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ABSTRACT: The anion-π bond has emerged as an important 
non-valence interaction in supramolecular and biological structure. 
Although recognized as a strong non-covalent interaction, driven 
by electrostatic charge-quadrupole moment and correlation interac-
tions, benchmark experimental and computational studies on the 
intrinsic anion-π bond strength are scarce. Here, we present a gas-
phase photoelectron spectroscopic study on the archetypical iodide-
hexafluorobenzene anion-π bonded complex. In combination with 
high-level electronic structure calculations, the anion-π bond 
strength is found to be 0.53 eV (51 kJ mol−1). The interaction arises 
for a large part from correlation forces (~40%), with electrostatic 
quadrupole-anion and polarization making up most of the remain-
der. 

Noncovalent interactions are a deterministic component of mac-
romolecular and condensed phase structure. They include bonds 
such as hydrogen bonds, halogen bonds, π-π stacking interactions, 
and cation-π bonds.1–6 The full exploitation of noncovalent bonds 
in chemical design and reactivity is underpinned by a basic physical 
understanding of such interactions, much of which has been built 
upon careful spectroscopic measurements on isolated (gas phase) 
systems that serve as benchmarks for theoretical models. A rela-
tively new addition to the family of noncovalent interactions is the 
anion-π bond. First predicted theoretically,7–9 the interaction arises 
between an electron deficient π-system and an anion. The anion-π 
bond is now recognized and exploited as a key interaction in anion-
recognition and supramolecular chemistry.10–20 However, while the 
exploitation of anion-π bonds is a rapidly growing field, the basic 
chemical physics of the interaction is not fully developed, which is 
in large part due to the lack of direct spectroscopic data on the an-
ion-π bond.14,21 Here, we fill this void by using photoelectron spec-
troscopy in combination with electronic structure calculations to 
determine the interaction strength of the archetypical anion-π 
bonded complex, iodide-hexafluorobenzene (I−·C6F6). 

Cation-π bonds arise from the electrostatic quadrupole-charge 
interaction of an electron rich π-system with a cation.22,23 The elec-
trostatic attraction between an anion and a π-system can be 
achieved by the addition of electron-withdrawing substituents that 
lead to a positive quadrupole moment along the axis perpendicular 
to the π-system, Qzz.24 As in the case of the cation-π bond, correla-
tion forces play an important role.25 However, quantitative analysis 
of the relative importance of these forces requires experimental 
data that is devoid of other interactions. Isolated anion-π complexes 
have been studied by mass spectrometry,12,26 providing qualitative 
information. Recently, Wang and coworkers performed photoelec-
tron spectroscopy on a series of anions complexed to the π-system, 
tetraoxacalix[2]arene[2]triazine.27 This revealed a large increase in 
the anion’s electron binding energy when complexed, indicating 
that a strong cohesion energy between the two. However, a detailed 
analysis of the bond strength was not attempted. Here, such an 

analysis is provided on I−·C6F6, which was chosen not only as a 
benchmark anion-π bonded complex, but also because it is free 
from any other noncovalent interactions.  

Experimentally, I− was condensed onto C6F6 using a molecular 
beam source.28,29 A mixture of CF3I and Ar (4 bar) was passed over 
liquid C6F6 and expanded into vacuum through a pulsed valve. The 
resultant expansion was crossed by an electron beam forming I− by 
dissociative electron attachment to CF3I, which subsequently clus-
tered to C6F6 in the supersonic expansion to form I−·C6F6. The 
I−·C6F6 complexes were mass-selected by time-of-flight and inter-
sected with light from a tunable Nd:YAG pumped OPO. Resultant 
photoelectrons were analyzed using a velocity map imaging spec-
trometer,30,31 which was calibrated to the photoelectron spectrum 
of I−. The molecular beam source ensures that the complex is cold 
(on the order of 10s K).  

The I−·C6F6 complex was also treated computationally using 
equation-of-motion coupled cluster theory EOM-IP-CCSD(dT) 
with the Dunning aug-cc-pVDZ basis set.32,33 The complex was op-
timized and verified to be the minimum energy structure by vibra-
tional analysis. All calculations employed the frozen-core approxi-
mation and were carried out using the QChem 5.0 computational 
package.34 A rigid potential energy scan was calculated at this level 
of theory by changing the distance between the I− and the center of 
the C6F6 ring.  Additionally, an energy decomposition analysis 
(EDA) based on absolutely localized molecular orbitals (ALMO)35 
was performed to determine the contributions to the self-consistent 
field (SCF) energy of the complex. 

Figure 1 shows the photoelectron spectra of I− and I−·C6F6 taken 
with photon energy of 4.40 and 4.80 eV, respectively, so that both 
peaks have similar electron kinetic energies. The spectra are plotted 
in electron binding energy (eBE = photon energy minus electron 
kinetic energy) and clearly show that there is a blue-shift in the eBE 
of I−·C6F6 relative to I−. From Figure 1, this shift, ∆eBE = 0.42 ± 
0.02 eV. Additionally, both spectra have essentially the same spec-
tral profile.  

The similarity between the I− and I−·C6F6 spectra suggest that the 
charge is predominantly located on the iodide with the C6F6 simply 
solvating this anion.28 Therefore, to a first approximation, ∆eBE 
can be assigned to the cohesion energy of the anionic complex – 
i.e. the anion-π bond. However, this ignores the final (neutral) state, 
where the I·C6F6 interaction is not negligible. Hence, ab-initio elec-
tronic structure calculations are essential to also assess neutral po-
tential energy surface (PES) and to determine an accurate anion-π 
bond strength. 
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Figure 1: Photoelectron spectra of I− and I−·C6F6 taken at 4.40 and 
4.80 eV, respectively. The vertical dashed lines indicate the peak 
positions, which are separated by 0.42 eV. 

 

Figure 2(a) shows the minimum energy geometry of the I−·C6F6 
complex. The I− resides above the C6F6 ring at a distance of 3.69 
Å. The charge is almost exclusively on the iodide, as was also in-
ferred from the experimental photoelectron spectra. To map the 
PES, the distance between the centroid of the ring and I−, R, was 
varied and the resulting energy calculated. The result of such a scan 
is shown in Figure 2(b) and (c) for the neutral and anionic com-
plexes, respectively. As R → ∞, the difference between the neutral 
and anion PES is simply the electron affinity of I. Our calculations 
yield an energy difference of 3.13 eV (at R = 30 Å), very close to 
the known electron affinity, 3.06 eV. We have shifted the neutral 
surface so that it reproduces the correct value. All energies in Fig-
ure 2 are referenced to the minimum of the anion PES.  

Figure 2(b) and (c) also includes fits to a Leonard-Jones poten-
tial, VLJ, of the from: 

 

VLJ(R) = De [(R0/R)2n – 2(R0/R)n], 

 

where ε is the dissociation energy, R0 is the internuclear distance at 
the minimum of the curve, and n is an index that provides a physical 
description of the interaction. The overall fit to the calculated ener-
gies for the anion is excellent. Deviations at small R arise because 
of the (well-known) incorrect description of the repulsive compo-
nent in VLJ(R). For the anion-π bond, the Leonard-Jones parameters 
are: De = 0.53 eV, R0 = 3.56 Å; and n = 3.34. If the interaction were 
purely electrostatic charge-quadrupole in nature, then one would 
expect that n =3 (i.e. R−3 long-range dependence). The fitted R0 
value is some way off the equilibrium 3.69 Å distance calculated in 
Figure 2(a). However, the potential is relatively flat and the energy 
difference at R = 3.45 Å and 3.69 Å is only 2.5 meV. 

The fit of the computed neutral PES to VLJ(R) is slightly poorer 
(see Figure 2(b)), but we nevertheless included this to enable com-
parison. The Leonard-Jones parameters for the neutral complex are 
De = 0.13 eV, R0 = 3.76 Å; and n = 4.35. The larger value for n is 
consistent with the loss of the charge.  

Figure 2: (a) Minimum energy structure of I−·C6F6 and potential 
energy curves for (b) I·C6F6 and (c) I−·C6F6 as a function of separa-
tion between the I and the center of the C6F6 ring. The solid lines 

in (b) and (c) are Leonard-Jones potential energy functions with 
parameters defined in the text. 

 

Interestingly, although the interaction in neutral complex is signif-
icantly weaker than in the anion, R0 has not changed by a large 
amount, especially given the flatness of the PES. 

In photoelectron spectroscopy, it is the vertical difference in en-
ergy from the anion minimum to the neutral that is measured. From 
Figure 2, the computed energy difference at R0 = 3.56 Å is 0.40 eV, 
in excellent agreement with the measured ∆eBE = 0.42 ± 0.02 eV. 
We thus conclude that the calculated PES for the anion and neutral 
are representative of the complexes and that the calculated anion 
PES describes the anion-π bond accurately. The anion-π bond dis-
sociation, De = 0.53 eV (51 kJ mol−1). It is not possible to determine 
an accurate error for this value because it is in part derived from the 
computational work. However, given the overall agreement 
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between experiment and theory, the uncertainty is likely to be less 
than ± 0.03 eV.  

 

Figure 3: Contributions to the calculated total energy from the SCF 
and correlation energies. The SCF energy is further decomposed 
into contributions from electrostatic, polarization and charge-trans-
fer interactions. The points indicate the decomposed energies at the 
calculated minimum energy geometry. The grey area indicates re-
gions of attractive interactions. 

 

In arriving at the anion-π bond strength, a number of assumptions 
have been made. It is assumed that R is a unique coordinate and 
ignores the associated angular (i.e. bend) motion. However, the 
PES overall is very flat in this region and therefore, such motion is 
not likely to have a large impact on the result. We have also ignored 
the zero-point energy contribution of the anion-π bond. A particu-
larly useful aspect of VLJ(R) is that the harmonic frequency of the 
vibration can be defined based on the parameters: 

 

νe = (n/2πR0)(De/µ)1/2, 

 

where µ is the reduced mass of I−·C6F6. The (harmonic) zero-point 
energy of the anion-π bond vibration is 2.5 meV (20 cm−1). Hence, 
the correction to ∆eBE is very small. A further approximation made 
is that we have simply used the difference in energies between the 
PESs at the anion geometry and not calculated the Franck-Condon 
factors. However, given the relative flatness of the PESs, this also 
does not introduce a large error. By inspection of the anion PES, 
the turning points for the v = 0 level are at R ~ 3.48 and 3.63 Å. 
Vertical projection from these points to the neutral PES results in 
changes in the observable ∆eBE of less than 0.01 eV. This insensi-
tivity also accounts for similarity in width of the photoelectron 
spectra of I− and I−·C6F6.  

Our results highlight that the key physical interactions are well-
accounted for by the calculations. The calculations now also allow 
us to disentangle the dominant contributions to the total binding 
energy. In Figure 3, we show an analysis of the main contributions 
to the anion-π bond. The SCF energy can be further decomposed 
into electrostatic, polarization and charge-transfer interactions us-
ing the ALMO-EDA approach. At the minimum energy geometry, 
the SCF binding is 0.31 eV, of which 0.12 eV is electrostatic, and 
0.15 eV is due to polarization interactions (a further 0.04 from de-
localization/charge-transfer). The purely electrostatic interaction 

arises between the negative charge localized on I− and the positive 
quadrupole-moment of C6F6 (Qzz = +9.50 B). In terms of overall 
contributions to the total anion-π binding, the relative ratio of elec-
trostatic:polarization:correlation is 23:28:41 (at the calculated min-
imum energy geometry). Hence, while the positive quadrupole is 
an important driver for the anion-π bond, the correlation energy is 
the dominant contributor, accounting for ~40% of the total anion-π 
bond strength. Correlation has been recognized as a key component 
to the interaction (even for electron binding28,36,37), but without 
spectroscopic data, the relative contribution has become a source 
of debate.38 

Many previous experimental studies have focused on unravelling 
the interplay of anion-π and other non-covalent interactions in the 
binding of anions to π-rich molecules, partly because it is often dif-
ficult to study pure anion-π complexes.39 However, the anion-π 
bond as measured here is strong in its own right. We note that mol-
ecules with much larger Qzz have been synthesized and with large 
π-systems for which electrostatic, polarization and correlation in-
teraction will be even larger.40 Also, the identity of the anion is im-
portant. For halides complexed to C6F6, computational studies have 
shown that the bond strength decreases with halide size so that the 
anion-π in I−·C6F6 may be expected to be the weakest in the halide 
series.7,41 

In conclusion, we have determined the anion-π bond dissociation 
energy in I−·C6F6 to be 0.53 eV (51 kJ mol−1) using a combination 
of anion photoelectron spectroscopy and high-level electronic 
structure theory. The bond has a ~40% correlation interaction con-
tribution with the remaining arising from the electrostatic quadru-
pole-charge interaction (~20%) and polarization (~30%). To the 
best of our knowledge, this presents the first rigorous spectroscopic 
determination of an anion-π bond energy. The strength of the inter-
action suggests that anion-π bonds are important non-covalent in-
teractions, even though they are often observed in competition with 
other non-covalent interactions. The use of anion photoelectron 
spectroscopy coupled with accurate electronic structure calcula-
tions is applicable to a wide host of anion-π bonded complexes and 
paves the way to studying how competing effects alter the anion-π 
bond. 
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