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a b s t r a c t

We present fluorescence emission spectra of the 2-tolunitrile dimer and the 2-tolunitrile water cluster
through various vibronic bands in the electronically excited state. From the transition dipole moments in
the individual monomers, the 2-TN dimer has shown to form J-aggregates, which is why the one-photon
allowed transition is the S1 state in this cluster in contrast to other symmetric dimers, which tend to form
H-aggregates. The changes of the molecular structures upon electronic excitation have been determined
from a fit of the intensities in various fluorescence emission spectra. The excited state structure of the 2-
TN dimer has been found to be asymmetric, in contrast to the ground state structure. Thus, emission
takes place from one of the locally excited monomer moieties in the 2-tolunitrile dimer.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The 2-tolunitrile (2-TN) dimer belongs to the same class of
centrosymmetric homodimers, as the benzonitrile dimer [1e4], the
benzoic acid dimer [5e7], the 2-cyanophenol dimer [8], the 3-
cyanophenol dimer [9], the azaindole dimer [10], and the pyr-
idone dimer [11,12]. The question arises, if the electronic excitation
in theses homodimers is localized in one of the two equivalent
chromophores or if it is delocalized over both chromophores. In a
recent comprehensive study, Ottiger et al. [13] investigated the
exciton (Davydov) splitting in these dimers both experimentally, as
well as theoretically using a quenching model that reduces the
calculated electronic exciton splitting by a factor which they
showed to be the product of excited-state vibrational displace-
ments in the monomer. Clearly, their results point to a delocalized
excitation with weak to intermediate coupling. Kopec et al. [14]
recently showed that the quenched excitonic splitting can be
interpreted as nonadiabatic tunneling splitting related to a lower
adiabatic double-minimum potential energy surface (PES), but
nonadiabatically coupled to the higher PES. One of the delocalized
and symmetry-adapted adiabatically split levels in the double-
minimum PES has the symmetry of the S1 state, the other of the
S2-state. It has to be noted, that the aforementioned dimers formH-
Schmitt).
aggregates [15] with nearly parallel (or antiparallel) transition
dipole moment orientations. However, recently a symmetric
homodimer, which forms J-aggregates [16] in a molecular beam,
the m-cyanophenol dimer, has been investigated [17].

Also covalently bound bichromophoric systems show excitonic
splitting, with the possibility that depending on the symmetry of
the system, both S1 and S2 components are bright states. Zwier,
Plusquellic, and co-workers have shown, that for the bichromo-
phore diphenylmethane both the S1 and S2 states can be observed
and that the S1 origin can be viewed as a completely delocalized,
antisymmetric combination of the zero-order locally excited states
of the toluene-like chromophores [18].

Exciton splitting in symmetric dimers has been discussed
starting in the late 50's and early 60's [19e22]. While the concept of
excitons was originally introduced by Frenkel in order to describe
the excitation of atoms in a lattice of an insulator [23], interest had
rapidly been shifted to molecular excitons. Apart from the elec-
tronic exciton splitting, electronic excitation in symmetric dimers
has an additional aspect, namely stabilization of the excited state
through solvation. Consider electronic excitation of a monomer,
which is solvated after excitation by a second (identical) monomer.
If the stabilization of the monomer excited state by solvation is
large enough the excitation will remain at the initially excited
center.

S1)S0 fluorescence excitation spectra and S0)S1 fluorescence
emission spectra of 2-, 3, and 4-tolunitrile were reported by Fujii
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et al. [24] They determined the torsional barriers of ground and
lowest excited singlet states from the low frequency torsional
bands in the S0 and the S1 states, respectively. The ground state
internal rotational parameters of 2-TN have been determined from
microwave spectroscopy in the frequency ranges of 22.0e26.0 GHz
and 32.0e37.0 GHz [25] and from millimeter wave spectroscopy in
the frequency range 50.0e75.0 GHz [26]. Nakai and Kawai studied
the torsional potential of various substituted toluenes, among them
2- and 3-tolunitrile (3-TN) [27]. They showed how a p�s� hyper-
conjugation mechanism can be used to explain their different
barriers in different electronic states. Later Park et al. measured the
vibronic emission spectra of the jet-cooled 2-tolunitrile [28] and 3-
tolunitrile [29] in a corona-excited supersonic expansion. From a
density functional theory (DFT) based analysis of the spectrum,
several vibrational modes were assigned in the emission spectrum.
The cationic ground state D0 has been studied using pulsed field
ionizationeZEKE photoelectron spectroscopy by Suzuki et al. [30].

Recently, Gmerek et al. [31] and Ruiz-Santoyo et al. [32] per-
formed a combination of rotationally resolved electronic spec-
troscopy and Franck-Condon fits of the fluorescence emission
spectra of 2- and 3-TN monomers and determined the change of
the geometry upon electronic excitation via a Franck-Condon fit.

The 1:1 water cluster of 2-TN resembles closely the binary
benzonitrile-water cluster, which has been studied by Helm et al.
[33] using a combination of high resolution ultraviolet (UV) and
microwave (MW) spectroscopy and Melandri et al. [34] using mi-
crowave spectroscopy. It forms a double hydrogen bond between
one H-atom of the water moiety and the cyano group and the ortho
hydrogen atom at the aromatic ring and the water O-atom.

In the present paper we will elucidate the change of the mo-
lecular structure of both complexes upon electronic excitation from
a fit of the FC spectra and shed light on the question, if the exci-
tation in the symmetric homodimer is localized or delocalized.

2. Experimental and computational details

2.1. Experiment

The experimental setup for the dispersed fluorescence (DF)
spectroscopy has been described in detail elsewhere [35,36]. In
short, 2-tolunitrile was evaporated at 293 K and co-expanded
through a pulsed nozzle (kept at 303 K to avoid condensation)
with a 500 mm orifice (General Valve) into the vacuum chamber
using helium as carrier gas. The output of a Nd:YAG (SpectraPhysics
INDI) pumped dye laser (Lambda-Physik, FL3002) was frequency
doubled and crossed at right angles with the molecular beam. The
resulting fluorescence was imaged on the entrance slit of a
monochromator (Jobin Yvon, f ¼ 1 m). The dispersed fluorescence
spectrum was recorded using a gated image intensified UV sensi-
tive CCD camera (Flamestar II, LaVision). The relative intensities
were afterwards normalized to the strongest band in the spectrum,
not including the resonance fluorescence band, which also contains
the stray light and is therefore excluded from the FC analysis.

2.2. Ab initio calculations

Structure optimizations were performed employing Dunning's
correlation consistent polarized valence triple zeta basis set (cc-
pVTZ) from the TURBOMOLE library [37,38]. The equilibrium geome-
tries of the electronic ground and the lowest excited singlet states
were optimized using the approximate coupled cluster singles and
doubles model (CC2) employing the resolution-of-the-identity
approximation (RI) [39e41]. The Hessians and harmonic vibra-
tional frequencies for both electronic states, which are utilized in
the FC fit and needed for calculation of the zero-point energy (ZPE),
have been obtained from numerical second derivatives using the
NumForce script [42] implemented in the TURBOMOLE program suite
[43]. For the cluster stabilization energies, the basis set super-
position errors (BSSE) have been accounted for, using the coun-
terpoise corrections described by Boys and Bernardi [44] and
implemented in the JOBBSSE jobscript of turbomole. A natural
population analysis (NBO) [45] has been performed at the CC2
optimized geometries using the wavefunctions from the CC2 cal-
culations as implemented in the TURBOMOLE package [43].

2.3. Franck-Condon fits

The change of a molecular geometry upon electronic excitation
can be determined from a fit of the intensities of absorption or
emission bands using the FC principle. According to this principle,
the relative intensities of the vibronic bands depend on the overlap
integrals of the vibrational wave functions of both electronic states.

The fit has been performed using the program FCFIT, which has
been developed in our group and described in detail before [46,47].
The program computes the FC integrals of multidimensional, har-
monic oscillators mainly based on the recursion formula given in
the papers of Doktorov, Malkin, and Man'ko [48,49]. and fits the
geometry (in linear combinations of selected normal modes) to the
experimentally determined intensities. This is simultaneously done
for all emission spectra, which are obtained via pumping through
different S1 vibronic modes.

The FC factors of the 2-TNmonomer [31] are used for calculation
of the quenching factor G for the excitonic splitting of the dimer.
This quenching factor is given by [13].

G ¼ exp
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where the sum runs over the i modes of the monomers. The
summands are also referred to as Huang-Rhys factors. The vibronic
splitting Dvibron is calculated from the pure electronic splitting 2VAB
using the relation [13].

Dvibron ¼ 2VABG (2)

3. Results

3.1. Ab initio calculations

3.1.1. Structure, stabilization and vibrations
The structures of the 2-TN dimer (Fig. 1a) and the 2-TN-H2 O

water cluster (Fig. 1b) have been optimized at the CC2/cc-pVTZ
level of theory in the electronic ground state and the lowest two
excited singlet states, cf. Table 1. The Cartesian coordinates of both
clusters in their S0 and S1 states are given in the online supporting
material. (2-TN)2 is found to be a planar molecule in the electronic
ground state of C2h symmetry.

Its 90 vibrations transform like Gired ¼ 30ag þ 15bg þ 16au þ
29bu. Upon electronic excitation the ring geometries change
differently, and the molecular symmetry of the dimer reduces to Cs.
The 90 vibrations in Cs transform like 59a’ þ 31a”, with the corre-
lation of ag and bu modes in C2h to a’ in the Cs point group. A table
with the calculated vibrational ground state frequencies, their
symmetries, correlations with the excited state vibrations and
largest elements of the Duschinsky matrix is found in the online
supporting material (Table S6). The stabilization energy of the
dimer in the electronic ground state, including ZPE and BSSE



Fig. 1. Structures of (2-TN)2 and 2-TN-H2 O from the optimized CC2/cc-pVTZ
geometries.

Table 1
Rotational constants A, B, and C are given in MHz, components of the dipole mo-
ments ma , mb , and mc in Debye, the angle of the transition dipole moment with the a-
axis q in degrees, the angle of the transition dipole moment with the c-axis f in
degrees and the adiabatic excitation energies (nadiab:0 ) in cm�1. The last four rows give
the leading contributions to the transition.

(2-TN)2 2-TN-H2O

S0 S1 S2 S0 S1

A 1002 988 977 1846 1827
B 163 164 161 973 959
C 141 141 139 641 633
ma 0.0 0.70 0.0 3.35 4.05
mb 0.0 0.02 0.0 0.66 0.66
mc 0.0 0.00 0.0 1.18 1.15
jmj 0.0 0.72 0.0 3.61 4.26
q e �7.0 e �11.2 �9.2
f e 90.0 e 70.9 74.3

nadiab:0
e 37377 38152 e 37.436

H / L e �0.75 e e 0.76
H-2 / Lþ2 e 0.42 e e e

H-1 / Lþ1 e e e e 0.43
H-2 / Lþ1 e e 0.32 e e

H-2 / L e 0.34 e e e

H-1 / L e e �0.50 e �0.35
H / Lþ2 e 0.27 e e e

H / Lþ1 e e �0.47 e 0.27

Fig. 2. Schematic drawing of the adiabatic potential energy curves of the lowest three
singlet states. The left diagram shows the diabatic (S1) states of local excitation of one
of the individual monomers. On the right side, the adiabatic (delocalized) S1 and S2
states, emerging from the avoided crossing between the diabatic states.
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corrections amounts to 24.1 kJ/mol, and to 26.3 kJ/mol in the lowest
electronically excited state. The energetically following state has a
lower stabilization energy of 20.3 kJ/mol.

Fig. 1b and Tables S4 and S5 of the online supporting material
present the structure of 2-TN-H2O. The cluster belongs to the point
group C1 in both electronic states. As in the benzonitrile-water
cluster, the N-atom of the nitrile group acts as proton acceptor
towards the water molecule, and the ortho-hydrogen atom of the
aromatic ring as proton donor, leading to a cyclic structurewith one
hydrogen atom of the water moiety pointing out of the plane. The
stabilization energy of the water cluster in the electronic ground
state, including ZPE and BSSE corrections amounts to 11.5 kJ/mol,
and to 13.5 kJ/mol in the electronically excited state.
3.1.2. Excitonic splitting of the 2-TN dimer
In case of a delocalized excitation the electronic origin consists

of a one-photon allowed component (1Bu)1Ag) and one higher

(one-photon forbidden) component (1Ag)
1Ag). The lower Bu and

the upper Ag components emerge from two locally excited har-
monic oscillators with one monomer electronically excited and the
other in the ground state and vice versa, see Fig. 2.

We calculated the vertically lowest three excited states in each
symmetry of the ground state at CC2 (SCS-CC2) level of theory and
found the lowest electronically excited state retaining Bu symmetry
(C2h) at 40111 (39258) cm�1 and the energetically following of Ag

symmetry at 40123 (39264) cm�1. Thus, the vertical excitonic
splitting for the lowest electronically excited state amounts to 12
(6) cm�1. The findings for the other excited states are compiled in
Table 3 along vertical excitation energies, and the Cartesian com-
ponents of the oscillator strengths. The exciton splitting between
Ag and Bu states increases for the higher electronic states (105 (118)
cm�1 for the splitting between S3 and S4 and 521 (216) cm�1 for the
splitting between S5 and S6). All higher-lying electronically excited
states of Bg symmetry are one-photon forbidden, and those of Au

symmetry are very weak and z-polarized (out-of-plane).
As described before the pure electronic Davydov splitting Del ¼

2VAB is an upper limit to the vibronic splitting Dvibron. The
quenching factor G (see equation (1)), which accounts for the
vibronic contribution, has been calculated from the FC factors, that
had been determined from the FC analysis of the 2-TN monomer,
given in Ref. [31] to be 0.51. Thus, the pure SCS-CC2/cc-pVTZ
calculated electronic splitting is reduced to 3 cm�1.

Another approach to the size of the excitonic splitting uses
Frenkel exciton theory of two dipoles m1

�! and m2
�! at a distance R

[11,20]. The interaction of the two dipoles is given by the dipole -
dipole interaction energy Vdd:

Vdd ¼ m1
�!, m2

�!
4pε0R3

,
�
2ðcosqÞ2 � ðsinqÞ2cosðfÞ

�
(3)
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The center of mass (COM) distance R of the two monomer
moieties can be calculated from the inertial parameters of the
dimer (IDimer

g ) and the monomer (IMonomer
g ) moieties:

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

gI
Dimer
g � 2

P
gI

Monomer
g

M

s
(4)

where M is the mass of one monomer moiety, and the Ig are the
respective moments of inertia, described by their superscripts,
which are calculated from the SCS-CC2/cc-pVTZ calculated rota-
tional constants. For reason of symmetry, the two dipole moments
are equal as well as the angle q between the dipole moments and
the line connecting the two COM. The angle f describes the dihe-
dral angle between the planes containing the dipole moment
vectors. Using the ab initio SCS-CC2/cc-pVTZ calculated values of
1:654,10�30 Cm for the transitions dipole m!, 6:627,10�10 m for the
COM distance R, 90

�
for q and 0

�
for f one obtains a values of ±4

cm�1 for Vdd and an excitonic splitting of 8 cm�1. For a more
detailed discussion of the role of the angle q for the energetic
ordering see section 4.

A third approach to the vibronic splitting utilizes the Wentzel-
Kramers-Brillouin (WKB) approximation [50]. The vibronic split-
ting, arising from the semiclassical tunneling through a barrier can
be described by [51].

Dvibron ¼ Zuf

p
e�q (5)

where uf is the classical vibrational frequency in one of the wells
that describes the reaction path over the barrier and q is the barrier
penetration integral, which is calculated according to:

q ¼ 2p
Zui

�
Veff �

ffiffiffiffiffiffiffiffiffiffiffiffiffi
E0Veff

q �
(6)

Here, ui is the imaginary frequency, which describes the motion
that leads over the top of the barrier, Veff is the effective barrier
height and E0 the zero-point energy of the vibration uf . The
effective barrier height is obtained from the vibrational frequencies
in the potential well uk and at the top of the barrier u�

k:

Veff ¼ V0 þ
XF�1

k¼1

1
2
�
Zu�

k � Zuk
�

(7)

For small electronic Davydov splittings Dvert , the barrier height
V0 can be approximated by the difference of the adiabatic excitation
energies of S1 and S2 state, respectively (cf. Fig. 2). The imaginary
barrier penetrating vibration ui and the vibration in thewell, which
describes the reaction coordinate are excluded from the summa-
tion in equation (7). The sum in equation (7) gives the adiabatic
contribution of the remaining F � 1 vibrational degrees of freedom
to the one-dimensional tunneling motion.

Using the results of normal mode calculations of the S1 at the
minimum structure and at the transition state one obtains for the
sum in equation (7) a value of 956 cm�1. The value of V0 is given by
the difference of the adiabatic excitation energies of S1 and S2 state
and amounts to 775 cm�1. With a reaction coordinate wavenumber
of 1067 cm�1 and an imaginary vibration of 1022 cm�1 one obtains
a splitting Dvibron of 3.0 cm�1 in very good agreement with the
values obtained from Frenkel theory and from the reduced Davydov
splitting.
Fig. 3. Frontier orbitals of (2-TN)2 and 2-TN-H2 O from the optimized CC2/cc-pVTZ
geometries.
3.1.3. Adiabatic excitation of the 2-TN dimer
The zero-point energy corrected adiabatic excitation energy for
the S1 ) S0 transition to the lowest excited state has been
computed at the SCS-CC2/cc-pVTZ level of theory and amounts to
37377 cm�1. Adiabatic excitation leads to an excited state, with a
reduced symmetry of Cs. The locally electronically excited state,
therefore has a permanent dipole moment of 2:4,10�30 Cm (0.72
Debye) compared to the electronic ground state, which for its
inversion symmetry has a zero dipole moment. Rotational con-
stants and permanent dipole moment components of this (locally
excited) state are compiled in Table 1.

The excitation to the lowest excited singlet state in Cs symmetry
is composed of �0.75 (HOMO / LUMO) þ 0.27 (HOMO /

LUMOþ2) þ 0.34 (HOMO-2 / LUMO) þ 0.42 (HOMO-2 /

LUMOþ2). The respective frontier orbitals are depicted in Fig. 3,
along with the orbitals of the 2-TN-water cluster for comparison.
Notably, in the lower excited state of the dimer only orbitals are
connected, which have non-zero coefficients in the same (excited)
monomer moiety.

The adiabatically following state was optimized without sym-
metry constraints, but has converged to a C2h symmetric structure,
like the S0 state. Like the S0 it is of Ag-symmetry and has conse-
quently no permanent dipole moment, cf. Table 1. The geometry
optimization of this state has been performed starting from the
optimized S0 structure as well as from the optimized S1 structure.
Both optimizations converged to a C2h symmetric state for the S2.



Table 2
CC2/cc-pVTZ calculated stabilization energies in kJ/mol of the 2-TN dimer and
the 2-TN-H2 O cluster, respectively. Stabilization energies contain zero-point
energy and correction of the counter-poise computed BSSE, with the exception
of the S2 state.

(2-TN)2 2-TN-H2O

S0 24.1 11.5
S1 26.3 13.5
S2 20.3 e

Table 3
Electronically excited states of C2h symmetric (2-TN)2. The vertical excitation energy
nvert: is given in cm�1.

State Sym. CC2 SCS-CC2 fx fy fz

1 Bu 40111 39258 0.2 0.1 0.0
2 Ag 40123 39264 0.0 0.0 0.0
3 Ag 47943 48052 0.0 0.0 0.0
4 Bu 48048 48170 3.3 0.4 0.0
5 Ag 55153 56319 0.0 0.0 0.0
6 Bu 55674 56535 2.7 3.0 0.0
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This excited state connects exclusively orbitals with non-zero co-
efficients in different monomer moieties, making this transition
forbidden: 0.32 (HOMO-2/ LUMOþ1) - 0.50 (HOMO-1/ LUMO)
- 0.50 (HOMO / LUMOþ1).

The converged S2 state structure is a trueminimum as proven by
a normal mode analysis. The vibrational frequencies of the S2 state
are given in the online supporting material. One vibration is found
to be very remarkable in the sense, that its wavenumber and its
intensity are much higher than expected for a ”normal” vibration.
Indeed, this vibration is an artifact, due to the fact that the S1 and
the S2-states are quasi-degenerate. Inspection of the distortion
vectors of this vibration shows, that one of the aromatic rings in-
creases, while the other decreases, thus representing the transition
state coordinate which interconnects the two S1 minima (cf. Fig. 2).
At the S2 state minimum S2 and S1 are quasi-degenerate and the
distortion along this coordinate flips the electronically excited
states, causing on one hand side a very steep potential, which leads
to the high frequency and secondly a huge change of the dipole
moment, which is the reason for the enormous intensity (see
Fig. 2).

The rotational constants of the S1 and S2 states are shown in
Table 1. The structure at theminimum of S2 PES has the bond length
changes symmetrically distributed over both monomers, while the
bond length changes at either of the S1 minima are localized at one
of the monomers. The changes of the bond lengths upon electronic
excitation from the ground state are compared in Fig. 4.

In the S1 state onemonomer remains nearly completely in the S0
state geometry, while the changes of the other monomer moiety
upon excitation to the S1 are close to those of the monomer. Thus,
the electronically excited 2-TN monomer is solvated by the second
moiety in its lowest excited singlet state. Only very small changes
occur, due to inductive effects. Both hydrogen bonds change very
asymmetrically. For the excited moiety, in which the CN group is
the proton acceptor, the bond length decreases by 5.0 pm, while the
other CN,,,H bond decreases by 2.8 pm.

In the S2 state all bond length changes in the two monomer
moieties are identical, thus the inversion symmetry of the ground
state is retained. Both hydrogen bonds increase symmetrically by
8.1 pm. This increase is reflected in the decrease of binding energy
Fig. 4. Changes of the bond lengths of the 2-TN dimer upon excitation to the S1 (upper
structure) and the S2 state (lower structure), respectively.
of the cluster in the S2 state, compared to the binding energy in the
S0 state, cf. Table 2, while the increase in the S1 state shows up in a
reduction of the intermolecular bond lengths.
3.2. Experimental results

3.2.1. Fluorescence excitation spectra of (2-TN)2 and 2-TN-H2O
Fig. 5 shows the fluorescence excitation spectrum of 2-TN

entrained into an helium molecular beam, which is recorded to
the red of the monomer origin. Several bands appear in the region
of 200 cm�1 to the red of the monomer origin, which show a
distinct intensity variation upon variation of the helium backing
pressure.

An additional band at about 100 cm�1 to the red of the mono-
mer origin increased, with increasing partial pressure of water
vapor, which is seeded into the molecular beam and co-expanded
with 2-TN. Therefore, we assigned the band system starting
at �209 cm�1 to the red of the monomer as belonging to the 2-TN
dimer, and the band at 96 cm�1 to the red of the origin of the
monomer as 1:1 water cluster of 2-TN. The water cluster of ben-
zonitrile is found to be 70 cm�1 red-shifted from the benzonitrile
Fig. 5. Fluorescence excitation spectrum of 2-TN, (2-TN)2 and 2-TN-H2O.



Fig. 6. Fluorescence emission spectrum of the 2-TN dimer upon excitation of the
electronic origin at 35566.8 cm�1.

Fig. 7. Fluorescence emission spectrum of 2-TN-H2 O upon excitation of the electronic
origin at 35679.4 cm�1.
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monomer. We tentatively assigned the red-most band at
35566.8 cm�1 to the electronic origin of the 2-TN dimer and the
energetically following bands blue-shifted byþ11 andþ 27 cm�1 to
vibronic bands of the dimer. From comparison to the results of the
normal mode analysis of the excited state of the dimer (cf. Table S6
of the online supporting material), both vibrations are of a” sym-
metry and can be assigned to the butterfly and the twisting motion
of the two monomer moieties.
3.2.2. Single vibronic level fluorescence of (2-TN)2
The SVLF spectrum of the electronic origin of (2-TN)2 is shown in

Fig. 6 along with a FC simulation using the ab initio optimized pa-
rameters and a FC fit, which was obtained as described in section 4.
It shows strong FC activity in modes Q86 (bu) and Q16 (ag) and a rich
FC spectrum up to an energy of 2000 cm�1. Already the intensities
from a FC simulation with the ab initio calculated geometries for
ground and excited states show a very good agreement with the
experimental intensities.

Additional SVLF spectra of the vibronic bands at 0,0 þ 11 and
0,0 þ 27 cm�1, along with a Franck-Condon simulation and a FC fit
are shown in the online supporting material (Figs. S1 and S2). A
simultaneous fit of the intensities of all vibronic bands in the three
emission spectra (given in Table S7 of the online supporting ma-
terial) was performed in order to obtain the geometry changes of
(2-TN)2 upon electronic excitation. The distortion along seven in-
ter- and intramolecular normal modes Q serves as a basis for the
geometry changes. Their values after fit are shown in Table S8 of the
online supporting material.
3.2.3. Single vibronic level fluorescence of 2-TN-H2O
The SVLF spectrum upon excitation of the electronic origin of 2-

TN-H2 O at 36442.9 cm�1 is shown in Fig. 7 along with a FC
simulation using the ab initio optimized parameters and a FC fit,
whichwas obtained as described in section 4. As for the 2-TN dimer,
the agreement between the experimental and the fitted spectrum
is good.

The distortion along ten inter- and intramolecular normal
modes serve as a basis for the geometry changes. Their values after
fit are shown in Table S11 of the online supporting material.
4. Discussion

In the FC fit of the emission band intensities, we adjust the
excited state equilibrium geometry relative to the ground state
geometry. The distortion of the excited state structure is performed
by adding multiples DQi of the i-th column of the normal coordi-
nate matrix L to the ab initio calculated Cartesian geometry. A
subspace of the distortion parameters DQ is changed until best
agreement between the computed and the observed vibronic in-
tensities is reached.
4.1. The 2-TN dimer

We first discuss the electronic symmetries of the electronic
states of 2-TN. As shown above, the S1 state has Bu symmetry and is
the one-photon allowed state, while the S2 state is the (forbidden)
Ag symmetric state. Other inversion symmetric dimers (benzoni-
trile dimer [3], benzoic acid dimer [6,7], pyrazine dimer [12])
behave differently and have the S2-state as one-photon allowed Bu

state. What is the difference between these dimers and (2-TN)2?
Most dimers investigated until now, are singly substituted

benzene derivatives, which have their transition dipole moments
along the short (b) inertial axes. The resulting two TDMs in these
dimers are nearly parallel (H-aggregate) and the lower state is the
Ag. The methyl group in 2-TN rotates the TDM away to a position
nearly perpendicular to the bond attaching the methyl group to the
benzene ring [32]. The resulting TDMs in the 2-TN dimer are nearly
head-tail oriented (J-aggregates) and the lowest excited state of Bu

symmetry is allowed, while the S2 state (Ag) is forbidden. This
behaviour has recently also been observed for the m-cyanophenol
dimer by Balmer et al. [17] The two cases are compared in Fig. 8. The
dipole-dipole interaction energy, Vdd which is shown as function of
the angle q between the dipole moments and the line connecting
the two COMs is calculated from equation (4). The angle f between
the TDMs has been set to zero in this symmetric dimer, but one has
to keep in mind, that upon isotopic substitution in one of the
monomermoieties not only the Davydov splitting changes, but also
the forbidden second component of the Davydov split bands be-
comes allowed. This has been shown for the benzonitrile dimer by
Balmer et al. [4] and the benzoic acid dimer by Ottiger et al. [13]



Fig. 8. Schematic drawing of the energetic ordering of the lowest two excited states in
an inversion symmetric dimer. The left case refers to J-aggregates like for the 2-TN
dimer, the right case to H-aggregates like for the benzonitrile dimer. The dipole-
dipole interaction Vdd as function of the angle between the dipoles is shown, and
the splitting for the (2-TN)2 and the (benzonitrile)2 are marked in the diagram.
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Upon 13C substitution in position 3 of one of the benzene rings in
the benzonitrile dimer, Balmer et al. [4] showed, that the forbidden
S1 origin appears with nearly 50% of the intensity of the S2, which
was attributed to the symmetry reduction from C2h to Cs. An
interesting system to study would be the singly 13C substituted
benzonitrile dimer in position 1 of the benzene ring. Also for this
isotopologue, the C2h symmetry is broken, but since the substitu-
tion position lies on one of the main inertial axes of the monomer,
the TDMs in both monomers would remain strictly parallel.

The Franck-Condon fit of the vibronic emission spectra of (2-
TN)2 yields the changes of the bond parameters, shown in Fig. 9.
Clearly, from the results of the FC fit the excitation is localized on
one of the 2-TN chromophores. The bond length changes in one of
the chromophores are considerably larger, than in the other, the
changes being similar to the changes upon electronic excitation in
the 2-TN monomer [31]. Not only the intramolecular bond length
changes differ for both chromophores, but as well the intermo-
lecular C≡N / H bond lengths are substantially different. One
hydrogen bond gets considerably stronger, and the bond lengths
decreases by 2.0 pm, while the other slightly increases by 0.4 pm.

This can be understood in the light of a natural population
analysis (NPA), which has been performed for the monomer [31].
The interaction between the nitrogen atom lone pair (LP(N)) and
Fig. 9. Geometry changes of the 2-TN dimer from the FC fit.
the unoccupied Rydberg orbital at the neighboring C atom is
strongly decreased upon electronic excitation. Therefore, the C≡N
bond length increases. LP(N) interaction with the antibonding p

orbital between the C atom of the nitrile group and the adjacent C
atom also decreases. Thus, less electron density is shifted to the
antibonding orbital upon electronic excitation, leading to a net
increase of bond order and a resulting decrease of the C�C bond
length. In turn, the higher LP(N) electron density in the excited
state of 2-TN is responsible for the increase of bond order in the
C≡N / H hydrogen bond, which manifests itself in the shortening
by 2.0 pm (cf. Fig. 9). The second (H/N≡C) hydrogen bond in-
creases by 0.4 pm upon electronic excitation.

In the SVLF spectra of the dimer, we observe emission from the
Cs symmetric excited state. This is obvious from the fact, that all
observed modes in the emission spectrum belong to the irreducible
representation a’ (corresponding to ag and bu vibrations in the C2h
point group). Thus, emission takes place from the Cs symmetric
adiabatically lowest excited state with electronic A0 symmetry.

Additionally, we calculated the emission spectrum from the
vibrationless origin of the C2h symmetric S2 state and compared it
to the emission spectrum from the S1 state and to the experimental
spectrum. Fig. 10 shows the results of these calculations. Clearly the
emission takes place from the S1 state minimum, while the simu-
lated emission from the vibrationless S2 state is completely
different from the experimental spectrum.
4.2. The 2-TN water cluster

For the 2-TN water cluster the situation is much clearer than for
the 2-TN dimer. Since only one chromophore is present, there is no
doubt about the site of excitation. The geometry changes upon
electronic excitation are localized at the 2.TN chromophore, with
the water molecule solvating the excited state after excitation.

Fig. 11 summarizes the geometry changes upon electronic
excitation of the 2-TN-water cluster. The C≡N / H hydrogen bond
length decreases, indicating the increase in bond strength upon
electronic excitation of the chromophore. The second (H/O�H)
hydrogen bond increases by 0.5 pm upon electronic excitation. The
geometry changes in the chromophore are very similar to those of
the uncomplexed monomer [31] and those of the excited moiety in
the 2-TN dimer.
Fig. 10. Comparison of the experimental emission spectrum, obtained by pumping the
electronic origin with the simulated S1 ) S0 and the S2 ) S0 spectra.



Fig. 11. Geometry changes of 2-TN-H2O dimer from the FC fit.
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5. Conclusions

The geometry changes upon electronic excitation in the 2-TN
water cluster and in one of the two moieties of the 2-TN dimer
are similar to those of the uncomplexed 2-TNmonomer. Contrary to
the cases of the benzonitrile dimer, benzoic acid dimer, 2-
cyanophenol dimer, 3-cyanophenol dimer, azaindole dimer, pyr-
idone dimer, which all form H-aggregates, the 2-TN dimer exhibits
a J-aggregate structure. For all of the aforementioned dimers, the
optically bright state is thus the S2 with Bu symmetry, while the Ag

symmetric S1 state, exhibiting a double minimum potential is the
bright state for the 2-TN dimer, cf. Fig. 8.

Even though the asymmetric excitation in one of the 2-TN
moieties of the dimer suggests a localized excitation, the current
experiment cannot make a distinction between localized and
delocalized excitation. Emission spectra from the initially excited 2-
TN moiety in the dimer or from the other moiety after excitation
hopping will result in the same emission spectrum. Delocalized
excitation in the context of the current experiments means that the
semiclassical hopping time for excitation transfer between the
monomers is shorter than the laser pulse duration of a few ns. This
hopping time, which is the inverse of the resonance transfer rate
can be estimated from the vibronic splitting:

t ¼ 1=kAB ¼ h
4jVABj

¼ 1
2Dvibronc

(8)

With the calculated value of the vibronic splitting of 6 cm�1 one
obtains a hopping time of 2.7 ps. The value obtained here is shorter
than for the H aggregates benzoic acid dimer (18 ps) [7] and ben-
zonitrile dimer (8 ps) [4], but comparable to the J aggregate m-
cyanophenol dimer (2.3 ps) [17]. However, one has to keep in mind
that the dipole approximation used in the derivation of equation (8)
is valid only if the distance of the dipoles is large compared to the
lengths of the dipoles. This certainly is not the case for the dimers
studied here, so the dipole approximation is a poor approximation
in these cases and rate constants for resonant transfer rates must be
considered with caution.

Furthermore, although not resolved in the current study, the
electronic origin of the 2-TN dimer is split into three components
due to the hindered internal rotation of the two equivalent methyl
rotors [52]. These components arise from a splitting into an A1, a G,
an E1 and an E3 component with A1 � A1 (A-band), G� G (G-band),
and ðE1 þ E3Þ � ðE1 þ E3Þ (E-band) selection rules. These torsional
splittings cannot be resolved in the described experiments, but
might be topic of a high resolution study on this system. However,
the two E components of the origin band result from a geared and
anti-geared motion of the two methyl rotors [52], which might be
responsible for a symmetry breaking between the two monomer
moieties in the dimer. Apart from their structural equality, this
torsional motion would then introduce an in-equivalence of the
two monomers. Such an in-equivalence has shown to be the reason
for localization of the excitation in dimeric systems [13].
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