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Noncovalent interactions such as hydrogen bonding, π -π stacking, CH/π interactions, and halogen
bonding play crucial roles in a broad spectrum of chemical and biochemical processes, and can exist in cooperation or competition. Here we report studies of the homoclusters of chlorobenzene, a
prototypical system where π -π stacking, CH/π interactions, and halogen bonding interactions may
all be present. The electronic spectra of chlorobenzene monomer and clusters (Clbz)n with n = 1-4
were obtained using resonant 2-photon ionization in the origin region of the S0 –S1 (π π *) state of
the monomer. The cluster spectra show in all cases a broad spectrum whose center is redshifted from
the monomer absorption. Electronic structure calculations aid in showing that the spectral broadening arises in large part from inhomogeneous sources, including the presence of multiple isomers
and Franck-Condon (FC) activity associated with geometrical changes induced by electronic excitation. Calculations at the M06-2x/aug-cc-pVDZ level find in total five minimum energy structures
for the dimer, four π -stacked structures, and one T-shaped, and six representative minimum energy
structures were found for the trimer. The calculated time-dependent density functional theory spectra using range-separated and meta-GGA hybrid functionals show that these isomers absorb over a
range that is roughly consistent with the breadth of the experimental spectra, and the calculated absorptions are redshifted with respect to the monomer transition, in agreement with experiment. Due
to the significant geometry change in the electronic transition, where for the dimer a transition from a
parallel displaced to sandwich structure occurs with a reduced separation of the two monomers, significant FC activity is predicted in low frequency intermolecular modes. © 2012 American Institute
of Physics. [http://dx.doi.org/10.1063/1.4765102]
I. INTRODUCTION

Noncovalent interactions of various types, such as hydrogen bonding, π -π stacking, CH/π interactions, and
halogen bonding play a key role in influencing chemical
reactivity and molecular structure,1–10 in molecular recognition and binding,11–16 and in the structure, stability, and dynamic properties of biomolecules.17–22 Noncovalent forces
are critical in determining the secondary, tertiary or quaternary structure of large molecules, and thus their macromolecular function.19, 20, 22–25 Understanding the relative magnitude
of these various types of interactions is important, particularly
as they may exist in cooperation or competition,23, 26–29 and
this has been the target of intense experimental and theoretical effort.17, 30–42 In this regard, mono-substituted halobenzene clusters are prototypical systems in which different
noncovalent interactions may be operative, including π -π
stacking,32, 40, 41, 43–50 CH/π ,18, 40, 51 and halogen bonding interactions, illustrated in Figure 1.3, 15, 51–58
Simple aromatic dimers involving benzene and toluene
have long been proposed as model systems for understanding π -π stacking interactions in proteins,24, 59 and are also
prototypes for exploring the relative importance of π -π
stacking and CH/π interactions.21 The story of the benzene
dimer, in particular, is one of controversy and intense debate, with respect to the relative energies of parallel (π stacked) and T-shaped (CH/π ) structures.43, 44 State-of-the-art
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single reference [CCSD(T)/CBS] calculations by Sinnokrot
and Sherrill show that parallel displaced and T-shaped structures are nearly isoenergetic, with the symmetric D6h sandwich structure lying 1 kcal/mol higher in energy.39 Experimental studies of aromatic homo- and heteroclusters have
exploited a range of techniques, with mass-selected resonance ionization methods at the forefront. Thus, Bernstein
and co-workers reported the first resonant 2-photon ionization (R2PI) spectra for toluene dimer through the S1 state,
which showed two features that were significantly broadened
with respect to the monomer absorption.30, 31, 60 These two
features were attributed to different isomers, and the presence
of at least two different isomers was confirmed in subsequent
two-color hole-burning spectra.61 Similar studies using R2PI
and zero-kinetic energy (ZEKE) spectroscopy have been reported on substituted benzene dimers, including dimers of
fluorobenzene,62–69 chlorobenzene,58, 70 phenol, aniline,71–74
and others.39, 75
Building upon the seminal studies of Bernstein and others, Musgrave and Wright recently reported R2PI spectra of
mass-selected toluene homoclusters (Tol)n up to n = 8,60 and
parafluorotoluene clusters (pfTol)n up to n = 11.76 The striking result of this work was that the spectra of the higher order
clusters were very similar to that of the dimer. The authors
proposed a model by which the favored (π -stacked) binding
motif of the dimer formed the core of higher order clusters,
leading to a “dimer chromophore” that was responsible for

137, 184307-1

© 2012 American Institute of Physics

Downloaded 18 Jan 2013 to 134.48.158.79. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

184307-2

Muzangwa et al.

FIG. 1. Schematic of possible non-covalent interactions in halobenzene
dimers. The electrostatic potential surface of chlorobenzene calculated at the
M06-2x/aug-cc-pVDZ level is shown.

the electronic spectrum of higher order clusters. This explanation was supported by subsequent measurements of the ionization potential of mass-selected toluene clusters in a molecular beam.59 Here a reduction in the ionization potential of the
dimer relative to the monomer was found, consistent with the
participation of a π -stacked dimer where the cationic charge
could be delocalized over both rings. Relative to the dimer,
the ionization potential of the trimer and tetramer was unchanged, which was taken as evidence against the existence
of fully π -stacked clusters in the beam.
The S0 –S1 spectroscopy and dissociation of halobenzenes have been extensively studied by R2PI and related
methods;77–82 however, relatively few R2PI spectroscopic
studies of clusters of mono-substituted benzenes have been
reported.62–70 Chlorinated aromatic compounds are important
pollutants,83 however, the nature of intermolecular interactions in chlorobenzene clusters are still unclear and relatively
few studies have been reported.58 Lu et al., conducted a study
of chlorobenzene and chlorobenzene-benzene complexes by
R2PI in a reflectron time-of-flight (TOF) mass spectrometer (MS).70 For the chlorobenzene dimer, in the region of
the S0 –S1 (π π *) origin two distinct and, in comparison to
the monomer absorption, very broad features were observed;
one blueshifted relative to the monomer absorption and the
other redshifted. The redshifted absorption was assigned to a
T-shaped dimer, and the blueshifted absorption to a paralleldisplaced (π -stacked) dimer. Support for the assignment of
these absorptions to distinct species was provided in the carrier gas and backing pressure dependence of the relative intensities. In particular, it was found that the blueshifted absorption increased in intensity when using Ar rather than He as the
carrier gas, and at higher backing pressures. The binding energy of the chlorobenzene dimer, determined using the breakdown method, was determined to be 14.5 ± 1.0 kJ/mol.70
The chlorobenzene clusters (Clbz)n with n = 2-4 have
recently been studied using ultrafast spectroscopy in a supersonic beam.58 Following excitation of the S1 (π -π *) states at
267 nm, the decay dynamics of the clusters was found to exhibit multiple time scales, reflecting in part cracking of higher
order clusters into the measured channel. However, an intrinsic biexponential decay was found for all clusters. The fast
(∼170 fs) component was found to decrease with cluster size,
and was attributed to internal conversion to the S0 state. In
contrast, the slow component (∼1 ns), which was attributed
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to subsequent dissociation of the hot S0 molecules, increased
with cluster size. This was explained from the viewpoint of a
statistical process, where the timescale for reaction correlates
with the available phase space in the reacting molecule.
The present work highlights the study of competitive
non-covalent forces in chlorobenzene clusters, using R2PI
spectroscopy in concert with electronic structure calculations
using density functional theory (DFT) and post-Hartree–Fock
(MP2) methods and correlation consistent basis sets. Motivating this work is the desire to understand the nature of the competitive non-covalent interactions in the monohalobenzenes,
which in comparison to benzene or toluene includes also the
potential for halogen bonding interactions between the σ -hole
of a halogen on one fragment and the halogen or π -system on
the other (Figure 1).
II. EXPERIMENTAL AND COMPUTATIONAL METHODS

Our experiments utilized a linear TOFMS coupled with
a supersonic molecular beam source based upon a General
Valve pulsed nozzle. A schematic of the experimental apparatus is shown in Figure S1 in the supplementary material.84 A
1% mixture of the chlorobenzene precursor in He, generated
by passing the high purity gas over a sample of chlorobenzene held in a temperature controlled bath, at a total pressure
of typically ∼1-2 bar was expanded from the 1.0 mm diameter nozzle of the pulsed valve, and passed through a 1.0 mm
diameter skimmer into the differentially pumped flight tube of
a 1-m linear TOFMS, described in some detail in our previous
work.85–87 The flight tube was evacuated by a 250 L/s turbomolecular pump, with a gate valve used to isolate the detector,
which was kept under vacuum at all times. The main chamber was evacuated with a water-baffled diffusion pump (Varian VHS-4). With the nozzle on, typical pressures were ∼5
× 10−5 mbar (main chamber) and ∼1 × 10−6 mbar (flight
tube). The background pressure in the flight tube could
be lowered further by liquid nitrogen cooling of the vacuum shroud; however, this was not required in the present
experiments.
Ionization was initiated by a 1+1 R2PI scheme, with
laser light near 267 nm generated from frequency doubling
in a BBO crystal the output of a dye laser (Lambda-Physik,
Scanmate 2E), pumped by the third harmonic of an Nd:YAG
laser (Continuum NY-61). The laser was operated on a C540A
dye, giving typical output pulse energies of ∼0.5 mJ in the
doubled beam, which was loosely focused with a 1.0 m focal
length plano-convex lens into the chamber. In some experiments, 1+1 resonant 2-color 2-photon ionization (R2C2PI)
was employed, with the 266 nm output of a second Nd:YAG
system (Continuum Minilite II) introduced as the ionization
laser. In these experiments, the focusing lens in the doubled
dye beam path was removed to reduce the contribution from
1+1 signal, and the ionization laser was loosely focused with
a 0.5 m focal length lens. The delay between the lasers and
molecular beam was controlled by an eight-channel digital
delay generator (BNC 565).
Ions were extracted and accelerated using a conventional
three-plate stack, with the repeller plate typically held at
2100 V, the extractor plate at 1950 V, and the third plate at
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ground potential (Figure S1 of the supplementary material).84
The ions traversed a path of 1 m prior to striking a dual
chevron microchannel plate detector. The detector signal was
amplified (×25) using a fast preamplifier (Stanford Research
SRS445A), and integrated using a boxcar system (Stanford
Research SRS250) interfaced to a personal computer. An
in-house LabVIEW program controlled data acquisition and
stepped the laser wavelength; typically, the signal from twenty
laser shots was averaged at each step in wavelength.
To support our experimental findings, electronic structure
calculations were performed using the GAUSSIAN 09 software package on the MU Pere cluster.88 Full geometry optimizations were carried out using DFT (M06-2x) and postHartree–Fock (MP2) methods using an aug-cc-pVDZ basis
set. Our choice of method was dictated in part by the extensive computational studies, notably those of Sherrill and coworkers, on related systems,17, 34, 39 where the performance of
DFT methods in combination with various correlation consistent basis sets has been extensively benchmarked against
high level post-Hartree–Fock ab initio single reference methods. It was shown that the Minnesota meta-GGA (generalized
gradient approximation) hybrid functional M06-2x, among
other methods, provides a good cost to performance ratio,34
and the aug-cc-pVDZ basis set performs well in calculating
the counterpoise correction.34 Zhao and Truhlar have shown
that M06-2x performs well in describing the energies of π stacking interactions.89 In this work, our calculated binding
energies were corrected for zero point energy (ZPE), and the
counterpoise method was employed to correct for basis set
superposition error.
Time-dependent DFT (TDDFT) methods are quite popular for modeling electronically excited states, and it is well
appreciated that local exchange functionals perform poorly
for states involving significant charge transfer.90 Thus, in this
work we employed TDDFT methods using range-separated
hybrid and meta-GGA hybrid functionals to calculate the
electronic spectra of the clusters and the optimized geometry of the S1 states. Methods employed included the rangeseparated hybrid functional ωB97X-D,91 the meta-GGA hybrid functionals M06 and M06-2x,89 and CAM-B3LYP,92, 93
all with an aug-cc-pVDZ basis set. The performance of the
ωB97X-D and M06-2x methods for electronic excitations,
including Rydberg and charge transfer excitations, have recently been benchmarked by Head-Gordon and co-workers.94
III. RESULTS AND DISCUSSION

Representative R2PI spectra of the chlorobenzene
monomer and chlorobenzene clusters (Clbz)n with n = 2-4
in the region of the origin band of the monomer S0 –
S1 (π π *) transition are displayed in Figure 2. The electronic spectroscopy of the chlorobenzene monomer is well
known and has been extensively studied previously by other
groups using both R2PI and laser induced fluorescence
spectroscopy.70, 95–98 Note also that the size range of clusters
that we observe is similar to that found in the prior ultrafast experiments, where a similar source was used.58 From
Figure 2, it is apparent that the clusters uniformly exhibit
much broader absorption features than the monomer, yet the
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FIG. 2. Resonant two-photon ionization (R2PI) spectra of mass-selected
chlorobenzene monomer and clusters (Clbz)n with n = 2-4.

spectra of different clusters in the range n = 2-4 are similar.
The spectra for the clusters show a maximum absorption at
lower energy (i.e., are redshifted) with respect to the monomer
peak. As noted in the introduction, the broad absorption features that we observe here for the clusters of chlorobenzene
have previously been observed for related systems, including
toluene dimer, fluorobenzene dimer, and mixed halobenzenebenzene dimers.30, 31, 70, 75 We consider several explanations
for the source of this broadening.
An obvious explanation for the similarity of the cluster
spectra is cracking of larger clusters, giving rise to signals in
the mass channels of smaller clusters. Indeed, some cracking is clearly apparent in the monomer spectrum shown in
Figure 2, as a weak broad background underlying the strong
sharp features of the monomer. Expanding this spectrum and
overlaying with the dimer spectrum shows strong similarities
(Figure S2), indicating that some of the monomer signal arises
from cracking of the dimer into the monomer mass channel.
In order to test for the contribution of cracking to the observed
dimer spectrum, we lowered the concentration of chlorobenzene in mixture below 1% by cooling the sample bath, which
effectively reduced the concentration of higher order clusters.
At a point at which the trimer signal can barely be observed,
the dimer spectrum is unchanged, retaining its very broad appearance (Figure S3).
A second explanation for the broadness in the cluster
spectra is the presence of different isomers, which might absorb at different wavelengths. Indeed, a motivating aspect of
this study was the exploration of the relative importance of
different non-covalent interactions in these clusters. This was
examined using calculations at the M062x and MP2 levels
with an aug-cc-pVDZ basis set, with geometry optimizations
initiated from a variety of starting geometries that loosely corresponded to π -stacked, C-H/π , and halogen-bonded structures (Figure 1). In all, five minimum energy structures
(D1-D5) were found for the chlorobenzene dimer, and the
optimized (M06-2x/aug-cc-pVDZ) structures are shown in
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FIG. 3. Optimized structures (D1-D5) for the chlorobenzene dimer, calculated at the M06-2x/aug-cc-pVDZ level of theory. Binding energies are counterpoise and ZPE corrected.

Figure 3, together with the calculated binding energies, which
were counterpoise and ZPE corrected. Dimers D1-D4 are π stacked with a parallel-displaced structure, consistent with
previous findings for related systems.17, 34, 41, 42 In these structures the planes of the two monomers are separated by
∼3.3 Å, so that the two Cl atoms are not in close van der
Waals contact. This gives rise to four different π -stacked isomers, differing in the relative orientation of the Cl atoms
(Figure 3) with calculated binding energies between ∼17 and
∼20 kJ/mol. In addition to the π -stacked isomers, a T-shaped
isomer (D5) was also found (Figure 3), with a calculated binding energy roughly one-half that of the π -stacked isomers.
No local minima corresponding to halogen-bonded structures
were found.
Comparing the M06-2x/aug-cc-pVDZ results with other
calculations, we find that the calculated MP2/aug-cc-pVDZ
binding energy of dimer 1 (D1) is ∼27 kJ/mol. This difference is not surprising, as it is well known that the MP2
method tends to over-estimate the strength of non-covalent interactions, particularly in cases dominated by dispersion.99, 100
In comparison, a counterpoise corrected CCSD(T)//M062x/aug-cc-pVDZ calculation using ZPE corrections at the
M06-2x/aug-cc-pVDZ level yields a binding energy of
13.8 kJ/mol, which suggests that the M06-2x results are also
overestimates. The coupled cluster prediction is in excellent
agreement with the experimentally determined binding energy of the dimer (14.5 ± 1.0 kJ/mol).70
The trends in the calculated binding energies give some
insight into the importance of dipole-dipole coupling in
this system. For example, the π -stacked structure (D1) with
the dipoles opposed is the global minimum according to
our calculations, as expected, with a binding energy ∼25%
larger than the structure (D4) where the dipoles are nearly
aligned. The importance of the dipole-dipole interaction is
also shown in the larger (×2) calculated binding energy of the
π -stacked vs. T-shaped (CH/π ) structure (Figure 4); as noted
above, for the benzene dimer the calculated binding energies are similar. It is also instructive to compare experimental
binding energies, determined using the breakdown method,
for the chlorobenzene homodimer (14.5 ± 1.0 kJ/mol) and
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FIG. 4. Calculated TDDFT (TDM06-2x/aug-cc-pVDZ) spectra of the
chlorobenzene dimers shown in Figure 3. The lower panel shows an expanded
view of the lowest energy transitions.

chlorobenzene-benzene heterodimer (13.5 ± 1.0 kJ/mol), relative to the benzene homodimer (6.8 ± 1.0 kJ/mol).70 The
binding energies for the former are nearly twice that of the
latter, indicating that dipole-dipole and dipole-induced dipole
interactions contribute significantly to the overall binding in
these complexes.
The calculated TDDFT (TDM06-2x/aug-cc-pVDZ)
spectra of the chlorobenzene dimers D1-D5 and monomer
are shown in Figure 4, referenced to the numbering scheme
given in Figure 3 and plotted as stick spectra. Quantitatively,
the TDDFT calculations overestimate the position of the
S1 state of the monomer; however, we expect that trends
in these calculations should be valid, and this is addressed
further below. The calculated spectra of the dimers show
two absorptions split by the exciton coupling. In the exciton
picture, the excited state wavefunction of the dimer is written
as a superposition of localized excitations on each monomer,
and the coupling between the two chromophores leads to a
splitting of the monomer absorptions. Such coupling will
typically involve both dipole-dipole and exchange interactions, and is dependent upon the relative orientation of the
transition dipoles. Indeed, the splitting of dimer D4 is the
smallest among the π -stacked systems, consistent with this
notion.
Beyond the exciton splittings, in all the dimers the calculated electron transitions are predicted to lie to lower energy
(i.e., are redshifted) compared to the monomer absorption,
and the absorption lying closest to the monomer transition is
that for the “free” chlorobenzene in the T-shaped dimer. The
calculated spectra of the various isomers occur over a range
that, when scaled to reflect the overestimation of the transition
energy, is of an order roughly similar to that observed experimentally. In order to assess the dependence of these results on
the method used, we carried out additional calculations on the
chlorobenzene monomer and dimer D1, used as a representative example. These employed a wider range of functionals,
including ωB97X-D,91 M06,89 and CAM-B3LYP,92, 93 and the
results are shown in Figure S4. The trends observed in these
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FIG. 5. (Left) Optimized structures of the ground and lowest energy excited
electronic state of chlorobenzene dimer 1. (Right) Ground state displacements for the lowest energy torsional mode, and simulated spectrum showing
the FC activity in this mode in the S0 –S1 transition of the dimer, as described
in the text.

calculations are consistent, with the transitions of the dimer
lying to the red (lower energy) of the monomer transition.
There is some variation in the exciton splitting and in the
magnitude of the calculated redshift, with the ωB97X-D and
CAM-B3LYP results displaying smaller shifts as compared
with M06 and M06-2x.
In addition to inhomogeneous broadening arising from
the different isomers in the beam, additional features are
expected for each isomer arising from vibrational structure
based upon the Franck-Condon (FC) activity in the electronic transition. To model this, we optimized the structure
of the lowest lying excited electronic state of dimer 1 (Figure 3) at the TDM06-2x/aug-cc-pVDZ level. The optimized
structures of the ground and excited states of this dimer are
shown in Figure 5; interestingly, the calculations predict a
transition from a parallel-displaced structure in the ground
state to a sandwich structure in the excited state, with the
distance between the monomers decreasing from ∼3.3 to
∼3.0 Å. A sandwich structure was predicted for the equilibrium geometry of the lowest excited valence state of the benzene dimer.101, 102 As a result of this geometry change, significant FC activity is expected in low frequency torsional
modes that involve displacement of the two monomer subunits; the vibrational displacements associated with the lowest frequency such mode (ω ∼ 26 cm−1 ) in the ground
state are shown in Figure 5. To simulate the vibronic spectrum, we incorporated the calculated vibrational frequency
and mass-weighted cartesian displacements (i.e., l-matrices)
of this mode in the ground and excited electronic states into
a FC simulation that accounted for the effects of Duschinsky mixing. These calculations were performed using a routine in the PGOPHER program suite.103 The calculated spectrum, Figure 5, shows significant FC activity in this mode.
While this simulation is illustrative, in the sense that it is not
meant to completely capture the vibrational structure in the
spectrum and is based on a harmonic approximation which
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may be a poor description of these low frequency intermolecular modes,66, 67 it does suggest that additional features will
arise from FC activity in the spectrum, which will further contribute to the observed broadening. Indeed, the vestiges of this
structure appear in the measured dimer spectrum (Figure 2),
which we did not attempt to model quantitatively due to the
presence of multiple isomers. Given the low frequency of this
and other intermolecular modes, hot-band structure may also
be present.
Thus far we have neglected contributions from homogeneous broadening. In a related study of the complexes of
2-pyridone with substituted fluorobenzenes, Leutwyler and
co-workers found that the complexes of partially fluorinated
benzenes exhibited sharp spectra indicative of a hydrogenbonded complex.66, 67 In contrast, the π -stacked complex with
hexafluorobenzene exhibited a number of very broad features,
which were explained in terms of vibronic structure in the
low frequency intermolecular modes. Hole-burning experiments revealed the presence of two isomers, and indicated
that the primary broadening mechanism in the spectra was homogeneous broadening. Indeed, the previous ultrafast experiments on chlorobenzene clusters reveal a bi-exponential decay with a short lifetime component on the order of ∼200 fs.58
Thus, while our analysis of the chlorobenzene dimer spectrum
shows that the general features can be adequately explained
by the presence of multiple isomers and vibrational activity in
low frequency intermolecular motions, homogeneous broadening must also be a contributing factor. Hole-burning experiments will be needed to assess the relative contributions of homogeneous and inhomogeneous broadening to the spectrum.
Moving to the higher clusters, an important question is:
Why is the spectrum of the trimer and tetramer so similar
to that of the dimer? To answer this question, we calculated
representative structures of the trimer at the M06-2x/aug-ccpVTZ level. A total of six minimum energy trimer structures
were found, (T1-T6), shown in Figure 6, which exhibit the
same noncovalent interactions (π -π stacking, CH/π ) found
to be important in the dimer. The binding energies of these
trimers, counterpoise and ZPE corrected, are referenced to

FIG. 6. Optimized structures (T1-T6) for the chlorobenzene trimer, calculated at the M06-2x/aug-cc-pVDZ level of theory. Binding energies are counterpoise and ZPE corrected, and are referenced to the energy of three separated monomers.
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FIG. 7. Calculated TDDFT (TDM06-2x/aug-cc-pVDZ) spectra of the
chlorobenzene trimers shown in Figure 5. The lower panel shows an expanded view of the lowest energy transitions.

the energy of three monomers. As Tauer and Sherrill have
previously shown,104 aromatic clusters do not exhibit significant nonadditive effects in their binding, and thus the binding
energies (∼40 kJ/mol) of the fully π -stacked trimers (T1 and
T2) are roughly twice the energy of the π -stacked dimer. The
remaining trimer configurations (T3 – T6) typically have a
stacked dimer core, with the third monomer interacting with
this core through CH/π interactions. These display BEs of
30-39 kJ/mol. It is important to note that many additional
minimum energy structures for the trimer can be envisaged;
however, the calculated structures shown in Figure 6 are considered to be representative. It is reasonable to expect that all
of these isomers are present, to a varying degree, in our beam.
Figure 7 displays the calculated (TDM06-2x/aug-ccpVDZ) spectra of trimers T1-T6. These spectra show three
split transitions per trimer. As found for the dimers, the calculated transitions are all redshifted with respect to the monomer
absorption. Importantly, the range over which these absorptions occur is very similar to that observed for the dimers
(Figure 4), which suggest that the coupling between the chromophores is similar. Thus, the similarity of the dimer and
trimer spectra is in part explained by the presence of multiple isomers, whose electronic spectra span a similar range.
As discussed in the Introduction, in order to explain the
similarity of R2PI spectra for toluene and para-fluorotoluene
clusters of different size, Wright and co-workers proposed
that the favored (π -stacked) binding motif of the dimer
formed the core of higher order clusters, leading to a dimerbased “chromophore.”76 Our results are not inconsistent with
this picture, in that it is certainly true that a π -stacked dimer,
being the most favorable binding motif, is found in the majority of optimized trimer structures (Figure 7). However, another way to view this is that the noncovalent interactions and
interchromophore couplings in the dimer and trimer are similar, leading to shifts in the electronic absorptions that occur
over a similar range (Figures 4 and 7), which gives rise to the
similarity of the spectra. This, of course, could hold for larger
clusters as well.
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A dimer-based model of stacking in toluene clusters has
also been invoked to explain the dependence of ionization
potential on cluster size.59 As noted above, a reduction in
the ionization potential of the toluene dimer relative to the
monomer was found, consistent with the participation of a
π -stacked dimer where the charge is delocalized over both
rings.59 This suggests the importance of π -stacking in the
dimer, and is consistent with our finding that 80% of optimized (calculated) chlorobenzene dimer structures contain
this motif. In contrast, the ionization potential of the trimer
and tetramer of toluene was found to be similar to the dimer,
which was taken as evidence against the existence of the
(lower energy) fully π -stacked clusters in the beam, and it was
argued that the lack of relaxation in the beam favored formation of higher energy structures. Given the range of possible
isomers, each present to an unknown degree and displaying an
ionization potential dependent upon the degree of π -stacking,
it is clear that the interpretation of ionization potential measurements made from single photon VUV excitation should
be made with care.
Moving to the chlorobenzene tetramer (n = 4), we obtained a R2PI spectrum (Figure 2), which again was broad and
redshifted compared to the monomer absorption, and similar
to the spectrum of the dimer and trimer. Due to the computational resources required in characterizing even a representative set of the large number of potential isomeric structures,
we made no effort to run electronic structure calculations for
the tetramer. However, one can reasonably predict that the interactions observed in the dimer and trimer will also be important in the tetramer, and it is also reasonable to assume,
based upon the analysis presented here, that the similarity of
the tetramer spectrum to that of the dimer and trimer can be
explained in part by the presence of multiple isomers.
Comparing our results with previous R2PI studies of the
chlorobenzene dimer by Lu et al.,70 we note that a feature observed to higher energy of the monomer origin was assigned
in that work to the π -stacked dimer. We observe a shoulder
on the dimer spectrum (Figure 2) at this position; however,
our calculations predict that the highest energy dimer absorption is that for the T-shaped (not parallel displaced) isomer,
and thus the blueshifted feature most probably reflects vibrational structure associated with the absorption of this isomer.
Lu et al. found that the intensity of the blueshifted feature
greatly increased when using Ar (rather than He) as backing gas, and further increased with an increase in backing
pressure. It is possible that the different expansion conditions
may favor formation of the higher energy T-shaped isomer,
through an unknown mechanism. In this work we did not
carry out experiments with Ar backing gas, to avoid contributions from van der Waals complexes of Ar and chlorobenzene. For their binding energy measurements, Lu et al. used
He backing gas at a relatively low backing pressure, which
would favor the redshifted (π -stacked) component. This is
consistent with the very good agreement between the experimentally measured binding energy (14.5 ± 1.0 kJ/mol) and
the calculated CCSD(T)//M06-2x/aug-cc-pVDZ binding energy of dimer D1 (13.8 kJ/mol).
In this work no evidence of halogen-bonded structures was found, either experimentally or computationally.
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Apparently, the lack of electron withdrawing substituents on
the phenyl moiety minimizes the magnitude of the σ -hole,
rendering the halogen bonding interactions weaker than π –
stacking and CH/π interactions (Figure 1). From that point of
view, fluorine substitution should increase the magnitude of
the former. However, we note that a recent experimental study
of C6 F5 X (X = Cl, Br, I) complexation in C6 D6 solution using NMR spectroscopy found evidence for halogen bonding
only in the case of X = I.23
In an effort to probe the excited state lifetime of the
chlorobenzene clusters, we carried out R2C2PI experiments
using the 266 nm output of a second Nd:YAG laser to ionize
from the S1 state. As mentioned above, ultrafast experiments
have found a bi-exponential decay from the intermediate state,
with a fast component on the order of 150-200 fs that was assigned to internal conversion to S0 and a much slower (ns)
component that was assigned to dissociation from highly excited levels of S0 . For the long lifetime component, there is an
increase in lifetime with increasing cluster size, with the measured tetramer lifetime ∼3.7 ns. Given the 5-8 ns pulse width
of our lasers, we were unable to detect a difference in lifetime
for the clusters as compared to the monomer. We did, however, confirm the short lifetime of the intermediate state, as
R2C2PI signal could only be observed when the laser pulses
were overlapped both temporally and spatially.
Finally, we note that the results found here are likely to be
of general validity in understanding the similarly broad R2PI
spectra that have been previously reported for other related
systems, including not only toluene but other halobenzenes62
and mixed halobenzene/benzene clusters.70 Our results suggest that this broadening arises in large part from inhomogeneous sources, including the presence of multiple isomers and
Franck-Condon activity associated with geometrical changes
induced by electronic excitation, which is particularly important for the π -stacked clusters that display very low frequency
intermolecular vibrations.

J. Chem. Phys. 137, 184307 (2012)

cant FC activity is predicted in low frequency intermolecular
modes of the complex.
For the trimer, six representative structures were found,
displaying a combination of π -stacking and CH/π interactions. The calculated TDDFT spectra of these trimers are similar to those obtained for the dimers, consistent with the similarity of the experimental spectra for these clusters. Overall,
our results show that the spectral broadening arises in large
part from inhomogeneous sources, including the presence of
multiple isomers and Franck-Condon activity associated with
geometrical changes induced by electronic excitation. The latter is particularly important for the π -stacked structures, due
to the presence of low frequency intermolecular modes.
Building upon these studies, a variety of additional
experiments would aid in understanding the properties of
the chlorobenzene clusters. Hole-burning experiments would
help identify the spectral features associated with different ground state structures, while higher resolution massanalyzed threshold ionization, MATI, or ZEKE spectroscopic
methods are also attractive for application to this system. Finally, R2C2PI experiments with two tunable sources are attractive for probing the isomer dependence of the ionization
potential, and unraveling contributions in the spectra from different isomers.
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IV. CONCLUSIONS

Motivated by a desire to examine competitive noncovalent interactions in a prototypical system, we have examined the chlorobenzene monomer and clusters (Clbz)n with
n = 2-4 using R2PI spectroscopy in concert with electronic
structure calculations. The R2PI spectra of the clusters, obtained in the origin region of the S0 –S1 (π π *) state of the
monomer, show a broad spectrum whose center is redshifted
from the monomer absorption, and which is similar for all
cluster sizes examined. These observations are explained with
the aid of electronic structure calculations. For the dimer, calculations find five minimum energy structures, four π -stacked
and one T-shaped structure bound through CH/π interaction.
The calculated TDDFT spectra show that these isomers absorb over a broad range, and, in agreement with experiment,
the calculated absorptions are redshifted with respect to the
monomer transition. Due to the significant geometry change
in the two electronic states, where electronic excitation induces a transition from a parallel displaced to sandwich structure with a reduced separation of the two monomers, signifi-
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