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We have investigated the non-adiabatic relaxation processes occurring in the singlet manifold of 4-(dimethylamino)benzethyne
(DMABE), a molecule isoelectronic with 4-(dimethylamino)benzonitrile (DMABN) but lacking its characteristic dual fluores-
cence, using multireference perturbation theory methods. The results obtained point out to the existence of a two-fold decay
mechanism in which the population of the initially accessed L, state bifurcates towards a locally excited (LE) and a wo* states.
Further relaxation to an emitting intramolecular charge transfer (ICT) state is impeded due to the presence of pronounced energy
barriers along their associated potential energy surfaces. These results provide further evidence on the role of TG * states in the

non-adiabatic relaxation processes of dialkylaminobenzonitriles.

1 Introduction

It has been over half a century since Lippert and co-
workers ! reported for the first time the appearance of a sec-
ond long-wavelength band in the fluorescence spectra of 4-
(dimethylamino)benzonitrile (DMABN, an electron donor-
acceptor molecule (EDA)) in polar solvents. The authors as-
signed these bands to two different states. The so called nor-
mal band, that is also present in non polar solvents, was as-
signed to the lowest-lying ! Ly, state, also coined as the locally
excited (LE) state. The new band appearing in polar solvents,
sometimes called anomalous band, was assigned to the polar
and bright second excited state (L,). This state would be-
come the lowest-lying in polar solvents after reorganisation of
the solvation shell, hence explaining the origin of the long-
wavelength band. This model was soon challenged and since
then, a long standing effort has been carried out with the aim
to understand the molecular basis of this phenomenon. How-
ever, and despite the large number of works reported to date
on this topic, the molecular mechanism underlying the dual
fluorescence is still the focus of heated controversy >, in part
due to the complexity of the process that involves multiple
electronic states and where solvent effects are all important,
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which makes its characterisation especially challenging from
both theoretical>~® and experimental °~!2 standpoints.

Over the years, the vast majority of the studies on this topic
have focussed on two main aspects, namely the nature and
molecular structure of the state responsible for the anomalous
fluorescence band and the mechanisms that lead to the popu-
lation of this state after photoexcitation of DMABN.

The first of these issues seems largely settled and there is a
wide consensus on the nature of the emissive intramolecular
charge transfer (ICT) state, assumed to be the responsible of
the anomalous fluorescence feature. A majority of both the-
oretical *~1° and experimental !%11:16 works follow the ideas
of Grabowski and co-workers®!7, who in their seminal work
on the origin of the dual fluorescence on DMABN and re-
lated molecules, proposed a model based on a twisted ICT
state (TICT). In this model, the stabilisation of the ICT state
is not only produced by the reorganisation of the polar solvent
as in the model of Lippert ez al.!, but also by the geometrical
rearrangement of the molecule with the dimethylamino group
characterised by the twisting of about 90° with respect to the
plane defined by the benzonitrile moiety. It is worthwhile to
mention, however, that this model has been challenged over
the years and that different proposals exist. Among them, per-
haps the most relevant is the planar ICT model (PICT)®!8-20,
In this model, the second band appearing in the fluorescence
spectra of DMABN and related molecules in polar solvents
is assigned to a planar ICT state with no twisting of the
dimethylamino moiety. However, the existence of a geometri-
cal distortion of the dimethylamino group contributing to the
reaction coordinate prompting the La(r7w*)—ICT formation
seems nowadays firmly established.

The studies centred on the photoinduced pathways connect-
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ing the initially excited L,(7*) state to the ICT species, on
the other hand, have mainly focused on ICT formation from
the LE state, as the rise time of the ICT fluorescence was
found to be identical to the initial decay of the LE fluores-
cence?. Recently, however, it has been suggested that a low-
lying wo* state arising from the promotion of an electron
from the aromatic 7 to a o*-like orbital localised on the cyano
(C=N) group in DMABN, could be a major precursor of the
ICT state?'?7. This idea is based and influenced on previ-
ous ab initio computational studies where a minima in the
no* ICT state was located.>?%2° The involvement of mo*
states in different photoinduced processes has been increas-
ingly recognised over the last years and it is nowadays ac-
cepted that this kind of excited states play an important role
in processes ranging from molecular photodissociation to ICT
formation?30-32 Two different types of processes arising
from mwo* states have been widely reported over the years,
one focused in X-H dissociations in which the o* is of 3s
Rydberg character. This corresponds to processes that un-
dergo photodissociations leading to the loss of hydrogen3C.
The other depicts processes in which the ¢* orbital is placed
in a triple bond and thus promotes the rehybridisation from
sp to sp?, as it is the case in the present study. For the case
of DMABN and some related molecules, the evidence of the
participation of To* states in the relaxation processes leading
to the population of ICT states rests upon recent experimen-
tal works carried out by Lim, Gustavsson and co-workers?*.
The results obtained by these authors using time resolved tran-
sient absorption and fluorescence up-conversion experiments
point out to the existence of two different relaxation pathways
for the initial excited population of DMABN. Specifically, the
decay time of the LE state was found to be similar to the rise
time of the TICT transient absorption, and different to the ICT
fluorescence feature measured by fluorescence up-conversion
techniques, pointing towards the existence of more than one
ICT state present in the molecule on polar solvents. In this
context, the assigned rise time for the TICT-state transient reg-
istered at 425 nm is found at the same decay time of the 700
nm transient measured of 76* nature 2327, hinting towards the
mo* mediating role in the process. This experimental evi-
dence therefore suggests that the fluorescent ICT state is of
different nature than the TICT state probed by transient ab-
sorption, a suggestion that has been corroborated by means of
ab initio multireference perturbation theory computations?’,
where it is shown that the low-lying 7o * state finds a pathway
towards ICT formation in polar solvents. The transient ab-
sorption signals are then assigned to the TICT state, whereas
the ICT fluorescence is referred to a partially twisted (~54.4°)
ICT (pTICT) state, providing a more complicated rationalisa-
tion of the dual fluorescence process®. It is worth noting that
the 700 nm signal has also been suggested to emerge due to
transients arising from the LE state 3333,

To get more insight into the mediating role of To* states
in the photoprocesses involving dialkylaminobenzonitriles, in
the present study we have investigated the photoinduced relax-
ation processes of 4-(dimethylamino)benzethyne (DMABE)
using ab initio multireference perturbation theory methods.
DMABE is isoelectronic with DMABN, but unlike the latter,
it does not exhibit the characteristic dual fluorescence feature
even in polar solvents??, pointing directly towards either an
absence of ICT formation in this species or just the lack of
emission even if the state were to be populated. This feature
is here rationalised through a two-fold mechanism, previously
proposed for DMABN?’, in which a bifurcation of the ini-
tially populated bright L,(w*) state leads to a LE minimum
yielding the normal fluorescence feature widely reported in
the literature 23, whereas the paths towards the TICT/pTICT
minima and subsequent fluorescence are hampered, prevent-
ing the characteristic ICT fluorescence band, due to the pres-
ence of sizeable energy barriers along the potential energy sur-
faces describing the reaction paths in this particular system.
The results emphasise the relevance of mo* states in order to
rationalise the photoinduced relaxation processes of dialky-
laminobenzonitriles.

2 Computational Details

Complete Active Space Self Consistent Field (CASSCF) and
Complete Active Space second-order Perturbation Theory
(CASPT2) methods have been used in this study as imple-
mented in the MOLCAS-7 program package 337, Multicon-
figurational wave functions have been built using all 7-like
bonding and antibonding orbitals of the benzethyne moiety,
the o-like bonding and antibonding orbitals of the C—C bond
joining the ethyne group to the benzene ring and the lone
pair of the nitrogen atom that is part of the dimethylamino
group. Therefore, the active space used comprised 14 elec-
trons in 13 orbitals. Geometry optimisations have been car-
ried out at the state average CASSCF level of theory using
four roots and equal weights. All reported structures have
been optimised in vacuo. Seven-roots equal weights state av-
erage CASSCEF calculations were used to compute the vertical
excitations at the CASPT2 level. A ten-roots equal weights
state average CASSCF was employed to compute the Linear
interpolations in internal coordinates. On top of the CASSCF
reference wave functions, CASPT2 second-order perturbative
corrections have been computed maintaining all core electrons
frozen during the perturbation step and using the zeroth-order
Hamiltonian as implemented with no IPEA shift in MOLCAS-
73841 An imaginary level shift of 0.2 au has been used
to avoid the effects of intruder states*>. An ANO-S basis
set with contraction C,N[4s3p1d]/H[2s1p] has been employed
throughout**. Solvent effects have been evaluated within the
polarisation continuum model (PCM)*® by performing sin-
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Fig. 1 Equilibrium structures of the different electronic states
involved in the photophysics of DMABE investigated in this work.
GS is the Sp equilibrium structure. LE is the Sy locally excited state.
mo*, TICT and pTICT are different Sy intramolecular charge
transfer states. Their main geometric parameters are also shown.
The point group symmetry used in the optimisation of the structures
is given in parentheses when appropriate.

gle point computations on the in vacuo optimised structures.
Oscillator strengths have been computed using the in vacuo
CASSCEF functions for the calculation of the transition dipole
moments and the CASPT?2 values for the vertical energies.

3 Results and Discussion

Following previous work>’, we have characterised the states
relevant for the photoinduced ICT formation process in
DMABE. These are the ground state (GS), the LE state and
three different ICT states wo*, TICT, and pTICT, depicted in
Figure 1 together with their main geometrical parameters.

All structures exhibit a planar aromatic ring. However,
they show substantial differences in the C—C bond distances
in the ring, with some structures displaying a quinoid-like
pattern. In particular, the LE minimum presents an elonga-
tion in the C—C distances along the aromatic ring, going from
~1.40 to ~1.43 A, analogous to the LE minimum previously
reported for DMABN?7, and reminiscent of the locally ex-
cited planar minimum widely featured for DNA/RNA pyrim-
idines*’*®. Depending on the twist angle of the dimethy-
lamino moiety we have identified two different twisted ICT
states where the dimethylamino group acts as the donor and
the benzethyne group as acceptor, pTICT (55°) and TICT

(90°). These structures show a slight elongation of the C-C
bonds adjacent to the twisting dimethylamino moiety. Finally,
the last ICT state considered, the 7o* state, exhibits an op-
timised structure with a bent ethyne group with a C=C bond
distance of ~1.35 A, which is close to usual C=C distances.
This structure is analogous to the rehybridised intramolecular
charge transfer (RICT) state initially reported by Sobolewski
and Domcke’?%?° and subsequently featured in other com-
putational studies*® as well as the 76 structure previously
described in ref. 27 for DMABN, making use of the CASPT2
method in all of the above.

Vertical excitation energies from the GS to all the rele-
vant states involved in the photophysics of DMABE are dis-
played in Table 1. As can be seen, the excitation energies
of the Ly(zn™) and L,(n*) states are close-lying, in agree-
ment with our previous work >’ and other theoretical studies on
DMABN?%3! becoming practically degenerate in polar sol-
vents. Solvation affects the L, (") state, while the L, (n7*)
state is virtually insensitive to it (see Table 1). This is a con-
sequence of the different nature of these states and it can be
readily noticed in the values of their respective dipole mo-
ments. This solvation effect brings the absorbing (cf. Table 1)
L, close to Ly, state, thus favouring the population of the latter
non-adiabatically after photoexcitation. These results are also
in agreement with previous computations where more com-
plex solvent models built dynamically with explicit inclusion
of solvent molecules were employed for DMABN. 2

Table 1 Vertical excitation energies (eV) from the ground state,
dipole moments (Debye) in vacuo and in solution, and oscillator
strengths of the low-lying excited states of DMABE, computed at
the CASPT2//CASSCF(14,13)/ANO-S-VDZP level of theory

State AFE e |IJ |Vaca AEgy |I*L| solv? Fsoly
La(l TI*) 4.46 7.97 4.27 11.41 0.474
Lb(l TTI*) 4.18 2.07 4.18 2.98 0.004

¢Modulus of the dipole moment.

Table 2 contains the CASPT2//CASSCF adiabatic relative
energies of all states involved in the photophysics of the
DMABE considered in this work, both in vacuo and in so-
Iution. The effect of the solvent in the energies of the differ-
ent states considered is specially prominent in the CT states,
namely the wo*, pTICT, and TICT states, as it is expected
given their large dipole moments (cf. Table 2). A large in-
crease of the modulus of the dipole moment of these states
takes place upon solvation, specially noticeable for the To*
state, which goes from 7.98 to 18.01 Debye, but also relevant
for both pTICT (9.77 to 13.52 D) and TICT (11.73 to 15.93
D) states.

As shown in Table 2, upon solvation all polar states lie close
in energy (with differences smaller than 0.2 eV) and are sig-
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Fig. 2 Linear interpolation in internal coordinates (LIIC) between the different critical points characterised in the present study: a) LIIC
between the FC region and the LE minimum, b) LIIC connecting the FC region and 7o* states, ¢) LIIC between the LE and TICT states
based on the distortions in the dihedral angle, d) LIIC between the 76* and LE states, e} LIIC between the 76* and TICT states and f) LIIC

connecting the 7o* and the pTICT states.

Table 2 Adiabatic (non-vertical) energies (eV) and dipole moments
(Debye) of the low-lying excited states of DMABE in vacuo and and
adiabatic energies in solution (acetonitrile) computed at the
CASPT2//CASSCF(14,13)/ANO-S-VDZP level of theory

State AEvaca |IJ | Vacb AEsolva |I*L | solvb
LE 3.94 2.15 3.92 2.65
To* 4.01 7.98 3.46 18.01
pTICT 3.96 9.77 3.64 13.52
TICT 4.03 11.73 345 15.93

9Relative energy to the GS. bModulus of the dipole moment.

nificantly more stable than the LE state. This does not imply,
however, that they are all accessible in the same manner upon
excitation as it will depend on the energy barriers that the ini-
tially populated state, L, ("), has to surmount after photoex-
citation. In order to get an estimate of these energy barriers
for the different possible deactivation channels of L,(mz*),
we have performed different linear interpolations in internal
coordinates (LIIC, which provide an upper bound for the en-
ergetic barriers>?) between the different states investigated in
this work, depicted in Figure 2. In particular, we have found
that the L, and L, states are near degenerate at the FC region
and towards the LE state. Furthermore, moderate energy bar-
riers are found in the LIICs connecting the LE and the ICT
states (pTICT and TICT, ~0.3eV). A similar energy barrier
(~0.4 eV) has been obtained by connecting the initially ac-
cessed ICT L,-like state with the wo* state between the FC
region and the LE minimum. Figure 2 therefore shows that
the LIICs connecting the FC region with the TICT and mo*
states present a slight energy barrier that has to be surmounted

in order to populate these states. For the TICT state, the pro-
file presents similarities with previously reported sloped coni-
cal intersections >*, in which the population funnelling through
the crossing is slightly hampered due to the steep nature of the
state carrying the population towards the intersection. On the
other hand, the flat profile shown by the LIIC connecting with
the wo* state is more similar to a peaked conical intersection,
where the population is quickly transferred to the higher ex-
cited state, thus providing a more likely deactivation channel.
Once populating the mo* state, a barrierless decay towards
its minimum is expected and supported theoretically, given
the sizeable energy barriers of ~1 eV or higher present for
the routes bridging the 7o* and pTICT/TICT/LE states that
rationalise the trapped nature of the wo* state and hence its
long-lived lifetimes and subsequent probing through transient
absorption. All this indicates that the population of TICT-
like states is unlikely and agrees with the experimental evi-
dence that shows no ICT fluorescence in the DMABE system
as opposed to DMABN??. Moreover, the TICT/pTICT min-
ima present exceedingly small oscillator strengths associated
to their respective transitions, both for emission and transient
absorption, as opposed to what was observed previously in
DMABN?7 where the pTICT presented a non-negligible oscil-
lator strength related to the emission back to the ground state
and the TICT displayed two moderate (m7*<—n7*) transient
absorptions as well as a strong (ro*«mc*) arising from a
precursor To* state, rationalising the ICT fluorescence and
transient absorption features arising from different states in
agreement with the experiment>*27. These results suggest an
scenario for the photophysics of DMABE where the main pro-
tagonists are the LE and 7o * states.
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Table 3 /n vacuo and in solution (acetonitrile) Mulliken charge distribution (in au) of the phenyl (Ph), ethyne (C=CH) and dimethylamino

(N(CH3),) moieties for the different states investigated

In vacuo In solution
System Ph C=CH N(CHj), Ph C=CH N(CHj),
GS -0.1447  -0.0353 0.1796 -0.1530 -0.0476 0.2006
LE -0.2533  -0.0119 0.2652 -0.2772  -0.0221 0.2993
To* -0.0825 -0.3379 0.4204 -0.0034  -0.6710 0.6676
pTICT -0.5322 -0.1241 0.6564 -0.6117 -0.2017 0.8133
TICT -0.7324  -0.1268 0.8591 -0.7385 -0.1393 0.8776

More information on the role of the solvent in the stabili-
sation of the different electronic states involved in the process
can be obtained using the Mulliken population analysis. Table
3 shows Mulliken charges localised in the phenyl, ethyne and
dimethylamino moieties both in vacuo and in solution. As can
be expected, the Mulliken charge distribution of both GS and
LE states exhibit minor changes upon solvation. More signif-
icant changes are observed in the different CT states, in par-
ticular for the pTICT and wo* states. Interestingly, the latter
exhibits a different pattern of charge distribution compared to
those of TICT and pTICT. For these, charges of different signs
are localised in the neighbouring phenyl and dimethylamino
groups (see Table 3) whereas for the mo* state the positive
and negative Mulliken charges are localised in the dimethy-
lamino and ethyne moieties, respectively, indicating a more
important role of the solvent in the stabilisation of this ICT
state.

Table 4 Vertical excitation energies (eV) and oscillator strengths (f)
of the low-lying excited states of DMABE in vacuo and in solution
calculated at the CASPT2//CASSCF(14,13)/ANO-S-VDZP level of
theory

Transition AEy,? Svac AEo Ssolv

nr* < ¥ 2.07 (599.0) 0.001 2.11 (587.6) 0.001
2.15 (576.7) 0.004 2.48 (499.9) 0.005
1.90 (652.6) 0.012 1.53 (810.4) 0.010

no* < no* 1.86 (667.0) 0.041 1.89 (656.0) 0.041
3.24 (383.1) 0.426 3.31 (375.0) 0.436

¢ Corresponding wavelength (nm) in parentheses.

While the participation of the LE state in the photophysics
of DMABE can be deduced from the emission spectra, the
same cannot be argued for the dark 7o *. To that end, we have
computed the transient absorption spectra to investigate the
population of the wo* state during the DMABE non-adiabatic
relaxation process in order to compare it with its reported ex-
perimental counterpart>32°. For all systems investigated, we
have found that only LE and wo* show absorbing states with
sizeable oscillator strength within the range of energies inves-
tigated in the available experimental data”32. As reported in

Table 4, the LE state exhibits three (Tx*<—mm*) absorptions
with significant oscillator strengths associated to the follow-
ing transitions: one with f=0.005 placed at ~500 nm, one
with f=0.001 situated at ~588 nm and another with f=0.010
placed at ~810 nm, that we tentatively assign to the broad
band given at ~530 nm and a slightly more intense shoulder
placed at ~600 nm in acetonitrile, respectively 2>*%. The tran-
sient signal at ~810 nm can be tentatively assigned as a contri-
bution to the absorption band centred at ~670 nm experimen-
tally, previously reported in the literature for DMABN33-33,
In the case of the wo* state, on the other hand, only one transi-
tion with significant oscillator strength (to*«moc*, f=0.041)
has been found within the experimental energy window re-
ported in the literature, being placed at ~656 nm, which we
assign to the experimental band with maximum of absorp-
tion at ~670 nm?>%0. This signal appears in the same re-
gion as the previously discussed transient at ~810 nm aris-
ing from the mx* state, yet the oscillator strength associated
with the (To*<-mo*) transition is way larger so we assign
this transition as the main contribution of the absorption max-
imum recorded at ~670 nm. It is worth mentioning that
our calculations also predict the existence of a very intense
(mo*+—mo*) transient (f=0.436) intrinsic to DMABE and not
seen in DMABN at around 375 nm. Further experimental ef-
forts will be required to verify the existence of this absorption
feature, which would represent a unique fingerprint for prob-
ing the presence of the 7o * state in DMABE and further val-
idate its population thus supporting its mediating role in the
ICT formation.

Based on the results attained in this work, we propose a
photophysical process like the one schematically represented
in Figure 3. Upon photoexcitation, the bright L,(7wn*) state
is initially populated. This state subsequently relaxes via two
different pathways: on the one hand, part of the excited state
population is expected to be funnelled towards the LE state,
yielding the fluorescence feature observed experimentally 2.
This state would also be responsible of the two (T*<—mm*)
transient signals reported using femtosecond transient absorp-
tion spectra32%, which have been theoretically characterised
and assigned in the present work. On the other hand, the
bright L,(n7*) state can also relax populating the mo* state.

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Schematic representation of the photophysics of DMABE in
acetonitrile.

This state would be responsible for the intense transient signal
(ro*<—mo*) observed at ~656 nm (cf. Table 4), in agreement
with the experimental evidence>>26, thus highlighting the role
of the mo* state in mediating the ICT formation process in-
trinsic to DMABE. The two twisted ICT states, pTICT and
TICT, would not be populated during the relaxation process
of DMABE due to the existence of moderate energy barriers
along the reaction path. Put together, the results detailed above
rationalise the absence of ICT fluorescence in DMABE while
being consistent with the population of the wo* state based on
the interplay between the available transient absorption exper-
imental data>*->® and the high-level ab initio theoretical stud-
ies carried out in the present study.

4 Conclusions

We have carried out a theoretical investigation of the pho-
tophysics of DMABE using high-level ab initio multirefer-
ence perturbacion theory (CASPT2//CASSCF) methods. We
have characterised the different states involved in the photoin-
duced ICT process of DMABE, namely, the ground state, the
LE state and three different ICT states (pTICT, TICT, and
n6™). The results obtained are consistent with a two-fold de-
cay mechanism where the initial photoinduced population of
the absorbing L,(n7*) state bifurcates leading to the popu-
lation of the LE and mo* states, in agreement with experi-
mental data obtained using time-resolved transient absorption
spectroscopy and previous theoretical models. Further non-
adiabatic relaxation processes leading to the formation of the
pTICT and TICT states are hampered due to the existence of
moderate energy barriers along the reaction paths, therefore

accounting for the lack of dual fluorescence in polar solvents
exhibited by this molecule. The results obtained provide fur-
ther evidence of the important role that 7o * states have in the
rationalisation of the photophysics of DMABE and related di-
alkylaminobenzonitriles.
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