250 cm™!. The spectra and the isotopic shifts observed on going
from normal DMABN to the ring deuterated analogue are interpreted with the aid of DFT vibrational analysis of ground state spectra
and comparisons made with closely related compounds. The data confirm our previous results but the isotopic shifts induced by the ring
deuteration provide additional evidence clarifying the planar structure of the triplet state and indicating full localisation of negative charge

on the cyano group. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

4-Dimethylaminobenzonitrile (DMABN) is an archetypal
intramolecular electron donor—acceptor molecule that has at-
tracted the interest of both experimentalists and theoreticians
during the last 40 years [1]. The solvent dependent dual flu-
orescence has been interpreted in terms of an intramolecular
charge transfer (ICT) reaction from a locally excited (LE)
to an ICT state occurring only in polar solvents. A conju-
gated planar structure has been predicted for the LE state
[2-6]. Several models, twisted ICT (TICT) [7], wagged ICT
(WICT) [8], planar ICT (PICT) [9], and rehybridisation ICT
(RICT) [10], were proposed to describe the geometry of the
ICT state. The TICT model was supported very recently by
picosecond Kerr gate time-resolved resonance Raman mea-
surements (ps-K-TR3) [2,11,12] and time-resolved infrared
(TRIR) studies [3,13,14]. It is also supported by most theo-
retical work including recent calculations with and without
the effects of the solvent by Mennucci et al. [15] and Dreyer
and Kummrow [4], respectively.

The triplet state of DMABN has also been studied ex-
tensively both experimentally [13,16-21] and theoretically
[5,6,22-24]. Intersystem crossing (ISC) has been shown to
be the principal non-radiative deactivation channel for the
singlet states, irrespective of solvent polarity [17—19]. Most

* Corresponding author.
E-mail address: c.ma@ic.ac.uk (C. Ma).

work suggests the lowest triplet state (°T;) of DMABN is
a planar 7™ state and only this triplet state is active in the
3T, — S intersystem crossing and phosphorescence pro-
cesses [18-20,22-24]. However, this view is challenged by
TRIR studies performed by Hashimoto and Hamaguchi that
identify a 3TICT state in polar solvent [13]. This leads to a
controversy concerning both the triplet geometry (planar or
TICT?) and the ISC mechanism.

In our previous work, the ICT [2,11,12] and triplet [25]
states of DMABN have been studied in various solvents us-
ing time-resolved techniques, such as ps—K—TR3, ns-TR3 and
transient absorption. Comparison of transient Raman spec-
tra of normal DMABN with corresponding spectra of the
amino nitrogen isotopic compound (DMABN->N; identi-
fied as 1N below) and the compound with deuterated methyl
groups (DMABN-dg, identified as dg below) was used to
identify bands associated with vibrations of dimethylaniline
subgroup. The analysis was based on frequencies of the
cyano stretching (C=N) and amino nitrogen-ring stretch-
ing (v(ph-N)) vibrations and their relative shifts from cor-
responding ground state bands. Structures corresponding to
the electronic twisted decoupled and planar or near-planar
diradical have been suggested for the ICT and triplet state,
respectively. In addition, the similarity of the frequencies of
the amino group modes in the ICT state and the protonated
dimethylaniline (DMA-H™) molecule has been taken to in-
dicate some pyramidal character for the structure of the ICT
state [12].
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We have also obtained time-resolved Raman spectra of
the ICT and triplet states of phenyl ring deuterated DMABN,
DMABN-d4 (identified as d4 below), with the aim of identi-
fying the DM ABN bands due to ring CH bending vibrations.
However, due to extensive vibrational coupling, especially
between ring CC stretching and CH bending modes, band
shifts observed in the ds4 spectra are too complex to allow
direct assignments. Very recently, we made density function
theoretical (DFT) ab initio calculations (B3YLP/6-31G* ba-
sis set) to interpret the ground state normal Raman spectrum
and isotopic shifts on going from dy to ds. Good agree-
ment between the computed and experimental spectra was
obtained [26]. This makes it possible to assign the transient
bands observed in spectra of the ICT and triplet states of
d4. In this paper, we report a resonance Raman study of the
ground, ICT and triplet states of d4 that complements our
previous work. The properties of these states are discussed
and compared with closely related compounds.

2. Experimental

The ps-K-TR? spectrum of the ICT state of dy was ob-
tained using the same arrangement as described in [2,11,12].
The pump and probe wavelengths of 267 and 330 nm were
generated by frequency tripling the fundamental output of
the regenerative amplifier and an optical parametric ampli-
fier (OPA) respectively as described elsewhere [27,28]. De-
tails of acquisition methods and the Kerr gate are given in
[29]. Here we used an improved system based on a ben-
zene Kerr gate with throughput of 20% (excluding polariser
losses). A solution filter of trans-stilbene was used to block
the Rayleigh and scattered pump light. The filter cuts off
bands below 650cm™! and attenuates intensities for fre-
quencies below 900 cm™~!. Each spectrum shown is the sum
of three individual background-subtracted spectra with ac-
cumulation times typically of 2000 s.

Since both the ground and ICT state of DMABN absorb
in the 330nm region, the ground state resonance Raman
spectrum and transient resonance Raman (TR?) spectra of
d4 were obtained at this wavelength by the single-colour
pump-probe method. The nanosecond instrument arrange-
ment and experimental conditions are the same as those
given in [12]. The TR? spectra presented here resulted from
subtraction of normalised low laser power (~0.1ml] per
pulse) spectra and solvent spectra from high power (~0.5 mJ
per pulse) spectra. The ground state resonance Raman spec-
tra were obtained by subtracting normalised high laser power
spectra and solvent spectra from the low power spectra. The
total accumulation times for the high and low power spectra
were about 1 and 2 hours, respectively.

The ns-TR? spectra were obtained using the system de-
scribed in [25] with 90° signal collecting configuration and a
liquid nitrogen cooled CCD detector. The laser wavelengths
were 308 (excimer laser, pump) and 532nm (the second
harmonic output of a Nd:YAG laser, probe) pulses at a rep-

etition rate of 10 Hz. The sample solution was circulated
through a quartz sample tube (3 mm diameter). Argon was
bubbled through the reservoir to remove oxygen during the
experiment. Nitrogen bubbling gave similar spectra but oxy-
gen bubbling quenched the Raman signal. Spectra presented
here were accumulated totally over ~100 min. with pump
only and probe only spectra being subtracted.

Acetonitrile (fresh solution) Raman bands were used to
calibrate all the spectra with an estimated accuracy in abso-
lute frequency of £10cm™! for the ps-K-TR3 and 45 cm™!
for the ns-TR3 and TR? spectra, respectively. The spectra
were not corrected for variations in throughput and detector
efficiency.

Spectroscopic grade solvents were used as received.
DMABN-d4 was synthesised according to [8,30,31], and
purity was confirmed by NMR and mass spectroscopic
analysis. Sample concentrations were 1 x 107>to5 x
103> moldm™3 for all the experiments. The UV absorp-
tion measurements before and after sample use revealed no
degradation.

3. Results and discussion

The Raman spectra presented here cover the 650—
2250 cm™~! region. Fig. 1a shows the ground state resonance
Raman spectrum of d4 in methanol recorded at 330 nm
excitation wavelength. Transient Raman spectra of the ICT
state of d4 in the same solvent are displayed in Fig. 2,
which includes both the TR? spectrum (a) and the ps-K-TR3
spectrum at 50 ps delay time (b). The ns-TR3 spectrum of
d4 obtained in hexane solvent at 50 ns delay time is given
in Fig. 3a. This spectrum is assigned to the triplet state as
bubbling the solution with oxygen quenched the signal and
the probe wavelength falls into the known absorption band
of the triplet state. A similar ns-TR? spectrum was obtained
in methanol solvent but with poorer S/N ratio due to the red
fluorescence. This indicates that formation of the triplet state
is independent of solvent polarity, which is consistent with
previous results of transient absorption studies [16,19,20].
For comparison and to justify the spectral assignments, the
corresponding spectra of DMABN (identified as dy below)
obtained under the same experimental conditions [12,25]
are displayed together with the d4 spectra in all the figures.

Table 1 lists frequencies and relative intensities of the
resonance Raman bands observed for d4 as calculated from
unconstrained fitting of the bands to Lorentzian band shape.
Band assignments and vibrational data of the closely re-
lated compounds, ring deuterated dimethylaniline [32-34]
(DMA-ds, identified as ds below), are also included in the
Table.

3.1. Ground state resonance Raman spectrum

Our DFT calculation and Raman spectroscopy study [26]
show that frequency shifts are not restricted to the ring CH
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Fig. 1. Resonance Raman spectra of ground state of DMABN-d4 (a) and DMABN (b) in methanol obtained at 330 nm excitation.

modes since there are also complex changes in the vibra-
tional coupling between these and other modes within the
deuterated molecule that affect both frequencies and inten-
sities. The assignments of d4 ground state bands given in
Table 1 are based on the DFT results. Several points relating
to the typical band shifts and variations of vibrational fea-
tures on going from dy to d4 are worthy of discussion since
they form the basis of our interpretation of the excited state
spectra of dg.

Bands dominated by the ring CC stretching vibrations
were found to downshift by ~20-30 cm™! upon ring deuter-
ation. Three such modes were observed as seen in Fig. 1
the ring CC stretching Wilson 8a (1577cm~! in d4 and
1606 cm™" in dy) and 8b (1523 cm™! in d4 and 1546 cm™!
in do) and the ring breathing Wilson 1 (763 cm™~! in d4 and
788 cm™! in do). The ring CH in plane bending mode (Wil-
son 9a) downshifts characteristically by ~300cm~! from
1179cm™"! in dg to 875cm™! in d4.

Bands showing significant changes brought about by
changes in the vibrational coupling upon ring deuteration are
those mainly associated with the ring-substitutent stretch-
ing vibrations, i.e. the v(ph-CN), v(ph-N), and the ring CC
stretching described by Wilson 19b and 19a. These are found
in dg at 1227, 1377, 1433 and 1527 cm™! (Fig. 1b). These
bands show strong mixing. For example, the 1527 cm~! 19a
band of dp has substantial contributions from v(ph-N) and
the ring CH in plane bending vibration (the Wilson 18a).
The dg bands at 1527, 1433 and 1377 cm™! correspond to
those observed at 1417, 1372 and 1327cm™! in dy4, the

latter two are seen in Fig. la. Taking also the 1527 cm™!

(19a dominated) band of dy for example, the variation in
vibrational mixing upon ring deuteration is indicated by a
smaller contribution of the CH bending motion than there
is in its dg equivalent [26]. This is probably related to the
unusually large down shift (Av ~ 100 cm~!) on going from
do to ds4. However, in contrast to this and confirmed by
DFT calculations [26], the 1227 cm™! band of dy (Fig. 1b)
disappears upon ring deuteration. In its place, a band at
1114cm~! (Fig. 1a) is observed in d4 that results from
strong mixing of the v(ph-CN), v(ph-N) vibrations coupled
with the 19a and several other motions. The band can be
represented approximately by the Wilson 7a [35] stretch.
Furthermore, as illustrated below, this replacement of one
band at ~1220cm~! in dy by another at ~1100 cm~!in dyg
also occurs in the corresponding excited state spectra.

In Fig. 1, bands of d4 observed at 1504, 1463 and
1166cm™! are assigned to normal modes associated with
the methyl group using our DFT results [26]. The absence of
these modes in the spectrum of dy (Fig. 1b) is probably due
to a different resonance enhancement for these modes when
using 330 nm Raman excitation wavelength and caused by a
redistribution of the potential energy related to these modes
upon ring deuteration [33]. The 944cm~! band observed
in spectra of both dy and ds (Fig. 1) is assigned to the
symmetric amino nitrogen-methyl stretch (V$(NC3)) and as
expected this mode is insensitive to ring deuteration [26,36].

From Table 1, one is readily able to identify similari-
ties between the vibrational frequencies of d4 and DMA-ds.
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Fig. 2. Resonance Raman spectra of the ICT states. Transient resonance Raman spectra of DMABN-d4 (a) and DMABN (c) obtained at 330 nm excitation
in methanol. The ps-Kerr-gated time-resolved resonance Raman spectra of DMABN-d4 (b) and DMABN (d) in methanol obtained at 267 nm pump,

330nm probe wavelengths at 50 ps delay time.

However, it is interesting to note the fairly large difference
in frequency for the v(ph-N) vibration, which was found at
1327 and 1298 cm™~! for d4 and ds, respectively. This indi-
cates a stronger nm conjugation between the nitrogen lone
pair and aromatic w-ring system in d4 brought about by the
presence of the cyano, an electron withdrawing group at the
para position to the amino group. This leads to the ph-N
bond in d4 having more double bond character than in ds.
This is in accordance with the more nearly-planar geometry
of DMABN in comparison to DMA as reported from X-ray
diffraction and microwave studies which conclude that the
wagging angle between the amino and ring group is ~11°
for DMABN [37,38] and 27° for DMA [39].

The spectra of the ICT and triplet states of d4 (Figs. 2a and
b and 3a) are interpreted using the isotopic effect described
above and by comparison with corresponding forms of ds,
the ds-H™ for the ICT state and radical cation of ds for the
triplet state, respectively. The Raman bands observed in the

excited states of d4 are assigned in term of totally symmetric
modes.

3.2. The ICT state

The 330 nm probe wavelength used in the ps-K-TR? and
TR? experiments lies in the strong absorption band of the
DMABN ICT state identified by Okada et al. [40]. From
Fig. 2, it is clear that data from the TR? spectra offer su-
perior spectral resolution to the ps-K-TR> spectra at the ex-
pense of the observation of short time scale kinetics. For
example, the broad features of ds at 1275, 1100 cm~! ob-
served in the ps-K-TR? spectrum (Fig. 2b) are each resolved
into two bands, 1308/1271, and 1105/1083 cm™! in the TR?
spectrum (Fig. 2a). Complete subtraction of the ground state
Raman signal is evident from obvious differences between
the spectra in Fig. 2a and c and those in Fig. 1a and b. re-
semblance of the TR? (Fig. 2a and c) to ps-K-TR? spectra
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Fig. 3. Nanosecond time-resolved resonance Raman spectra of the lowest triplet state of DMABN-d4 (a) and DMABN (b) in hexane obtained at 308 nm

pump and 532 nm probe wavelengths at 50ns delay time.

(Fig. 2b and d) means that they originate from the same ex-
ited state, the ICT state, as identified from the 2095 cm™!
C=N frequency. This band serves as a marker to identify the
state being probed [2,3,11-13,41,42]. However, the band at
1502cm~! is only observed in the TR? spectrum (Fig. 2a).
It appears as the shoulder of the strong 1553 cm™! band, as
seen in Fig. 2a. The intensity of this band relative to the
others in Fig. 2a shows both probe wavelength and solvent
dependence. This indicates that rather than the unresolved
band in the ps-K-TR> spectra (Fig. 2b), it is due to either
(i) a different conformation of the ICT state or (ii) another
excited state species observable within the longer, ~10ns
pulse duration. Its origin is the subject of further investiga-
tion by our group. All other bands can be attributed with
confidence to the electronically decoupled ICT state [12]
and the discussion will focus on these. It will be seen that
our interpretations of the ICT state spectra of ds (Fig. 2a
and b) are in full agreement with results obtained from the
spectra of dg (Fig. 2¢ and d), dg and PN [12].

According to the characteristic frequency shifts on going
from dg to d4 (Section 3.1), the strong features of d4 at 1553,
726 and 847 cm™! are recognised as counterparts of the d
bands at 1597 (Av = 26cm™}), 756 (Av = 30cm™!) and
1170 (Av = 323cm~!)em™!. Their assignments to the ring
8a, 1 and 9a modes are thus straightforward.

It has been shown that the frequencies of modes related to
the amino vibrations of the ICT states of dy and d¢ resem-
ble those of protonated DMA, DMA-H' and DMA-d¢-H™,

respectively [12]. This analogy is also expected between dgq
and ds-H* and it can be seen from Table 1 that the 726 and
847 cm~! band of d4 have corresponding bands for ds-H*
at 725 and 873 cm™!, respectively. The bands observed for
ds-H* are, therefore, useful in identifying other bands of
the ICT state of d4. Thus, the 1271 cm~! band observed in
d4 has been attributed to a mode dominated by the v(ph-N)
vibration, corresponding to the 1283 cm™! band of ds-H*
(Table 1). Its counterpart in dg is the 1281 cm™! band, as
determined by spectra taken of DMABN with "N-amino
isotopic labelling [12].

As for the ground state, the mode dominated by the
v(ph-CN) motion (1221 cm™~! band) of the ICT state of dg
(Fig. 2c and d) disappears in the d4 spectra (Fig. 2a and
b). It is certain that one of the two bands at ~1100, 1083
or 1105cm™!, corresponds to the ground state band of d4
at 1114cm™! (the 7a mode, Table 1), however, it is not
certain which of them relates to the 7a mode. With one of
them attributed to this mode, the other might be assigned to
one of the symmetric amino methyl rocking modes (p},.)
whose frequency is recorded at 1093 cm™! in ds-H*. The
counterpart of the p} . mode in the ground state of d4 is at
1096 cm™~! (Table 1).

The 1160cm™! band of d4 (Fig. 2a) was assigned to
another methyl rocking mode (pme) corresponding to the
ground state band at 1166 cm~! (Fig. 1a). Our DFT calcu-
lations show that this mode is due to an almost pure methyl
group vibration [26]. The very small change in frequency
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Table 1

Frequencies (cm~!') and assignments of resonance Raman bands observed for the ground, ICT and lowest triplet state of DMABN-d4?

DMABN-d4 DMA-ds

Tentative assignment Ground state ICT state Triplet state ds® ds-H*¢ dstP
C=N 2218 (1.00) 2095 (1.00) 2028 (1.00)

CC (8a) 1577 (0.62) 1553 (1.03) 1541 (1.13) 1575 1528
CC (8b) 1523 (0.22) 1542

CC (192a) + v(ph-N) 14174 1259 (0.23) 1400 1370 1268
Methyl deformation 1504 (0.72) 1474 (0.01) 1480 (0.98) 1485 1475
Methyl deformation 1463 (0.31) 1447 (0.03) 1441 (0.38) 1455

CC (19b) 1372 (0.10) 1308 (0.12)¢ 1361F

v(ph-N) (13) 1327 (0.15) 1271 (0.22) 1396 (1.10) 1298 1283 1387
v(ph-N) + v(ph-CN) 1114 (0.21) 1105 (0.07) 1102 (0.38)

Ring CH in plane bending (9a) 875 (0.53) 847 (0.30) 815 (0.12) 874 873 875
Methyl rocking mode (ome) 1166 (0.10) 1160 (0.45) 1166 (0.12) 1140 1140
Methyl rocking mode (p/,.) 10964 1083 (0.27) 1079 (0.08) 1093

Vv (NCy) 944 (0.19) 899 (0.01)° 928 (0.10) 945 898

Ring breathing (1) 763 (0.57) 726 (0.71) 708 (0.05)¢ 707 725

 Relative intensities are indicated in parentheses. Data of DMA-ds, its radical cation and hydrogen protonated counterpart are included for comparison.

b See [32].
¢ See [34].

4 Not observed here due to no resonance enhancement at the 330 nm excitation wavelength.

¢ Weak feature whose assignment is uncertain.
[ See [33].

of this mode on going from the ground to ICT or triplet
(Table 1) state implies that the methyl group is barely af-
fected by photo-excitation. It should be pointed out that this
information can be obtained only from the d4 spectra, be-
cause the corresponding bands for dg, dg, and I5N, as in-
dicated by the DFT computation, are due to modes having
a substantial additional contributions from the ring motions
[26,36]. The frequency of this band in dg shifts down by
~54cm~! on going from the ground (1167 cm™! [12,26])
to the ICT state (1116cm™!, Fig. 2c¢). The downshift is
probably due to the frequency decrease in the ring vibra-
tions rather than a change in conformation of the methyl
group.

Several weak bands, 1474, 1447, 1308 and 899 cm™!,
of dq (Fig. 2a) were assigned as listed in Table 1. Their
attribution is quite tentative due to the low intensities of
these bands.

From Table 1, it can be seen that the frequency shifts for
the corresponding bands on going from the ground to ICT
state show the same trends and extent in d4 as do [12]. This
is exemplified by C=N (Av &~ 120cm™"), the ring modes
8aand 1 (Av ~ 20—30cm™!), and especially by the mode
dominated by v(ph-N) (Av =~ 56cm™! in dg, ~96cm™! in
do [12]). This is in agreement with the molecular orbitals and
frequencies of the ICT state suggested by theoretical calcula-
tions [4,43—45]. According to Dreyer and Kummrow [4], the
frequency downshift of the v(ph-N) dominated mode from
the ground to the ICT state is essential evidence supporting
the TICT model and rules out the PICT model. The close
analogy of the C=N and ring local mode frequencies of the
ICT state to those found in the benzonitrile radical anion [46]
indicates full charge transfer from the amino to benzonitrile

group, and thus gives further support for the electronic de-
coupling envisaged by the TICT model. In the TRIR study
performed by Hashimoto and Hamaguchi [13], observation
of a large infrared intensity in the C=N band suggests the
transferred electron is delocalised over the whole benzoni-
trile moiety. In addition, a strong resemblance has also been
found for the amino related mode frequencies of the ICT
state of do/d4 and protonated DMA, DMA-H*/ds-H™. It has
been shown that, in contrast to the mainly sp? (conjugated)
conformation in neutral DMA, the amino group adopts the
pyramidal sp> hybridisation conformation (electronically de-
coupled) in DMA-H™ [34,47]. The resemblance strengthens
the view of electron decoupling of the amino group from
the ring  system in the ICT state and the results also imply
some pyramidal character of the ICT state amino confor-
mation. Theoretical studies [43,44,48] show that a wagging
motion of the DMABN amino group alone cannot lead to
a stable highly polar excited state (17 D [8]). Thus, accord-
ing to our results, a mainly twisted structure combined with
some wagging of the amino group seems to be the most
realistic conformation for the ICT state. Such a structure
has been suggested by a CASSCF study of DMABN by
Serrano-Andres et al. [6].

3.3. The triplet state

The 2028 cm™! C=N frequency recorded here coincides
with the triplet TRIR frequency recorded by Hashimoto and
Hamaguchi [13]. Bands of d4 at 1541 (15640m’1 in do,
Av = 23cm~!) and 815cm™! (1170ecm™! in dy, Av =
355cm™!) (Fig. 3) are certainly due to the ring modes 8a
and 9a, respectively. Being insensitive to ring deuteration, d4
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bands at 1480, 1441, 1166, 928 cm™! (Fig. 3a) are vibrations
related to the methyl or amino groups (two methyl deforma-
tion modes, methyl rocking (pme) and v¥(NC;) mode, re-
spectively). The 1102 cm™~! band was assigned to the unique
d4 mode 7a corresponding to the 1114cm™! band of the
ground state (Fig. 1a) [26].

The weak feature observed in dg at 1086 cm™—! (Fig. 3b)
with a corresponding band at 1079 cm™! in the d4 spectrum
(seen as a shoulder in Fig. 3a), not identified before, can
now be attributed to the methyl rocking mode (p},.) due to
its insensitivity to ring deuteration. The mode is observed at
1107 and 1096 cm~! (Table 1) in the ground state of dy and
ds, respectively [26].

The strongest band at 1396cm™! and the middle inten-
sity one at 1259cm~! (Fig. 3a) remain difficult to iden-
tify. Assignment to 19a and v(ph-N) respectively is rejected
for the following reasons. From our previous time-resolved
resonance Raman study on dg, d¢ and N and a compari-
son of the v(ph-N) frequency for ground (1377 cm~!) and
triplet (1361 cm™1) states in dg, a similar amino conforma-
tion, i.e. planar or near planar geometry, has been suggested
for the triplet state [25]. However, in the case of d4, with
the ground state v(ph-N) frequency observed at 1327 cm™!
(Fig. 1a, Table 1), it is unreasonable to associate this with
the 1259 cm~! band (Fig. 3a) seen in the triplet state spec-
trum. The ~68 cm™! downshift is far greater than expected.

The ~190cm™! down shift of the C=N stretch on go-
ing from ground (2218 cm™!, Fig. 1a) to triplet (2028 cm™!,
Fig. 3a) state indicates a significant decrease of the C=N
triplet bond order. This reflects the way the negative charge
is localised on the cyano group anti-bonding orbital in the
triplet state of dg4. It has been shown that the ring, remain-
ing conjugation with the amino group, acts as the donor of
the negative charge in the triplet state when compared with
the ground state [25]. We notice that resonance Raman stud-
ies of the radical cation of DMA, DMAT, performed by
Brouwer and Wilbrandt [32] and Poizat et al. [33] suggest
that DMA™ possesses an analogous conjugated structure.
Indeed, the similarity between the dimethylaniline subgroup
of the triplet state of dy to DMA™ is reflected by the compa-
rable frequencies. For example, the 1564 (8a), 1441 (19a),
1361 (v(ph-N)), 1170 (9a), 1150 (pme) cm~! bands of the
triplet state of do (Fig. 3b) having their corresponding bands
inDMA™ at 1568, 1478, 1366, 1203 and 1163 cm™~! [32,33].
Parallel observations can be made for d4 and ds™, the 1541
(8a), 1480 (8me), 815 (9a), 1166 (pme) cm™! bands observed
in the triplet state of d4 having corresponding bands in ds™
at 1528, 1475, 875, 1140cm™! (Table 1). The experimental
and theoretical resonance Raman study of DMA™ and its
various isotopomers performed by Brouwer and Wilbrandt
[32] show that ring deuteration causes a shift of the 19a
mode from a frequency above that of v(ph-N) to one be-
low it. The two modes were found at 1268 (19a) and 1387
(v(ph-N))em™! in dsT (Table 1), respectively. From this,
we attribute the 1259 and 1396 cm™~! bands of d4 (Fig. 3a)
to the 19a and v(ph-N) modes, respectively.

It has been shown that the response of the v(ph-N) and
19a modes to ring deuteration is very different in neutral
DMA and the radical cation of DMA. As mentioned above,
DMA and DMA™ have analogous properties to the ground
and triplet states, respectively, of DMABN. On one hand,
a near planar structure is determined for neutral DMA and
ground state DMABN (Section 3.1), where frequency down-
shifts, Av = 50 and 100 cm™" for v(ph-N) and 19a modes,
respectively, are found for both compounds on going from
normal to the ring deuterated isotopomers. Compared to
the typical downshift (~20-30cm™!) for the other ring CC
stretching modes (such as 8a and 1, see above), the much
greater decrease in frequency for these two modes is due to
changes in vibrational coupling associated with these modes
in the ring deuterated compound (Section 3.1). On other
hand, a planar quinoidal structure has been suggested and
confirmed by theoretical calculation for DMA™ and it was
established that the unusual isotopic effect mentioned in the
preceding paragraph can be considered as a typical feature
of such a conformation [49,50]. We, therefore, propose the
same structure for the triplet state of dy/d4. The large down-
shift observed for the 19a mode on going from the ground
(1527/1417 cm™" for do/ds) to triplet (1442/1259 cm~! for
do/d4) state supports this quinoidal conformation since it re-
quires a substantial lengthening of the C;—C, bond whose
stretching is mainly responsible for the 19a mode [35].

It is worthwhile to point out that discrimination of planar
from near planar geometry for the triplet state amino con-
formation results from our analysis of the d4 spectra pre-
sented here and was not achieved in our previous work [25].
The very close resemblance in frequencies of modes related
to both the ring and amino groups in the triplet state of
do/d4 to DMA™/ds™ indicates a complete charge separation
character for the triplet state with the separated charge lo-
calisatised on the cyano group. This is in accordance with
the 1,4-biradical character suggested by Carsey et al. [51]
for the triplet state of typical para-disubstituted benzene of
type D-ph-A. The geometric and electronic character of the
triplet state proposed here is also in good agreement with
published results obtained by various experimental meth-
ods, such as phosphorescence [18,19], transient absorption
[19,20], dipole moment (12D [8]) and ESR [19,52] mea-
surements. It is also consistent with the theoretical results
[5,6,22,23].

The 532 nm probe wavelength used in the ns-TR? exper-
iments falls into the second transition [19,20] (peaking at
~550nm) of the triplet state of DMABN. We notice that in
the 650-1600 cm™! spectral region, besides the frequencies
and isotopic shift behaviour, intensity patterns of the triplet
spectra of dy/d4 parallel those of DMA™/ds™ obtained us-
ing 467 nm Raman excitation [32,33] (absorption maximum
is ~475nm [53]). This implies that the resonance absorp-
tion of the triplet state of do/d4 at 532 nm and DMA™/ds™
at 467 nm are of a similar nature, i.e. leading to comparable
structural distortions and variations in the molecular orbitals
associated with the resonant chromophore. The red shift of
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Scheme 1. Proposed structures of the ground, LE, ICT and triplet states of DMABN [3,4,11-13,16,19,25,37]. The radiative and non-radiative processes

are indicated by solid and dotted, respectively, lines with arrows.

the absorption band from DMA™/ds™ to dg/d4 is probably
due to an additional conjugation effect caused by the cyano
group in do/d4.

4. Summary

The transient Raman spectra of the ICT and triplet states
of d4 can be explained in terms of the same electronic and
geometric properties inferred from corresponding spectra of
do, dg and 1PN [12,25]. This confirms our previous conclu-
sions regarding the structures of the ICT and triplet state of
DMABN. However, the unique isotopic effect observed in
the Raman spectra of ds4 provides unequivocal evidence to
clarify the planar structure and the localisation of a complete
charge separation onto the cyano group in the triplet state.

Scheme 1 shows properties of the ground, LE, ICT and
triplet states of DMABN. The ground state is according to
the structure established by X-ray diffraction [37]. From both
experimental [2,3,38] and theoretical [4-6,44] work, the LE
state has been suggested to be planar, with a small extent
of ICT as indicated by a slight increase in dipole moment
[8] (10 D) compared to the ground state (6.7 D). It is also
supported by a small frequency down shift (Av ~ 40cm™)
of the C=N mode on going from the ground to the LE state
[2]. The ICT and triplet states are as described above and
in our previous work [12,25]. Combining the temporal evo-
lution of transient absorption [2,19,25,40] and the results
of time-resolved fluorescence studies [8,54-56] reported

before, the photo-induced ICT reaction, the non-radiative
deactivation channels of the singlet excited states and the
phosphorescence process from the triplet state are also
indicated in the scheme.
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