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Abstract

Ab initio electronic structure calculations were peiformed to characterize the charge transfer (CT) process in benzethyne (BE), 4-amino-
benzethyne ( ABE) and 4-dimethylamino-benzethyne (DMABE). The Hartree~Fock ( HF), configuration interaction scheme (CIS), complete
active space self-consistent field (CASSCF) and CASPT2 (multiconfigurational second-order perturbation theory taking CASSCF function
as a reference) methods were employed. Geometry optimization of the CT state at the CIS level predicts a planar configuration with a trans
bent ethyne group to be the lowest excited singlet state in all systems. The significant stabilization of the CT state in the BE series can be
understood as arising from the rehybridization of the carbon atoms of the ethyne group on transfer of an electron. The calculation of the
relative energy of the locally excited state and the relaxed CT state using the CASPT2 method reveals that the intramolecular CT process is
exothermic in ABEs under isolated molecule conditions, in contrast with the much studied aminobenzonitriles, where interaction with a polar
solvent is required for sufficient stabilization of the CT state. Therefore BE and its amino derivatives potentially offer unique opportunities

for the investigation of photoinduced intramolecular CT in isolated molecules. © 1997 Elsevier Science S.A.
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1. Introduction

Photoinduced intramolecular charge transfer (CT) is one
of the most fundamental and widely occurring processes in
liquid phase photochemistry. A characteristic signature of the
CT process is the observation of dual fluorescence [1].
According to the well-known twisted intramolecular charge
transfer (TICT) model of Grabowski and coworkers [2,3],
the CT is promoted by an out-of-plane twisting of the donor
and acceptor moieties. The investigation of numerous so-
called TICT molecules has shown that the photoinduced CT
process depends very sensitively on the polarity of the solvent
[4].

Despite many investigations, the mechanism of the CT
process responsible for dual fluorescence in solution is still
not well understood (e.g. see Ref. [5]). The complexity of
the problem arises from the fact that an extensive intramo-
lecular geometric rearrangement, a pronounced change in the
electronic structure and the dielectric response and thermal
fluctuations of the solvent are involved.
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It is therefore attractive to investigate the intramolecular
CT process in isolated molecules as this will eliminate the
complications arising from solvation dynamics. In this work,
we present results of ab initio electronic structure calculations
on benzethyne (phenylacetylene) and its amino and dime-
thylamino derivatives. Our results suggest that these mole-
cules should be promising candidates for the spectroscopic
investigation of photoinduced CT in isolated molecules.

2. Resuits and discussion

In this study, we consider three molecular systems: ben-
zethyne (BE) and its 4-amino (ABE) and 4-dimethylamino
(DMABE) derivatives. The theoretical methodology
employed in this study has been described elsewhere [6,7].
For each of the molecular systems, two geometries were
considered, namely the ground state geometry, optimized
within the Hartree-Fock (HF) approximation, and the equi-
librium geometry of the CT state, optimized with the aid of
the configuration interaction scheme with single excitations
from the HF reference (CIS). In this step of the calculations,
the modest split valence gaussian basis set 3-21G [8] was
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Table |

CASPT2/DZP energies (¢V) of the jowest excited singlet states of BZ, ABE and DMABE calculated relative to the ground state

Molecule Si(B2)* SxA)* CT(A")"® So® E(S)*-E(CT)* E(CT) "~ E(Sp) *
BE 460 6.39 423 105 037 3.18
ABE 4.18 4.98 3.77 1.06 041 27
DMABE 4.07 455 3.67 1.06 040 261

2 Calculated at the ground state geometry.
® Calculated at the CT state geometry.

Table 2

CASSCF/DZP dipole moments (D) of the lowest excited s.aglet states of BE, ABE and DMABE

Molecule w(SH*® u(sS;)? w(CT* 1w(Sy) " w(S) *-p(ChH* w(CT) P — u(Sp) ®
BE 053 3.96 2.86 0.51 2.33 235
ABE 225 8.56 7.28 246 5.03 482
DMABE 2.90 9.50 8.68 2.80 5.78 5.88

# Calculated at the ground state geometry.
® Calculated at the CT state geometry.

employed. The geometry optimizations were performed with
the GAUSSIAN program package [9]. In the second stage,
the complete active space self-consistent field (CASSCF)
method [10] was used to calculate the energy and dipole
moments of several electronic states at a given geometry. The
active space includes all 7 orbitals, eight for BE and nine for
ABE. In the case of DMABE, the two lowest 7 orbitals were
inactive in order to keep the number of configurations within
a tractable limit. The 7 orbital active space was augmented
by two ¢ orbitals (one bording and one antibonding), both
w, (in plane) innature, and essentially localized on the ethyne
group. The double-zeta gaussian basis set of Dunning and
Hay [11] with polarization functions on all atoms, except
the hydrogens of the methyl groups (DZP), was used in
energy and dipole moment calculations. The remaining elec-
tron correlation effects were added in the final stage with the
use of multiconfigurational second-order perturbation theory,
taking the CASSCF function as the reference (CASPT2)
[12]. The CASSCF/CASPT?2 calculations were performed
with the MOLCAS3 program package [13].

All considered systems were found to be essentially planar
in their ground state and CT state optimized geometries at the
HF and CIS levels of approximation respectively. The geo-
metric parameters were very similar to those already pub-
lished for DMABE (7], and are therefore not presented here.
The CASPT2 encrgies and the CASSCF dipole moments
calculated for several low-lying singlet states at the two
geometries are collected in Table 1 and Table 2 respectively.
Energy diagrams are presented schematically in Fig. 1.

Let us first discuss the results obtained at the ground state
optimized geometries. The electronic state energies calcu-
lated at this geometry represent the energies of vertical
(Franck-Condon) excitation from the ground state. The two
lowest excited singlet states (of B, and A, symmetry respec-
tively in the C,, point group) are dominated by 77 elec-

tronic configurations and correlate orbitally with the excited
states of benzene (L, and L, respectively in Platt’s notation).

Similar to the series of amino derivatives of benzonitrile
[6]. the energy of the S, state depends only weakly on the
amino substitution, whereas the second singlet state is sig-
nificantly stabilized on going from BE to DMABE (Table 1
and Fig. 1). The only experimental energy known to us is the
energy of the 0-0 line determined for BE by jet spectroscopy
(4.45¢eV) [ 14]. The position of this line is indicated in Fig. 1,
and it can be seen that the energy of ‘‘vertical’’ excitation
calculated for this molecule (4.60 eV) fits reasonably well
with this result. Referring to the results of Ref. [6] where
such a comparison was possible for the whole series of ami-
nobenzonitriles, and relying on the fact that the systems stud-
ied in this work are isoelectronic with the corresponding
members of the aminobenzonitrile series, we can safely
expect a similar precision of the present results. In analogy
with the aminobenzonitriles, the dipole moments of the
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Fig. 1. The CASPT2/DZP computed energy level schemes of BE, ABE and
DMABE calculated at the ground state and at the CT state optimized geom-
etries. Energies calculated at the optimized geometry of the given state are
denoted by full lines, whereas those calculated at the geometries optimized
either in the ground or CT state are denoted by broken lines. Adiabatic
correlations between the singlet states of a given symmetry are indicated by
broken lines.
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locally excited S, states of the aminobenzethyno series are
close to those of their ground states, while the CT states are
significantly more polar (Table 2). Generally, however, the
aminobenzethynes are less polar than the respective members
of the aminobenzonitrile series studied in Ref. [6].

The lowest excited singlet state of A, symmetry (which is
relevant for further discussion) is located at much higher
energy (6.0 eV or less) at the ground state geometry than the
S, and S, states and is forbidden by symmetry for absorption
frein the ground state. In fact, there are two close-lying singlet
states of this symmetry. They result from the o#* and 7o ™*
electronic configurations respectively. These states cannot
casily be separated from each other due to their close prox-
imity. In fact, their ordering and dipole moments depend on
the theoretical scheme used in the calculations (single state
or state-averaged CASSCF). Therefore we do not include the
corresponding data in ‘Table 1 and Table 2. Their energetic
positions are, however, marked in Fig. 1. Generally, within
the pair of A, singlet states, one state is highly polar (domi-
nated by the wo™* configuration) while the other, dominated
by the o 7™ configuration, has a significantly smaller dipole
moment (see Ref, [6] for a comparison). A precise charac-
terization of these states at the ground state geometry is of
minor importance, since they are not directly involved in the
photophysics of these systems, which occurs on the adiabatic
potential energy surface at an energy close to the bottom of
the S, state. The only important fact is that they, or at least
one of them, correlate adiabatically with the CT state as
indicated in Fig. 1. As has already been discussed in previous
papers [6,7], the tremendous energetic stabilization of this
state on reduction of symmetry from C,, to C, can be under-
stood as resulting from the change in hybridization of the
electron-acceptor molecular moiety (the carbon atoms of the
ethyne group in this case) due to an extra charge transferred
from the ring and from the amino group. This has been termed
the rehybridization by intramolecular charge transfer (RICT)
mechanism {7].

Lei us mention in this coniext that a closely related effect
was predicted for triatomic molecules more than 40 years ago
by Walsh [15]. According to the familiar Walsh diagram,
triatomic molecules of the form A-B-H, where A and B are
atoms of the second row, are not stable at the linear config-
uration if one electron occupies the antibonding 7* orbital.
Occupation of this orbital can either be caused by electronic
excitation or by atitachment of an electron. The best known
representative of this class of molecules is HCN which bends
on electronic excitation to attain a bending angle of almost
120°, while the CN bond stretches to about 1.3 A [16]. Both
values are more typical of sp* hybridization than sp hybridi-
zation prevailing in the ground state of this molecule. The
photophysics of acetylene, which is isoelectronic with HCN,
can also be discussed on the basis of the Walsh diagram, since
in its lowest excited states the molecule bends (to cis or trans
configuration) [17] due to the same mechanism as that oper-
ating in HCN. Acetylene also bends in its CT complexes with

alkali metals due to transfer of an extra charge of 0.6-
0.8 electron from the metal tc the 7* CC orbital [ 18].

The RICT mechanism has previously been found to be
relevant for CT in amino derivatives of benzonitrile [6].
There are only two quantitative differences between the two
classes of compounds with respect to the RICT process. First,
amino derivatives of BE are generally less polar than those
of benzonitrile (see Ref. [6] and Table 2). However, it
should be noted that the change in dipole moment in the RICT
state with respect to the “‘locally excited”’ (LE) S, state is
very similar for both classes of compounds. Secondly, the
RICT state in BE and its derivatives is much more stable with
respect to the S,(LE) state than in the benzonitrile series.
Recalling that the calculated energy of the S, {LE) state rep-
resents the energy of vertical excitation, but not that of the
relaxed S, state, we see on inspection of the results presented
in Table 1 and Fig. 1 that the RICT process is exothermic on
the adiabatic potential energy surface of the S, state of all
systems studied in this work. This contrasts with the situation
found for the amino derivatives of benzonitrile, where the
procecss is endothermic under isolated molecule conditions.

3. Conclusions

The predicted exothermicity of the RICT process in the
ABE series is very promising with respect to the observation
of the photoinduced CT process under isolated molecule con-
ditions or in non-polar solvents. The possibility of studying
the CT process in isolated molecules would be very helpful
with respect to the elucidation of the basic mechanism of the
process.

Further theoretical work is required to determine the
energy barrier which separates the LE and CT minima on the
adiabatic S, surface of the BE series. The height of this barrier
controls the accessibility of the RICT state as a function of
the excess energy of the optically prepared vibronic levels of
the S, state.
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