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tonitrile solution is influenced by the presence of counterions and the ability to act as halogen-bond

donors. Experimental measurements and quantum chemical calculations with correlated wavefunc-
tion methods are applied to study three monodentate halogen-bond complexes of iodo-imidazolium,
iodo-benzimidazolium and bromo-benzimidazolium cations with triflate counterions, and a bidentate

complex of bis(iodo-benzimidazolium) dications with chloride as counterion. The three monodentate

complexes with triflate counterions relax after photoexcitation to minima on the S potential en-

ergy surface where the C-I bond and the I---O halogen bond are partially broken. For the bidentate

complex with the smaller chloride counterion the halogen-bond interaction stays intact in the S| min-

imum that is reached by relaxation from the Franck-Condon point. In a complementing experimental

approach, stationary absorption and emission as well as transient fluorescence spectra are recorded

for iodo- and bromo-benzimidazolium in acetonitrile. Variation of the counterion, substitution of the
iodine by bromine, hydrogen, or methyl, and the comparison to theory allows the identification of
spectroscopic signatures and photoinduced dynamics associated with ion-pairing.

1 Introduction

A halogen bond (XB) is a non-covalent interaction between the
o-hole (an electron charge depletion region) in the anisotropic
charge distribution of covalently bound halogen atoms and a
Lewis base. The effects of halogen bonding have been exten-
sively studied e.g. in the field of engineering of crystals™ or liquid
crystals[Z and there are also several theoretical studies of XB com-
plexes in vacuum®®. However, several aspects of this interaction
in solution are not yet fully understood®/7 despite its importance
for many applications e.g. in organocatalysis and molecular recog-
nition, 811

Theoretically, numerous groups have studied XB complexes
with different ab initio methods and different energy decom-
position schemes to clarify the relative importance of contribu-
tions from electrostatic, dispersion, polarization and charge trans-
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fer interactions.® 213 1n 2008, Riley et al. explored the interac-
tion energies for XB halomethane-formaldehyde complexes with
Hartree-Fock (HF), second-order Mgller-Plesset perturbation the-
ory (MP2), and coupled-cluster singles and doubles with a pertur-
bative triples correction, CCSD(T) B Results from their study with
symmetry-adapted perturbation theory (SAPT) showed that halo-
gen bonds are dominated by electrostatic and dispersion forces.
For example, for systems containing iodine as XB donor the elec-
trostatic interaction accounts for more than half of the attractive
contributions. An extensive survey of the wavefunction meth-
ods MP2, MP3, CCSD, and their spin-component scaled (SCS)
counterparts along with CCSD(T) and density functional theory
(DFT) for geometries and dissociation energies of XB complexes
was carried out in 2013 by Kozuch et al.® Their benchmark results
revealed that for dissociation energies of halogen bonds the wave-
function methods SCS-MP2 and CCSD(T) — if used with accurate
basis sets — are on average more accurate than DFT because the
latter has difficulties to provide a balanced description of the dif-
ferent contributions (electrostatic, dispersion, polarization, and
charge transfer). Furthermore, they argued that, because of the
overestimation of dynamic electron correlation, MP2 overbinds
while SCS-MP2 provides more accurate results for dissociation
energies which are predicted in the range of 1.4 kcal-mol~! for
weak and 10.1 kcal-mol~! for strong halogen bonds.
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A challenge for the theoretical description of XB complexes in
solution are the large solvent effects for ions which weaken the
halogen bonding. 1418, This can change significantly the relative
stability of different minima (vide infra).

Among the XB complexes used in organocatalysis are e.g. aro-
matic iodo(benz)imidazolium-based XB donors to activate hetero
Diels-Alder reactions and dicationic bis(iodoimidazolium) com-
pounds®? to activate classical Diels-Alder reactions of enones
with cyclopentadiene.18%20 Due to the positive charge on the
imidazolium moieties of iodo(benz)imidazolium compounds the
halogen bond competes with an anion-7 interaction between the
anion (halogen bond acceptor) and the face side of the haloim-
idazolium ring. For instance, in a recent study by Huber et al.
on the binding mode of 2-iodoimidazolium-based ion pairs in
acetonitrile solution, the authors investigated the relative impor-
tance of XB and anion-r interactions for various imidazolium salts
with bromide as counterion by sterically shielding potential bond-
ing sites against hydrogen bonding and anion-7 interactions as
competitors for halogen bonding.“!' In general, stronger halogen
bonds are obtained with bidentate XB donors. As an example for
bidentate XB donors, Zapata et al. reported in 2012 a family of
fluorescent bidentate chloro-, bromo-, and iodo-imidazoliophane
donors. They showed that bromo-imidazoliophane and syn iodo-
imidazoliophane exhibit strong and selective XB recognition of
iodide and bromide anions, respectively.22

The aim of the current work is to gain insight into the effects of
halogen bonding on electronic excitations. As model compounds
for the computational investigations, we study the complexes of
2-iodoimidazolium (IIm™), 2-bromobenzimidazolium (BrBzIm™)
and 2-iodobenzimidazolium (IBzIm*) with the triflate (OTf")
anion and the complex of a bis(2-iodobenzimidazolium) dica-
tion (bIBzIm?1) with a chloride anion and compute for them the
absorption spectra and the Stokes shifts for emitted fluorescent
light in acetonitrile solution. The latter requires not only for the
ground- but also for the excited-state potential energy surface a
balanced account of the electrostatic and London dispersion in-
teractions. This is difficult to obtain with time-dependent density
functional theory (TDDFT). Therefore, we employ in the current
study MP2 for the ground state in combination with the alge-
braic diagrammatic construction through second order, ADC(2),
for the excitation energies and include solvent effects via the
conductor-like screening model (COSMO).23 To study the deex-
citation mechanism we calculated the excited-state equilibrium
structures in acetonitrile solution. For this we use a recently de-
veloped implementation of analytic excited-state gradients at the
COSMO-ADC(2) level of theory.24 To study the influence of halo-
gen bonding on the excitation energies and the characters of the
lowest excited states we carried out analogous calculations with-
out counterions as XB acceptors. Experimentally, an XB may affect
numerous observables of a molecule, with changes in transition
energies and oscillator strengths being reflected in absorption and
emission spectra. As known from other intermolecular interac-
tions, e.g. the formation of hydrogen-bonded complexes%>"22, the
dynamics following photoexcitation may provide further insight
in addition to stationary measurements. In this way, characteris-
tic signatures of the interaction may even be identified in cases
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where absorption spectra are virtually unchanged. With regard
to halogen bonding, a time-resolved approach has very recently
been pursued for intermolecular electron transfer processes=31
and the intersystem crossing rate of a dye capable of acting as XB
donor32,

Here, we will apply static absorption and transient fluorescence
spectroscopy on 2-iodobenzimidazolium (IBzIm™) with OTf~ or
[BArE] ~ (tetrakis[3,5-bis(trifluoromethyl) phenyl]borate) counte-
rions, respectively, and compare the results to reference systems
without the possibility of XB formation. Differences in the corre-
sponding fluorescence decay times are used to disclose the exis-
tence of complexes in acetonitrile solution and tests conclusions
drawn from the theoretical studies (vide infra).

2 Materials and Methods

Computational Methods For all three investigated systems the
ground state structures in vacuum have been optimized at the
MP233 Jevel of theory using the doubly polarized triple-zeta basis
def2-TZVPP=4 as orbital basis set combined with the correspond-
ing optimized auxiliary basis sets for the resolution-of-the-identity
(RI) approximation.2> For iodine we used the Stuttgart-Cologne
28 electron effective core potential (ECP) 38 The frozen core ap-
proximation was applied to all non-hydrogen atoms: for C, O, and
N atoms the 1s? electrons were kept frozen, for sulfur and chlo-
rine in addition all electrons in the 2s22p° shell, and for bromine
in addition also all electrons in the 3s23p® shell. For iodine we
excluded (in addition to the electrons modeled by the ECP) also
the electrons in the 4s24p® shell from the correlation treatment.

For the calculations in acetonitrile as solvent, the ground state
structures have been optimized at the COSMO-MP2(PTE) level
(PTE stands for the perturbation on energy scheme) 37 with
the same basis sets as in vacuum.2358, Vertical excitation en-
ergies, oscillator strengths, and the excited-state structures in
vacuum were obtained at the RI-ADC(2)/def2-TZVPP level 22140
and in acetonitrile with COSMO-RI-ADC(2)/def2-TZVPP within
the post-SCF reaction field scheme using the implementation re-
ported in Ref. [24]

All the Hartree-Fock, RI-MP2, and RI-ADC(2) calculations in
vacuum were done with version V7.2 of the TURBOMOLE pro-
gram packagel. For the COSMO-RI-ADC(2) calculations we
used a development version of the ricc2 module of TURBO-
MOLE. 2442l For the calculations in solution, acetonitrile has been
used throughout as the solvent with a dielectric constant of € =
36.7 and a refractive index of n=1.345.

Experimental Methods 2-iodo- and 2-bromo-N-
methylbenzimidazole were synthesized® according to liter-
ature. 444 Sybsequently the compounds were treated with 1 eq
of methyl triflate in dry acetronitrile at room temperature, stirred
for one hour, precipitated and washed with a small amount of
dry diethyl ether to yield the pure triflate salts.#2 The triflate
[BArE]* exchange was performed according to literature using
NaBAr4F and chloroform as solvent.444¢ The precipitated NaOTf
was filtered off and the residue was covered with cyclohexane to
grow IBzImBAr} crystals.

All samples were prepared with spectroscopic-grade acetoni-
trile and a concentration of 390 uM. The experiments were car-
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ried out with a Starna flow cell of type 48-Q-0.2 made of fused
silica, with an optical path length of 0.2mm and a sample vol-
ume of >15mL. Absorption spectra were recorded on a V-770
UV-visible/NIR JASCO instrument and the steady-state fluores-
cence measurements on a FP-8300 JASCO spectrometer. For the
time-resolved fluorescence experiments, the samples were excited
by a laser (PicoQuant LDH-P-FA-266, 266(3) nm, repetition rate
40MHz, pulse duration <80ps FWHM) and the emitted fluo-
rescence was sent via a monochromator (Princeton Instruments
SP2150i) to a streak camera (Hamamatsu C10627-11).4748l For
the transient fluorescence data, the sample was excited for 300s.
For halogenated compounds, additionally the cuvette was moved
by a motor to not always excite the same sample volume; in this
way, photodegradation during the measurement of the transient
fluorescence data is precluded. For the non-halogenated com-
pounds, the measurement time was 500s. The polarization direc-
tions of pump laser and detected fluorescence, respectively, were
linear and set to the magic angle.#Z#2 The overall fitted instru-
ment response function had a FWHM of 150 ps. The transient
data was globally analyzed using TIMP2? and characteristic de-
cay times of the fluorescence dynamics are presented together
with the corresponding decay-associated spectra (DAS).21>2/ The
error on the fitted time constants is on the order of a few percent.

3 Computational Results

4 2-lodo-imidazolium-OTf

An initial search for the ground state equilibrium structures
of the complex formed by a 2-iodoimidazolium cation (IIm™)
and a triflate anion (OTf~) in vacuum and in acetonitrile so-
lution revealed two minima: the XB structure (Sp-eq), Fig. ,
and a structure with an anion-7 interaction between the posi-
tively charged imidazolium ring and the OTf™ counterion (Sj-
eq), Fig. [Ik. At the MP2/def2-TZVPP level the anion-z structure
in vacuum is predicted to be 12.6kcal-mol~! and in acetonitrile
still 1.6kcal-mol~! below the XB structure. This is explained by
the stronger electrostatic interaction in vacuum, which is par-
tially screened in acetonitrile solution. In addition the dispersion
interaction between the ions competes in solution with the dis-
persion interactions between the solvent and the ions. However,
the COSMO solvation model does not account for the dispersion
interaction between the quantum mechanically described solute
and the solvent. This interaction should in solution weaken the
stability of the anion-z structure (with a larger dispersion contri-
bution to its binding energy) relative to the XB complex, so that
MP2 probably overestimates the stability of the anion-7 complex.
To avoid this imbalance, we performed a second set of geometry
optimizations at the B3-LYP/def2-TZVPP level®? (without a dis-
persion correction®¥). This changes the energy difference in fa-
vor of the XB complex and makes it more stable than the anion-m
complex by ~ 2.77 keal-mol~! in acetonitrile solution. In vacuum
the anion-7 complex is still ~ 7.08 kcal-mol~' lower in energy,
which means that in solution the XB structure should be domi-
nant.®2 The geometry optimization at the COSMO-B3-LYP/def2-
TZVPP level without dispersion correction gives a ground state
equilibrium structure where, relative to the COSMO-MP2/def2-
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TZVPP(PTE) results, the I.--O distance of the XB complex in so-
lution stays essentially unchanged at 2.08 A while the C-I bond
length becomes longer by 0.04 A.

Since our aim is to investigate the effect of the halogen-bond in-
teraction on electronic spectra and excited states, we targeted the
XB structure as the ground state geometry for the subsequent cal-
culations. The vertical excitation energies and oscillator strengths
for the five lowest excited states at the Sy-eq structures in vacuum
and in acetonitrile solution were computed with ADC(2). The re-
sults for the XB complex in acetonitrile are summarized in Fig.
along with the natural transition orbitals (NTOs) associated with
each electronic transition. Additional results for the complex in
vacuum and IIm™ in solution without counterion are given in Ta-
bles S1 and S2 of the supporting information (SI).

Fig. 1 Optimized geometries of ImOTf in (a) the ground state Sp-eq
with XB interaction, (b) the first excited state S;-eq and (c) the ground
state Sj-eq with an anion-7 interaction. All structures have been com-
puted in acetonitrile solution with COSMO-MP2/def2-TZVPP(PTE) for
the ground state and COSMO-RI-ADC(2)/def2-TZVPP(post-SCF) for
the excited state.

In contrast to vacuum, the polar solvent acetonitrile screens the
Coulomb attraction between the ions and weakens their interac-
tion. The stabilization of the charges by the polar solvent blue-
shifts the charge transfer (CT) excitations from the lone pairs of
iodine and OTf~ which decrease the polarity of the ion pair. The
contributions from transitions out of the lone pairs of OTf~ to
the lowest excitations become in acetonitrile solution insignifi-
cant (cmp. Fig.[2). Instead, the lowest excitations are in solution
dominated by local transitions within the IIm™ cation. As shown
in Fig. |2 in acetonitrile solution from the two close-lying lowest
excited states S; and S, only the S; state at 5.59 €V has a signifi-
cant oscillator strength. It is a z7* transition, mostly localized on
the iodoimidazolium ring with a partial charge transfer from the
iodine atom into the ring. S, at 5.62 €V is a o™ transition mainly
from the iodine lone-pairs into the o* orbital of the C-I bond.
The third excited singlet state at 6.34 eV with no* character from
a lone pair of iodine to the o* orbital of the C-I bond and the
S4 and S5 with nn* and n* character have very small oscillator
strengths and do not contribute to the UV absorption spectrum.

To evaluate the impact of the XB interaction on the absorp-
tion spectrum, we compared the results for the excitation energies
and oscillator strengths of the XB complex and the cation without
OTf~ counterion in Table[ll

Compared to the spectrum of the IIm™ cation (cmp. SI Table
S2), the mo* and no* transitions into the antibonding orbital of
the C-I bond are by the XB interaction blue-shifted by ~ 0.56 and
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Table 1 Vertical excitation energies AE (eV) and oscillator strengths
f of ImOTf complex and Ilm™ cation in acetonitrile at the COSMO-
ADC(2)/def2-TZVPP(post-SCF) level

IImOTf IIm™
State Type AE f Type AE f
n* 5.59 0.437 no* 5.06 0.000
no* 5.62 0.005 n* 5.59 0.388
no* 6.34 0.004 no* 5.83 0.001
nm* 6.59 0.000 nm* 6.72 0.000
n* 6.84 0.000 no* 6.95 0.000

U WN =

0.51 eV. These transitions are, however, dark. The bright excita-
tion of the cation into the lowest nx* state (S,) appears at the
same energy as in the XB complex i.e. at 5.59eV. On the other
hand, the S, state, which shows an nz* character for both, the XB
complex and the cation, is red shifted by ~ 0.13 €V in the pres-
ence of the XB interaction.

_occ vk occ Vir
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Fig. 2 IImOTf: Natural transition orbitals, vertical excitation ener-
gies (€V) (green arrow) and oscillator strengths (in blue) at the Franck-
Condon geometry of the XB complex. A geometry optimization on the
S) potential energy surface leads to S;-eq (orange arrow). The emission
energy (eV) at Sj-eq structure to Sy is indicated by a red arrow. All
excited-state results are at the COSMO-RI-ADC(2)/def2-TZVPP(post-
SCF) level in acetonitrile solution. The ground-state geometry for Sp-eq
was optimized at the COSMO-MP2/def2-TZVPP(PTE) level in acetoni-
trile.

So -eq

In the gas phase, the unscreened Coulomb attraction between
the IIm™ cation and OTF~ leads to a strong XB interaction and
large effects on the electronic transitions in the cation. The two
lowest vertical transitions of the XB IImOTf complex in vacuum
appear at 5.22 and 5.33 eV. These transition are bright and have
mixed nm* and wz* characters (cmp. SI Table S1).

After photoexcitation of the IImOTf complex in acetonitrile so-
lution and relaxation on the S; potential energy surface from the
Franck-Condon point to the S-eq structure, where S; has a nc*
character, the C-I bond is elongated by about 0.47 A to 2.50 A and
tilted out of the plane of the imidazole ring by ~ 38°. The elon-
gation of the C-I bond in the S;-eq structure is accompanied by
a reorientation of the OTf~ anion and, to some extent, a stronger
XB interaction between iodine and an oxygen atom of OTf~ which
causes a shortening of the I - - O distance by 0.26 A to 2.56 A (cmp.
Fig.[2). The reorientation of the halogen bond is triggered by the
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change of the character of S; into an no* transition from a lone
pair of the iodine atom into the C-I antibonding orbital. This
shifts the o-hole away from the C-I bond axes.

The NTOs of the five lowest transitions at the S;-eq structure
show that these excitations are all either n6* or 7c* transitions,
mostly from iodine non-bonding orbitals into the ¢* orbital of the
C-I bond, Fig. The electronic deexcitation of the XB complex
from S; into Sy at the S;-eq geometry emits ~ 1.32€V energy
which can lead to a fast decay of the excitation without observable
fluorescence. This emission energy is ~ 1.26 €V lower than for the
cation without XB counterion for which the deexcitation energy
is 2.58 €V (cmp. SI Table S3). After the deexcitation to S, the
relaxation of the complex on the ground state surface in solution
does not lead back to the XB Sy-eq structure but rather to the Sj-
eq structure with an anion-z interaction between the positively
charged imidazole ring and OTf~ which is energetically lower at
the MP2 level.

The structural changes of the iodoimidazolium moiety along
the relaxation on the S; surface are slightly larger for the XB com-
plex than for the IIm™ cation without counterion. In case of the
cation, the C-I bond length at the S;-eq structure is 2.45 10\, which
is longer than the Sy-eq by 0.43 A, and is tilted out of the plane of
the imidazole ring by ~ 31°.

The binding energy of OTf™ to the Ilm™ cation is in the ground
state 6.9 kcal-mol ! and increases in the excited state at the S;-eq
structure to 10.9 kcal-mol~!. One can thus conclude that their in-
teraction becomes stronger in the excited state at the S;-eq struc-
ture due to the no* character of the transition.

5 2-lodo- and
benzimidazolium-QTf

2-Bromo-

Also for the 2-iodobenzimidazolium-OTf (IBzImOTf) complex we
found on the (COSMO-)MP2 ground state potential energy sur-
face in vacuum and in acetonitrile solution two different minima,
shown in Fig. [3p and c. As for IImOTf, due to the London disper-
sion interaction, the equilibrium structure with the anion-z inter-
action, Fig. 3k, is energetically more favorable than the XB min-
imum, in vacuum by ~ 18.6kcal-mol~! and in acetonitrile solu-
tion at the COSMO-MP2 level still by ~ 3.7 kcal-mol~!. Again, to
avoid the unbalanced treatment of dispersion interactions within
the complex and between the complex and the solvent, we did in
addition COSMO-B3-LYP/def-TZVPP calculations without disper-
sion correction in acetonitrile solution. This calculation predicts
the anion-m complex by 1.2kcal-mol~! below the XB complex.
Compared to the respective MP2 results, the I.--O distance and
the C-I bond length increased with DFT by 0.01A and 0.04A,
respectively. In the 2-bromobenzimidazolium-OTf (BrBzImOTf)
complex with the interaction energy of —5.4 kcal-mol~!, the sub-
stitution of iodine with bromine reduces the energy gap between
the XB (Fig.[3H) and #-stacking (Fig. minima at COSMO-MP2
level to 2.2kcal-mol~! in solution with the one with m-stacking
interaction energetically lower. While at the COSMO-DFT level
the stability order of these two isomers switches and predicts a
lower total energy (by 2.1 kcal-mol~!) for the XB isomer.

Since we are interested into the effects of the halogen bond on
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the spectrum we again continued for IBzZImOTf and BrBzImOTf
with the XB structure. The results for the vertical excitation en-
ergies of IBzZImOTf at the XB minimum and at the minimum on
the S; surface which is reached from the Franck-Condon point in
acetonitrile are summarized in Fig.[d} The results of similar cal-
culations for the 2-iodobenzimidazolium (IBzIm™) cation without
close interaction with OTf~ and also of the XB BrBzImOTf com-
plex and the BrBzIm™ cation in solution are given in Table |2|and
Tables S5, S7 and S9 of the SI, and for IBzZImOTf in vacuum in
Table S4 of the SI.

The extension of the m-system by a benzene ring decreases
the energies of the unoccupied z-orbitals so that for the IBzIm™
cation and its XB complex with OTf~, the lowest singlet exci-
tations, located at respectively 4.73 and 4.74 eV, are bright zx*
transitions with a partial intra-molecular charge transfer from the
iodine atom into the benzimidazole ring without direct contribu-
tions from orbitals of the counterion.

203 278% W& : :
q
m&‘ ,.'%:?.‘.I m{br 51.28° mﬁ
V ) e L f

d

Fig. 3 Optimized geometries of IBzImOTf (upper row) and BrBzImOTf
(lower row) in (a, d) the ground state Sp-eq with XB interaction, (b,
e) the first excited state Sj-eq and (c, f) the ground state anion-m
complexes Sj-eq with an anion-7 interaction. lodine is colored purple
and bromine salmon. All structures have been computed in acetoni-
trile solution with COSMO-MP2/def2-TZVPP(PTE) for the ground- and
COSMO-RI-ADC(2)/def2-TZVPP(post-SCF) for the excited state.

As shown in Fig. |4} the next two lowest wx* states (S, and S4)
of the XB IBzImOTf complex in solution are located at 5.22 and
5.80 eV, respectively, with S4 having significantly more intensity
than S,. Both are local transitions within the benzimidazolium
moiety. Located between them is S3, a dark wo* transition into
the o* orbital of the C-I bond. Also S5 at 6.11€V has no sig-
nificant oscillator strength. This is a na* transition from a non-
bonding orbital of iodine into a ©* orbital localized mostly on the
imidazolium moiety.

The interaction with OTf™ in the XB IBzImOTf complex in-
creases the excitation energies for the lowest five transitions with
the exception of S; which has in the XB IBzZImOTf complex about
the same excitation energy as in the IBzZIm™ cation without coun-
terion. The second z#z* transition for the XB complex at 5.22 eV
corresponds to the Sz state of the IBzIm™ cation at 5.14 eV. But
even more blue shifted in the XB complex is the 7c* transition
into the antibonding o* orbital of the C-I bond, where the XB in-
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teraction increases the excitation energy from 5.10 €V to 5.67 eV.

Exchanging iodine with bromine in the XB BrBzImOTf complex
rises the excitation energies for the three lowest 7zn* states by
about 0.10 — 0.15eV, while the excitation energy of the lowest
mo* state increases more significantly by ~ 1.0 eV (cmp. Table 2.
Similar to the BrBzImOTf complex, the lowest three wx* states
(S1, Sy and S3) of BrBzIm™ appear at higher energies compared
to its iodine counterpart (S;, S3 and Ss) by =~ 0.1 eV. The S, state
of BrBzIm™ is a wo* transition and has an excitation energy that
is 1.08 eV higher than that of the analogous state (S,) of IBzIm™.
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Fig. 4 IBzImOTf: Natural transition orbitals, vertical excitation ener-
gies (eV) (green arrow) and oscillator strengths (in blue) at the Franck-
Condon geometry of the XB complex. A geometry optimization on the
S| potential energy surface leads to S;-eq (orange arrow). The emission
energy (eV) at the Sj-eq structure to Sy is indicated by a red arrow. All
excited-state calculations are at COSMO-RI-ADC(2)/def2-TZVPP(post-
SCF) level in acetonitrile solution. The ground-state geometry of Sgp-eq
was optimized at the COSMO-MP2/def2-TZVPP(PTE) level in acetoni-
trile.

For the XB IBzImOTf complex in the gas phase, S; is a nx*
transition that is mainly localized on the iodobenzimidazolium
moiety with partial CT out of the lone pairs of the iodine and the
oxygen atoms of OTf™ to a n* orbital of benzimidazolium. This
transition at 4.55 €V is a bright state with an oscillator strength
of 0.4. The S, state is a CT transition from oxygen lone pairs of
OTf™ to the iodobenzimidazolium moiety at 4.67 eV.

To obtain the Stokes shift for the fluorescence emission, we
optimized the geometry of the bright S; state of IBzImOTf and
BrBzImOTf in acetonirile solution and determined the minimum
reached from the Franck-Condon point of the XB complexes (S;-
eq) at the COSMO-RI-ADC(2)/def2-TZVPP level. The structures
are shown in Fig.[3b and [3k and reveal that similar as in IImOTf,
several internal coordinates change during the relaxation to the
Si-eq geometry: the CF3 group of the OTf anion turns to the face
side of the organic ring system which leads to an anion-z inter-
action similar as for the S;-eq structure of IImOTf, the C-I bond
lengthens by ~ 0.46 A and ~ 0.48 A and bends out of the molecular
plane by =~ 30° and ~ 51° for IBzZImOTf and BrBzImOTf, respec-
tively. The lengthening of the C-I bond in the XB IBzImOTf and
BrBzImOTf complexes with OTf~ is larger than for the IBzIm™
and BrBzIm™ cations without interaction with OTf~ by ~ 0.09 A
and 0.032 A, where at the S; -eq minima of the cations this bond
bends out of the molecular plane by ~ 36° and 46°. Along the
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Table 2 Vertical excitation energies AE (eV) and oscillator strengths f of IBzZImOTf and BrBzImOTf complexes and IbzIm™ and BrBzIm™ cations in

acetonitrile at the COSMO-ADC(2)/def2-TZVPP(post-SCF) level.

IBzImOTf IBzIm™ BrBzImOTf BrBzIm™
State Type AE f Type AE Type AE f Type AE f
1 T 4.74 0.482 T 4.73 0.445 T 4.84 0.381 T 4.84 0.350
2 nr* 5.22 0.096 no* 5.10 0.000 nr* 5.27 0.124 Tt 5.22 0.121
3 no* 5.67 0.001 Tt 5.14 0.093 n* 5.95 0.574 nn* 5.95 0.496
4 Tt 5.80 0.474 no* 5.71 0.001 no* 6.60 0.000 no* 6.18 0.000
5 nm* 6.11 0.000 Tt 5.82 0.429 n* 6.73 0.046 Tt 6.73 0.019

relaxation on the S; surface, the character of this state changes
for both the XB complexes and the IBzIm™ cation, similar as for
IImOTf, to a no* excitation from halogen non-bonding electrons
into the antibonding o* orbital of the C-X bond (X= I, Br). For
the BrBzIm™ cation, at the Sy equilibrium geometry an electron is
transferring from a & orbital of the phenyl ring to the ¢* orbital
of C-Br bond.

The emission energy at the optimized S;-eq geometry from S;
to Sy is for the XB IBzImOTf complex with 1.37 eV approximately
1.2 eV lower than for the IBzIm™ cation without XB interaction
(cmp. SI Table S6). From IBzImOTf to BrBzImOTf the emission
energy at the S;-eq geometry decreases to 0.89 eV, while this en-
ergy for the BrBzIm™ cation is very close to its iodine counterpart
at 2.55€V (cmp. Table S8 and S10 of the SI). Also similar as for
IImOTH{, the relaxation on the ground state potential energy sur-
face starting from S;-eq geometry for both iodine and bromine
XB complexes leads to the Sj-eq ground state structure, shown in
Fig.[3 and[3f, with an anion-x interaction.

For the BrBzIm™ cation we tested also the influence of methy-
lation at the N atoms and of including explicit solvent molecules
in the calculations. Both have only minor effects on the spectrum
and the ground and excited state equilibrium structures (cmp.
Tabs. S14 and S15 off the ESI). Substituting the H atoms bonded
to the nitrogens by methyl groups decreases the vertical excitation
energies to S; only marginal by 0.05 eV to 4.79 eV, the vertical
fluorescence energy at the S; equilibrium structure is shifted a
bit more by —0.27 eV to 2.28 €V. To test the importance of ex-
plicit solvent molecules we added in the electronic ground state
an acetontrile molecule on top of the z-system and in front of the
bromine atom (to test for a halogen-bond like interaction). In
both positions the explicit solvent molecule did not lead to sig-
nificant changes in the structure of the BrBzIm™ cation and its
lowest excitation energy at both the Sy and the S; equilibrium ge-
ometries. Similar as with OTf~, the halogen-bond like structure
rearranges on the S; potential energy surface.

To investigate the deexcitation mechanism of the BrBzImOTF,
intrinsic reaction coordinate®57 (IRC) calculations in acetoni-
trile solution (COSMO-ADC(2)/SVP) are pursued on the S; po-
tential energy surface (PES) starting from the Franck-Condon
point (ground state equilibrium geometry). The results of
COSMO-ADC(2)/def2-TZVPP calculations along the IRC path are
shown in Fig. |5 After an initial phase, the complex reaches a re-
gion where the S; PES is very flat and might, if explicit solvent
molecules would be included, have shallow minima. Thus, in so-
lution, where the excess vibrational energy is dissipated to the

6
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solvent, the complex should stay for some time in this region be-
fore it eventually reaches on the S; PES the mimimum structure
Si-eq.

S
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0 ~3.26 eV
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o 1
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ol S: Excited State
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IRC Steps

Fig. 5 BrBzImOTf: Ground- and excited-state energy obtained with
COSMO-ADC(2)/def2-TZVPP (post-SCF reaction-field scheme) along
the IRC path for the relaxation of on the S; PES starting from the S¢_,,
(Franck-Condon point). Note that the time along the IRC path has no
direct physical meaning.

Fig. [Bh shows in the first phase of the deexcitation process a
fast bending of Br—C bond out of the benzimidazolium ring plane
together with a concurrent elongation of the Br—C bond (cmp.
Fig. [6p). The out-of-plane angle for the C-S connection line,
which is used to track the motion of the OTf~ counterion, follows
in this first phase closely the C-Br out-of-plane angle. However,
in the second phase, where the S| PES becomes very flat, the out-
of-plane angle of the C-S connection line decreases slightly while
the C-Br bond continues to bend and stretch further. For this
region the calculations predict fluorescence at 3.26 €V or 380 nm.
In the calculations, we do not observe a complete dissociation of
the C-Br bond. We note, however, that in ADC(2) calculations the
ground state is described with MP2 which is not suited to describe
homolytic bond cleavages. As described above, an unconstrained
geometry optimization on the S; PES starting from the Franck-
Condon point ends at the S;-eq geometry shown in Fig. |3 with
the structure of an anion-w complex with an out-of-plane tilted
C-Br bond.

In summary, the calculations indicate that the formation of a
halogen bond with OTf™ in acetonitrile solution does not change
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Fig. 6 BrBzImOT{: Evaluation of (a) the out-of-plane bending of the
C-Br bond (salmon) and the SO3 moiety of the OTf~ (gold) with respect
to the planar benzimidazolium and (b) the C—Br bond length along the
IRC path calculated at COSMO-ADC(2)/def2-TZVPP level at the lowest
electronically excited state S;.

the energy of the bright #z* transition significantly. Furthermore,
if regarded separately, the extension of the n-system may in prin-
ciple increase the excited-state lifetime of the XB IBzImOTf com-
plex relative to the IImOTf and enhance the fluorescence emis-
sion. The calculations predict that the XB interaction red shifts the
fluorescence signal, particularly for the BrBzImOTf, if the emis-
sion happens close to the S|-eq geometry. In the ground state, the
binding energy of OTf™ to the IBzIm™ cation is 7.4 kcal-mol~!.
This energy increases in the excited state to 14.4kcal-mol~! due
to the no* character of the excited state at the S;-eq geometry
which is stabilized by the presence of the counterion. One can al-
together conclude that monodentate 2-iodoimidazolium cations
dissolved in acetonitrile are only weak XB donors that should
not exhibit any significant changes in their absorption spectra at-
tributable to the XB interaction, while the emission energy for
the optimized S;-eq geometry strongly depends on the XB, thus
foreshadowing that the fluorescence characteristics might be de-
pendent on the XB as well.

6 Bis(2-lodo-benzimidazolium)-Cl

The bis(2-iodobenzimidazolium) dication (bIBzIm?*) can poten-
tially act as a bidentate Lewis acid. The rotation of the halobenz-
imidazolium moieties around the C-N axis which connects these
groups to the benzene core are sterically inhibited by the trifluo-
romethyl group in the 2-position of the 1,3-disubstituted benzene
ring.1” The bidentate structure of the bIBzIm?* cation prompted
us to study this compound as a halogen-bond donor in an XB
complex with a chloride counterion (Cl7), Fig. . The binding
energy of Cl~ to the bIBzIm?* dication in acetonitrile solution is
~ 18.6kcal-mol~! in the ground state and increases in S; at the
Si-eq structure to 28.7kcal-mol~!. These binding energies are
much higher than the corresponding values for the monodentate
IIm™ and IBzIm* cations with the OTf~ counterion.

The UV-Vis absorption spectra for the XB complex were calcu-
lated in acetonitrile solution and in vacuum and the results for
the excitation energies and oscillator strengths for the lowest five
electronic excited states are shown in Fig. |8 and Table S11 of
the SI. In solution the excitation energies, intensities and also the
characters of the excited states change relative to the vacuum. As
shown in Fig.|8} in solution the S; and S, states are nearly degen-
erate at excitation energies of 4.53 eV and 4.59 eV with S; as the
brightest state. These two excitations are comprised of plus and
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Fig. 7 Optimized geometries of BIBzImCI™ in (a) the ground state So-
eq with XB interaction at the COSMO-MP2/def2-TZVPP(PTE) level
and (b) the first excited state S;-eq at the COSMO-RI-ADC(2)/def2-
TZVPP(post-SCF) level in acetonitrile solution.

minus combinations of z7z* transitions mainly localized on the 2-
iodobenzimidazolium moieties with a partial CT from iodine to
the n* orbitals of the m-conjugated benzimidazolium rings. The
NTOs given for the excited states of the XB complex in Fig.
clearly show that the negative charge on the Cl™ is stabilized by
the polar solvent which results in negligible contributions from
the orbitals at the C1~ counterion to the NTOs for the lowest five
states. The third and forth states (S; and S4) are located at, re-
spectively, 4.90eV and 4.93 eV of the spectrum with S3 carrying
a significant oscillator strength of 0.35. Similar as for S; and S,,
these two states are comprised of symmetric and antisymmetric
linear combinations of local zz* transitions on the two iodobenz-
imidazolium moieties. The first transition localized on the central
benzene linker appears as Ss at 4.95 eV. Because of its small oscil-
lator strength this state does not contribute to the UV absorption
spectrum of the XB complex.

The four lowest electronic transitions of the bIBzIm>* dica-
tion without counterion have similar characters and oscillator
strengths as for the XB complex (cmp. Table [3| and Table S13 of
the SI). The XB interaction does not effect the energies of the S;
and S, states compared to the dication, while it blue shifts the en-
ergies of S3 and S4 by =~ 0.1€V. The S5 state of diaction is a 7c™*
transition from the 7 orbitals of the iodoimidazolium moieties to
the o* orbital of the C-I bonds and is a dark state.

Table 3 Vertical excitation energies AE (eV) and oscillator strengths f
of the XB bIBzImCI* complex and blBzIm?* dication in acetonitrile at
the COSMO-ADC(2)/def2-TZVPP(post-SCF) level.

bIBzImCl* bIBzIm>*
State Type AE f Type AE f
1xm* 4,53 0.197 1™ 4,54 0.120
2nn* 4.59 0.616 2nmw* 4.58 0.605
3nn* 4.90 0.353 3nm* 4.81 0.302
4nm* 493 0.067 4rm* 4.83 0.059
Snr* 4.95 0.010 no* 5.00 0.004

g wWN

The results for the vertical excitation of the XB complex in vac-
uum reveal that the lowest five electronic states have CT charac-
ter. They are transitions mainly from non-bonding orbitals of C1~
to the imidazolium moieties and the phenyl ring. The two close-
lying S| and S, states in vacuum appear at ~ 4.30€V and carry
oscillator strengths of ~ 0.2. The Sj state at 4.45¢€V is a CT tran-
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Fig. 8 bIBzImCI™: Natural transition orbitals, vertical excitation energies (eV) (green arrow) and oscillator strengths (in blue) at the Franck-Condon
geometry of the XB complex. A geometry optimization on the S; potential energy surface leads to S;-eq (orange arrow). The emission energy (eV)
at the S;-eq structure to Sy is indicated by a red arrow. All excited-state calculations are at the COSMO-RI-ADC(2)/def2-TZVPP(post-SCF) level in
acetonitrile solution. The ground-state geometry of Sp-eq was optimized at the COSMO-MP2/def2-TZVPP(PTE) level in acetonitrile.
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sition from non-bonding orbitals at chloride and iodine into the
central benzene linker. The S4 and Ss states at 4.48 and 4.54 eV
are, respectively, symmetric and antisymmetric combinations of
n* CT transitions from Cl~ to the imidazolium moieties.

Going back to the results in solution, as pointed out above,
S; and S, are at the almost Cg-symmetric ground state structure
nearly degenerate mixtures of the lowest local excitations in the
benzimidazolium groups. The relaxation after photoexcitation
from the Franck-Condon point towards the minima on the ex-
cited state potential energy surface breaks the near Cg symmetry
and leads to a localization of S; on one and S, on the other ben-
zimidazolium group and should end in two symmetry-equivalent
minima on the excited-state potential. The result for the equilib-
rium structure reached after relaxation from the Franck-Condon
point in the S; state, S;-eq, in acetonitrile solution is given in
Fig.[7b. The relaxation slightly twists the complex and leads af-
ter localization of the excitation on one side of the complex to
similar structural changes in the corresponding iodoimidazolium
group as observed in the previous sections with an out-of-plane
bending angle of the C-I bond by ~ 45° and a lengthening of
the C-I bond by 0.36 A. The NTOs for the S, transition at the S;-
eq geometry shown in Fig. |8| indicate that an electron is excited
from an anti-bonding orbital between iodine and chloride to the
o* orbital of the C-I bond. This explains the elongation of the
C-I bond length compared to the ground state geometry, Fig. [7h,
from 2.05 to 2.41 A, while the other C-I bond length remains al-
most unchanged, and at the some time, the shortening of the I-Cl
distance by ~ 0.25 A.

For the bIBzIm?* dication without the XB partner, the relax-
ation from the Franck-Condon point to the associated S;-eq ge-
ometry is accompanied with an out-of-plane bending by ~ 43°
and an elongation of the C-I bond for one of the imidazolium
groups. However, in this case the C-I bond elongation is with
0.18 A significantly smaller than in the XB complex. The NTOs of
the S; state at the S;-eq structure of the dication in Fig. [9] show
a CT from n* orbitals of one of the iodoimidazolium fragments
to the o* orbital of the C-I bond. The emission energy at this
structure from Sy to Sy is with 2.30 eV almost 2 eV larger than for
the XB complex in Fig. |8} where the S;-eq structure is stabilized
by the formation of a partial covalent I-Cl bond. For both the XB
complex and the dication, after deexcitation from S;-eq to Sy the
structures relax back to the original ground state minimum Sy-eq.

Thus, for the bIBzImCI™ complex, after excitation into S; the
XB interaction stays intact and is even strengthened during the
relaxation to the Si-eq structure. The strong stabilization of S;-
eq should have a large influence on the fluorescence spectrum.
At the same time, for the dication without XB partner our calcu-
lations predict a larger fluorescence emission energy.

7 Spectroscopic Results

For the experimental studies, we restrict the discussion to five
benzimidazolium (BzIm™) compounds for which transiently as
well as spectrally resolved fluorescence spectroscopy is per-
formed. Since the compounds are cations, we look for signatures
of ions pairing with counter-anions reflected in the UV-Vis absorp-
tion or emission characteristics, an approach which is mostly sen-
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Fig. 9 bIBzIm?*: Natural transition orbitals, vertical excitation ener-
gies (eV) (green arrow) and oscillator strengths (in blue) at the Franck-
Condon geometry. A geometry optimization on the S; potential energy
surface leads to Si-eq (orange arrow). The emission energy (eV) at
Si-eq to Sy is indicated by a red arrow. All excited-state calculations
are at the COSMO-RI-ADC(2)/def2-TZVPP(post-SCF) level in acetoni-
trile solution. The ground-state geometry of Sy-eq was optimized at the
COSMO-MP2/def2-TZVPP(PTE) level in acetonitrile.

sitive to contact-ion pairs®® like they are found in the computa-
tions.

Besides the properties of the solvent, the choice of counter-
anion can play a decisive role with regard to the photophysics
of cationic dyes in solution.53%%3/ Small anions can interact with
the & system of the cationic compound, which may get polarized
by the anion, leading to variations in the extinction coefficient
€ and/or to spectral shifts; bulky anions lead to larger interion
distances and hence the spectral features of the cation should be
much less affected. 0203

As two anions with very different ion pairing characteristics,
we choose OTf~ and [BAr}]~ (for an insightful juxtaposition of
these two anions, see Section 6.2 in Ref. [64). The latter is rather
large and only modestly capable to form ion pairs©#6> and due to
the high symmetry there is no pronounced localization of charge
density on the anion’s periphery.©3 OTf~ is much smaller (with a
hydrodynamic radius roughly half that of [BArE] ~, depending on
the solvent) and the negative charge is localized on the molecular
moiety with the oxygen atoms. 0%

The absorption spectra of the studied compounds in acetoni-
trile solution are displayed in Fig. [[0h. They only absorb in
the UV spectral range, with the halogenated BzIm™ species ex-
hibiting a red-shift compared to the hydrogenated or methylated
ones. Whereas the OTf~ does not absorb in this spectral re-
gion, [BAr}]~ has an absorption, as is evidenced by the curve
for NaBAr}, solutions (blue line in Fig. ). For cyanine dyes in
acetonitrile, 3 it has been observed that the counter-anion leads
to changes of € while the absorption peak position is unaltered. A
similar situation is found for our systems, as the absorption spec-
trum of IBzImBAr!, (red line in Fig. ) can be almost perfectly
reproduced by a linear combination (dotted line in Fig. [IOp) of
the spectra of IBzImOTTf (black line in Fig. ) and of NaBArE
(blue line in Fig. [10R).

The four different BzZIm™ cations all fluoresce after photoexci-
tation at 266 nm, the corresponding emission spectra are shown
in Fig. . The [BArE]‘ anion also exhibits a faint fluorescence
signal (blue line in Fig.[I10p). The fluorescence intensity of HBzI-
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Fig. 10 (a) Absorption and (b) fluorescence spectra after 266 nm exci-
tation of the studied compounds in actonitrile (390 uM) of the six sam-
ples HBzImOTf (green), CH3BzImOTf (purple), BrBzImOTf (orange),
IBzImBArY (red), 1BzImOTf (black), and NaBAr§ (blue). The dotted
line in (a) is a linear combination of the spectra of IBzImOTf and of
NaBArE. The fluorescence intensity of HBzImOTf and CH3;BzImOTf
was demagnified by a factor of 100.

mOT( (green in Fig. [10p) and CH3BzImOTf (purple in Fig. [I10p)
was demagnified by 102, because these compounds show a much
stronger emission signal.

When BzIm™ is halogenated, spin-orbit coupling may be in-
creased, a phenomenon known as the internal heavy atom ef-
fect (IHAE)©72 This effect facilitates nonradiative S; deacti-
vation mostly caused by enhanced intersystem crossing S; —Tj,
thus lowering the fluorescence quantum yield and shortening
the S; lifetime. Furthermore, the significantly lowered fluo-
rescence quantum yield in case of the halogenated compounds
may be a consequence of an ultrafast transition from the excited
n* state to a non-fluorescent wo* state, originating from out-
of-plane motion of the bond involving the halogen atomZ3+Z2)
as also reflected in our simulations. As disclosed by Domcke,
Sobolewski, and colleaguesZ3H78 for related compounds such as
phenol and chlorobenzene, the nz* state reached upon excita-
tion exhibits a conical intersection with the repulsive 7o* state,
with the energetic minimum of the nz* state being lower in en-
ergy so that a barrier has to be overcome, e.g. in a predissocia-
tive step (we conjecture that especially in solution this might not
occur for all molecules). Once populated, the wo* state may
lead to fission of the carbon-halogen bond or to internal con-
version back to the ground state, the latter being facilitated by
a further conical intersection of the nc* state with the ground
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state.”3 Remarkably, it was shown that complexation involving
a hydrogen bond (and thus maybe also an XB) strongly im-
pacts the wo™ state and may remove the latter conical intersec-
tion, % thereby presumably modifying the relative branching of
the competing processes fluorescence, internal conversion, and
bond fission. In this regard, halogens are known to be good
photoleaving groups, so that the bond between the halogen and
the carbon atom may be cleaved upon photoexcitation, i.e. also
holding the molecule from fluorescing, often followed by recom-
bination to the initial molecule.®l Therefore, transient signals
from halogenated species in solution have been reported to de-
cay faster and be lower in amplitude”Y than unhalogenated ones.
Although the fluorescence signals observed here for the halo-
genated BzIm™ species are much weaker compared to the hydro-
genated or methylated analogues because of these phenomena,
ion pairing contributions are educible, as is outlined in the fol-
lowing.

In contrast to the absorption, the emission spectra of
IBzImBAr! is not just a linear combination of the ones for IBzI-
mOTf and NaBAr}. Furthermore, the long-wavelength edge re-
veals that the fluorescence has a slight bathochromic shift for IBz-
ImOTf compared to IBzImBAr}. Since the bulky, distant [BAr}]~
is expected to have a much smaller effect on the excited state of
IBzIm™ than OTf™, this shift may be indicative of ion pairing, as
deduced for other dyes in acetonitrile.®3 The fluorescence signal
of BrBzImOTf (orange line in Fig. [I0p) is comprised of two parts,
one at ~315nm (labeled peak A) and a second one at ~380nm
(labeled B), respectively. For IBzImBArE (red line in Fig. ),
peak A is the dominant contribution, which however is virtually
absent for IBzZImOTf (black curve in Fig. ) and is also not
found for HBzImOTf and CH3BzImOTf (green and purple line in
10b).

Stationary fluorescence spectra already give an indication
which features might originate from ion pairing. For additional
insight, we further study the emission characteristics in a time-
resolved manner. Transient fluorescence spectra for the five
BzIm™ samples are shown in the left column of Fig. The fluo-
rescence decays on a timescale of several nanoseconds, but for the
halogenated species, additional dynamics and spectral shifts are
observed. This is substantiated by the decay-associated spectra
(DAS) given in the right column of Fig.

The fluorescence decays of HBzImOTf (Fig. ) and
CH3BzImOTf (Fig. [L1p) show absolutely no spectral shifts with
time and can each be described very well by a monoexponen-
tial model, leading to one almost Gaussian-shaped DAS for each
compound and corresponding excited-state lifetimes of 7.4 ns and
7.1ns, respectively. Whereas an interaction of OTf~ with the z-
system of the BzIm™ moiety might occur, an XB is impossible due
to the lack of a halogen atom. We therefore ascribe the dynamics
on a timescale of ~7ns to effects not related to an XB and not
comprising large geometrical reorganization of the cation in the
excited state.

In contrast to the strong fluorophores HBzImOTf and
CH;BzImOTf which show emission decaying with one charac-
teristic lifetime, the other three halogenated samples require a
non-monoexponential decay model (SI, Fig. S1). In particular
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Fig. 11 Transient fluorescence spectra (left) and decay-associated
spectra (right) for the five BzIm® compounds in acetonitrile solution
(390 M) after 266 nm excitation. For comparability, each data set is
normalized to the signal at an emission wavelength 350nm and at a
delay of 0.4ns. Note that there is a lower sensitivity of the transient
fluorescence setup for shorter wavelengths, so that the actual shape of
the spectra towards the UV is slightly contorted.

for BrBzImOTf (Fig. ), three DAS are required to describe the
data. Again, there is a strong contribution on a 7ns timescale
(11=6.5ns) with a DAS similar to a Gaussian which we inter-
pret analogously as for the non-halogenated molecules. Measure-
ments of stationary absorption spectra after hours of illumina-
tion have shown that the bromine is not irreversibly photolyzed
off (vide infra), therefore fluorescence contributions from dehalo-
genated molecules are discarded.
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Furthermore, the determined order 7} < 787 < 7:1CH3 < 1l for the

different substituents is in accord with an IHAE, thus indicating
that the 7, contribution originates from the intact BzZIm™ species.
Besides 1, there is also more rapid fluorescence dynamics with
a decay constant of 7,=3.5ns on the blue edge of the spectrum
with a peak at 320 nm and even faster contribution of 73=0.7 ns
with its maximum around 400 nm. The Gaussian-shaped 7; DAS
contributes most to the steady-state fluorescence spectra (orange
line in Fig. ), nonetheless the appearance of peaks A and B,
as observed in the steady-state fluorescence, is retrieved again by
7, and 73, respectively.

The iodated BzIm™ compounds IBzImBArf (Fig. ) and IBz-
ImOTf (Fig. ) exhibit only one additional second fluores-
cence decay besides the 7 ns component. However, it is only lo-
cated in the spectral region of peak A for IBzZImBAr!, (7,=1.6ns),
whereas it comprises the region of peak B in the case of IBzZImOTf
(13=0.9ns). A possibly interfering signal of the very weakly emit-
ting counterion [BAr}]~ (compare NaBAr} in Fig. ) can be
excluded by the corresponding impact study (SI, Fig. S2).

The 1, and 73 dynamics (red and blue DASs in Fig. might
be associated with subensembles of molecules that perform an
additional deactivating motion which effectively quenches the ex-
cited state. From the results of the calculations, we infer that
this motion might be the out-of-plane bending of the bond be-
tween the halogen atom and the carbon it is covalently bound to,
a motion possible both with and without an OTf~ counterion, but
to a different extent (compare the computational result for IBzI-
mOTf and BrBzImOTf). For the bulky counter-anion [BArg] -, for
which ion pairing should be negligible, peak B is not observed
(Fig. ). Therefore, we conclude that peak A, i.e. the fast fluo-
rescence below 350 nm (1), is associated with this motion.

The calculations have also shown that XB formation with OT{~
is possible, and that the fluorescence is strongly red-shifted in
this case. The IRC calculations for BrBzZImOTf showed that after
a short initial relaxation phase, where the C-Br bond bends out of
the molecular plane, the contact ion pair reaches a region where
the S; surface is very shallow. The vertical fluorescence energy
is for this region computed as ~ 3.26 €V or ~ 380 nm in a good
agreement with the position of peak B. Hence, we assign peak
B to the fluorescence of molecules that undergo the C-I out-of-
plane bending motion when an XB is present (73). Thus, with the
large [BArE]*, mostly peak A is observed, whereas with the small
OTf~, peak B prevails. This suggests that a certain amount of
molecules is ion-paired in the acetonitrilic solution of IBzZImOTTf.

Generally, the ability to form an XB is stronger for iodine than it
is for bromine®®2, therefore the amount of X-bonded pairs should
be less pronounced in the case of BrBzImOTf than it is for IBzI-
mOTTf. This is corroborated by the red (7,) and blue (73) DAS in
Fig. which comprise both peaks A and B. Along the lines of
our interpretation, this means that our experiments with BrBzI-
mOTf monitor the C-Br out-of-plane bending motion in BrBzIm™
cations without (peak A) or with (peak B) an X-bonded OTf™,
respectively.
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Fig. 12 (a) Absorption and (b) fluorescence spectra after 266 nm ex-
citation of BrBzImOT(f in acetonitrile solution (390 uM) before (black
line and triangles) and right after the first transient measurement (blue
line), after distinct UV irradiation (red) and after additional 24 h of recov-
ery (green). Transient fluorescence spectra (c) and the decay-associated
spectra (d) after distinct UV irradiation (excited at 266 nm). Note that
there is a lower sensitivity of the transient fluorescence setup for shorter
wavelengths, so that the actual shape of the spectra towards the UV is
slightly contorted [so that peak A is less pronounced in (c) than in (b)].

Since absorption spectra indicate no irreversible photolysis of
the halogen atom for the BrBzImOTf sample (in contrast to IBz-
ImOTf where irreversible photocleavage of iodine is observable),
an investigation in the complex formation and equilibrium dis-
tribution among the different possible ion-pair complexes is pur-
sued by extended UV illumination. The corresponding results are
shown in Fig. starting with the stationary absorption (a) and
fluorescence (b) measurements. No change is observable for the
absorption spectra obtained before (black line in Fig.[12h) and af-
ter (blue line) the transient fluorescence measurements of Fig.
However, after 2 hours of UV irradiating a 100 uL sample volume
with the excitation laser (266 nm), the characteristic double peak
in the absorption spectrum sharpens and the corresponding fluo-
rescence intensifies (red lines in Fig. and b). Furthermore, the
proportion of peaks A and B shifts towards B. Within 24 further
hours in the dark, the sample begins to recover, as is most evi-
dent in the fluorescence spectrum (green line in Fig. [I12p). With
the irradiation turned back on, the fluorescence increases again,
counteracting the recovery.

The transient fluorescence behavior of the BrBzImOTf sample
after 2 hours of UV irradiation (corresponding to the red lines
in Fig. and b) is displayed in Fig. [I2, the respective DASs
in Fig.[I2d. In comparison to the initial measurement shown in
Fig. [11k, the 7; DAS assigned to the excited state without ion-
pairing or out-of-plane bending stays unchanged. By contrast, the
contributions of the two faster decays get more intense. Beyond
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that, an additional signal arises, with a decay behavior associated
with 1, but with a spectral shape similar to the DAS of 7.

In view of the calculations (vide supra) the observed differences
might originate from a changed distribution of the different ion-
pair complexes. The calculations have shown that after exciting
the halogen-bonded complex, the counterion OTf™ moves out of
plane and leads to an ion pair held together by anion-r interac-
tion. The theoretical COSMO-MP2 investigation has also shown
that this ion pair is more stable than the one with an XB, thus if
re-excited it might emit bathochromically shifted and give rise to
the additional signal. From its spectral position, we further con-
jecture that the particular re-excited BrBzIm™ may perform the
same out-of-plane bending motion as the previously assigned XB
complex (peak B). In contrast to the former XB complex, the re-
sulting emission decay from S;-eq is slowed down and on a time
scale similar to the dynamics of the lone BrBzIm™ cation (peak
A).

The proportion between the 7; DAS and the deactivation chan-
nels putatively involving out-of-plane bending motion of the halo-
gen (i.e., the 7, and 73 DASs) shifts towards the latter under UV
irradiation. This might imply that by persisting illumination of the
sample, the newly formed anion-z complex is accumulated (and
can slowly relax back in the dark, as seen in Fig. [12p), which in
turn leads to a relative decrease of the signals assigned to rigid
BrBzIm™ not interacting with an OTf~ (1; DAS). The fastest de-
caying signal associated with the 73 DAS also shows this relative
increase in Fig. compared to Fig. [Tk, possibly suggesting
that shifting the equilibrium towards ion pairs also increases the
relative share of halogen-bonded ones. However, since 73 is 0.7 ns
before and 1.2 ns after the illumination, it is also possible that the
blue DAS is also linked to the newly formed species. A further hint
in this direction might be the line sharpening in the absorption
spectrum (Fig. ) which could indicate that the accumulation
of the anion-7 complex is connected with less proximity broad-
ening in the UV spectrum than maybe an ion pair with an XB is.
Overall, the spectroscopic studies substantiate that ion pairing oc-
curs and also provide reason that signatures of XB formation are
contained in the (time-resolved) spectra.

8 Conclusion

In this joint theoretical and experimental study, ion pairing of
halogenated imidazolium compounds with counter-anions via a
halogen bond was investigated. In the theoretical studies, we
used the correlated wavefunction-based method ADC(2) in com-
bination with the COSMO solvation model to unveil effects of
the halogen-bond interaction on the excited states of iodo- and
bromo-imidazolium compounds. In particular, we studied the
excited-state minima reached by relaxation on the S PES, the IRC
pathway for the relaxation, and the emission energies to under-
stand the influence of the halogen-bond interaction on the fluo-
rescence properties of these compounds. To this end, we studied
the five lowest excited states of the XB complexes IImOTf, IBz-
ImOT{, BrBzImOTf, and bIBzImCl™ in acetonitrile solution and
analyzed the corresponding NTOs. The inclusion of a solvent
model proves to be essential because the results in vacuum pre-
dict completely different spectra due to a strong overestimation
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of the interaction between the ions without screening dielectric
environment.

For IImOT(, IBzZImOTf and BrBzImOTf on the S; PES the cal-
culations predict relaxation pathways which after deexcitation
lead to other minima on the ground-state PES with anion-7 in-
teractions between the counterion and one face side of the imida-
zolium ring. As an excited-state pathway, an out-of-plane bend-
ing of the C-I bond is identified, so that the two face sides are not
identical and the anion-7 interaction occurs preferentially on the
side to where the C-I bond has bent.

For the bidentate XB complex, the relaxation on the Sy PES
after deexcitation at the excited-state equilibrium structure S;-eq
brings the molecule back to the original ground-state XB structure
Sp-eq. Hence, the bidendate XB complex may not only have a
fluorescence that is red shifted relative to the dication without
counterion, but may also stay intact, i.e. with the XB preserved,
after photoexcitation and subsequent return to the ground state.

For all four cations, examination of the influence of the XB on
the excited-state properties in solution by excluding the counte-
rion from the calculations gave excited states that are mostly sim-
ilar to those for the corresponding XB complexes.

In spectroscopic studies comprising stationary absorption and
emission studies as well as time-resolved fluorescence, the com-
pound IBzImOTf and BrBzImOTf from the calculations and the
related HBzImOT{, CH3BzImOTf, and IBzImBArf were investi-
gated in acetonitrile solution. Whereas the fluorescence dy-
namics are monoexponential with a decay time of about 7ns
in non-halogenated systems, spectral signatures associated with
a faster timescale could be identified for the halogenated ones
which exhibit an emission which is spectrally different but overall
two orders of magnitude lower in amplitude than for the non-
halogenated systems. This additional signal found for IBzZImBAr}
is blue-shifted, while the one for IBzImOTT is red-shifted relative
to the spectrum of the 7 ns dynamics. We attribute the latter con-
tribution to the C-I out-of-plane bending in the contact ion pair
observed in the calculations and ascribe the differences to the
presence of an XB in the case of IBzZImOTTf or to the absence of an
XB in the case of IBzZImBArk. The significantly lower fluorescence
quantum yield for the halogenated species might originate from
a competing transition from the nzn* to the wo* state which is
non-emissive; hence, it is not directly traceable by time-resolved
fluorescence but will be addressed in future ultrafast transient ab-
sorption studies.

Experiments with BrBzImOTf, with the weaker XB donor Br
compared to I, disclosed that both peaks are observed, which
we interpret as an ensemble effect with both molecules with and
without an XB existent in the solution. After hours of UV illumi-
nation, the stationary spectra as well as the time-resolved fluo-
rescence changes so that the possibility of more than one ion-pair
species is considered, in accord with results from theory.

These joint investigations illustrate that halogenated imida-
zolium compounds in acetonitrile may act as XB donors, an in-
teraction which is reflected both in calculated transition energies
and time-resolved fluorescence data.
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