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ABSTRACT: The variations in the nature and properties of the
anion−π complexes with different types of anions are identified via
experimental (UV−vis and X-ray crystallographic) measurements
and computational analysis of the associations of tetracyanopyr-
azine, tetrafluoro-, or dichlorodicyano-p-benzoquinone. Co-crystals
of these π-acceptors with the salts of fluoro- and oxoanions (PF6−,
BF4−, CF3SO3

−, or ClO4
−) comprised anion−π bonded alternating

chains or 1:2 complexes showing interatomic contacts of up to
15% shorter than the van der Waals separations. DFT
computations confirmed that binding energies between the neutral
π-acceptors and polyatomic noncoordinating oxo- and fluoroanions are comparable to those in the previously reported anion−π
complexes with more nucleophilic halides. Yet, while the latter show distinct charge-transfer bands in the UV−vis range, the
absorption spectra of the solutions containing oxo- and fluoroanions and the π-acceptors were close to those of the individual
reactants. The natural bond orbital (NBO) analysis revealed a very small charge transfer of Δq = 0.01−0.02 e in the complexes with
oxo- or fluoroanions as compared to the Δq = 0.05−0.22 e found for analogous complexes with halides. These distinctions were
related to the smaller frontier orbital energy gap and better overlap in the complexes with halides (since the highest occupied orbitals
of these monoatomic anions are closer in energy to the lowest unoccupied orbitals of the π-acceptors) as compared to that in the
multicenter-bonded associations with polyatomic oxo- and fluoroanions. In accordance with these data, the energy decomposition
analysis showed that while the complexes of neutral π-acceptors with the fluoro- and oxoanions are formed predominantly via
electrostatic interaction, the associations with halides comprised significant orbital (charge-transfer) interactions and they explain
their spectral and structural features.

1. INTRODUCTION
During the last two decades, the studies of anion−π interaction
advanced from the discovery of the computational evidence of
the attraction of anions to electron-deficient π-systems1−3 to its
experimental observations and utilizations for anion recog-
nition and transport, crystal engineering, and catalysis.4−10

Most commonly, this interaction is related to the attraction of
anions to the area of the positive electrostatic potential on the
surface of π-systems perpendicular to its molecular framework,
referred to as π-holes.11 However, a few computational
investigations brought about arguments that it is related to
the interaction of anions with the electronegative substituents
in the aromatic ring12,13 or that it should be called anion−σ
interaction.14 There were also indications of the charge-
transfer character or multicenter covalency of the anion−π
bonding.15−20 Indeed, an analysis of the X-ray crystallographic
(solid-state) data revealed drastic variations in the modes of
the anion−π bonding ranging from η6 interaction of anions
located over the center of the aromatic ring to their η1 binding
with one of the atoms of the π-acceptor.9,17 Also, an addition
of halides to the solutions of π-acceptors frequently resulted in

the change of color of the mixtures, suggesting a substantial
role of charge-transfer (molecular orbital) interactions in the
formation of anion−π complexes in such systems.18−21 While a
similar change of color was found in the analogous systems
with thiocyanate, nitrate, and iodometallates,16,22 no such
effects were observed with many other polyatomic anions (e.g.,
hexafluorophosphate or anionic metal-halide complexes).22−25

The diverse structural and spectral features of the anion−π
complexes (related to the wide variations of the properties of
the anions and π-systems) suggest the possibility of substantial
differences in the nature of their interactions.16

While the nature of anion−π bonding and its major
components were explored in a number of the earlier
studies,1−3,12−15,26−31 the distinctions related to the variation
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of anions in such systems are still inconclusive. For example, a
recent extensive energy decomposition analysis revealed
variations in the strength of interaction and contributions of
electrostatics and London dispersion components in a number
of the complexes of different anions with heterocalixarene of
cyclophane-based π-receptors.30 The multicenter bonding in
such systems is well-suited for molecular recognition.7,24 The
strengths of the interaction of the complexes of such
macrocyclic hosts were governed, however, mostly by the
structural fit of the anions to the cavity of the receptors.
To clarify the distinctions, if any, in the nature of the

bonding involving different anions, we analyze in the current
work anion−π complexes of tetracyanopyrazine, tetrafluoro-,
and dichlorodicyano-p-benzoquinones (which are shown
together with their acronyms in Chart 1) with the fluoro-
and oxoanions (PF6−, BF4−

, CF3SO3
−, and ClO4

−) and
compared their properties with those of the similar associations
with halides.

The molecules in Chart 1 are strong electron acceptors with
reduction potentials of −0.20, 0.02, and 0.56 V vs SCE for
TCP, FA, and DDQ, respectively.20,32 The literature data
indicated the propensity of these neutral π-acceptors to
binding (pseudo)-halides, metal halides, and other
anions.18,20,21,33,34 In particular, the study of complexes of
TCP with halide (Cl−, Br−, and I−) anions provided evidence
of anion−π bonding in solution and the solid state.18 The
Mulliken dependence of the energy of the absorption bands,
which was observed for the complexes of TCP and p-
benzoquinones with (pseudo-)halides suggested the charge
transfer nature of such associations.16,18 In the systems in
which the strongest π-acceptors (e.g., DDQ) were combined
with the I− or Br− anions (which are rather strong electron
donors), the formation of the charge-transfer complexes was
followed by electron transfer.20

In contrast to halides, the fluoro- and oxoanions are
noncoordinating polyatomic species. They are very weak
bases and poor nucleophiles and reducing agents. As such, they
are frequently used as the anionic parts of the supporting
electrolytes providing a supposedly inert environment for the
measurements of the reactions of ionic species. Yet, utilization
of the Bu4NPF6 salt for the study of the salt effects in anion−π
interactions indicated comparable strengths of the bonding of
PF6− and halide anions with p-benzoquinone derivatives.35 The
literature also contains reports on anion−π bonding of fluoro-
or oxoanions with polydentate receptors or tetrazine
derivatives, which were studied in presence of halide anions.31

However, there are essentially no data about similarities and
differences, if any, in nature and properties of anion−π
complexes of these polyatomic weakly coordinating anions as
compared to analogous associations involving more nucleo-
philic monoatomic halides. As such, in the current work, we
establish structural, spectral, and thermodynamic features of
the complexes of BF4−, PF6−, CF3SO3

−, and ClO4
− anions with

TCP, FA, and DDQ π-acceptors. These experimental measure-

ments are followed by the computational analysis of the
bonding in such associations side by side with their analogs
formed by the same π-acceptors with halide anions. The
distinctive characteristics of halides vs fluoro- and oxoanions
suggest that the comparison of their anion−π complexes will
assist in establishing components of anion−π bonding and will
provide insight into the nature of such interactions. In
addition, the study of the complexes of π-acceptors in Chart
1 will allow examining distinctions (if any) and trends in
anion−π bonding related to the variation of the nature
(aromatic and benzoquinone) and electron-acceptor strength
of the π-acceptors.

2. METHODS
Tetrafluoro-p-benzoquinone, dichlorodicyano-p-benzoqui-
none, tetracyanopyrazine, and tetraalkylammonium salts of
halides, hexafluorophosphate, tetrafluoroborate, triflate, and
perchlorate were purified by recrystallization. [K(crp)]PF6 and
[K(crp)]BF4 (crp = [2.2.2]cryptand) were prepared by
interaction of KPF6 or KBF4 with crp in methanol; Pr4NPF6
was prepared by the neutralization of a solution of Pr4NOH
with HPF6. Dichloromethane and acetonitrile were distilled
over P2O5 under an argon atmosphere.
Single crystals of (Pr4N)PF6·DDQ, (Pr4N)BF4·DDQ,

(Bu4N)CF3SO3·DDQ, (Pr4N)ClO4·DDQ, (Pr4N)PF6·FA,
(Pr4N)BF4·FA, (Pr4N)ClO4·FA, [K(crp)]PF6·TCP and [K-
(crp)]BF4·TCP were prepared by cooling acetonitrile solutions
containing equimolar quantities of the corresponding π-
acceptor and the salt from room temperature to −30 °C.
The X-ray measurements were carried out on a Bruker AXS D8
Quest diffractometer with a molybdenum radiation X-ray tube
(λ = 0.71073 Å). Reflections were indexed and processed, and
the files were scaled and corrected for absorption using
APEX3.36 The structures were solved by direct methods using
XPREP within the SHELXTL suite of programs and refined by
full-matrix least-squares against F2 with all reflections using
Shelxl2016 with the graphical interface Shelxle.37−39 Crystallo-
graphic, data collection, and structure refinement details are
listed in Table S1 in the ESI. Complete crystallographic data,
in CIF format, have been deposited with the Cambridge
Crystallographic Data Centre. CCDC 2256203−2256211
contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.
ccdc.cam.ac.uk/data_request/cif.
The formation of complexes between anions and π-acceptors

was studied at 22 °C via UV−vis measurements of the series of
solutions with constant (2−10 mM) concentrations of a π-
acceptor and variable concentrations (from 0 to 0.4 M) of
anions. The effective formation constants, Keff, were obtained
via regression analysis of the differential intensities of
absorption, ΔAbs (obtained by the subtraction of absorption
of components from the absorption of their mixtures), for
these series as described earlier (see the Supporting
Information for details).35

Geometries of the complexes were optimized without
constraints via M062X/def2tzvpp calculations using the
Gaussian 09 suite of programs.40−42 For comparison with the
experimental measurements, calculations were done in
dichloromethane using a polarizable continuum model.43

The absence of imaginary frequencies confirmed that the
optimized structures represent true minima. An earlier analysis
demonstrated that intermolecular associations are well-
modeled using this method.44 The M062X functional provided

Chart 1. Structures and Acronyms of the π-Acceptors
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the most reliable results among several density functionals in
the analysis of anion−π interactions.45 The def2tzvpp basis set
does not include a diffuse function since previous analysis
demonstrated that very similar results were obtained in the
modeling of noncovalent interactions involving anions with the
triple-ζ basis sets with and without diffuse functions.46 Our
previous studies also showed that M062X/def2tzvpp calcu-
lations reproduced well experimental features of the anion−π
complexes.16,20 Binding energies, ΔEb were determined as:
ΔEb = EC − (EA + EX), where EC, EA, and EX are sums of the
electronic and ZPE of the optimized complex, π-acceptor, and
anion. Since the formation of the complex is accompanied by
distortion of the reactants, the binding energy represents a
combination of preparation (distortion) energy, Eprep, and
interaction energy between distorted fragments, ΔEint. UV−vis
spectra were obtained via TD-DFT calculations, and charge
transfer values, Δq, were estimated via natural bond orbital
(NBO) calculations.47 Quantum theory of atoms in molecules
(QTAIM)48,49 and noncovalent indices (NCI)50 analyses were
performed with Multiwfn and visualized using VMD
programs.51,52 (The NCI setting was: isovalue = 0.5, color-
coded with sgn(λ2)ρ in the range from −0.04 a.u. (blue, strong
attractive interaction) to 0.02 a.u. (red, strong nonbonded
overlap). Energy decomposition analyses (EDA) were carried
out using the Amsterdam density functional (ADF) of the
Amsterdam Modeling Suite53−55 via single-point calculations
with the B3LYP-D3 functional (since it allowed evaluation of
the dispersion component of the interaction energy) and the
TZ2P basis set available in AMS using atomic coordinates of
the complexes optimized as described above (EDA analysis
with the PB86-B3(BJ) functional produced similar results).

3. RESULTS AND DISCUSSION
3.1. X-ray Structural Analysis of the Anion−π

Associations. A strong tendency of DDQ, FA, or TCP to
bind fluoro- and oxoanions was first established via X-ray
structural studies of their associations in the solid state. Indeed,
slow cooling of the solutions containing equimolar quantities
of any of these π-acceptors and a salt of the PF6−, BF4−, ClO4

−,
or CF3SO3

− anion with bulky tetraalkylammonium or
cryptand-encapsulated potassium cations resulted in the
formation of crystals comprising both these components. X-
ray structural analysis showed that these co-crystals contained,
in most cases, one-dimensional (1D) stacks of the π-acceptors
alternately interspersed with the π-bonded anions, as illustrated
in Figure 1 and Figures S1−S5 in the Supporting Information.
Similar to the reported earlier stacks formed by TCP with

planar or tetrahedral halometallate anions,22−24 these chains
show parallel arrangements of every other π-acceptor, which
were somewhat tilted relative to the normal plane of the
vertical axes of the 1D associations. Within the latter, anions
were nested between the planes of the π-acceptors, and several
interatomic contacts between neighbors were shorter than
their van der Waals separations. The anions were well
separated from the bulky tetraalkylammonium counter-ions
(Figures S1−S5 in the Supporting Information). The only
exception was observed in the co-crystals of TCP with
[K(cryptand)]PF6, in which PF6− anions were coordinated
to potassium cation (Figure 1B). Yet, the general arrangements
of the anions and π-acceptors in these π-bonded alternating
chains were similar to those observed in the 1:1 crystals with
tetraalkylammonium counter-ions.

Besides 1D chains, co-crystallization of FA with Pr4NClO4
or Pr4NBF4 produced discrete 1:2 complexes as illustrated in
Figure 2. The π-acceptors in these associations also show

several contacts shorter than the van der Waals separations
with both their anionic counterparts. The characteristics of the
closest contacts between the anions and π-acceptors are listed
in Table 1.
The consistent formations of co-crystals between DDQ, FA,

and TCP molecules and ionic salts of oxo- and fluoroanions
showing close contacts between anions and neutral π-acceptors
indicated a strong interaction between these species. These
facile co-crystallizations were analogous to those observed with
the halide salts.18,20 All these associations comprised multiple
interatomic contacts with the distances between neighboring
anions and π-acceptors dX···C, which were noticeably shorter
than the sum of the corresponding van der Waals radii, rX + rC.

Figure 1. Segments of the 1D anion/π-acceptor stacks in the co-
crystals of (A) DDQ with (Pr4N)PF6 (the counter-ions are not
shown, for clarity) and (B) TCP with [K(crp) ]PF6. Light blue lines
show intermolecular contacts, which are shorter than the van der
Waals separations. Atom color code: white, hydrogen; gray, carbon;
red, oxygen; blue, nitrogen; green, chlorine; orange, phosphorus;
chartreuse, fluorine.

Figure 2. X-ray structures of 1:2 complexes of FA with BF4− (A) and
ClO4 (B) anions (color code is the same as in Figure 1).
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Specifically, the RXC = dX···C /(rX + rC) values (which reflect, at
least semi-quantitatively, the strength of the intermolecular
interactions) for the associations with the fluoro- and
oxoanions were in the 0.84−0.93 range. These values are
similar to those in the previously reported associations of the
same π-acceptors with the halide anions.18,20 To compare
thermodynamics and spectral properties of these complexes,
we carried out UV−vis spectral measurements, as follows.
3.2. UV−vis Measurements of the Association of π-

Acceptors with Fluoro- and Oxoanions. In agreement
with the reported data,18,20 addition of a salt of Cl−, Br− or I−
anions to the solution of any of the π-acceptors under study in
dichloromethane resulted in the appearance of new intense
absorption bands in the UV−vis spectrum (Figure 3A).

The intensities of the new absorption bands were well fit by
the 1:1 binding isotherm (insert in Figure 3A) corresponding
to equilibrium in eq 1:

A X A X+ ·V (1)

where X − is an anion and A is a π-acceptor. Such a fit
produced ef fective formation constants of the complexes, Keff,
and extinction coefficients of the anion−π complexes (see
Table S2 Supporting Information for details). In contrast to
the halide anions, the UV−vis spectra of the solutions

containing a π-acceptor and fluoro- or oxoanions seemed, at
first glance, the same as that of the individual molecule (Figure
3B and Figures S6−S10 in the Supporting Information).
Scrutiny of the spectra of the solutions containing oxo- or
fluoroanions revealed, however, that the absorption bands of
the π-acceptors were somewhat shifted or their shapes were
slightly changed. For example, the intensity of the absorption
in Figure 3B was decreasing in the 270−280 nm range with the
increase of the concentration of BF4− anions in solution
(Figure S6 in the Supporting Information). Analogous small
increases or decreases of the absorption intensities in various
spectral regions with the increase of concentration of oxo- or
fluoroanions were observed for the solutions of TCP and DDQ
(Figures S7−S10 in the Supporting Information). Similar to
the solutions with halides, the differential absorptions, ΔAbs
(obtained by the subtraction of the absorption of FA from the
spectra of their mixtures) in the series of solutions with varied
concentrations of anions were well fit by the 1:1 binding
isotherms (insert in Figure 3B and Figures S7−S9 in the
Supporting Information). Treatment of the data at different
wavelengths produced consistent Keff values for each anion/π-
acceptor pair (Table S2 in the Supporting Information). It
should be stressed, however, that these Keff values were
obtained using absorption data for the series of solutions with
variable ionic strength (due to the variations in the
concentration of anions). As such, the Keff do not represent
the true equilibrium constants (note that an addition of any
other salts to maintain a constant ionic strength would
introduce anions competing for the interaction with the π-
acceptor, which would distort the resulting values of the
formation constants). Still, the Keff values obtained under
analogous conditions can be used for the comparison of the
tendency of the different anion/π-acceptor pairs to form
anion−π complexes. Specifically, the Keff values obtained for
the complexes with oxo- and fluoroanions were in the same
range (for the complexes with TCP or FA) as those obtained
under the same conditions for the complexes with the halides.
Thus, it indicated that the anion−π bonding between neutral
π-acceptors and fluoro- and oxoanions is characterized by
comparable strengths to that reported earlier for complexes
with halides. Overall, the UV−vis measurements showed that
thermodynamic characteristics of the complexes of the π-
acceptors with fluoro-and oxoanions were, in general,
comparable to those of the associations with halides. The
spectral features of the complexes with these polyatomic and
monoatomic anions were, however, quite different. To clarify
the distinctions, if any, in the driving forces of the anion−π
bonding with these two distinct types of anions, we turned to a
computational analysis of these complexes.

3.3. Computational Analysis of the Anion−π Com-
plexes: Spectra and Thermodynamics. Geometries of the
complexes that resulted from the optimization of the anion−π
complexes with halides, fluoro-, and oxoanions are illustrated
in Figure 4 and Figure S11 in the Supporting Information.
In agreement with the reported X-ray structural data,58

halides are located over the periphery of the π-acceptor rings in
their optimized complexes. In particular, these monoatomic
anions are positioned almost atop the carbonyl carbons of
DDQ and FA or over the center of the C−C-carbon bonds of
TCP (Figure 4 and Figure S10 in the Supporting Information).
In comparison, the fluoro- and oxoanions are located closer to
the center of the rings of the π-acceptors. In all these
complexes, the distances between anions and one or several (in

Table 1. Characteristics of the Solid-State associationsa

acceptor anion type contacts dX···C, Å
b RXC

b

DDQ PF6− 1:1 chains C···F 2.866 0.90
DDQ BF4− 1:1 chains C···F 2.849 0.90
DDQ CF3SO3

−c 1:1 chains C···O 2.766 0.86
DDQ ClO4

−d 1:1 chains C···O 2.713 0.84
FA PF6− 1:1 chains C···F 2.919 0.92
FA BF4− 2:1 complex C···F 2.922 0.92
FA ClO4

− 2:1 complex C···O 2.992 0.93
TCP PF6−e 1:1 chains C···F 2.958 0.93
TCP BF4−e 1:1 chainsf -f -f -f

aWith Pr4N+, if not noted otherwise. bShortest contact, RXC = dX···C/
(rX + rC), where rX and rC are van der Waals radii.56 cWith Bu4N+.
dWith Bu4N+.57 Note that co-crystals of DDQ with (Pr4N)ClO4,
which were prepared in the current work showed disordered anions
(see Figure S2 in the Supporting Information). eWith [K(cryptand)]+
counter-ions. fDisordered anions and TCP moieties.

Figure 3. (A) UV−vis spectra (purple lines) of the solutions with
constant concentration (10 mM) of FA and variable concentrations of
Cl− anions (from 20 to 200 mM). A spectrum of the individual FA is
shown as a blue dashed line. (B) Overlapping UV−vis spectra of the
solutions containing 10 mM of FA and various concentrations of BF4−

(from 0 to 200 mM). Inserts: Fit of the differential absorptions at 380
(A) and 275 nm (B) to 1:1 binding isotherm.
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the complexes with polyatomic anions) carbons of the rings are
shorter than the sum of the corresponding van der Waals radii
(Table S3 in the Supporting Information).
QTAIM analysis48,49 of the complexes with halides

confirmed the presence of one bond path and one (3,−1)
critical bond point (BCP) between the anion and π-acceptor.
In comparison, the complexes with the fluoro- and oxoanions
showed multiple bond paths (and the corresponding BCPs)
between counterparts. NCI analysis50 confirmed the distinc-
tion between the single-point and multicenter interactions
between π-acceptors and halide vs fluoro-/oxoanions,
respectively (vide inf ra, also see previous work on the
multicenter anion−π interaction15). As illustrated in Figure
4, NCI representations of the complexes show green areas
(indicating attractive interaction between anions and π-
acceptors) around each bond path and BCPs obtained from
the QTAIM analysis.
The binding energies in the complexes with the oxo- and

fluoroanions are comparable to that in the complexes with
halides (Figure 5, see numerical values in Table S3 in the
Supporting Information).
The interaction energies of each acceptor with all anions

vary within the rather narrow range of about 4 kcal/mol, and
the strength of the interaction with each anion increases from
FA to TCP and DDQ. Following similar interaction energies,
the RXC values for the shortest interatomic contact in the
complexes with the polyatomic anions are also close to those in

complexes with halides (Figure 5). In complexes with each
acceptor, RXC values are decreasing in the order I > Br > Cl,
and the values for the contacts of polyatomic anions are close
to those with the intermediate complexes with bromide.
While thermodynamic and structural characteristics in

Figure 5 point to a similar strength of the anion−π bonding
in the complexes with the polyatomic and monoatomic anions,
the TD DFT calculations produced distinct UV−vis spectral
features for these associations. Following the experimental
data, the spectra of the complexes with the fluoro- and
oxoanions were within 0.1−0.2 eV (Table 2) of those of the

corresponding individual π-acceptor (the wavelength and
extinction coefficients for all complexes and π-acceptors are
listed in the Table S4 in the Supporting Information). In
comparison, the calculated spectra of the complexes with
halides comprise absorption bands with noticeably lower
energies than the absorption bands of the corresponding π-
acceptor, and the main component of the lowest-energy
excited state involved a transition from the highest occupied
molecular orbital (HOMO) of halide to the lowest unoccupied
orbital (LUMO) of the acceptor. In agreement with the
experimental data,16,18 the energy of these bands in the
complexes of the same π-acceptors decrease in the order Cl >
Br > I. According to the Mulliken charge-transfer theory, it
follows the increase of the energies of the HOMOs of the
halides.20,59 (Similar order of the absorption band energies was
observed in halogen-bonded complexes of halide anions.60 )
Besides the appearance of the diagnostic absorption band,

the formation of charge-transfer complexes is accompanied by
the partial ground-state charge transfer from donor to acceptor
related to their molecular−orbital interaction.59 Indeed, the
NBO analysis showed that complexes with halides are
characterized by a value of charge-transfer, Δq, from anions
to the π-acceptors in the range 0.05e−0.22e, and the values of
Δq are highest in the complexes with DDQ, which is the
strongest electron acceptor. The corresponding values
calculated for the complexes with oxo- and fluoroanions are
an order of magnitude lower (Table 2). These distinctions are
apparently related to the differences in the energies and shapes
of the molecular orbitals. In the framework of NBO, the
stabilization (charge-transfer) energy, ECT, is related to the
interaction of the filled bonding orbital of the donor with the
antibonding orbital of the acceptor. It can be approximated by
second-order perturbative approach as ECT = 2F(i,j)2/(εj − εi),
where εi and εj are diagonal elements (energies of the
interacting donor, i, and acceptor, j, orbitals), and F(i,j) is the

Figure 4. Superposition of the results of QTAIM and NCI analyses
onto the optimized structures of TCP•I− (A), FA•Cl− (B),
TCP•BF4− (C) TCP•ClO4

− (D), FA•PF6− (E), and DDQ•CF3SO3
−

(F). The bond paths and critical (3, −1) points (from QTAIM) are
shown as orange lines and spheres, and blue-green areas (from NCI)
indicate bonding interactions; the atom color code is the same as in
Figure 1.

Figure 5. Variations of the ΔEb (red circles) and RXC values (green
squares) in the anion−π complexes. Filled and open symbols
represent pairs with halides and fluoro-/oxoanions, respectively.

Table 2. Energies of Absorption Bands Maxima (hν)a and
Charge Transfer (Δq)b in the Anion−π Complexes

TCP FA DDQ

X− hν, eV Δq, e hν, eV Δq, e hν, eV Δq, e

4.96 5.11 3.28
PF6− 4.92 0.01 5.08 0.01 3.41 0.01
BF4− 5.04 0.015 5.04 0.01 3.45 0.02
CF3SO3

− 5.04 0.02 5.02 0.01 3.48 0.02
ClO4

_ 5.08 0.01 5.11 0.01 3.47 0.02
Cl− 2.95 0.07 3.34 0.08 3.09 0.20
Br− 2.71 0.06 2.93 0.10 2.71 0.20
I− 2.35 0.05 2.44 0.06 2.28 0.22

aLowest energy band (from TD DFT M062X/def2tzvpp calcu-
lations). bFrom NBO analysis.
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off-diagonal matrix element (which is a function of the orbital
overlap).47,61 Since the interaction of HOMO of anions with
LUMO of the π-acceptors usually leads to the largest
contribution to ECT, an insight into the relative strength of
charge-transfer bonding could be inferred from the consid-
eration of the energies and shapes of these orbitals (Figure 6).

It shows that the HOMO energies of halide anions are, on
average, 3 eV higher than that of oxo- and fluoroanions. As a
result, the energy gaps (εj − εi) for the complexes with oxo-and
fluoroanions are about twice as large as those with halides. In
addition, as was illustrated for complexes of halides with
TCP,58 shape of HOMOs and locations of the monoatomic
halides over the π-acceptor are better suited for the efficient
overlap with the LUMOs of acceptors than multi-fractional
MOs of polyatomic oxo- and fluoroanions. The MO diagrams
in Figure S11 in the Supporting Information confirm that
molecular orbitals of the complex of FA with polyatomic
perchlorate are largely localized either on the π-acceptor or on
the anions (as such, the spectra of such complexes are close to
the superposition of the spectra of components, vide supra). In
comparison, some of the molecular orbitals of the FA·Br−
complex are delocalized over both interaction species. As a
result, the values of ECT related to the interaction of the lone
pair of the anion with the antibonding orbital of acceptor in
the complexes with halides (e.g., 6.10 and 9.36 kcal/mol in FA·
Br− and DDQ·Br−, respectively) are much larger than in the
complexes with oxo- and fluoroanions (e.g., 1.04 and 1.82
kcal/mol in FA·BF4− and DDQ·BF4−, respectively). This leads
to the substantial charge transfer and ground-state stabilization
of the complexes with halides. It also indicates a partially
covalent character of the anion−π interaction in complexes
with halides (similar to the suggested earlier covalency in the
anion−π complexes of Cl− with tetracyanobenzene62 or
flavine,63 as well as in the halogen-bonded64 and chalcogen-
bonded65 complexes.)
The energy decomposition analysis (EDA) clarified the

distinctions between the nature of the complexes with oxo- and
fluoroanions and those with the halides. Specifically, the EDA
analysis using the AMS suite of programs decomposes the
intermolecular interaction energy values into electrostatic,
ΔEelstat, Pauli repulsion, ΔEPauli, orbital (charge-transfer)
interaction, ΔEoi and dispersion, ΔEdisp, components:53−55

E E E E Eint elstat Pauli oi disp= + + + (2)

The values of ΔEint and its components are listed in Table
S5 in the Supporting Information. The variations in ΔEint are
following, in general, the binding energies, ΔEb. For example,
DDQ forms the strongest, on average, anion−π complexes
among three π-acceptors, and the associations with chloride
anions have the largest magnitudes of ΔEint among the halide
complexes with the same π-system. (Note that the absolute
values of ΔEb and ΔEint for the same complex are different
since the latter does not include reactants’ deformation and
solvation energies and they are calculated with the different
functionals and basis sets). Most important for the current
work, however, is the comparison of ΔEelstat, ΔEoi, and ΔEdisp
in the associations with different anions and π-acceptors.
Variations of the contributions (in %) of these components to
the attractive interaction (e.g., % of ΔEelstat = ΔEelstat/(ΔEelstat
+ ΔEoi + ΔEdisp) × 100%) and the comparable (relative)
contributions of the repulsive Pauli energy, ΔPPauli, are
illustrated in Figure 7.

A glance at Figure 6 reveals that contributions of
electrostatic attraction in the complexes of oxo- and
fluoroanions with each π-acceptor are comparable to those in
the associations with the halides. For complexes with oxo- and
fluoroanions, contributions of ΔEoi and ΔEdisp are also similar,
and their magnitudes are about three times smaller than that of
electrostatics. In the complexes with halides, however, the
contributions of ΔEdisp are substantially lower than the
contributions of ΔEoi. The smaller contribution of ΔEdisp in
complexes with monoatomic anions as compared to that in the
associations with the polyatomic oxo- and fluoroanions anions
is not surprising. It is noticeable, however, that the smaller
contribution of ΔEdisp in the complexes with halides is
compensated by the substantial increase of ΔEoi. Moreover,
the contributions of orbital interactions are increasing in the
complexes with halides from TCP to FA and DDQ, while the
contributions of electrostatics are decreasing slightly in the
same order. As a result, the contribution of ΔEoi in the
complexes with the strongest electron acceptor, DDQ, is only
about 20% lower than that of electrostatic interactions. The
increase of orbital interaction is accompanied by some increase
of the Pauli repulsion term (Figure 7 and Table S5 in the
Supporting Information). Apparently, the closer arrangement
of the anions to the carbon atoms of the ring led also to the

Figure 6. Frontier molecular orbital shapes and energies of the anions
and π-acceptors.

Figure 7. Contributions (in %) of ΔEelstat (red circles), ΔEoi (green
squares), and ΔEdisp (blue rhombus) to the attractive interactions (the
complexes with halides and fluoro-/oxoanions are shown with filled
and open symbols, respectively). The corresponding contributions of
the repulsive energy, ΔPPauli, are shown as purple triangles.
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more substantial repulsion of the filled orbitals of the
interacting species.66

The substantial contribution of the molecular−orbital
interaction explains the appearance of the intense charge-
transfer absorption bands in the complexes with halide
anions.67 It also explains the structural features of the
complexes with halides. Specifically, the most positive surface
electrostatic potential (π-hole) is found over the center of the
aromatic ring in tetracyanopyrazine.59 However, instead of the
arrangement over the π-hole, the halide anions are consistently
located over the aromatic rings in a number of co-crystals of
TCP (as well as tetracyanobenzene) with various stoichiom-
etry and counter-ions.17,18 Since the LUMOs of the π-
acceptors are delocalized over the aromatic ring, it is thus
the efficient mixing of the HOMOs of halides with the LUMOs
of the π-acceptor, which governs the mutual arrangements of
counterparts in these complexes.

4. CONCLUSIONS
The results of the experimental measurements in the solid state
and solutions together with DFT calculations indicated that
binding energies between the neutral π-acceptors and non-
coordinating fluoro- and oxoanions are comparable to that
with the halides. This similarity in binding energies resulted
from the interplay of the contributions of the electrostatic,
orbital, dispersion, and repulsive (Pauli) interactions. Yet,
while the formation of the anion−π complexes with halides is
accompanied by the appearance of the strong charge-transfer
band (and substantial ground-state charge transfer), the
complexes with the oxo- and fluoroanions are characterized
by the negligible charge transfer and their UV−vis spectra are
very similar to those of the individual π-acceptors. These
distinctions in the spectral features are related to the
differences in the energies and shapes of the HOMOs of the
halides as compared to those of the oxo-and fluoroanions, as
well as different arrangements of the anions in the respective
complexes. Indeed, the classic works of Mulliken demonstrated
that the energies and intensities of the in the absorption bands
of the molecular complexes are determined primarily by the
energies and efficient interaction between the frontier
molecular orbital of the reactants.59,67 The shapes and lower
energy of HOMOs and over-the-rim arrangements of the
monoatomic halides (over carbonyl carbons in the complexes
with FA or DDQ or close to the middle of C-C bond in
associations with TCP) allow the efficient overlap with the
LUMO of the π-acceptors (and delocalization of the MO of
the complexes over both counter-parts). In comparison, due to
the arrangement of the polyatomic fluoro- and oxoanions
closer to the center of the π-acceptors and the lower energies
and multi-segment shapes of their HOMOs, the orbital
interactions in these complexes are less efficient (so their
MOs remain mostly localized on either anion or π-acceptor).
In accordance with these results, EDA pointed out that
complexes of neutral π-acceptors with the polyatomic fluoro-
and oxoanions are formed predominantly via electrostatic
attractions. Interaction energies in similar associations with the
halide anions comprise significant contributions of orbital
interactions. The higher contributions of the orbital
interactions is counterbalanced by the decrease of the
contributions of dispersion interactions in the complexes
with halides as compared to the associations with the
polyatomic anions (while the contributions of electrostatic
attraction and Pauli repulsion did not change significantly with

the change of the anions). In the complexes with the strongest
π-acceptors, the covalent (charge-transfer) interactions are
comparable in strength to those of electrostatics. The
significant orbital interactions lead to the appearance of strong
charge-transfer bands in the spectra of the complexes with
halides. They also explain the consistent arrangements of the
halides over the periphery of the TCP aromatic ring (which
facilitates HOMO/LUMO interactions), instead of over the
center of the aromatic ring, which is characterized by the
highest surface electrostatic potentials. This finding further
underlines that besides structural distinctions, variations of the
anions and π-acceptors leads to substantial differences in the
nature of the interaction in the anion−π complexes.
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