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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 La state bifurcates towards a locally excited (LE) and a πσ* 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 πσ* states in the

non-adiabatic relaxation processes of dialkylaminobenzonitriles.

1 Introduction

It has been over half a century since Lippert and co-

workers1 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 1Lb 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 (1La). 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 controversy2–4, 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 theoretical5–8 and experimental9–12 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-

oretical13–15 and experimental10,11,16 works follow the ideas

of Grabowski and co-workers6,17, 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 et al.1, 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)9,18–20.

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(ππ*)→ICT formation

seems nowadays firmly established.

The studies centred on the photoinduced pathways connect-

1–7 | 1

Page 1 of 8 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



ing the initially excited La(ππ*) 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-

cence9. Recently, however, it has been suggested that a low-

lying πσ* state arising from the promotion of an electron

from the aromatic π to a σ*-like orbital localised on the cyano

(C≡N) group in DMABN, could be a major precursor of the

ICT state21–27. This idea is based and influenced on previ-

ous ab initio computational studies where a minima in the

πσ* ICT state was located.5,28,29 The involvement of πσ*

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

formation25,30–32. Two different types of processes arising

from πσ* states have been widely reported over the years,

one focused in X-H dissociations in which the σ* is of 3s

Rydberg character. This corresponds to processes that un-

dergo photodissociations leading to the loss of hydrogen30.

The other depicts processes in which the σ* orbital is placed

in a triple bond and thus promotes the rehybridisation from

sp to sp2, as it is the case in the present study. For the case

of DMABN and some related molecules, the evidence of the

participation of πσ* 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-workers24.

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 πσ* nature23,27, hinting towards the

πσ* 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 computations27,

where it is shown that the low-lying πσ* 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 process6. It is worth noting that

the 700 nm signal has also been suggested to emerge due to

transients arising from the LE state33–35.

To get more insight into the mediating role of πσ* 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 solvents23, 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 DMABN27, in which a bifurcation of the ini-

tially populated bright La(ππ*) state leads to a LE minimum

yielding the normal fluorescence feature widely reported in

the literature23, 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 πσ* 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 package36,37. Multicon-

figurational wave functions have been built using all π-like

bonding and antibonding orbitals of the benzethyne moiety,

the σ -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 CASSCF 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-

738–41. An imaginary level shift of 0.2 au has been used

to avoid the effects of intruder states42. An ANO-S basis

set with contraction C,N[4s3p1d]/H[2s1p] has been employed

throughout43. Solvent effects have been evaluated within the

polarisation continuum model (PCM)44–46 by performing sin-
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Table 3 In vacuo and in solution (acetonitrile) Mulliken charge distribution (in au) of the phenyl (Ph), ethyne (C≡CH) and dimethylamino

(N(CH3)2) moieties for the different states investigated

In vacuo In solution

System Ph C≡CH N(CH3)2 Ph C≡CH N(CH3)2

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

πσ* -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 πσ* 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 πσ* 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 ∆Evac
a fvac ∆Esolv

a fsolv

ππ*← ππ* 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

πσ*← πσ* 1.86 (667.0) 0.041 1.89 (656.0) 0.041

3.24 (383.1) 0.426 3.31 (375.0) 0.436
a 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 πσ*. To that end, we have

computed the transient absorption spectra to investigate the

population of the πσ* state during the DMABE non-adiabatic

relaxation process in order to compare it with its reported ex-

perimental counterpart23,26. For all systems investigated, we

have found that only LE and πσ* show absorbing states with

sizeable oscillator strength within the range of energies inves-

tigated in the available experimental data23,26. As reported in

Table 4, the LE state exhibits three (ππ*←ππ*) 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, respectively23,26. 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 DMABN33–35.

In the case of the πσ* state, on the other hand, only one transi-

tion with significant oscillator strength (πσ*←πσ*, 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 nm23,26. This signal appears in the same re-

gion as the previously discussed transient at ∼810 nm aris-

ing from the ππ* state, yet the oscillator strength associated

with the (πσ*←πσ*) 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

(πσ*←πσ*) 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 πσ* 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 La(ππ
∗) 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 experimentally23.

This state would also be responsible of the two (ππ*←ππ*)

transient signals reported using femtosecond transient absorp-

tion spectra23,26, which have been theoretically characterised

and assigned in the present work. On the other hand, the

bright La(ππ
∗) state can also relax populating the πσ* state.
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