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ABSTRACT: Correlations between experimental, solution-phase
thermodynamic data and calculated gas-phase energies of interac-
tion are investigated for noncovalent halogen bonding interactions
between electron-deficient iodo compounds and Lewis bases. The
experimental data consist of free energies of interaction spanning
roughly 7 kcal/mol; they encompass halogen bonds involving both
organic (iodoperfluoroarene or iodoperfluoroalkane) and inorganic
(I2, IBr, ICN) donors with nitrogen- and oxygen-based acceptors and
are divided into two sets according to the identity of the solvent in which they were determined (alkanes or CCl4). Adiabatic
energies of halogen bonding were calculated using a variety of methods, including 22 DFT exchange-correlation func-
tionals, using geometries optimized at the MP2/6-31+G(d,p) level of theory. Certain DFT functionals, particularly the B97-1,
B97-2, and B98 family, provide outstanding linear correlations with the experimental thermodynamic data, as assessed by a
variety of statistical methods.

■ INTRODUCTION
Halogen bonds are attractive noncovalent interactions between
covalently bound, electron-deficient halogen atoms and Lewis
bases.1 Although numerous examples of halogen bonding (XB)
have been studied over the past century,2 it is only in the past
10−15 years that the generality and utility of this interaction
have come into focus. Current research on XB encompasses
applications in condensed phases3 (materials chemistry and crystal
engineering) and in solution-phase molecular recognition,4 as well
as studies of its roles in biomolecular conformation and drug
design (Figure 1).5

In parallel with these studies, there has been much effort
devoted to elucidating the nature of the XB interaction. Early
attempts to understand XB formulated it as a charge-transfer
interaction as defined by Mulliken:6 for interactions of molec-
ular iodine with a variety of Lewis bases (the first halogen bonds
for which solution-phase thermodynamic data were obtained2a),
the UV−vis absorption spectroscopic changes upon complexa-
tion are consistent with this hypothesis. In recent years, the
“σ-hole” hypothesis has been proposed, invoking an electro-
static interaction of the Lewis base with the site of partial posi-
tive electrostatic potential at the halogen (the σ-hole: Figure 1).7

Several computational studies8 suggest that the extent of electro-
static versus charge-transfer character of the XB interaction is
dependent on the identity of the halogen-bond donating group.
Weaker halogen bonds, as exemplified primarily by those of
organic donors, are thought to be more electrostatic in nature.
This is in contrast to stronger halogen bonds formed by inor-
ganic donors, for which greater covalent or charge-transfer char-
acter is invoked. In particular, Zou and co-workers8b demon-
strated that different linear trends between organic and inorganic
donors arise upon examining the calculated interaction energy as

a function of charge-transfer or electrostatic character. Both the
charge-transfer and electrostatic hypotheses are consistent with
the observed directionality of XB, in which a 180° R−X···B angle
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Figure 1. Halogen bonding interaction, calculated (MP2/6-31+G-
(d,p)-LANL2DZdp) molecular electrostatic potential surface for C4F9I
(blue color indicates regions of partial positive charge), and representative
applications of halogen bonding in condensed phases (from ref 3) and
medicinal chemistry (from ref 5b).

Article

pubs.acs.org/joc

© 2012 American Chemical Society 3483 dx.doi.org/10.1021/jo300279m | J. Org. Chem. 2012, 77, 3483−3491

pubs.acs.org/joc


is strongly preferred. Theoretical studies8a,9 indicate that con-
tributions from dispersion and polarization are also relevant to
the nature of the XB interaction, particularly for weaker interac-
tions where the directional preferences are more relaxed. The
variation of the nature of the interaction as a function of the
partners involved is a rather unique aspect of XB, and one that
presents a challenge from the standpoint of computational
modeling. To elucidate these issues, and to evaluate the ability of
theoretical methods to correctly describe the geometrical and
thermodynamic properties of halogen-bonded complexes,
computational studies of XB have been undertaken by several
research groups.8−10

Of the many publications describing computational model-
ing of XB, few involve comparisons between calculated and
experimental thermodynamic data. Relationships of this type
with solution-phase binding data are useful in a wide variety
of settings and have been explored in considerable detail for
the hydrogen bonding (HB) interaction.11 An overwhelming
proportion of computational studies on XB have correlated cal-
culated data with gas-phase geometries,12 experimentally deter-
mined electron densities,13 changes in NMR chemical shift,14

or other high-level calculations9 rather than solution-phase
binding data. A few recent reports have evaluated experimental
thermodynamic data in the context of individual or structurally
related (families of) halogen bond donors. Laurence and co-
workers15 compiled a large data set of XB association constants
(Ka) between iodine (I2) and structurally diverse acceptors in
order to construct a Lewis basicity scale. They found that the I2
basicity scale could be employed in linear free energy relation-
ships with the strengths of halogen bonds involving other in-
organic donors (ICl, IBr, Br2). However, this scale could only
be applied to organic donors (e.g., C6F5I, ICN) after incorporat-
ing an additional electrostatic parameter (experimental hydrogen
bond basicity (pKBHX) or computed electrostatic potential
(Vs,min)) to the linear regression. These results represent experi-
mental support for the proposal that the relative contributions
of charge-transfer and electrostatic components differ between
organic and inorganic donors. Other studies have taken advan-
tage of recently obtained thermodynamic data for organic halo-
gen bond donors, particularly iodoperfluoroalkanes and/or
arenes: modest levels of correlation with the experimental data
have been obtained using Hunter’s pairwise electrostatic model,16

electrostatic potential surfaces,17 or energies of interaction calculated
with a limited set of methods (density functional theory with the
B3LYP hybrid functional).18

The goal of the present study is to investigate correlations
between experimentally determined free energies of XB and
calculated energies of interaction for a diverse range of donor−
acceptor pairs. The experimental data set used for this purpose
encompasses both inorganic and organic halogen bond donors,
as well as nitrogen- and oxygen-based acceptors, and the associa-
tion constants (determined in noncompetitive solvent) span
more than 5 log units. Although it is relatively limited in size
when compared to those generally used to evaluate the per-
formance of noncovalent interactions in benchmarking
studies,19 it comprises XB interactions that vary widely in
structure and thermodynamics and presents an opportunity to
systematically evaluate a wide range of computational methods
in a manner that has not previously been reported. Of particular
interest to us was the prospect of identifying relatively low-cost,
generally accessible computational techniques able to accurately
model the thermodynamics of halogen bonding; such tech-
niques would be useful for probing noncovalent Lewis base/

halogen interactions relevant to catalysis,20 molecular recog-
nition,4 and medicinal chemistry.5b Our results reveal that the
B97-1, B98, and B97-2 DFT functionals display excellent levels
of correlation with this diverse set of experimental data, out-
performing other commonly applied DFT functionals as well as
the well-established MP2 ab initio method.

■ COMPUTATIONAL METHODOLOGY
Experimental Halogen Bonding Data. The experimental

XB data set consists of the 12 pairwise free energies of interac-
tion between three iodinated donors (iodine (I2), iodoper-
fluorobenzene (C6F5I), and 1-iodoperfluorooctane (C8F17I))
and four Lewis bases (triethylamine (Et3N), di-n-butyl sulfoxide
(Bu2SO), tri-n-butylphosphine oxide (Bu3PO), and quinucli-
dine; Figure 2 and Table 1). The association constants (Ka)

from which these free energies were calculated were deter-
mined by 19F NMR18a or UV−vis15 titrations in cyclohexane or
heptane solvent at 298 K. Data in alkane solvent were chosen
so as to minimize effects related to solvent polarity or
competitive solvation, enabling comparisons with gas-phase

Figure 2. Structures of the XB donors and acceptors listed in Table 1.

Table 1. Association Constants (Ka) and Free Energies of
Interaction (ΔGexptl) for Halogen-Bonded Complexes in
Alkane Solvent

complex Ka
a (M−1) ΔGexptl

b (kcal/mol)

C6F5I−Et3Nc 1.3 ± 0.2 −0.2 ± 0.1
C6F5I−Bu2SOc 2.0 ± 0.4 −0.4 ± 0.1
C8F17I−Et3Nc 2.8 ± 0.6 −0.6 ± 0.1
C8F17I−Bu2SOc 6.2 ± 1.2 −1.1 ± 0.1
C6F5I−Bu3POc 12 ± 2.5 −1.5 ± 0.1
C8F17I−Bu3POc 18 ± 4 −1.7 ± 0.1
C6F5I−quinuclidinec 20 ± 4 −1.8 ± 0.1
C8F17I−quinuclidinec 34 ± 7 −2.1 ± 0.1
I2−Bu2SOd 85 ± 17 −2.6 ± 0.1
I2−Bu3POd 560 ± 110 −3.7 ± 0.1
I2−Et3Nd,e 4690 ± 940 −5.0 ± 0.1
I2−quinuclidined,e 165000 ± 33000 −7.1 ± 0.1

aAssociation constant (Ka) for the halogen-bonding interaction in
cyclohexane solvent, determined by fitting changes in 19F NMR
chemical shift or charge-transfer band as a function of Lewis base
concentration to a 1:1 binding isotherm. bFree energy of interaction
calculated from Ka.

cData from ref 18a. dData from ref 15. eAssociation
constants were determined in heptane.
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calculations. The free energies of interaction range from 0.2 to
7.1 kcal/mol, and differences in the behavior of the organic and
inorganic donors are evident: for example, the order of bind-
ing of the four Lewis bases with the iodoperfluorocarbons
is quinuclidine > Bu3PO > Bu2SO > Et3N, but with I2 it is
quinuclidine > Et3N > Bu3PO > Bu2SO. Such deviations in
basicity as a function of the halogen bond donor may reflect
differing charge transfer contributions (see below) and likely
underlie the challenges in correlating data obtained for organic
donors with those for I2 interactions.
Computational Methods. Quantum chemical calculations

were carried out with the Gaussian 0921 suite of programs. To
expedite the calculations, simplified models of the compounds
listed in Table 1 were employed: 1-iodofluorobutane (C4F9I) in
place of C8F17I, dimethyl sulfoxide (Me2SO) in place of Bu2SO,
and trimethylphosphine oxide (Me3PO) in place of Bu3PO.
Geometry optimizations were performed in the gas phase using
the MP222 ab initio method, employing the double-ζ
6-31+G(d,p) Pople basis sets23 for all atoms except bromine
and iodine, for which the double-ζ LANL2DZ basis set and
effective core potential (ECP) were used,24 augmented by
polarization functions of d symmetry and diffuse functions of p
symmetry;25 this basis set is abbreviated LANL2DZdp in this
paper. The LANL2DZdp basis set was downloaded from the
EMSL Basis Set Exchange.26 Geometry optimizations were
carried out without constraints, using the default convergence
criteria for the Gaussian software, except in cases that required
tighter convergence criteria to obtain true minima (as indicated
by the absence of imaginary frequencies).27 Vibrational frequency
calculations were carried out at the same level of theory as the ge-
ometry optimizations and indicated that the stationary points were
minima, lacking imaginary frequencies. For all calculations, tight
SCF convergence criteria and the default grid size (FineGrid: 75
radial shells; 302 angular points) were employed. The basis set
superposition error (BSSE) for noncovalent complexes was esti-
mated using the counterpoise method of Boys and Bernardi.28

The energies of interaction were estimated by subtracting
the sum of the calculated electronic energies of the isolated
partners from the electronic energy of the noncovalent
complex, according to eq 1.

Δ = − +E E E E[ ]calculated complex donor acceptor (1)

The obtained electronic energies of interaction were cor-
rected for scaled (0.9657)29 zero-point energy differences (obtained
from the frequency calculations described above) and for basis
set superposition errors (see above).
Several exchange-correlation functionals were evaluated in

the context of density functional calculations: B3LYP (Becke’s
three-parameter hybrid method30 using the correlation func-
tional of Lee, Yang and Parr31); M05,32 M05-2X,33 M06,34

M06-2X,34 M06-HF,35 and M06-L36 (hybrid meta and local
meta functionals developed by Truhlar and co-workers); ωB97,37

ωB97X,37 ωB97X-D38 (long-range corrected functionals devel-
oped by Head-Gordon and co-workers); X3LYP (using the
exchange functional developed by Goddard III39 along with the
LYP correlation functional); PBE1PBE40 (also termed PBE0 in
the literature); HCTH/40741 (abbreviated HCTH in this paper);
B97-1;42 B97-2;43 B98;44 B97-D45 (Grimme’s variation of B97 with
dispersion included); B2PLYP,46 B2PLYP-D,47 MPW2PLYP,48

MPW2PLYP-D47 (Grimme’s double hybrid functionals, both
excluding and including dispersion, respectively). The functionals
chosen for evaluation were developed to model hydrogen bonding,
charge transfer, dipole, dispersion or noncovalent interactions

accurately and/or have been demonstrated to model these
interactions well.33,49

■ RESULTS AND DISCUSSION
Calculated Gas-Phase Halogen Bonding Geometries.

Key features of the MP2-calculated gas-phase geometries for
the 12 halogen-bonded complexes are summarized in Table 2.

For each complex, the noncovalent bond angles ∠Y−I‑‑‑X are
near-linear and the halogen-bond distances DI‑‑‑X are signifi-
cantly shorter than the sum of van der Waals radii, in agree-
ment with previous experimental and computational studies.
Figure 3 depicts an inverse relationship between the experi-

mental free energies of interaction (−ΔGexptl) from Table 1 and
the MP2 calculated gas-phase X···B bonding distances for the
model complexes shown in Table 2. Similar relationships be-
tween calculated interaction energies and bond distances have
been documented previously.

Correlations between Experimental Thermodynamic
Data and Hunter’s Pairwise Electrostatic Interaction
Model. The pairwise electrostatic interaction model developed

Table 2. Halogen Bond Distances (DI···X) and Angles
(∠Y−I···X) of Complexes Optimized at the MP2/6-31+G(d,p)-
LANL2DZdp Level of Theory

complex DI···X (Å) ∠Y−I···X (deg) DI···X (Å)/∑(vdW)a

C6F5I−Et3N 2.82 179.8 0.80
C6F5I−DMSO 2.80 178.6 0.80
C4F9I−Et3N 2.81 178.3 0.80
C4F9I−DMSO 2.79 177.9 0.80
C6F5I−Me3PO 2.79 177.3 0.80
C4F9I−Me3PO 2.78 177.5 0.79
C6F5I−quinuclidine 2.70 179.9 0.76
C4F9I−quinuclidine 2.69 178.4 0.76
I2−DMSO 2.62 179.6 0.75
I2−Me3PO 2.62 178.8 0.75
I2−Et3N 2.55 180.0 0.72
I2−quinuclidine 2.48 180.0 0.70

aThe calculated XB distance divided by the sum of the van der Waals
radii of the individual atoms. Radii from ref 50.

Figure 3. Plot of experimental free energy of binding (−ΔGexptl from
Table 1) versus calculated bonding distance for the corresponding
model complex (from Table 2).
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by Hunter was used to probe the assertion that the relative
contributions of electrostatic and charge-transfer components
differ between organic and inorganic halogen bond donors.
According to the Hunter model, solution-phase free energies of
interaction between a donor and acceptor can be approximated
by eq 2, which takes into account electrostatic donor−acceptor,
donor−solvent, acceptor−solvent, and solvent−solvent inter-
actions as well as an unfavorable entropy of association (the
latter is assumed to be constant).51

Δ = − α − α β − β +G ( )( ) 6 kJ/molS S (2)

The donor (α) and acceptor abilities (β) of the interaction
partners and those of the solvent (αS and βS) are based on ex-
perimental hydrogen bonding data or on semiempirical (AM1)
molecular electrostatic potential calculations. This model has
proved to be broadly applicable to the study of noncovalent in-
teractions in solution; in particular, excellent levels of quan-
titative agreement have been obtained with experimental hydrogen
bonding association constants spanning more than 5 orders of
magnitude.52

Figure 4 indicates that there is a poor level of correlation be-
tween the experimental free energies of interaction from Table 1

and those predicted by the electrostatic model described in the
preceding paragraph. The donor abilities of C6F5I (α = 2.5),
C8F17I (α = 1.9), and I2 (α = 1.3) were estimated using AM1
molecular electrostatic potential calculations for consistency with
Hunter’s approach, and values of αS and βS for alkane solvents
were obtained from a recent publication.53 The interactions of
I2 (represented by the four data points grouped on the left side
of the graph) pose the most significant problem: whereas elec-
trostatic potential calculations suggest that I2 should be the
weakest of the three donors, it in fact is the strongest, by a
considerable margin.54 The organic donors comprise a separate
cluster of data, closer to the line y = x, as noted previously by our
group18a and that of Hunter.16 As described above, the relative
acceptor abilities of the four Lewis bases differ depending on the
identity of the halogen bond donor (organic donors versus I2;
Table 1). These results, along with the linear free-energy re-
lationships explored previously by Laurence (see above),15 are
consistent with the hypothesis that there is a greater charge-

transfer contribution to the interactions of I2 relative to those of
the iodoperfluorocarbon donors.

Correlations between Calculated Gas-Phase Adiabatic
Energies of Interaction and Experimental Free Energies
of Halogen Bonding in Alkane Solvent. The geometries
from MP2 optimizations were employed as the basis for single-
point energy calculations as described in the previous section
(Hartree−Fock or density functional theory, with the 21 listed
exchange-correlation functionals), with the aim of examining
correlations between the calculated gas-phase adiabatic energies
of interaction and solution-phase free energies of XB. Agree-
ment between computation and experiment in terms of absolute
values was not expected; the calculated energies of interaction
are distinct from free energies, and solvent effects are generally
not negligible, even in relatively inert media such as alkanes.
However, linear correlations between the data sets could be
possible, provided that the magnitudes of the desolvation and
entropy terms (among others) are roughly constant across the
series of complexes studied. In regard to the entropy term, the
assumption of a constant, unfavorable ΔS for 1:1 interactions
involving a single donor and acceptor site on the respective
partners underlies the Hunter model (see above), which has
been applied to diverse hydrogen bonding interactions in media
ranging from alkanes to DMSO. To the extent that the primary
solvent−solute interactions in alkane medium are dispersion-
driven, and given that each of the associations in Table 1
involves a nitrogen or oxygen-based lone pair interacting with
an iodine atom (thus engaging roughly similar amounts of
accessible surface area in each case), the assumption of similar
desolvation terms may not be completely unreasonable. In any
event, relationships between the experimental data in alkane
solvent and the gas-phase calculated data for the model com-
plexes were indeed observed. Table 3 lists the calculated energies
of interaction and basis set superposition errors for the top six
performing DFT functionals, along with the commonly
employed MP2 method and B3LYP functional, while Figures 5
and 6 show plots of solution-phase experimental (−ΔGexptl, from
Table 1) versus gas-phase calculated (−ΔEcalcd, from Table 3)
energies of interaction for the same set of data. Full data sets are
provided in the Supporting Information. Significant levels of
correlation between −ΔGexptl and −ΔEcalcd were observed for the
MP2 (R2 = 0.89) and B3LYP (R2 = 0.88) methods, and certain
DFT functionals (B97-1, B98, B97-2, PBE1PBE, and ωB97X)
provided superior performance (R2 > 0.95).
Table 4 summarizes the results of a detailed analysis of cor-

relations between experiment and computation for all methods
assessed here, ranked in descending order in terms of per-
formance. Each model, as determined by linear regression of
calculated energies and experimental energies of interaction,
was subjected to cross-validation using the leave-one-out (LOO)
method. The results indicate that the B97-1 functional offers
superior performance in modeling the XB interaction across
this diverse data set, with an R2 value of 0.98 and root-mean-
square error (RMSE) of 0.30 kcal/mol. A similar conclusion is
reached by analysis of the cross-validated coefficient of deter-
mination, which offers a measure of the predictability of a
model (Q2 = 0.97 for the B97-1 model). Excellent correlations
and predictability were also observed for the related B98 and
B97-2 functionals as well as the PBE1PBE functional (R2 >
0.95, Q2 > 0.94).
That certain DFT functionals outperform B3LYP in cor-

relations with thermodynamics of XB is not surprising, given the
results of previous benchmarking studies of DFT functionals in

Figure 4. Plot of experimental free energies of halogen bonding in
alkane solvent versus those predicted by Hunter’s pairwise electrostatic
model.
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the context of noncovalent interactions.49a,55 It is noteworthy
that these functionals also provide superior performance to the
ab initio MP2 method (R2 = 0.89, Q2 = 0.86), which has been
applied extensively in computational studies of XB: the RMSE
of 0.65 kcal/mol for the latter indicates the errors are more
than twice those of the B97-1 functional. Members of the M0X
family of meta-GGA functionals developed by Truhlar and co-
workers, and recommended for broad applicability to chemical

systems including noncovalent interactions, display relatively
poor correlations with the experimental XB thermodynamic
data. Likewise, the DFT-D dispersion-corrected methods tested
here do not appear to provide an advantage, a somewhat
surprising result given that dispersion forces almost certainly
play a role in XB interactions of this type. It is important to
note that the poor performance of these methods is not due to
family-dependent behavior of the halogen bond donors, a

Table 3. Calculated Gas-Phase Energies of Interaction (ΔE) (kcal/mol) and Basis Set Superposition Errors (BSSE) (kcal/mol)
for Halogen-Bonded Complexes Calculated with Various Methodsa

MP2 B3LYP B97-1 B98

complex ΔE BSSE ΔE BSSE ΔE BSSE ΔE BSSE

C6F5I−Et3N −0.119 3.94 0.0123 0.74 −3.91 0.76 −2.94 0.76
C6F5I−DMSO −1.22 2.14 −2.09 0.44 −4.29 0.46 −3.77 0.46
C4F9I−Et3N −0.340 3.68 −0.599 0.64 −4.36 0.66 −3.41 0.66
C4F9I−DMSO −1.38 2.06 −2.51 0.41 −4.59 0.42 −4.09 0.42
C6F5I−Me3PO −1.72 2.15 −2.73 0.44 −4.97 0.46 −4.44 0.46
C4F9I−Me3PO −1.99 2.06 −3.26 0.42 −5.36 0.43 −4.86 0.44
C6F5I−quinuclidine −1.38 3.70 −2.91 0.70 −6.29 0.71 −5.48 0.70
C4F9I−quinuclidine −0.468 3.42 −2.16 0.62 −5.47 0.62 −4.65 0.62
I2−DMSO −2.13 4.23 −4.68 0.71 −7.12 0.64 −6.48 0.65
I2−Me3PO −2.55 4.43 −4.99 0.70 −7.47 0.64 −6.83 0.64
I2−Et3N −4.02 7.32 −4.99 0.98 −9.41 0.93 −8.32 0.92
I2−quinuclidine −6.02 7.30 −8.40 1.08 −12.15 1.03 −11.22 1.03

B97-2 PBE1PBE ωB97 B2PLYP

complex ΔE BSSE ΔE BSSE ΔE BSSE ΔE BSSE

C6F5I−Et3N −2.22 0.78 −4.44 0.77 −7.70 0.69 −1.39 1.78
C6F5I−DMSO −2.74 0.46 −4.17 0.47 −6.35 0.46 −2.73 1.00
C4F9I−Et3N −2.53 0.69 −4.71 0.67 −8.18 0.63 −1.86 1.63
C4F9I−DMSO −2.92 0.44 −4.34 0.44 −6.82 0.40 −3.07 0.95
C6F5I−Me3PO −3.68 0.47 −4.94 0.47 −7.16 0.44 −3.43 1.00
C4F9I−Me3PO −3.94 0.46 −5.20 0.44 −7.73 0.39 −3.90 0.95
C6F5I−quinuclidine −5.13 0.69 −6.62 0.69 −8.53 0.69 −3.81 1.68
C4F9I−quinuclidine −3.98 0.63 −5.56 0.62 −8.04 0.59 −3.02 1.53
I2−DMSO −5.59 0.70 −7.40 0.65 −7.83 0.48 −4.64 1.88
I2−Me3PO −6.26 0.69 −7.89 0.63 −8.59 0.45 −5.11 1.93
I2−Et3N −7.56 1.02 −10.48 0.96 −9.99 0.68 −6.04 3.08
I2−quinuclidine −10.92 1.10 −12.94 1.05 −11.73 0.75 −9.00 3.14

aThe calculated electronic energies of interaction, corrected for zero-point energy differences and BSSE are listed for each level of theory, along with
the BSSE as estimated by the counterpoise method. See the Computational Methodology section for details.

Figure 5. Plots of free energy of binding (−ΔGexptl, from Table 1) versus calculated energy of interaction for model complexes (−ΔEcalcd, from Table 3)
at the MP2 and B3LYP levels of theory.
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possibility that was assessed by separate analysis of the data for
each of the iodo compounds studied.
The excellent performance of the top ranked functionals is

consistent with previously reported results. Benchmarking
studies by Zhao and Truhlar investigating the ability of various
DFT functionals to model hydrogen bonding,33,49a,b,d dipole−
dipole,33,49a,b van der Waals,33,49a−d π−π stacking,33,49b and
noncovalent interactions in general33,49a,b have consistently
placed B97-1 in the top performing functionals, with B98 and
PBE1PBE close to follow. Interestingly, B97-1 performed
poorly in modeling charge-transfer interactions in these studies.
Other benchmarking studies55 have demonstrated that B97-1

performs well in modeling van der Waals interactions con-
taining a significant charge-transfer component. Some of the
top performing functionals in this study have been shown to
provide the smallest deviations in energy from higher-level
calculations in modeling halogen bonds of small halocarbon
molecules with neutral Lewis bases (B97-1, B98, PBE1PBE)49e

as well as halide−protein complexes (B97-1, B98).56

The correlations listed in Table 4 refer to single-point energy
DFT calculations using geometries optimized at the MP2 level
of theory. In light of the utility of the B97-1 functional in cor-
relations with the experimental thermodynamic data, a second
set of geometry optimizations of the complexes listed in Table 2

Figure 6. Plots of free energy of binding (−ΔGexptl, from Table 1) versus calculated energy of interaction for model complexes (−ΔEcalcd, from Table 3)
with the top six performing DFT functionals.
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was carried out using this functional. For two of the 12 com-
plexes (C4F9I−Et3N and C4F9I−quinuclidine), convergence
problems were encountered at the B97-1/6-31+G(d,p)-
LANL2DZdp level of theory. However, for the remaining 10
complexes, the calculated gas-phase adiabatic energies of inter-
action determined using the B97-1 geometries also showed
excellent correlation with the experimental data (R2 = 0.979;
Figure 7). For the latter set of data, scaled (0.9859)29 DFT/
B97-1 frequencies were employed for the zero-point energy
corrections. The results indicate that, for the set of complexes
studied here, an approach relying on the B97-1 DFT functional
for both geometries and energies provides useful quantitative
modeling of the thermodynamics of halogen bonding.
Correlations with Thermodynamic Data in Carbon

Tetrachloride Solvent. To probe the generality of the con-
clusions reached on the basis of the data in alkane solvent, a
second data set consisting of halogen bonding free energies
in carbon tetrachloride (CCl4) was analyzed. It encompasses
interactions of a range of inorganic and organic donors: iodine
(I2), iodine monochloride (ICl), iodine monobromide (IBr),
cyanogen iodide (ICN) and perfluorohexyl iodide (C6F13I),
several of which were not included in the data from alkane
solvent described above. In addition to the four Lewis bases
listed above (quinuclidine, Et3N, Bu3PO and Bu2SO), pyridine
was also included, for a total of ten halogen-bonded complexes
(Table 5). Although empirical metrics of solvent polarity, polar-
izability and cohesive energy reveal significant differences be-
tween alkanes and carbon tetrachloride,57 including the ability
of the latter to participate as a weak donor of halogen bonds,
CCl4 is generally considered to be a relatively inert solvent from

the perspective of noncovalent interactions. Correlations be-
tween the experimental data in CCl4 from Table 5 and cal-
culated energies of model complexes were examined, using the
top seven performing methods as identified in the previous
section as well as the MP2 method. As described above, C4F9I
was used in place of C6F13I, Me3PO in place of Bu3PO and Me2SO
in place of Bu2SO to expedite these calculations; geometries were
optimized at the MP2 level of theory, followed by single-point

Table 4. Statistical Analysis Performed on Linear Regression Relationships between Calculated Gas-Phase Energies of Model
Compounds and Experimental Solution-Phase Energies in Alkane Solvent from Table 1a

method R2 RSS RMSE Q2 PRESS RMSPE

B97-1 0.977 1.09 0.301 0.970 1.39 0.340
B98 0.975 1.15 0.310 0.968 1.50 0.353
B97-2 0.969 1.42 0.344 0.959 1.89 0.397
PBE1PBE 0.959 1.89 0.397 0.947 2.46 0.453
ωB97X 0.958 1.96 0.404 0.929 3.30 0.525
B2PLYP 0.945 2.55 0.461 0.926 3.43 0.534
MPW2PLYP 0.940 2.78 0.481 0.919 3.75 0.559
MPW2PLYP-D 0.920 3.73 0.558 0.899 4.71 0.626
X3LYP 0.897 4.81 0.633 0.851 6.92 0.760
MP2 0.891 5.09 0.651 0.857 6.66 0.745
ωB97X-D 0.888 5.20 0.658 0.860 6.51 0.737
B3LYP 0.884 5.41 0.672 0.830 7.91 0.812
HCTH 0.878 5.66 0.687 0.836 7.64 0.798
M05-2X 0.872 5.95 0.704 0.825 8.12 0.823
B2PLYP-D 0.848 7.05 0.766 0.792 9.65 0.897
M06 0.844 7.26 0.778 0.761 11.12 0.963
M06-HF 0.820 8.36 0.834 0.746 11.82 0.992
ωB97 0.817 8.51 0.842 0.763 11.00 0.958
M06-2X 0.810 8.84 0.858 0.736 12.27 1.011
M06-L 0.646 16.47 1.172 0.461 25.06 1.445
B97-D 0.607 18.29 1.235 0.410 27.44 1.512
M05 0.468 24.73 1.436 0.150 39.56 1.816
HF 0.00009 46.51 1.969 −0.544 71.82 2.447

aThe statistical terms are defined as follows: R2, the coefficient of determination between ΔGexptl (Table 1) and ΔE (Table 3) for the entire data set;
RSS, the residual sum of squares between free energies as predicted by the linear regression model and experimental free energies; RMSE, the root-
mean-square error between free energies as predicted by the linear regression model and experimental free energies; Q2, the cross-validated
coefficient of determination as determined by the leave-one-out-method; PRESS, the corresponding predictive residual sum of squares for the cross-
validation; RMSPE, the corresponding root-mean-square prediction error for the cross-validation. See the Supporting Information for details.

Figure 7. Plot of free energy of binding (−ΔGexptl, from Table 1) versus
calculated (B97-1/6-31+G(d,p)-LANL2DZdp) energy of interaction for
model complexes (−ΔEcalcd), using geometries optimized at the B97-1/6-
31+G(d,p)-LANL2DZdp level of theory (see the Supporting Information
for details).
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energy calculations using the seven listed DFT functionals
(Table 6). A near equivalent level and order of performance for
the various levels of theory was obtained. This result provides a
strong indication that the identified DFT functionals are robust
in their ability to model the thermodynamics of diverse XB inter-
actions in nonpolar, noncompetitive solvents.58 Given the wide-
spread application of DFT for probing mechanisms and selectivities
of organic reactions59 and for studying drug−biomolecule interac-
tions,60 correlations of the type studied here may be valuable in
instances where XB is proposed to play a role.

■ CONCLUSIONS

This investigation has employed experimental thermodynamic
data for interactions between iodinated donors and neutral
Lewis bases in noncompetitive solvents as the basis for a sys-
tematic evaluation of computational models of halogen bond-
ing. The chosen data set is noteworthy for its inclusion of both
inorganic (I2) and organic (iodoperfluoroarene and -alkane)
donors and spans roughly 7 kcal/mol in terms of the free
energies of XB; it encompasses association constants at the
lower limit of measurement in the solution phase, as well as
some of the highest known for XB between neutral compounds
in solution. Geometries optimized at the MP2/6-31+G(d,p)-
LANL2DZdp level of theory were employed as the basis for
single-point energy calculations at 23 levels of theory, including

diverse DFT functionals. Relationships between calculated
adiabatic energies of interaction and experimental thermody-
namic data from alkane solvents were analyzed. A variety of
metrics, including those based on cross-validation by the leave-
one-out statistical method, indicate that certain DFT func-
tionals, in particular, the related GGA functionals B97-1, B97-2,
and B98, provide very good levels of correlation with the
experimental data. The results of correlations with a second set
of experimental thermodynamic data, differing from the first in
the identity of both the halogen bond donors and the solvent,
were in excellent quantatitive agreement with these conclusions.
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