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Abstract: In recent years it has been recognized that, because of their unique properties,
halogen bonds have tremendous potential in the development of new pharmaceutical compounds
and materials. In this study we investigate the phenomenon of halogen bonding by carrying out
ab initio calculations on the halomethane-formaldehyde complexes as well as the fluorine
substituted F,H;-,CX---OCH, dimers, where the halogen bonding halogens (X) are chlorine,
bromine, and iodine. Coupled cluster (CCSD(T)/aug-cc-pVTZ) calculations indicate that the
binding energies for these type of interactions lie in the range between —1.05 kcal/mol (H;CCl-
+*OCH,) and —3.72 kcal/mol (F;CI--+OCH,). One of the most important findings in this study is
that, according to symmetry adapted perturbation theory (SAPT) analyses, halogen bonds are
largely dependent on both electrostatic and dispersion type interactions. As the halogen atom
involved in halogen bonding becomes larger the interaction strength for this type of interaction
also gets larger and, interestingly, more electrostatic (and less dispersive) in character. Halogen
bonding interactions also become stronger and more electrostatic upon substitution of (the very
electronegative) fluorines onto the halomethane molecule.

Introduction numerous physical properties with the more commonly
In recent years halogen bonding has been implicated as arencountered hydrogen bonds and are often treated analo-
important type of interaction in many different types of gously to their ubiguitous counterpatt¥ There is a broad
physical systems and are especially interesting within the range of reported halogen bond interaction energies with

fields of biochemistry 1t and material scienc®.2® These values varying from about 1.2 kcal/mol (€ICl) to about
interactions play roles in a wide variety of biochemical 430 kcal/mol (f-+-15).2°

phenomena such as proteiligand complexatioh?#6:9.19 o
and are responsible for many novel properties of mater- Considering the fact that halogen atoms as well as halogen

jals;}417.19°21 these types of interactions, many believe, bo'nd electron donors (Y), are r!egatively charggd, .t.he
promise to be of great importance in the design of novel existence of ha_logen bonds is surprising and gountenntwtwe.
drugs and materials. However, studies of the electrostatic potentials of halogen
A halogen bond is defined as a short-rai@e X-+-Y - Z bonding systems by Auffinger et &l.Clark et al3* and
interaction (where is typically chlorine, bromine, or iodine, ~ Politzer et af® show that a large halogen bound to carbon
Y is an electron donor such as oxygen, nitrogen, or sulfur, tends to form an electropositive crown, which is distal to
andY - Z represents a side group such as a hydroxyl or the carbon, an electroneutral ring, which surrounds the crown,
carbonyl group), where th&:--Y distance is less than sum and an electronegative belt, which goes around the circum-
of the van der Waals radii of andY.! Halogen bonds share  ference of the halogen atom in the plane that is perpendicular
to theC - X bond (see Figure 3). In the works by Clark and
* Corresponding author e-mail: pavel.hobza@uochb.cas.cz. Politzer, the electropositive crown is referred to as the
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o-hole to denote the region of positive charge on the halogenbeen shown in several studies, a nitrogen atom can act as an
surface. Halogen bonding can be, at least partially, attributedefficient halogen bond acceptor, and one might expect that
to the favorable interaction that exists between a halogen’snitrogen atoms found in proteins (both in the backbone and
electropositives-hole and an electronegative atom, such as in sidechains) might tend to be involved in halogen bonding
oxygent192427 A halogen’so-hole becomes larger and gains  with roughly the same frequency as oxygen atoms. Auffin-
a higher degree of elctropositivity as the size of the halogen ger's work shows that there are only a handful of halogen
increases, with a corresponding tendency for the halogenbonds involving nitrogen, and seemingly these atoms are
bond to become stronger. Fluorine, the smallest (and mostsomehow inaccessible to halogen atoms. Our main interest
electronegative) halogen, does not form an electropositiveis in halogen bonds as they pertain to biological systems,
crown and thus does not participate in halogen bon#fig> and for this reason we have chosen to focuXorO halogen

It has also been observed that the size and charge of thebonds in this study, as they seem to be the most biologically
o-hole tends to increase as electronegative substituents argelevant examples of these types of interactions.

added to a halogen containing molectité?° In this work we carry out systematic studies®f X-+-O
There have been several theorefiéal*® and experi- - Z halogen bonds, where th® - Z group represents a

mentat® 17284454 studies seeking to characterize the geo- carbonyl group. The model systems used here are the
metric and energetic properties of halogen bonds. For halomethane-formaldehyde dimers. Because the binding
example, Valerio et al. performeab initio calculations on  energies of halogen bonds are comparable to those of
the CH,—3sFX++*NHz (X = 1,Br,Cl) halogen bonded com-  hydrogen bonding, very accurate quantum mechanical pro-
plexes, and it was found in this study that substitution of cedures should be adopted to describe them. It has recently
successive fluorines substituents resultsxin-N halogen been shown that the CCSD(T) method, extrapolated to the
bonds that are shorter and stron¢fefhe strongest halogen  complete basis set limit (CBS), provides a very accurate
bond found in this study occurs for ti&Fsl--NH; complex description of intermolecular interactiobfn order to more
with a binding energy of 5.8 kcal/mol. Riley and Merz fully understand the nature of halogen bonding we need, in
characterized halogen bonds involving chlorine, bromine, and addition to accurate binding energies, physically meaningful,
iodine, and carbonyl oxygens as a function of the halogen well-defined interaction energy components, which can be
bonding distance and th--O - C halogen bonding angle.  obtained using symmetry adapted perturbation theory
In this work it was found that the optimum halogen bond (SAPT)56 We have also obtained accurate interaction ener-

angle is generally within the range from 9%0 113, gies and performed SAPT analyses of the fluorine substituted
corresponding t_o an interaction between the halagbole halogen bonding dimerg{Hz_,CX+++O - Z) in order to gain
and the lone pair of electrons on oxygén.ommerse etal.  insight into the effects of electron withdrawing substituents

carried out intermolecular perturbation theory calculations on the Strength and character of ha|ogen bonds. In order to
on several halogen bonding systems containing chlorine ascompare these, relatively poorly characterized, interactions
the halogen bond donor and both nitrogen and oxygen aswith their more ubiquitous counterparts, hydrogen bonds, we
the halogen bond acceptdfsin this study it is concluded  have performed SAPT calculations on the methane-formal-

that the attractive nature of halogen bonds is mostly dehyde and ethyne-water dimers, which exempGify H--
attributable to electrostatic effects although dispersion, .o type hydrogen bonds.

polarization, and charge-transfer effects seem to also play a The recently developed density functional theory combined

rolz_in these interc_ac;ions. It_ ?]h(;]uld be poitr:te(_:l out tha:]_thﬁsewith the symmetry adapted perturbation theory (DFT-SAPT)
studies were carried out with the 6-31G basis set, which Is method uses electronic densities determined using DFT

not large enough to describe d_ispersion effects, and it would methods (instead of Hartre&ock)57-61 This method prom-

_be expected th_at the use of th'.s sma_ll basis set would resu"ises to yield results that are similar to those of the Hartree
inan underes'qmanon of the dlsp_ersmn energy by abput ANEock based scheme with a much smaller computational cost.
order of magnitude. On the experimental side, Corradi et al. In this work we have performed calculations using both

dfetlermoilned t]t:e bin;iing energél/ Z);athlf%en botr;dled_ Cor.gpleXSAPT and DFT-SAPT in order to compare the results
of 1-iodoperflourohexane and 2,2,6,6-tetramethylpiperidine ..o 4\ ik 62 ch method.

to be 7.4 kcal/mot?

Halogen bonds involving oxygen as the halogen bond
acceptor are especially interesting in biochemistry becauseMethOdS
they are, by a large margin, the most common types of In order to gain insight into the origin and nature of halogen
halogen bonds involved in proteitigand interactions.  bonds we have employed several computational methods in
Recently Auffinger and co-workers carried out a database this study. Very accurate interaction energies are obtained
survey of short halogen-oxygen interactions, and in this study with the coupled cluster method (CCSD(T)) using several
it was found that 81 out of 118---O interactions involved  different basis sets, the largest of which is the aug-cc-pvVQZ
carbonyl oxygens (the data set contained 66 protein structuregjuadruple basis of Dunning. Mgller-Plesset (MP2) and
and 6 nucleic acid structures from the protein data bank). Hartree-Fock (HF) interaction energies are also computed
These interactions generally involved a protein’s backbone with several basis sets. Symmetry adapted perturbation theory
carbonyl group (78 out of 81 interactions). Interactions calculations are carried out in order to discern the relative
involving hydroxyl groups were also fairly common, with  contributions of the interaction energy components. Natural
18 X:--O interactions involving hydroxyl oxygens. As has bond order (NBO) analyses are done for some halogen
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bonded dimers so that the role of electron sharing effects, dimers were extrapolated to the complete basis set limit from
such as hyperconjugation, can be studted. aug-cc-pVTZ and aug-cc-pVQZ values using the technique
The geometries of the halomethane-formaldehyde com- Of Helgaker and co-workefS.

p|exes were optimized on the Counterpoise corrected geo- The SAPT method allows for the separation of interaction
metric hypersurface at the MP2 level. For systems containing €nergies into physically meaningful components such as
chlorine and bromine the cc-pVTZ baisvas used for  those arising from dispersion, electrostatics, induction, and
optimization, while for complexes containing iodine a mixed €xchange. The SAPT interaction energy is given as

basis set approach was used; here the large halogens are N . ) ) ) )
described using the pseudopotential based cc-pVTZ-PP Eint = Epor t Eex T Eind™ + Eexcind™ + Euisp T Eexcaisp
basist* %7 and the other atoms are described using the cc- ) ) )
pVTZ basis set. The MP2/cc-pVTZ method is used for these ~SOMe Of these terms can be combined in order to define
optimizations because it has been shown that the cc-pvTZzValues that correspond to commonly understood physical
basis set yields the most well balanced description of guantities. In this work we define the following equalities
intermolecular interactions, in terms of describing electro-
static and dispersion type interactions, when paired with
MP288 In the case of fluorine substituted systems, the

E(elec) = E,q'

positions of the carbon, oxygen, and halogen bonding E(ind.) = Epng’ + Eexcind’
halogen atom were kept fixed (at the positions obtained for

the unsubstituted complexes), while the positions of the E(disp) = Egisy + Eex-aisp.
hydrogen and fluorine atoms were optimized at the B3LYP/

3-21G* level of theory. and

Interaction energies for all halogen bonding systems have
been computed using the HF, MP2, and CCSD(T) methods.
The CCSD(T) method describes correlation effects very well
and is the most accurate modern technique for the determi-
nation of interaction energies of noncovalently bound : .

. ; ) . overall interaction energy.
complexes; when combined with large basis sets this method 9y

” ¢ | ¢ lecul " h In this work we have carried out SAPT analyses for all of
provides accurate vajues for molecuiar properties such asy,, halogen bonding systems. Calculations were carried out
stabilization energies, geometries, and vibrational frequen-

cies. The MP2 method describes some correlation effects. 2 the aug-cc-pVxZ and aug-cc-pvVxz/aug-cc-pVxz-PP

di hi tationally intensive than hiah d basis sets (> D,T,Q). Estimated complete basis set results
and 1s much less computationally Intensive than higher oraer, . .o 5154 ghtained by extrapolating each of the interaction

techniques such as the configuration interaction and c:oupledenergy terms (as well as the SAPT interaction energy) from

cluster methods. HF describes interactions derived from, oo \0oio o itk aug-cc-pVTZ and aug-cc-pvQZ using
e!ect.rostatlc fqrces fa|r!y weII'but greatly underestimates the the extrapolation technique of Helgaker and co-workers.
binding energies of dispersion bound systems. Thus, HF We have performed NBO analyses for all of the halogen
interaction e_nergies_ can be _used to quglitatively determi_ne bonding systems considered in this work at the DFT/B3LYP/
Whe_ther an interaction is attributable chiefly to electrostatic aug-cc-pVDZ level of theory. The interaction between filled
or dispersive forces. o ) orbitals in one subsystem and unfilled orbitals of another
For complexes containing chlorine, the aug-cc-pVxZ (X represents a deviation of the complex from its Lewis structure
= D,T,Q) basis sets of Dunning have been empldydtbr and can be used as a measure of the intermolecular
systems containing iodine we have used a somewhat d'ﬁeremdelocalization, also called hyperconjugation. The hypercon-

strategy, whereby the iodine atomais treated using the jqative interaction energy can be deduced from the second-
pseudopotential based aug-cc-pVxZ*#PP (x = D,T,Q) order perturbation approach

bases, while all other atoms in these systems are described

using the standard aug-cc-pVxZ basis sets. There are two [&* |Flo0] FijZ
main reasons that this strategy has been adopted, first, there E2)=— o e —¢c ~ Mo AE
are very few high quality all-electron basis sets available o

for iodine, and, second, the aug-cc-pVxZ-PP basis implicitly |, 1are F; is the Fock matrix element between thandj
takes relativistic effects into account. Given the large size \go orbitals,e, ande, are the energies af anda’, andn,

of an iodine atom, it seems that relativistic effects might play is the population of the donar orbital.

a role in its halogen bonding behavior. For systems contain- The DFT-SAPT method provides the same type of
ing bromine calculations have been carried out using both interaction energy decomposition as SAPT but at a much
the aug-cc-pVxZ (on all atoms) and mixed aug-cc-pVXZ- |over computational cost, which makes it a useful tool for

_PP/aug-g:c-pVxZ (for brpmine/all other atoms) bgsjs .sets. This computations on very large systems. The DFT-SAPT inter-
is done in order to estimate the role that relativistic effects action energy is given as

play in these halogen bonding complexes. For all of these
systems the MP2 and CCSD(T) interaction energies haveg — g
also been determined at the extrapolated complete basis set "
limit (CBS). The electronic energies of all monomers and

E(exch) =E,}

These four quantities refer to the electrostatic, induction,
dispersion, and exchange contributions (respectively) to the

1 1 2 2 2
+ Eex + Eind + Eexfind + Edisp +
E.gis + OHF

ex—disp

pol
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Table 1. Geometric Parameters (A and deg) for
D Optimized Structures of Halogen Bonding Complexes
Considered in This Work

H3CCl-+-OCH. H3CBr+-OCH, H3Cl-++OCH,

d(X+++0) 3.26 3.29 3.30
O 6(C—X+++0) 166.8 171.2 172.9
6(X-+0-C) 91.3 97.1 107.6
Figure 1. Geometrical configuration of the iodomethane-
formaldehyde dimer. Table 2. Interaction Energies (kcal/mol) for H;CX:--OCH,
_ _ Complexes (kcal/mol)@
where all but the last term are identical to the SAPT a-pVDZ a-pVTZ a-pvQz CBS

interaction energy components. ToidF term is a Hartree

Fock correction for higher order contributions to the interac- HsCC+OCH (a-pVx2)

tion energy that are not included within the other DFT-SAPT HF 0.63 0.66 0.65

terms. MP2 -0.86 -1.11 -1.19 -1.25
In order to compare DFT-SAPT to SAPT we have cesbm 0.8 —L0e “1iz ~118

performed DFT-SAPT calculations on the bromomethane- H3CBr+++OCH, (a-pVxZ)

formaldehyde complex. These computations were carried out HF 0.29 0.36 0.37

using the aug-cc-pVxZ/aug-ccOpVxZ-PP#xD, T,Q) basis MP2 —1s7 —16l —1.69 -175

sets, CCSD(T) -1.24 -1.49 -1.58 -1.64
All single point CCSD(T), MP2, HF, SAPT, and DFT- H3CBr++-OCH, (a-pVxZ-PP)

SAPT calculations were performed using the MOLPRO HF 0.20 0.27 0.28

version 2006.1 suite of molecular electronic structure pro- MP2 —144 —1.68 —176 -182

grams’® while the NBO analysis and geometry optimizations ~ €¢SP(T) -132 —1.57 —1.65 -171

were carried out using the Gaussian electronic structure HzCl-++OCH, (a-pVxZ-PP)

packag€?! Here we will note that binding energies are given  HF -0.33 -0.21 -0.21

as the negative value of interactions (¥&(binding) = — MP2 —2.08 —2.34 -2.43 -2.50

AE(interaction)), so that a positive binding energy refers to  CCSD(T) —-1.87 —2.15 —2.25 -2.32

a bound complex. 2 Note that a-pVxZ denotes a aug-cc-pVxZ basis set, parenthetical

notation refers to the basis set used to describe the halogen atom,

. . and CBS refers to the extrapolated complete basis set limit.
Results and Discussion P P

In this article we describe computations carried out for the for bromine and iodine containing complexes is about the
set of halomethane-formaldehyde dimers. We will note here same £172), while it is smaller for the chlorine system
that some calculations were also done for the halomethane{~167). This trend may be attributable to the fact that the
methanol dimers and that the results for these complexesinteraction between chlorine and oxygen is the weakest
were very similar to those obtained for the halomethane- among those seen in halogen bonding and is largely based
formaldehyde dimers. Tables and figures describing the on dispersion forces (see below). Thus, the alignment of the
halomethane-methanol data are given as Supporting Informa-o-hole with the oxygen lone pair is not as critical as in the
tion. Most of the data presented for the bromomethane- case of bromine and iodine based halogen bonds. Increasing
formaldehyde dimer described in this text refer to calculations the size of the halogen bonding halogen results in an increase
carried out using the aug-cc-pVDZ/aug-cc-pVDZ-PP mixed in the X:--O - C angle from 91.3 (for chlorine) to 107.6
basis set approach, and results computed using the aug-ccffor iodine).
pVDZ basis set (on all atoms) are also available as Sup- Interaction Energies. The halogen bonding interaction
porting Information. energies for all of théd3CX---OCH, complexes are shown
Geometries.Figure 1 shows the optimized structure of in Table 2. As expected, the magnitudes of the binding
the iodomethane-formaldehyde dimer, and in this figure it energies increase with increasing halogen size. Focusing on
can be seen that the iodine atom is positioned in such a waythe CCSD(T)/aug-cc-pVQZ (aug-cc-pVTZ/aug-cc-pVTZ-PP
that its o-hole can interact with the lone pair electrons on for the bromine and iodine substituted complexes) results,
the methanol oxygen atom. The geometrical structures of which are available for each type of system considered, it
the bromomethane-methanol and chloromethane-methanotan be seen that thé;Cl---OCH, complex is bound about
complexes are similar to that of the iodomethane-methanol 27% more strongly thahisCBr--+«OCH,, which binds about
system, with the halogen atom-holes pointing in the 32% more strongly thailzCCl---OCH,.
direction of the oxygen lone pair electrons. Table 1 gives Considering the halogen-bonded complexes discussed
the important geometric quantities for the halomethane- above, the HF method greatly underestimates all of the
formaldehyde complexes. One interesting aspect of the databinding energies and, in the cases of chlorine and bromine
presented in this table is the fact that the bonding distancesubstituted systems, predicts the dimers to be unbound. This
of the systems tends to increase as the size of the halogeiindicates that dispersion must play a large role in the
increases, with the bromine and iodine substituted systemsstabilization of halogen bonded complexes. The fact that HF
having roughly the same bond distance. TheX---O angle interaction energies for iodine containing halogen bonding
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Table 3. SAPT Decomposition of the Interaction Energies smaller role in stabilizing these complexes. In contrast to
(kcal/mol) for the HzCCl+*OCH,, H3CBr++-OCH,, and the Cl---O and Br---O type halogen bonds, for thie:-O
HsCl-+-OCH, Complexes? halogen bond, the most stabilizing interaction energy com-
aug-cc-pvDZ  aug-cc-pVTZ  aug-cc-pVQZ  CBS ponent is the electrostatic one.

HsCCl+OCH, Considering the results obtained with the large aug-cc-
E(elec.) ~1.01 —0.96 —0.96 —~0.96 pVQZ (aug-cc-pVQZ/aug-cc-pVQZ-PP) basis set, dispersion
E(ind.) -0.22 —-0.23 -0.23 -0.23 forces account for about 61% and 52% of the overall
E(disp.) —1.55 -1.81 —1.89 —-1.96 attraction in the chlorine and bromine substituted dimers
E(exch.) 2.03 2.02 2.02 2.02 respectively. By comparison, the electrostatic components
AESFT —0.75 —0.98 —-1.07 -1.13 of these interactions represent about 31% and 39% of the

HsCBr++-OCH, total attractive forces, while induction contributes 7% and
E(elec.) —-1.56 —1.47 —1.46 —1.45 10% to the stability of these complexes (fdr= Cl, Br
E(ind.) ~0.36 —0.37 -0.37 -0.37 respectively). Thus it can be said that the halogen bonding
E(disp.) —1.69 —1.98 —2.08 —2.15 interactions that occur for the chloromethane-formaldehyde
E(exch.) 212 2.12 2.11 211 and bromomethane-formaldehyde complexes are dependent
AEPT —-1.49 -1.70 —-1.80 -1.86 on both electrostatic and dispersive forces, with dispersion

HyCl--OCHs playing the largest role in their stability. For the iodomethane-
E(elec.) 277 261 261 260 formaldehyde dimer the electrostatic term accounts for 54%
E(ind.) —0.77 078 078 ~0.79 of the attractive interaction, while dispersion represents about
E(disp.) ~1.01 —231 —2.44 —254 33% of the attractive forces within this dimer. Induction plays
E(exch.) 3.01 3.01 2.98 2.96 a larger role in thd---O halogen bonding interaction than
AESFT —2.45 —2.67 —2.85 —2.96 in the cases of th€l:--O andBr-:-O type halogen bonds,

a Chlorine is described using the aug-cc-pVxZ basis sets, while accounting for about 13% of the overall attractive interaction.

bromine and iodine are described using the augcc-pVxZ-PP basis It is interesting to note that, although these types of
sets; CBS refers to the extrapolated complete basis set limit. interactions are largely dependent on dispersive forces, the

complexes are negative suggests that these interactions ma§'ectrostatic interaction between the halogeimole and the
depend more on electrostatic effects than those occurring®*Y9en lone pair electrons seems to play a large role in
between the smaller halogen atoms and oxygen. It shoulgdetermining the geometric structures of these complexes.
also be noted that the MP2 binding energies are all slightly ~As the size of the halogen substituent increases the
higher than those of CCSD(T) as computed using any given dispersion interaction would be expected to increase, whereas
basis set and that the difference between MP2 and CCSD-the larger halogen substituents should also allow for a larger
(T) binding energies increases as the size of the halogensigma-hole, which would tend to increase the magnitude of
substituent increases. the electrostatic interaction. Comparing the data for the
In terms of basis sets, it can be seen that for all of the chlorine, bromine, and iodine substituted halogen bonding
HsCX---OCH, complexes that the MP2 and CCSD(T) Systems, it can be seen that both the dispersion and
binding energies display convergent behavior. One interesting€lectrostatic components of the interaction energy increase
aspect of the data presented here is that, for all of the chlorineWwith increasing halogen size. Interestingly, there is a larger
and bromine containing halogen bonding systems, theincrease in the electrostatic interaction, going from chlorine
difference between the MP2 and CCSD(T) interaction to bromine to iodine, than in the dispersion interaction.
energies remains roughly constant (within 0.02 kcal/mol) for ~ The quality of results obtained with the SAPT method,
each of the basis sets employed here. like those of other molecular structure methods, is highly
The binding energies obtained for the bromomethane- dependent on the size of basis set employed. In terms of
formaldehyde complex with the mixed aug-cc-pVxZ/aug- halogen bonding, Table 3 shows that the overall SAPT
cc-pVxZ-PP basis sets are consistently higher (by about 0.linteraction energies as well as the interaction energy
kcal/mol) than those computed using the aug-cc-pVxZ bases.components tend to converge as larger basis sets are used.
This indicates that relativistic effects do play a non-negligible While the induction and exchange parts of the interaction
role in halogen bonding complexes involving bromine. The energies vary very little with basis set size, the dispersion
binding energy for this complex as computed using the aug- and, to a lesser extent, electrostatic components display more
cc-pVQZ/aug-cc-pVQZ-PP mixed bases is 0.07 kcal/mol basis set dependence. For each of the systems considered
higher than that obtained with the aug-cc-pVQZ basis on here the electrostatic portion of the interaction energy
all atoms. decreases by about 5% going from aug-cc-pVDZ to aug-cc-
SAPT Interaction Energy Decomposition.Table 3 gives pVTZ but does not decrease any more when the aug-cc-
the symmetry adapted perturbation theory interaction energypVQZ basis is used. The dispersion component of the
decomposition results for the halomethane-formaldehyde interaction energies, for each of these halogen-bonded
complexes. One of the most striking features of these datacomplexes, decreases significantly (by between 10% and
is the fact that the stabilities of ti&---O andBr--+-O halogen 15%) going from aug-cc-pVDZ to aug-cc-pVTZ and then
bonds are predicted to be attributable chiefly to dispersion, decreases by about 5% going from aug-cc-pVTZ to aug-cc-
while electrostatic forces, which have been widely believed pVQZ. Looking at the extrapolated complete basis set limit
to be responsible for these types of interactions, play a results it can be seen that each of the SAPT interaction energy
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Figure 2. CCSD(T) and SAPT interaction energies as well as SAPT interaction energy components, for the bromomethane-
formaldehyde dimer as a function of the bromine-oxygen separation distance d(Br-+-O).

components, with the exception of the dispersion term, Table 4. Interaction Energies (kcal/mol) of the
converges (to within 0.01 kcal/mol) at the aug-cc-pVQZ basis FnHs-nCX:+OCH; Complexes as a Function of the Number
set. The CBS dispersion terms are about 6088 kcal/  ©f Fluorine Substituents?

mol lower than the aug-cc-pVQZ dispersion values; this is n=0 n=1 n=2 n=3

not a surprising result, as it is well-known that it is necessary FyHsnCCl+-OCH, (aug-cc-pVTZ)

to use very large basis sets to treat dispersion properly. HE 0.66 0.32 ~0.03 —0.45
The SAPT interaction energies for the chloromethane- \p2 111 —1.34 —1.58 —1.87

formaldehyde complex (for which no pseudopotential based ccsp(T) —~1.05 —1.29 —1.54 —1.84

basis sets are used) are generally in good agreement with
those obtained using the CCSD(T) method. The SAPT 0.27 _018 —069 124
interaction energies for complexes containing larger halogens 0, 168 108 908 o6l
generally do not agree with CCSD(T) results as well. The  ccgp) 157 ~1.89 293 _o58
SAPT results for the iodomethane-formaldehyde complex
compare particularly poorly to CCSD(T), with the SAPT/

FnH3-,CBr--OCH (aug-cc-pVTZ-PP)

FnH3—Cl-++OCH, (aug-cc-pVTZ-PP)

aug-cc-pVQZ(aug-cc-pVQZ-PP) binding energy being 0.60 ,\HA';Z :(2)2411 :2'32 :;gg :gig
kcal/mol higher than that calculated using the CCSD(T) with cesp() 215 558 316 372

the same basis set. It is interesting to note that, in the case
of theCl---O type halogen bond, all SAPT binding energies g,
are underestimated in relation to CCSD(T), while binding
energies for th@r---O andl-+-O halogen bonds are always of 3.50 A the electrostatic contribution to the interaction
overestimated. It should also be noted that when standardenergy (-0.81 kcal/mol) is about half that of the dispersion
(nonpseudopotential based) basis sets are used for theontribution (1.39 kcal/mol), while at a separation of 3.00
bromomethane-formaldehyde complex the SAPT and CCSD-kcal/mol the contributions of these two binding components
(T) interactions energies are generally in much better are roughly the same (electrostatie —3.34 kcal/mol,
agreement, with SAPT binding energies always being lower dispersion= —3.22 kcal/mol). The contribution from induc-
than those of CCSD(T) (see the Supporting Information). tion effects also increases with decreasing valued(Bf--
Distance Dependence of Halogen BondBigure 2 shows  -O), with a minimum value of-0.22 at a separation of 3.50
the CCSD(T) interaction energies and SAPT interaction A and a maximum value of-0.80 kcal/mol at a separation
energy components, as calculated with the aug-cc-pVTZ/ of 3.00 A. The different behavior of the electrostatic and
aug-cc-pVTZ-PP basis set, for several points near the dispersion interaction terms can likely be explained on the

2 aug-cc-pVTZ for Cl complexes, aug-cc-pVTZ/aug-cc-pVTZ-PP for
and | complexes.

potential energy minimum of thElsCBr---«OCH, complex. basis of the difference in their dependence on reciprocal
Here it can be seen that the potential energy curve for this distances (i.er2 for electrostatic and~¢ for dispersion).
interaction is fairly shallow with a minimum CCSD(T) Effects of Fluorine Substitution. Fluorine is a very

binding energy of-1.58 at ad(Br-+O) distance of 3.20 A. electronegative atom and, when substituted onto halogen
The SAPT interaction energies are in relatively good bonding systems, such as the set BH;-,CX:--OCH,
agreement with those determined using CCSD(T), although complexes, has the effect of drawing electron density away
they tend to deviate at small valuesd{Br---O). from the halogen bonding halogen. The HF, MP2, and
One of the most interesting aspects of the data depictedCCSD(T) interactions for the fluorine substituted halom-
in Figure 2 is the increasing contribution of the electrostatic ethane-formaldehyde complexes, as calculated with the aug-
interaction to the overall stability of the complex with cc-pVTZ basis set, are given in Table 4. Here it can be seen
decreasing halogen bond distances. At a separation distancéhat successive fluorine substitution results in a continuous



238 J. Chem. Theory Comput., Vol. 4, No. 2, 2008 Riley and Hobza

Table 5. SAPT Interaction Decomposition Terms (kcal/
mol) for the F,H;-,CCl---OCH, and F,H3-,CCBr++-OCH,
Complexes as a Function of the Number of Fluorine

0.015

Substituents?
I n=0 n=1 n=2 n=3
FyHa—nCCh++OCH;,
E(elec.) -0.96 -1.22 -1.47 -1.73
'0!15 E(ind.) -0.22 -0.21 -0.22 -0.24
E(disp.) -1.81 -1.77 -1.73 -1.68
Figure 3. Molecular electrostatic potential for HsCBr (left) and E(exch.) 2.02 1.93 1.81 1.70
F5CBr (right) at the 0.001 electrons Bohr~3 isodensity surface. AEPT —0.98 —1.27 —1.60 —1.96
decrease in the interaction energies of these systems. It is FnHz—nCBr-+-OCH,
expected that this decrease in the binding energy is caused E(elec) —147 —184 —2.17 —2.50
by an increase in the electrostatic interaction between the E£(ind) —0.37 —0.38 —0.4 —0.45
halogen’so-hole and the oxygen’s lone pair electrons. The  E(disp) —1.98 —1.94 -1.89 —183
fact that the HF binding energies go from being positive, E(es);i,’;'> 212 2.04 1.90 L.74
for the unsubstituted chlorine and bromine containing “Em —L.70 —212 —2.56 —3.04
complexes, to being negative as fluorine substituents are FnHz—nCl++OCH,
added indicates that this assertion is correct. Figure 3 shows E(elec.) —2.61 -3.11 —3.62 —4.04
electrostatic potential isosurfaces fésCBr andF;CBr; here E(ind.) —0.78 —0.82 —0.88 —0.95
it can be seen that the-hole for the fluorine substituted Eldisp.) —2.30 —2.26 —221 —2.14
system is significantly larger than that of the unsubstituted ~ £(€xch.) 3.01 2.90 2.13 248
molecule. AESFT —2.68 -3.29 -3.98 —4.65

Inspection of Table 4 shows the MP2 and CCSD(T) @ aug-cc-pVTZ for CI Complexes aug-cc-pVTZ/aug-cc-pVTZ-PP for
interaction energies for tHe,Hs_nCX:+-OCH, complexes as ~ °' and | Complexes.
a function of the number of substituted fluorines. Two Itis interesting to note that the magnitudes of the electrostatic
features of these data that are clearly depicted in this figureinteraction energy components for the;CCl---OCH,,
are that the steepness of the curves increases with increasingHiCBr:-*OCH,, andFsCBr:--*OCH, complexes as well as
halogen size and that the MP2 interaction energies approachor all of the halogen bonding systems containing iodine
those of CCSD(T) as more fluorine substituents are added.exceed those of the dispersion components.
The most likely explanation for the stronger effect of fluorine ~ NBO Analysis. We would like to note that extensive NBO
substitution on the interactions of systems containing larger analyses of halogen bonding systems have been carried out
halogens is that, because the electronegativity of halogensby Clark and co-workers, who show that the electronic
decreases with size, the larger ones tend to lose electrorconfiguration of the unshared electron pairs on a halogen
density more easily and are able to form largédroles. The bonding halogen approximate%pfpﬁ (where theC - X
MP2 method, when paired with a large basis set, is known bond lies along the-axis)?* This electronic configuration
to yield accurate results for electrostatically bound com- leads to an electron density deficiency in the region of the
plexes, such as in the case of hydrogen bonding. The facthalogen that is distal to the carbon in tB8e- X bond and
that the MP2 interaction energies become increasingly leads to the formation of the halogerishole. The goal of
accurate (compared to those of CCSD(T)) with successivethe NBO analysis carried out here is to determine the role
fluorine substitution is another indicator that fluorine sub- of hyperconjugation in halogen bonding. We will note here
stitution into these types of halogen bonding systems that the concept of hyperconjugation has successfully been
produces interactions that are more electrostatic in nature.used to interpret the electronic structure and properties of
Table 5 gives the SAPT interaction energy decompositions hydrogen bond& In hydrogen bonding the main contribution
for the sets of-,H;-,CX:--OCH, complexes. One key aspect to hyperconjugation is derived from charge transfer between
of these results is the fact that, as expected, the electrostatithe proton acceptor’s lone pair orbital and tke- H
interactions are strongly modulated by the addition of fluorine antibonding orbital.
substituents in these types of systems. Somewhat surpris- Natural bond order analysis of thg,Hs—,CX:--OCH;,
ingly, there are also non-negligible changes in the exchangehalogen bonding complexes reveals non-negligible values
and dispersion terms upon successive fluorine substitution.of the Fock matrix elementsF;, between theC - X
The exchange terms decrease with an increasing number ofintibonding and oxygen lone pair natural orbitals, indicating
fluorine substituents, a trend that is probably caused by thea delocalization, or hyperconjugation, of the electron density
decrease in electron density on the halogen bonding halogenbetween these orbitals. It is interesting to note that the
and tends to stabilize structures containing more fluorines. hyperconjugation observed for these halogen bonds is of the
The addition of fluorine substituents tends to cause a decreasesame type as that seen in the case of hydrogen bonding. Table
in the dispersion interaction terms, which tends to destabilize 6 shows the~; matrix element values for these complexes,
the fluorinated halogen bonding complexes. This increasewhere i represents the&C - X antibonding orbital and
in the dispersion term may be related to a change in therepresents the oxygen lone pair orbital. Here it can be seen
polarizability of the halomethane upon fluorine substitution. that the degree of hyperconjugation increases with increasing
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Table 6. NBO Fock Matrix Elements (kcal/mol) between F1H.Cl---OCH, complex, to which the hydrogen-bonding
the C—X Antibonding Orbital and the Oxygen Lone Pair systems can be most closely compared, the electrostatic
Orbital for the FnHs-nCX:+-OCH, and FnHs-nCX-++OHCHy component is responsible for 50.2% of the attractive interac-
Complexes and the Changes of Electron Density in the tion, while for the (unfluorinated) bromomethane-formalde-
C—X o* Antibonding Orbital upon Complexation of Halogen hyde dimer, this term yields only 38.5% of the attractive
Bonding Pairs? interaction. When the SAPT decomposition results for the
FnHz—nCX:++OCH, HCCH---OH; (68.5% electrostatic) dimer are compared to
hn=0 n=1 n=2 n=3 those of theFsCl--*OCH, (56.8% electrostatic) complex,
— 031 033 035 0.40 which exemplifies the strongest halogen bonding complex
B ' ' ' ' considered in this work (SAPT binding energy-e4.65 kcal/
(0.0020) (0.0014) (0.0010) (0.0007) . .
_ mol), it can be seen that the hydrogen-bonding complex
X=Br 0.65 0.69 0.76 0.87 disol h ¢ lectrostatic ch ¢
(0.0044) (0.0029) (0.0019) (0.0020) isplays much more o. an electrostatic character. .
X=] 1.23 1.36 1.51 1.76 The hydrogen bondlng'|3CH“‘OCH2 Complex, with a
(0.0095) (0.0070) (0.0054) (0.0072) binding energy of—0.70 kcal/mol, can most closely be
a Given in parentheses (B3LYP/aug-cc-pVDZ). compared to theHs;CCl---:OCH, complex, which has a

binding energy of-0.98 kcal/mol. The interaction between

halogen size and with higher degree of fluorination. The methanol and formaldehyde is not dominated by the elec-
hyperconjugation increase leads to a decrease in the interactrostatic interaction as in the case of the ethyne-water
tion energy. In the SAPT decomposition this increase is complex; nonetheless, electrostatics play a larger role in the
reflected primarily in the decrease of the induction term, HsCH---OCH, complex (38.5% of the attractive interaction)
which includes charge transfer. than in theH;CCl---OCH, complex (32.2% of the attractive

C-H-X hydrogen bonds exh|b|t both red and blue Shifts interaction). In terms Of SAPT inteI’aCtion energy COI’ltI’ibu-
of the C - H stretching frequency upon formation of the tions the methane-formaldehyde complex is most similar to
hydrogen bond. Vibrational shifts for the present (unfluori- the bromomethane-formaldehyde system, whose electrostatic
nated) halogen bonded complexes have been computed, antrm corresponds to 38.5% of the total attractive interaction.

we have found that these shifts are negligible (maximtim Overall it can be said that, in terms of SAPT interaction
3cnt?). All of the halomethane monomers exhibit a positive energy components, halogen bonds are similar in character
derivative of the dipole moment as a function of e X to the weakC - H---O type hydrogen bond found in the
distance (i.e., the dipole moment increases wherCtheX H3CH-+-OCH, complex. Both halogen bonds and this weak
bond is elongated), which indicates a red shift of Ghe X hydrogen bond depend largely on both electrostatic and

stretching frequencies. The electron density of e dispersive forces. The stroi@- H++-O hydrogen bond found
antibonding orbital of th€ - X bond systematically increases in the HCCH---+OH, complex is very electrostatic in nature
upon complexation, which also indicates a red shift of the and, in terms of the SAPT interaction decomposition, does
C - X stretching frequencies. On the other hand the not resemble a halogen bonding interaction.
s-character of the carbon atom in t8e X bond increases Comparison of DFT-SAPT and SAPT.Table 8 gives
upon dimerization, which indicates a blue shift of the X the DFT-SAPT and SAPT interaction energy decomposition
stretching frequencies. Evidently, the cumulative effect of results with the aug-cc-pVxZ/aug-cc-pVxZ-PP basis set for
all the factors considered above is to leave the X the H3;CBr---OCH, complex. The binding energies obtained
stretching frequencies largely unchanged upon complexationby SAPT and DFT-SAPT agree remarkably well, with the
of these halogen bonding dimers. largest deviation of 0.05 kcal/mol occurring for the aug-cc-
Comparison of Halogen Bonds to Hydrogen Bonds.  pVDZ/aug-cc-pVDZ-PP basis set. Here it can be seen that,
Halogen bonds are often compared to, the much morefor a given basis set, the DFT-SAPT method slightly
ubiquitous, hydrogen bonds, with which they share some overestimates the electrostatic and dispersion values, while
properties. Here we will compare the SAPT (aug-cc-pVTZ) it slightly underestimates the exchange values compared to
interaction energy decomposition results for the, halogen standard SAPT. The DFT-SAPT values for the induction
bonding,HsCCl---OCH,, H3CBr+--OCH,, F1H,Cl---OCH,, components of the binding energies agree with those of
and F3Cl---:OCH, complexes to those obtained for SAPT perfectly (outto two decimal places). In terms of basis
HsCH---OCH, andHCCH:--OH,, which exemplify typical sets, the same trends are seen for the DFT-SAPT method as
C - H---O type hydrogen bonds. for SAPT, as the basis set becomes larger the interaction
Table 7 gives the SAPT interaction energy decomposition between the two molecules within a complex gets stronger,
values forH;CCl--*OCH,, H3CBr+++OCH,, F1H,Cl++OCH, the dispersion component increases and the electrostatic term
and F3ClI---OCH;,, H3CH---OCH,, and HCCH:---OH,. The decreases.
binding energy of the ethyne-water dimer3.25 kcal/mol) At present it is only possible to use the DFT-SAPT/aug-
is roughly comparable to that &4H,Cl---OCH, (—3.29 kcal/ cc-pvVDZ method to treat large systems, such as biological
mol) and is higher than that &{;CBr---OCH, (—1.70 kcal/ complexes. While this method can be used to obtain a
mol). Overall, theC - H---O interaction is more electrostatic  qualitative description of these types of interactions, it should
(and less dispersive) in nature than @eX::-O interactions, be kept in mind that dispersion contributions are generally
with the electrostatic term accounting for 68.5% of the overall underestimated by 15%-20% and that electrostatic contribu-
attractive interaction in thelCCH:--OH, complex. For the tions are usually overestimated by 5%-10%.



240 J. Chem. Theory Comput., Vol. 4, No. 2, 2008 Riley and Hobza

Table 7. Comparison of SAPT Results for Several Halogen Bonding and Hydrogen Bonding Complexes?

H3CCl++OCH, H3CBrr-++OCH, F1H,Cl-++OCH, F3Cl-++OCH> H3CH-++OCH, HCCH-+-OH,
E(elec.) —0.96 (32.2) —1.47 (38.5) —3.11 (50.2) —4.04 (56.7) —0.55 (38.5) —3.78 (68.5)
E(ind.) —0.23 (7.5) —0.37 (9.7) —-0.82 (13.2) —0.95 (13.3) —0.16 (11.0) —0.51 (9.3)
E(disp.) —1.81 (60.3) —1.98 (51.8) —2.26 (36.5) —2.14 (30.0) —0.72 (50.5) —1.23 (22.2)
E(exch.) 2.02 2.12 2.90 2.48 0.72 2.27
AESAPT —0.98 -1.70 -3.29 —4.65 -0.70 -3.25

int

a kcal/mol (numbers in parentheses indicate the relative contribution (in %) to the total attractive interaction).

Table 8. Comparison of SAPT and DFT-SAPT Results for
the H3CBr---OCH, Complex?@

with increasing halogen size. The largest SAPT interaction
energy component for (unfluorinated) systems containing

H3CBr+++OCHs chlorine and bromine is dispersion, while the electrostatic
DET-SAPT a-pVDZ apVTZ a-pVvoz CBS term accounts for _slightly more than half of the attractive
interaction for the iodomethane-formaldehyde complex. It

Elelec.) —1.63 —1.56 —1.56 —1.56 should be noted that, even in cases where the electrostatic
E(ind.) —0.36 —0.37 —0.37 —0.37 contribution to the interaction energy is smaller than that of
EEZ;SZ;)) _;;g _i'gg _2'22 _2';2 dispers_io.n, electrostatic gffects probably play a large role in

SHE : 0:00 _0:01 _0:01 _0:01 determining the ge_o_metrles of halogen b_ondlng systems, as

AESAPT 144 I, a1 189 the hglogen’s posmvea—hple tends to line up Wlth .the
" negative lone electron pair on oxygen. The contribution of
SAPT a-pVDZ a-pVTZ a-pvQz CBS induction effects to halogen bonding interactions is relatively
E(elec) “lss 147 148 148 small and generally accounts for about 5%-15% of the
E(ind.) -0.36 -0.37 -0.37 —-0.37 attractive interaction. .

E(disp.) 169 _1908 208 215 The addlfuon of fluorine substituents to the halomethane
E(exch.) 2.12 212 211 211 mole_cules in our model complexes ten_ds to draw electron
AESHPT _1.49 170 ~180 _186 density away from the halogen bonding halogen atoms,

which results in halogen atoms that have significantly larger
(and more positivey-holes. The overall effect of successive
fluorine substitution onto the halomethane systems is to

Conclusions d hal bonds that both st d
In this work we have performed HF, MP2, CCSD(T), NBO, produce hajogen bonds that are both stronger and more
._electrostatic in character.

SAPT, and DFT-SAPT calculations, using several large basis Halogen bonds are often compared to, the much more

sets, on the (fluorinated and unfluorinated) halomethane-
. commonly encountered, hydrogen bonds. Here we have
formaldehyde complexes. It is found that, as the halogen . . .
shown that, in terms of SAPT interaction energy terms,

bonding halogen’s size increases, the halogen bond becomeﬁalogen bonds share many common features with v@zak
stronger and longer. SAPT analyses of halogen bonds inH---O type hydrogen bonds. Halogen bonds are not very

systems cont@m_ng chlprlnel and. bromine indicate that similar to strongC - H---O hydrogen bonds, which exhibit
halogen bonding interactions involving these halogen atoms. . .

o : L . “interactions that are much more electrostatic in nature. One
are principally dispersive in nature, although electrostatic

contributions to halogen bonds are not negligible. The common feature of halogen bonds and hydrogen bonds is

: - . . ; the hyperconjugation that r tween €heX (wher
electrostatic contribution to the interaction energy in halogen e hyperconjugation that occurs between @eXx (where

bonding increases as the size of the halogen bonding haloger%( represents either a halogen or hydrogen) antibonding orbital

. : . . and the oxygen lone pair orbital. The magnitude of this
increases. The most dominant physical component of interac-, . S .
. LT . hyperconjugation increases with larger halogen atoms and
tions for systems containing iodine is the electrostatic one, _ * " . .
. . - with the addition of fluorine substituents onto the halom-
which accounts for slightly more than half of the total binding
L . ) ethane systems.
energy. Upon substitution of fluorine atoms, which are very S . .
. Among the many scientific fields in which halogen bonds
electronegative, onto the halomethanes, halogen bond N . . . .
. . ave been implicated as important types of interactions is
become more stable and more electrostatic (and less disper:, oo . .
R -~ the study of proteirtligand interactions. It has been shown
sive) in nature. The weakest halogen bond observed in this.

study s for ineHiCCI--OCH, complex, whose CCSDMY o SECE 00 1 “8EEe S DT 00 R0
aug-cc-pVTZ binding energy is1.05 kcal/mol. The stron-

gest halogen bond occurs for tReCI---OCH, complex, with as relevant in biological complexes and that, because of their

a CCSD(T)/aug-cc-pVTZ interaction energy-68.72 kcal/ gnlqule properties, halogenlbonds mﬁ;ht be us.edl in the
mol. evelopment of, for example, new pharmaceutical com-

N . . . . pounds.
The most significant result obtained in this study is the

fact that, according to SAPT analysis, halogen bonds are Acknowledgment.  This project was supported by
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