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electrostatics and ionic substitutions all
contribute significantly to the interac-
tion energy, with a linear relationship
between the ionic substitutions and the

degree of charge transfer. Potential
energy curves for H;N--CIF show that
as the relative orientations of the two
subunits are manipulated appreciable

hypothetical astatine containing dihalo-
gens, have been produced via explicitly
correlated coupled cluster methods.
The application of local electron corre-
lation partitioning reveals dispersion,

Introduction

Intermolecular halogen bonding is a form of non-covalent
interaction between a halogen atom within a molecule and a
second subunit, typically one with an electron-donating
group. Although an ITUPAC Task Group working on the def-
inition of a halogen bond has yet to publish its final report,
the similarity to the familiar hydrogen bond produces a
working definition: “The halogen bond is an attractive inter-
action between a halogen atom X from a molecule or frag-
ment R—X in which R is a group more electronegative than
X or is X itself, and an atom or a group of atoms A in the
same molecule R—X or in a different molecule B, where
there is evidence of bond formation.”"! In the intermolecu-
lar case, B is often a Lewis base and R can be another halo-
gen atom or an (in)organic residue.

The earliest known example of a halogen-bonded com-
plex dates to 1863, but, apart from some notable excep-
tions,®! the 1990s saw the start of concerted efforts to char-
acterise this type of interaction and exploit it in a number of
scientific disciplines. Current practical applications of halo-
gen bonding have been recently reviewed,!! and these in-
clude the production of insulated supramolecular nano-
wires,”) uses in rational drug design,” production of liquid
crystals,®) and crystal engineering.”) Several theoretical in-
vestigations of halogen bonding systems have probed the
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interactions can be found at considera-
bly angular displaced geometries, signi-
fying lower directionality in halogen
bonding than previously supposed.

electrostatic potentials of a number of R—X molecules and
produced an insight into a property that is key for the ability
to undergo halogen bonding.'>"¥ It has been shown that a
region of positive potential is found as a “cap” on X, in a
position such that it forms an extension of the R—X bond.
Some groups refer to this electron-deficient region as a o-
hole,"¥) and its presence allows for the intuitive description
of halogen bonding as an electrostatic interaction between
the Lewis base and the o-hole.

A series of systematic experimental investigations into
prereactive complexes of dihalogens (denoted XY herein,
where X is the halogen atom directly involved in the inter-
molecular halogen bond) with Lewis bases by Legon and
co-workers have produced detailed descriptions of halogen
bonding in relatively small systems that are amenable to
high-level ab initio theoretical studies."*>!*) The main exper-
imental technique used is known as pulsed-jet, Fourier-
transform microwave spectroscopy, with the pulsed expan-
sion and concentric capillaries ensuring the complexes are
formed in a collisionless state. Freezing the interaction at
the B--XY stage is crucial as the high reactivity of the light-
er dihalogens can produce violent reactions, making obser-
vation of the halogen bond difficult. The present theoretical
investigation is focused upon the halogen bonding between
a dihalogen XY and ammonia as the Lewis base. The experi-
mentally derived angular geometries of H;N---XY all show a
C,, structure,'”? and this directionality conforms with what
might be expected from the o-hole concept; the optimal hal-
ogen bond should form such that R-X--N is linear to maxi-
mise the interaction between the area of electron depletion
and the nitrogen lone pair.

In addition to geometrical information, rotational spec-
troscopy also provides data for the magnitude of the charge
transfer between the two subunits undergoing halogen bond-
ing. By recording the changes in the halogen nuclear quad-
rupole coupling constants that accompany halogen-bond for-
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mation it is possible to derive an expression for both the
inter- (&) and intramolecular (Jp) electron transfer.'® Tt has
been demonstrated for a number of small Lewis bases that
the magnitude of o; is small, with a maximum of approxi-
mately 0.14 of an electronic charge transferred from PH; to
ICL. Of relevance to the present study, the fractions of elec-
tronic charge transferred in H;N--Cl,, H;N--BrCl, and
H;N--ICl are roughly 0.02, 0.06 and 0.08,"1% respectively, in-
dicating that a higher degree of polarisability in XY leads to
greater electron transfer. Using the famous Mulliken nota-
tion,”™ this small amount of charge transfer would be
termed an “outer complex” and it may be expected that the
intermolecular interaction is weak. The experimental inter-
molecular stretching force constants (k,) have also been de-
termined for a number of H;N---XY complexes.['"?

Given the practical applications of halogen bonding, it is
perhaps unsurprising that these non-covalent interactions
have been the subject of a great number of theoretical studies
(see refs. [11,24-34] for a few examples). In terms of the
complexes considered in the current investigation, the highest
level contributions are those of Karpfen,”~" who used the
second-order Mgller-Plesset perturbation theory (MP2) and
coupled cluster with single, double and perturbative triple ex-
citations [CCSD(T)]® methods to optimise geometries,
dipole moments, polarisabilities, harmonic vibrational fre-
quencies and interaction energies of the H;N---XY complexes,
amongst others. A comparison of the MP2 and CCSD(T) in-
teraction energies indicates that the MP2 method falls outside
the “chemical accuracy” of 1kcalmol™ for most halogen
bonding complexes and hence should be used only to uncover
qualitative trends in halogen-bond interaction energies.

It is well-known that the accuracy of the coupled cluster
methods depends strongly on the basis set used, and one of
the goals of the present investigation is to use explicitly cor-
related (F12) coupled cluster methods to establish theoreti-
cal best-estimates for molecular geometries and interaction
energies for the halogen bonding in H;N--XY complexes.
These F12 methods significantly accelerate basis set conver-
gence by including the interelectronic distance in the wave
function,”*! producing high-accuracy results with signifi-
cantly reduced computational cost. Further insight into the
nature of the halogen-bonding interaction in these systems
is determined via an analysis of the fraction of electronic
charge transferred between the subunits, and characterising
how the interactions change when the halogen bond length
and angle are manipulated. To the best of the authors’
knowledge, this includes high-level consideration of astatine
in halogen bonding for the first time, and, although experi-
mentally producing astatine complexes is somewhat unreal-
istic, it is hoped that this will provide useful additional in-
sight into the nature of halogen bonding.

Computational Methods

All calculations were carried out with the moLpro!*"*? package of ab

initio programs. Coupled cluster calculations used the explicitly correlat-
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ed CCSD(T)-F12b method,**! with the diagonal, fixed amplitude 3C-
(FIX) Ansatz.! Only the valence electrons were correlated. Two fami-
lies of orbital basis sets were utilised within these calculations, the cc-
pVnZ-F121* (referred to as VnZ-F12 herein) sets that were specifically
designed for use in explicitly correlated calculations, and the aug-cc-
pVnZ¥ ) (AVnZ herein) sets. For the post-d elements the recently de-
veloped cc-pVnZ-F12-PP orbital basis sets®’ matched to small-core rela-
tivistic pseudopotentials’®-*? (PPs) were utilised. For the AVaZ calcula-
tions, the aug-cc-pV(n+d)Z basis sets that are specifically designed for
second row elements were used for CL**! Full technical details of the cal-
culations are provided in the Supporting Information.

At the coupled cluster level basis set superposition error (BSSE) was
compensated for by using the counterpoise (CP) method of Boys and
Bernardi.” Geometry optimisations were also CP corrected and make
no account for core-valence electron correlation or higher-order correla-
tion effects. Estimates of CCSD(T)-F12b energies at the complete basis
set (CBS) limit were produced using a Schwenke-type extrapolation!®:

e = (B, — Exm ) F + B (1)

large small small

where Ep and EQ, are the correlation energies evaluated with two
systematically convergent basis sets, and F is, in this case, a previously op-
timised coefficient.*® The CCSD-F12b and (T) contributions to the cor-
relation energy are extrapolated separately, before summation with the
HF reference energy (including CABS singles relaxation””! as implement-
ed in MoLPRO)F**! from the largest basis set calculation carried out. Two
different energies of the interaction between the dihalogen and ammonia
are presented. The first, termed interaction energy (IE), is the difference
in energy between the prereactive complex and the energies of the two
subunits fixed in their interacting geometries. The stabilisation energy is
then defined as the difference in energy when the two subunits are in
their isolated geometries (also referred to as the intrinsic bond
energy).*!

Local electron correlation (see ref. [61] for a recent review) calculations
were carried out using the density fitted local MP2 correlation treatment
(DF-LMP2, referred to as LMP2 herein)!® with a density fitted Hartree—
Fock (DF-HF) reference.[*! Single-point LMP2 calculations were car-
ried out using AVQZ basis sets, and further technical details are listed in
the Supporting Information. CP corrections were not carried out at the
LMP2 level as the local correlation treatment greatly reduces BSSE, and
it seems reasonable to assume that any residual DF-HF BSSE will be
negligible when calculated with large AVQZ basis sets.

Results and Discussion

The halogen-bonding complexes considered in the present
investigation are formed from dihalogens XY and ammonia
(acting as a Lewis base). In order to establish the basis set
dependence of these interactions and the geometries of the
resulting supermolecules, a basis set convergence study is re-
ported in the Supporting Information. CBS limit interaction
energies and high-quality geometries are presented in the
next section, before the amount of charge transferred be-
tween the subunits upon halogen bond formation is investi-
gated. Finally, analysis of the interaction energy partitioning
and how it varies with intermolecular halogen bond length
and angle is in the final section.

Geometries and interaction energies: The basis set conver-
gence study presented in the Supporting Information, indi-
cates that the AVnZ and VnZ-F12 families of basis sets pro-
duce almost identical results for both optimised geometries
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and interaction energies. VnZ-F12 is used herein due to
better availability of auxiliary F12 basis sets for Br, I and
At. The same study also shows that while the VDZ-F12
basis set performs well for intramolecular bond lengths and
angles, the VIZ-F12 basis is required for a well-converged
description of the intermolecular distance. Figure 1 illus-
trates the CP-CCSD(T)-F12b/VTZ-F12 optimised (C;, sym-
metry) geometrical parameters for the H;N--F,, H;N--Cl,
and H;N--CIF complexes. The optimised N—H bond lengths
are not shown, but they were found to be 1.012 A in all
cases.

b)
/ 2.017 A
\ 2.676 A
c)
/ 1.686 A
108.5° | == =
\ 2.300 A

Figure 1. CP-CCSD(T)-F12b/VTZ-F12b optimised geometrical parame-
ters of the prereactive halogen bonding complexes a) H;N-F,,
b) H;N--Cl,, ¢) H;N--CIF. Full Z-matrices are provided in the Supporting
Information.

Table 1 lists the optimised intermolecular and intrahalo-
gen bond lengths for all combinations of halogens XY and
XX. Initial geometry optimisations indicated that only com-
plexes with the least electronegative halogen closest to am-
monia are bound, that is, the least electronegative element
is in the X position. This may be rationalised in terms of a
o-hole being produced on only the least electronegative
atom for heteronuclear dihalogens, and is consistent with ex-
perimental findings. Comparison with the conventional
CCSD(T)/aug-cc-pVTZ results of Karpfen indicates that the
lower-level calculations produce intermolecular bond
lengths that are too long by up to 0.06 A,*” and that MP2/
aug-cc-pVTZ fortuitously produces geometries closer to
CCSD(T)-F12b/VTZ-F12  than  CCSD(T)/aug-cc-pVTZ
does. The experimental estimates of the intermolecular
bond lengths (2.708 A for H,N--E,7 273 A for
H;N--CL," and 237 A for H;N--CIF)® were obtained
under the approximation that the monomer geometries do
not change under complexation and are not directly compar-
able to the theoretical equilibrium geometry results in
Figure 1, but it can be seen that the trends are much the
same; the H;N-F, intermolecular distance is only slightly
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Table 1. Counterpoise corrected CCSD(T)-F12b/VTZ-F12 optimised in-
termolecular and intrahalogen bond lengths [A] for the C;, HiN--XY
complexes. Full geometries are provided in the Supporting Information.

XY R(N--X) R(X-Y)
F, 2.658 1.423
cl, 2.676 2.017
CIF 2.300 1.686
Br, 2.603 2.334
BrCl 2.529 2.194
BrF 2333 1.821
I, 2767 2.720
IBr 2.654 2532
ICl 2.605 2.383
IF 2.496 1.959
At, 2782 2.900
Atl 2741 2.818
AtBr 2.666 2.625
AtCl 2.630 2479
AtF 2.559 2.057

shorter than that in H;N--Cl,, with H;N--CIF shorter by ap-
proximately 0.36 A.

Estimates of the CCSD(T)-F12b/CBS interaction energies
were produced at the VTZ-F12 CP-optimised geometries
using the CCSD(T)-F12b/VTZ-F12 and CCSD(T)-F12b/
VQZ-F12 single point energies, and are presented in
Table 2. The interaction energies with each basis set are
tabulated in the Supporting Information, and it can be seen
that the interaction energy converges smoothly with basis
set. Calculations at the VDZ-F12 level underestimate the
CBS interaction energy by an average of 0.61 kcalmol™,
VTZ-F12 by 0.36 kcalmol™, and VQZ-F12 by 0.13 kcal
mol™. All of these basis set incompleteness errors are
within chemical accuracy of the CBS estimates. The CBS
data also demonstrate that while the halogen bonding in
H;N-F, is quite weak, the interaction in the H;N--AtF com-
plex is predicted to be approximately an order of magnitude
greater at —20.32 kcalmol™'. In general, the interaction en-
ergies show that as the difference in electronegativity be-
tween the halogen elements X and Y increases, the strength
of the interaction also increases. This is mirrored in Table 1
where an increase in electronegativity difference results in a
shortening of both the intermolecular and intrahalogen
bond lengths. A previous study on a subset of the dihalogens
investigated here has noted a systematic increase in the
strength of halogen bonding interaction with the polarisabil-
ity of the halogen.B!

The results of Karpfen are referred to as both interaction
energies and stabilisation energies in the original publica-
tion,””! but a test calculation using Karpfen’s geometries
suggests that the energies presented are analogous to those
termed stabilisation energies in the current investigation
(see the Supporting Information for more details). A com-
parison of the data from Karpfen’s investigation with the
CBS stabilisation energies in the Supporting Information re-
veals that conventional CCSD(T)/aug-cc-pVTZ results can
seriously underestimate the strength of the halogen bonding.
For example, the H;N--BrF stabilisation energy is approxi-
mately 2.3 kcalmol™ higher than the CBS estimate
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Table 2. Counterpoise corrected CBS interaction energies [kcalmol™'] of
H;N--XY halogen bonding complexes. All single point energy calcula-
tions were performed on CCSD(T)-F12b/VTZ-F12 optimised geometries.
Experimental intermolecular force constants kg4, [Nm™'] are listed for
reference. See text for further details.

XY CCSD(T)-F12b/CBS Expt. k,
F, -1.83 4717
Cl, —4.95 12,709
CIF —~11.64 34,318
Br, —7.79 18.5101
BrCl —-9.67 26.7%1
BrF -16.65 -

L —8.20 -
IBr —~11.04 -
ICl -12.91 30.4221
IF —~17.94 -
At, —-9.80 -
Atl —11.24 -
AtBr —-14.10 -
AtCl —-15.99 -
AtF —20.32 -

(—15.53 kcalmol™!) produced in the present investigation.
This is entirely a basis set effect, as with a complete basis
the CCSD(T) and CCSD(T)-F12b methods would produce
identical results. While the interaction energies in Table 2
are not directly comparable to the experimental intermolec-
ular force constants, it should be noted that they follow the
same trend. For example, the force constant for H;N--Cl, is
roughly 2.7 times larger than that for H;N--F,, and the same
is true for the calculated interaction energies. This suggests
that if a H;N-AtF prereactive complex could be produced
and analysed, the force constant should be around 50 Nm™.

Data in the Supporting Information show that as the halo-
gen bond becomes stronger the relaxation energy (the dif-
ference between interaction and stabilisation energy) be-
comes larger. This is especially obvious for H;N--CIF where
the relaxation energy is in excess of 1 kcalmol™', and in all
cases the relaxation energy has little basis set dependence.
The corresponding effect of complexation on the intramo-
lecular geometries is detailed in Table 3, where it can be
seen that the formation of the intermolecular halogen bond
increases the X—Y bond length and opens out the H-N-H
angles in ammonia. The effect on the N—H bond lengths is
negligible. It is noted that the experimental value of AR(X-
Y) for H;N--Cl, is +0.014 A" which is slightly shorter
than the theoretical value in Table 3.

Degree of charge transfer: The amount of intermolecular
electron transfer on formation of H;N--XY has been as-
sessed via the natural bond orbital (NBO) method.” The
NBOs were obtained using the CCSD density matrix calcu-
lated with the aug-cc-pV(T+d)Z basis set,*l and the degree
of electron transfer was subsequently determined from
NBO population analysis of the interacting complex and
two subunits. For bromine and heavier halogens the aug-cc-
pVTZ-PP basis sets and pseudopotentials were used.5-¢"]
NBO population analyses on some of these systems have
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Table 3. Change in CP-CCSD(T)-F12b/VTZ-F12 geometries on forma-
tion of H;N--XY. Bond lengths in A and angles in degrees.

XY AR(X-Y) AR(N-H) AO(HINH)
F, +0.012 0.000 +0.18
cl, +0.025 0.000 +0.67
CIF +0.057 —0.001 +1.91
Br, +0.042 0.000 +1.24
BrCl +0.051 0.000 +1.39
BrF +0.060 0.000 +1.90
I, +0.041 0.000 +1.03
IBr +0.052 0.000 +1.29
ICl +0.057 0.000 +1.34
IF +0.049 0.000 +1.49
At, +0.042 0.000 +1.00
Al +0.048 0.000 +1.03
AtBr 40.055 0.000 +1.15
AtCl +0.059 0.000 +1.16
AtF +0.047 0.000 +1.20

been carried out in the past, and it has been noted that
there is an almost linear relationship between the magnitude
of the interaction energy and the fraction of an electronic
charge transferred on halogen bond formation (negative
charge is transferred from ammonia to the dihalogen).?*3!
The current NBO calculations use a higher level method
and basis set throughout, and for the first time include asta-
tine containing dihalogens.

Figure 2 plots the fraction of an electronic charge transfer-
red against the CBS interaction energy for different permu-
tations of H;N--XY, with the symbols indicating the identity
of halogen X. The fractions of an electronic charge transfer-
red are also tabulated in the Supporting Information. It can
be seen that the correlation between charge transfer and in-
teraction energy is almost linear for the lighter halogens, but
this begins to tail off when X=1I or At. This change in trend
is further investigated in terms of correlation energy parti-
tioning in the next section. The position of CIF also appears
to be something of an outlier in the lighter halogens, with a
greater amount of charge transfer than might be expected
from the interaction energy. The NBO derived charge trans-
fer can be compared to the experimental d; values, and it is
observed that theoretical values are a little larger than ex-
perimental, for example, on formation of H;N--BrCl ¢; is
roughly 0.06 of an electronic charge, with a corresponding
theoretical value of 0.10. Nevertheless, there is good qualita-
tive agreement in all cases where experimental data is avail-
able, and Mulliken outer-type complexes are indicated
throughout.

Further qualitative evidence of both the charge transfer
and electrostatic interactions between ammonia and XY can
be seen in Figure 3, where isodensity surfaces colour-coded
with the electrostatic potential are plotted for H;N, CIF, and
H;N---CIF. The negatively charged cap on isolated ammonia
corresponds to the lone pair, and the area of positive charge
on chlorine is the o-hole. It can be seen that on formation of
H;N-CIF an area of somewhat negative charge (yellow/
orange) is located on fluorine, with the negative charge as-
sociated with the lone pair no longer visible.

— 3623
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Figure 2. The fraction of an NBO derived electronic charge transferred
from H;N to XY on formation of H;N--XY plotted against the interac-
tion energy.

a) HyN b) CIF

¢) HyN--CIF

Figure 3. Isodensity surfaces (0.02 a.u.) colour-coded with the MP2/aug-
cc-pVDZ electrostatic potential. Red indicates an electrostatic potential
less than —0.01 a.u., blue greater than +0.01 a.u., and green between
—0.05 and 4 0.05 a.u. Plots created using MOLDEN.*’!

Interaction energy partitioning: Insights into the nature of
the interactions between the dihalogen XY and the Lewis
base NH; can be obtained from a partitioning of the LMP2
interaction energy into contributions from different classes
of excitations. Specifically, these are intramolecular correla-
tion (Ejyycorr) effects, dispersive coupling (Egs,), dispersion
exchange (Eigp.exen), and ionic (Ejy) substitutions.*! These
contributions can be summed with the HF interaction
energy (AEgcr) to give a total LMP2 interaction energy.
Table 4 displays the partitioning according to these different
excitation classes, with the LMP2 single point calculations
carried out on top of the CP-CCSD(T)-F12b/VTZ-F12 opti-
mised geometries. The partitioning could not be carried out
for XY =At, and Atl as in these two cases the intramolecu-
lar bond between the halogen atoms is longer than the inter-
molecular halogen bond (see Table 1), preventing the cor-
rect detection of the subunits by the partitioning algorithm.

A comparison of the LMP2 interaction energies with the
CBS results reported in Table 2 reveals that LMP2 reprodu-

3624 ——

www.chemeurj.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 4. Partitioning of LMP2/AVQZ interaction energy [kcalmol™'] of
H;N--XY halogen bonded complexes, see text for further details. Interac-
tion energy is equal to the sum of the other contributions.

XY AESCF Einlra-corr Edisp Edisp-exch Eionic 1IE

F, +0.30 +0.25 -1.17 +0.00 —-1.32 -1.93
Cl, -1.01 +1.79 —2.60 +0.05 -3.46 —5.23
CIF —5.50 +6.64 —3.44 +0.25 —10.37 —12.41
Br, -2.30 +2.67 -3.17 +0.15 —5.64 —8.28
BrCl -3.96 +3.65 -3.35 +0.20 —6.83 -10.29
BrF -10.82 +7.61 -3.92 +0.19 —10.44 —17.34
I, -3.32 +271 -3.17 +0.12 —4.94 —8.60
IBr -591 +4.09 —3.46 +0.13 —6.38 —11.54
IC1 -7.77 +4.72 —3.58 +0.12 —6.95 —13.46
IF -13.21 +6.86 —4.05 —-0.05 —7.86 —18.31
At, —4.89 - - - - —10.22
Atl —6.47 - - - - —11.70
AtBr -9.33 +4.48 -3.62 +0.08 —6.22 —14.61
AtCl —11.23 +4.87 -3.71 +0.05 —6.47 —16.50
AtF —16.11 +6.65 —4.01 —0.09 —6.91 —20.48

ces the more accurate interaction energies quite well, being
overbound by an average of 0.46 kcalmol™'. This contrasts
strongly with the results of Karpfen, where MP2 stabilisa-
tion energies were typically greater than 1 kcalmol™' more
strongly bound than CCSD(T).®”! There are two main fac-
tors for this; firstly, the present LMP2 calculations were car-
ried out at a CCSD(T)-F12b geometry and not at the LMP2
minimum. Secondly, both the MP2 and CCSD(T) energies
of Karpfen are further from convergence with respect to
basis set than the results from the current investigation.

Analysing the components of the interaction energy in
Table 4 shows that, for all halogens apart from F,, the HF
interaction energy is attractive and forms a relatively large
contribution to the overall interaction energy. As this AEscr
term includes the electrostatic energy that is postulated to
play a large role in the halogen bonding of such com-
plexes,™ this is largely unsurprising, yet provides some in-
sight into why the halogen bond in H;N--F, is weak. The
correlation correction to the electrostatic energy forms part
of Ei pacorr in LMP2 partitioning (along with correlation cor-
rections to induction energy and exchange repulsion), which
is repulsive for all of the H;N--XY systems. The Egigpexcn
term is small in all cases, but the dispersive coupling contri-
bution is attractive, and for all but the lightest dihalogens it
is relatively constant at 3-4 kcalmol .

It can also be seen that the second most important term
in the overall interaction energy is the ionic substitutions,
implying that this term is significant in the formation of hal-
ogen bonds. This class of excitation represents the promo-
tion of one electron from an occupied orbital on one subunit
to the virtual orbital space associated with the second sub-
unit, and is accompanied by a single excitation located
solely on the second subunit. Hence, this type of double ex-
citation sees electronic charge transferred from one subunit
to the other and a plot of the NBO derived electronic
charge transfer against E;;. is shown in Figure 4. The rela-
tionship between the charge transfer and E,,;. is demon-
strated to be almost linear, with a coefficient of determina-
tion (R?) of 0.86. If the three astatine containing dihalogens,
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which visually appear to be outliers, are removed from the
set the correlation becomes significantly stronger with R*=
0.95. This again suggests that the halogen bonding interac-
tion is subtly different for these heavy halogen containing
complexes.

i : O
0157 ............................ A ....... ....................
] tom A
o ] e
= i o
o] E : :
g 0.0 o 'I]|:|: .................
S i : E\: : :
2 7 L 1] O X=F
E ] : A X=Cl
o O P SRS SO SO U ST S O X=Br
0.05
: : & D X=1I
] : + X=At
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0 L B e e s s s o ey s B s s s
0 1 2 3 4 5 6 7 8 9 0 M1
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Figure 4. The fraction of an electronic charge transferred from H;N to
XY on formation of H;N--XY plotted against the magnitude of the ionic
substitution contribution to the LMP?2 interaction energy (E;q;.)-

The discussion of Figure 2 above noted that the formation
of H;N--CIF resulted in a larger amount of charge transfer
than might be expected from the magnitude of the interac-
tion energy. Further evidence for this can be seen in Table 4,
where it is shown that the H;N--CIF interaction energy has
a large E,,,;. component, representing 84 % of the total in-
teraction energy compared to somewhere between 50-70 %
for most of the other complexes. It could be reasoned that
this is due to CIF being the heteronuclear dihalogen with
the two most electronegative elements. The high electrone-
gativity of fluorine withdraws electron density from chlorine,
which in turn is also highly electronegative resulting in more
charge transfer from ammonia. It is noted that the repulsive
Eiracore term is also relatively large for this system. Figure 2
also shows that the relationship between charge transfer and
interaction energy deviates away from linearity for some of
the heavier halogens, particularly for XY =IF, AtBr, AtCl,
and AtF. These same systems are also furthest from the
linear trend of charge transfer against E;,;. in Figure 3, and
it can be seen from Table 4 that the LMP2 interaction ener-
gies have relatively small E;,. contributions (approximately
40% or smaller) along with large AFEgqe contributions, pro-
viding some insight into the subtly different interactions for
these heavier dihalogens. This is also consistent with a previ-
ous investigation of formaldehyde--halomethane complexes,
where it was demonstrated that the interaction in iodine
containing complexes was dominated by electrostatic inter-
actions, but the interaction in lighter halogens was principal-
ly dispersive."!

In order to examine the dependence of halogen bonding
on distance and angle, energy partitioning has been carried
out on one-dimensional cuts of the H;N--CIF potential
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energy surface that vary the intermolecular bond length and
a H-N-CI angle. The individual geometries were optimised
at the CP-CCSD(T)-F12b/VTZ-F12 level by fixing either
the bond length or angle and relaxing all other internal co-
ordinates. Figure 5 displays the interaction energies for the
relaxed potential energy scan of the intermolecular separa-
tion, along with the partitioning of the energy at the same
points. It can be seen that, in the region of the minima,
LMP?2 overestimates the strength of the interaction by up to
1.74 kcalmol ™, but it also predicts a minimum with a slight-
ly shorter intermolecular halogen bond length. Despite
these differences, examining the partitioning of the interac-
tion energy will provide some qualitative insight into the
nature of the halogen bonding interaction as the intermolec-
ular bond is artificially stretched. Figure 5b shows that as
the bond is compressed the ionic contribution becomes
strongly attractive, while simultaneously the intramolecular
correlation effects become strongly repulsive. The Eggyexch
term is essentially negligible for all halogen bond lengths
considered, while Eg, is attractive. As may be expected, all
of the correlation energy components rapidly approach zero
as the halogen bond is stretched, with the AFEgq term (i.e.,
electrostatics) accounting for the attractive total interaction
energy at long distance (beyond around 3.2 A).

The interaction energies resulting from the relaxed poten-
tial energy scan of the H-N-Cl angle (6) are presented in
Figure 6 a, which also includes a diagram visualising 6. Imag-
ining a simple Lewis-like structure, varying this angle moves
the lone pair of electrons away from a linear extension of
the intramolecular bond between the halogen atoms and
thus acts as a probe of the directionality of the intermolecu-
lar halogen bond. As expected, for both methods the mini-
mum in the interaction energy occurs at the tetrahedral
angle, corresponding to C;, symmetry and the ammonia
lone pair forming a linear extension to XY. LMP2 overesti-
mates the strength of the halogen bond by 1.18 kcalmol ™/,
but it can be seen that the two interaction energies become
much closer as the angle moves away from tetrahedral. It is
perhaps surprising that the interaction energy curve has a
relatively shallow gradient, for example, when §=90° the IE
is roughly —10 kcalmol ™', and at §=65° it is approximately
—5 kcalmol ™. This suggests that although the halogen bond
prefers to adopt the C;, geometry, there is still appreciable
attractive interactions occurring at relatively perturbed
angles and it may be possible to exploit this reduced direc-
tionality in the practical applications of halogen bonding.

Some insights into the forces involved in the halogen
bond at different values of  can be obtained from Fig-
ure 6b, which shows the LMP2 partitioning of the interac-
tion energy. As to be expected, the E,;, contribution has no
dependence on 6 and the slight variations in this term may
be attributed to changes in the intermolecular distance as
the geometry is relaxed at a fixed angle. The AFEgq and
E,;i. contributions both pass through minima at the geome-
try corresponding to the interaction energy minimum, with a
maximum in the repulsive Ej ;.o term. As 6 approaches
50° most of the contributions are close to zero, with only
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Figure 5. Potential energy scan of the intermolecular separation in the
H;N--CIF halogen bonded complex. a) Comparison of the CP-CCSD(T)-
F12b/VTZ-F12 and LMP2/AVQZ interaction energies. b) Partitioning of
the LMP2/AVQZ interaction energy. CP-CCSD(T)-F12b/VTZ-F12 ge-
ometries are used throughout, see text for further details.

Eg4, and E,,;. accounting for most of the interaction energy.
It appears that the sum of Ej,. and E4, dominates the in-
teraction throughout, with the sum of AEgqr and Ejpocor T€l-
atively constant at approximately +1 kcalmol™'. Figure S2
in the Supporting Information shows that there is again a
linear relationship between the NBO derived charge trans-
fer and the magnitude of E,,,;. for different values of 6. A
possible interpretation of the interaction energy partitioning
could be that when the angle is varied the electrostatic con-
tribution is small and the halogen bond is composed mostly
of dispersion and charge transfer, which is somewhat differ-
ent to the bond stretching case. It can be expected that
other dihalogens will display similar trends, recalling the dif-
ferences in Table 4, and this is evidenced by the H;N--BrCl
potential energy scans and partitioning presented in Fig-
ures S4 and S5 in the Supporting Information.

Conclusion

Given the numerous computational studies of halogen bond-
ing, there has been surprisingly little effort made to establish
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Figure 6. Potential energy scan of the H-N-CI angle (6) in the H;N--CIF
halogen bonded complex. a) comparison of the CP-CCSD(T)-F12b/VTZ-
F12 and LMP2/AVQZ interaction energies. b) Partitioning of the LMP2/
AVQZ interaction energy. CP-CCSD(T)-F12b/VTZ-F12 geometries are
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benchmark quality interaction energies on prototypical sys-
tems such as dihalogens bound to ammonia. The advent of
the explicitly correlated F12 methods and associated basis
sets allows for the efficient production of such reference
data and CP-CCSD(T)-F12b/CBS interaction and stabilisa-
tion energies have been presented for all possible dihalo-
gens, including hypothetical astatine permutations. Previous,
lower-level, studies have demonstrated that an increase in
polarisability of the dihalogen produces an increase in inter-
action energy. The current work supports these findings and
demonstrates that this trend also applies to the astatine con-
taining molecules. A comparison with previous, conventional
coupled cluster calculations indicates that F12 methods are
necessary in the production of reference-quality data as con-
vergence of the interaction energy with respect to basis set
is slow.

A combination of NBO analysis and local electron corre-
lation partitioning has provided some additional insight into
the nature of the non-covalent interaction. Previous experi-
mental and theoretical investigations had noted that the
overall charge transferred from ammonia to the dihalogen
upon complexation is a relatively small fraction of an elec-
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tron (on the order of 0.1), but there is a correlation between
the amount of charge transfer and the strength of the inter-
action. The current investigation adds further weight to this
correlation and reveals that the CIF dihalogen appears to
have a larger than expected degree of charge transfer, while
the heavier halogen containing complexes tend to have
higher interaction energies than one might expect from the
charge transferred. A linear correlation was also found be-
tween the ionic substitution excitation contribution and the
degree of charge transfer, which appears significant as this is
a major contribution to the overall interaction energy. As
may be expected from the o-hole concept, the HF contribu-
tion to the interaction energy, and therefore electrostatic in-
teractions, also provides a large contribution to the more po-
larisable dihalogens.

It is relatively well-known that H;N---F, is a weak interac-
tion, with the present analysis revealing that this is due to a
repulsive HF component and a very small amount of charge
transfer. Dispersion interactions provide more than 50 % of
the attractive interaction energy. It has also been demon-
strated that the astatine-containing (and some iodine-con-
taining) complexes have a subtly different halogen bonding
interaction; when compared to other complexes there is a
smaller degree of charge transfer/ionic substitution and a
larger HF contribution. With the exception of the F, com-
plex, the magnitude of the dispersion contribution remains
relatively constant for all systems under investigation.

Adjusting the angle formed between H-N-X, and hence
the relative orientation of the ammonia lone pair and the o-
hole, acts as a probe of the directionality of the halogen
bond. For the CIF dihalogen it has been shown that there is
still an appreciable attractive interaction of 5kcalmol™ at
an angle of 65°, a considerable deviation from the C;, mini-
mum. Partitioning of the interaction energy reveals that dis-
persion forces contribute almost as much as charge transfer
at large angle displacements, with little contribution from
electrostatics. This is in complete contrast to partitioning of
the interaction as the intermolecular halogen bond is
stretched. Strong directionality is a commonly-held belief
for halogen-bonding interactions, meaning that the current
results of a relatively shallow gradient potential energy
curve may have important implications in practical applica-
tions such as crystal engineering and rational drug design.
Further investigations are currently underway to discover
how these findings translate to larger halogen bonded sys-
tems.

Acknowledgements

The authors are grateful for CPU time provided on the EPSRC funded
ARCHIE-WeSt High Performance Computer (http:/www.archie-west.
ac.uk), EPSRC grant no. EP/K000586/1. J.G.H. would also like to thank
the Royal Society of Edinburgh and Scottish Government for a personal
research fellowship.

[1] A.C. Legon, Phys. Chem. Chem. Phys. 2010, 12, 7736.

Chem. Eur. J. 2013, 19, 36203628

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

[2] F. Guthrie, J. Chem. Soc. 1863, 16, 239.

[3] H. A. Benesi, J. H. Hildebrand, J. Am. Chem. Soc. 1949, 71, 2703.

[4] O. Hassel, Science 1970, 170, 497.

[5] L. Andrews, R. D. Hunt, J. Chem. Phys. 1988, 89, 3502.

[6] H. M. Yamamoto, Y. Kosaka, R. Maeda, J. Yamaura, A. Nakao, T.
Nakamura, R. Kato, ACS Nano 2008, 2, 143.

[7] Y. Lu, Y. Liu, Z. Xu, H. Li, H. Liu, W. Zhu, Expert Opin. Drug Dis-
covery 2012, 7, 375.

[8] D. W. Bruce, P. Metrangolo, F. Meyer, T. Pilati, C. Prisang, G. Res-
nati, G. Terraneo, S. G. Wainwright, A. C. Whitwood, Chem. Eur. J.
2010, 76, 9511.

[9] P. Metrangolo, G. Resnati, T. Pilati, S. Biella in Halogen bonding:
fundamentals and applications, of Structure and Bonding, Vol. 126
(Eds.: P. Metrangolo, G. Resnati), Springer, Berlin, 2008, p. 105.

[10] T. Clark, M. Hennemann, J. S. Murray, P. Politzer, J. Mol. Model.
2007, 13, 291.

[11] K. E. Riley, P. Hobza, J. Chem. Theory Comput. 2008, 4, 232.

[12] P. Politzer, J. S. Murray, T. Clark, Phys. Chem. Chem. Phys. 2010, 12,
7748.

[13] Z.P. Shields, J. S. Murray, P. Politzer, Int. J. Quantum Chem. 2010,
110, 2823.

[14] T. Clark, WIREs Comput. Mol. Sci. 2013, 3, 13.

[15] A.C. Legon, Angew. Chem. 1999, 111, 2850; Angew. Chem. Int. Ed.
1999, 38, 2686.

[16] A.C. Legon in Halogen bonding: fundamentals and applications of
Structure and Bonding, Vol. 126 (Eds.: P. Metrangolo, G. Resnati),
Springer, Berlin, 2008, p. 17.

[17] H. L. Bloemink, K. Hinds, J. H. Holloway, A. C. Legon, Chem. Phys.
Lett. 1995, 245, 598.

[18] H. 1. Bloemink, K. Hinds, J. H. Holloway, A. C. Legon, Chem. Phys.
Lett. 1996, 248, 260.

[19] A.C. Legon, D. G. Lister, J. C. Thorn, J. Chem. Soc. Faraday Trans.
1994, 90, 3205.

[20] H. 1. Bloemink, A. C. Legon, J. Chem. Phys. 1995, 103, 876.

[21] H. 1. Bloemink, A.C. Legon, J. C. Thorn, J. Chem. Soc. Faraday
Trans. 1995, 91, 781.

[22] E.R. Waclawik, A.C. Legon, Phys. Chem. Chem. Phys. 1999, 1,
4695.

[23] R.S. Mulliken, W. B. Person, Molecular Complexes: A Lecture and
Reprint Volume, Wiley-Interscience, New York, 1969.

[24] T. Kobayashi, H. Matsuzawa, S. Iwata, Bull. Chem. Soc. Jpn. 1994,
67,3172.

[25] J. P. M. Lommerse, A.J. Stone, R. Taylor, F. H. Allen, J. Am. Chem.
Soc. 1996, 118, 3108.

[26] J.-W. Zou, Y.-J. Jiang, M. Guo, G.-X. Hu, B. Zhang, H.-C. Liu, Q.-S.
Yu, Chem. Eur. J. 2005, 11, 740.

[27] Y.-X. Lu, J-W. Zou, Q.-S. Yu, Y.-J. Jiang, W.-N. Zhao, Chem. Phys.
Lett. 2007, 449, 6.

[28] L. C. Roper, C. Prisang, V. N. Kozhevnikov, A. C. Whitwood, P. B.
Karadakov, D. W. Bruce, Cryst. Growth Des. 2010, 10, 3710.

[29] N.J. M. Amezaga, S.C. Pamies, N. M. Peruchena, G.L. Sosa, J.
Phys. Chem. A 2010, 114, 552.

[30] L.J. McAllister, D. W. Bruce, P. B. Karadakov, J. Phys. Chem. A
2011, 715, 11079.

[31] P. Ramasami, T. A. Ford, Comput. Theor. Chem. 2012, 990, 227.

[32] M. G. Chudzinski, M. S. Taylor, J. Org. Chem. 2012, 77, 3483.

[33] L.J. McAllister, D. W. Bruce, P. B. Karadakov, J. Phys. Chem. A
2012, 116, 10621.

[34] J. Rez4é, K. E. Riley, P. Hobza, J. Chem. Theory Comput. 2012, 8,
4285.

[35] A. Karpfen, J. Phys. Chem. A 2000, 104, 6871.

[36] A. Karpfen, J. Phys. Chem. A 2001, 105, 2064.

[37] A. Karpfen in Halogen bonding: fundamentals and applications of
Structure and Bonding, Vol. 126 (Eds.: P. Metrangolo, G. Resnati),
Springer, Berlin, 2008, p. 1.

[38] K. Raghavachari, G.W. Trucks, J. A. Pople, M. Head-Gordon,
Chem. Phys. Lett. 1989, 157, 479.

www.chemeurj.org — 3627


http://dx.doi.org/10.1039/c002129f
http://dx.doi.org/10.1039/js8631600239
http://dx.doi.org/10.1021/ja01176a030
http://dx.doi.org/10.1126/science.170.3957.497
http://dx.doi.org/10.1063/1.454921
http://dx.doi.org/10.1021/nn700035t
http://dx.doi.org/10.1517/17460441.2012.678829
http://dx.doi.org/10.1517/17460441.2012.678829
http://dx.doi.org/10.1002/chem.201000717
http://dx.doi.org/10.1002/chem.201000717
http://dx.doi.org/10.1007/s00894-006-0130-2
http://dx.doi.org/10.1007/s00894-006-0130-2
http://dx.doi.org/10.1021/ct700216w
http://dx.doi.org/10.1039/c004189k
http://dx.doi.org/10.1039/c004189k
http://dx.doi.org/10.1002/qua.22787
http://dx.doi.org/10.1002/qua.22787
http://dx.doi.org/10.1002/wcms.1113
http://dx.doi.org/10.1002/(SICI)1521-3757(19990917)111:18%3C2850::AID-ANGE2850%3E3.0.CO;2-6
http://dx.doi.org/10.1002/(SICI)1521-3773(19990917)38:18%3C2686::AID-ANIE2686%3E3.0.CO;2-6
http://dx.doi.org/10.1002/(SICI)1521-3773(19990917)38:18%3C2686::AID-ANIE2686%3E3.0.CO;2-6
http://dx.doi.org/10.1016/0009-2614(95)01045-B
http://dx.doi.org/10.1016/0009-2614(95)01045-B
http://dx.doi.org/10.1016/0009-2614(95)01313-X
http://dx.doi.org/10.1016/0009-2614(95)01313-X
http://dx.doi.org/10.1039/ft9949003205
http://dx.doi.org/10.1039/ft9949003205
http://dx.doi.org/10.1063/1.469788
http://dx.doi.org/10.1039/ft9959100781
http://dx.doi.org/10.1039/ft9959100781
http://dx.doi.org/10.1039/a906068e
http://dx.doi.org/10.1039/a906068e
http://dx.doi.org/10.1246/bcsj.67.3172
http://dx.doi.org/10.1246/bcsj.67.3172
http://dx.doi.org/10.1021/ja953281x
http://dx.doi.org/10.1021/ja953281x
http://dx.doi.org/10.1002/chem.200400504
http://dx.doi.org/10.1016/j.cplett.2007.09.087
http://dx.doi.org/10.1016/j.cplett.2007.09.087
http://dx.doi.org/10.1021/cg100549u
http://dx.doi.org/10.1021/jp907550k
http://dx.doi.org/10.1021/jp907550k
http://dx.doi.org/10.1021/jp207119c
http://dx.doi.org/10.1021/jp207119c
http://dx.doi.org/10.1016/j.comptc.2011.11.024
http://dx.doi.org/10.1021/jo300279m
http://dx.doi.org/10.1021/jp307869v
http://dx.doi.org/10.1021/jp307869v
http://dx.doi.org/10.1021/jp000922o
http://dx.doi.org/10.1021/jp003814a
http://dx.doi.org/10.1016/S0009-2614(89)87395-6
www.chemeurj.org

CHEMISTRY

J. G. Hill,*™ X. Hu

A EUROPEAN JOURNAL

[39] H.-J. Werner, T. B. Adler, G. Knizia, F. R. Manby in Recent Progress
in Coupled Cluster Methods: Theory and Applications (Eds.: P.
Cérsky, J. Paldus, J. Pittner), Springer, Berlin, 2010, p. 573.

[40] C. Hattig, W. Klopper, A. Kohn, D. P. Tew, Chem. Rev. 2012, 112, 4.

[41] H.-J. Werner, P.J. Knowles, G. Knizia, F. R. Manby, M. Schiitz, P.
Celani, T. Korona, R. Lindh, A. Mitrushenkov, G. Rauhut, K. R.
Shamasundar, T. B. Adler, R. D. Amos, A. Bernhardsson, A. Bern-
ing, D.L. Cooper, M.J. O. Deegan, A.J. Dobbyn, F. Eckert, E.
Goll, C. Hampel, A. Hesselmann, G. Hetzer, T. Hrenar, G. Jansen,
C. Koppl, Y. Liu, A. W. Lloyd, R. A. Mata, A. J. May, S. J. McNicho-
las, W. Meyer, M. E. Mura, A. Nicklass, D. P. O’Neill, P. Palmieri, D.
Peng, K. Pfliiger, R. Pitzer, M. Reiher, T. Shiozaki, H. Stoll, A.J.
Stone, R. Tarroni, T. Thorsteinsson, M. Wang, MOLPRO, version
2010.1, a package of ab initio programs,, see http://www.molpro.net.

[42] H.-J. Werner, P.J. Knowles, G. Knizia, F. R. Manby, M. Schiitz,
WIREs Comput. Mol. Sci. 2012, 2, 242.

[43] T.B. Adler, G. Knizia, H.-J. Werner, J. Chem. Phys. 2007, 127,
221106.

[44] G. Knizia, T.B. Adler, H.-J. Werner, J. Chem. Phys. 2009, 130,
054104.

[45] S. Ten-no, Chem. Phys. Lett. 2004, 398, 56.

[46] K. A. Peterson, T. B. Adler, H.-J. Werner, J. Chem. Phys. 2008, 128,
084102.

[47] T. H. Dunning, Jr., J. Chem. Phys. 1989, 90, 1007.

[48] R. A. Kendall, T. H. Dunning, Jr., R.J. Harrison, J. Chem. Phys.
1992, 96, 6796.

[49] D. E. Woon, T. H. Dunning, Jr., J. Chem. Phys. 1993, 98, 1358.

[50] K. A. Peterson, J. G. Hill, in preparation, basis sets available on re-
quest.

[51] B. Metz, H. Stoll, M. Dolg, J. Chem. Phys. 2000, 113, 2563.

[52] K. A. Peterson, D. Figgen, E. Goll, H. Stoll, M. Dolg, J. Chem.
Phys. 2003, 119, 11113.

[53] T. H. Dunning, Jr., K. A. Peterson, A.K. Wilson, J. Chem. Phys.
2001, 114, 9244.

[54] S.F. Boys, F. Bernardi, Mol. Phys. 1970, 19, 553.

[55] D. W. Schwenke, J. Chem. Phys. 2005, 122, 014107.

[56] J. G. Hill, K. A. Peterson, G. Knizia, H.-J. Werner, J. Chem. Phys.
2009, 131, 194105.

[57] E.FE. Valeev, Chem. Phys. Lett. 2004, 395, 190.

[58] H.-J. Werner, T. B. Adler, F. R. Manby, J. Chem. Phys. 2007, 126,
164102.

[59] G. Knizia, H.-J. Werner, J. Chem. Phys. 2008, 128, 154103.

[60] K. Szalewicz, B. Jeziorski, J. Chem. Phys. 1998, 109, 1198.

[61] T. Korona, D. Kats, M. Schiitz, T. B. Adler, Y. Liu, H.-J. Werner in
Linear-Scaling Techniques in Computational Chemistry and Physics
(Eds.: R. Zalesny, M. G. Papadopoulos, P. G. Mezey, J. Leszczynski),
Springer, Berlin, 2011, p. 345.

[62] H.-J. Werner, F. R. Manby, P.J. Knowles, J. Chem. Phys. 2003, 118,
8149.

[63] E. Weigend, Phys. Chem. Chem. Phys. 2002, 4, 4285.

[64] R. Polly, H.-J. Werner, F. R. Manby, P. J. Knowles, Mol. Phys. 2004,
102, 2311.

[65] E.D. Glendening, C. R. Landis, F. Weinhold, WIREs Comput. Mol.
Sci. 2012, 2, 1.

[66] K. A. Peterson, J. Chem. Phys. 2003, 119, 11099.

[67] K. A. Peterson, B. C. Shepler, D. Figgen, H. Stoll, J. Phys. Chem. A
2006, 110, 13877.

[68] M. Schiitz, G. Rauhut, H.-J. Werner, J. Phys. Chem. A 1998, 102,
5997.

[69] G. Schaftenaar, J. H. Noordik, J. Comput.-Aided Mol. Design 2000,
14,123.

Received: December 4, 2012
Published online: February 18, 2013

www.chemeurj.org

3628 ——

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2013, 19, 36203628


http://dx.doi.org/10.1021/cr200168z
http://dx.doi.org/10.1002/wcms.82
http://dx.doi.org/10.1063/1.2817618
http://dx.doi.org/10.1063/1.2817618
http://dx.doi.org/10.1063/1.3054300
http://dx.doi.org/10.1063/1.3054300
http://dx.doi.org/10.1016/j.cplett.2004.09.041
http://dx.doi.org/10.1063/1.2831537
http://dx.doi.org/10.1063/1.2831537
http://dx.doi.org/10.1063/1.456153
http://dx.doi.org/10.1063/1.462569
http://dx.doi.org/10.1063/1.462569
http://dx.doi.org/10.1063/1.464303
http://dx.doi.org/10.1063/1.1305880
http://dx.doi.org/10.1063/1.1622924
http://dx.doi.org/10.1063/1.1622924
http://dx.doi.org/10.1063/1.1367373
http://dx.doi.org/10.1063/1.1367373
http://dx.doi.org/10.1080/00268977000101561
http://dx.doi.org/10.1063/1.1824880
http://dx.doi.org/10.1063/1.3265857
http://dx.doi.org/10.1063/1.3265857
http://dx.doi.org/10.1016/j.cplett.2004.07.061
http://dx.doi.org/10.1063/1.2712434
http://dx.doi.org/10.1063/1.2712434
http://dx.doi.org/10.1063/1.2889388
http://dx.doi.org/10.1063/1.476667
http://dx.doi.org/10.1063/1.1564816
http://dx.doi.org/10.1063/1.1564816
http://dx.doi.org/10.1039/b204199p
http://dx.doi.org/10.1080/0026897042000274801
http://dx.doi.org/10.1080/0026897042000274801
http://dx.doi.org/10.1002/wcms.51
http://dx.doi.org/10.1002/wcms.51
http://dx.doi.org/10.1063/1.1622923
http://dx.doi.org/10.1021/jp065887l
http://dx.doi.org/10.1021/jp065887l
http://dx.doi.org/10.1021/jp981168y
http://dx.doi.org/10.1021/jp981168y
http://dx.doi.org/10.1023/A:1008193805436
http://dx.doi.org/10.1023/A:1008193805436
www.chemeurj.org

