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Abstract

This review provides a comparative assessment of hydrogen bonding (HB) interactions with halogen (X) acceptors. Based on the data availab
in the literature we selected various inter- and intramolecular systems, for which (possibly) all the four halogen derivatives have beeinstudied eit
by experimental or theoretical methods. Four main acceptor types have been considered in our assessment, vemjdree Kalogens involved
in M—X (M =transition metal), H-X and G-X bonds. The hydrogen donors in the HB systems (DH) included the simyfle NH;, HX, H,
molecules, various alcohols, amines as well as aliphatic and aromatic CH groups. Among the molecular properties we focussed on the HB energ
and structural characteristics (at the first place on theXldistance), which are particularly informative on the HB propensities of the halogens.
Where available, the shift of the DH stretching frequengy,j involved in the HB interaction is also discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Although the primary attention within the huge area of
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molecules, interactions involving halogen acceptors have been In order to retrieve lacking data in some important series of
reported from the early years of HB reseafth In fact, the hydrogen-bonded compounds we performed quantum chemical
(probable) first use of the term “hydrogen bond” is connectedtalculations with the Gaussian 98 progr§®). These compu-
with a halogen accept@2] in the discussion of bonding in the tations were carried out at the MP2/6-311++G(d,p) level using
[F—H—F]~ anion by Paulingg]. Halogen acceptorsin strong HB quasi-relativistic effective core potentials (ECP) for Br and |
interactions often appear as textbook examples(HKH2F3, [10]. The valence basis set of the ECPs was extended by a
etc.). single set of d-polarisation functiofi1]. Our computed ener-

From the halogen group fluorine and chlorine are detectedies listed in the paper are corrected for zero-point vibrational
most frequently in HB due to the generally large partial negaenergies (ZPE) obtained at the same level and — except for the
tive charges in their compounds. The less electronegative heaintramolecular interactions — for basis set superposition error
ier halogens bromine and iodine have weaker proton accept¢BSSE).
abilities. Therefore, except the anions and metal halides, their Note that several books and comprehensive review papers on
interactions have often been considered as van der Waals (vdWAB are available including also (mostly structural) data on halo-
interactions. This classification was based on the vdW cut-offjen acceptors. A general overview of hydrogen bonding is given
criterion (1970s among crystallographers), requiring that thdy Jeffrey in his book “An Introduction to Hydrogen Bonding”

H. - .acceptor distance be substantially shorter than the sum ¢2]. Theoretical data on HB of smaller systems prior to 1996 are
the vdW radii § _vdW) of H and the acceptd®]. The criterion  collected in the book of Scheingf]. General characteristics of
fails for many H- -Br and H - I contacts being aroung vdW  HB in the solid state are summarised by Steifi®], whereas

of the interacting atomgl]. Recently, the cut-off criterion was weak hydrogen bonds in the solid state are assessed in the book
seriously criticised as being far too restrictive and misleadingf Desiraju and Steind#]. Binding enthalpies and entropies of
[2,4,5] In fact, the forces establishing HB interactions do notseveral hydrogen-bonded complexes and clusters are available
terminate atany cut-off distance, hence an exact border cannot bethe NIST WebBook databa§#3].

drawn between HB and vdW interactions. Rather, cceptor The most comprehensive source of information on hydrogen-
distances nedy_vdW should be considered as HB if the direc- bonded structures in the solid phase is the Cambridge Structural
tions are also appropriaf2] distinguishing from vdW contacts, Database (CSD, Rgfl4]). Several statistical analyses based on
where no directionality is required. CSD appeared for the HB interactions of fluorji®—20]and

The directionality of HB is governed by the electron densitychlorine[19,21-24] The rare data on Br and | acceptors did
distribution around H and the acceptor. The depletion of thenot permit an analysis of these interactions until recently. The
electron density on the opposite side of theHDbond would  first CSD searches on the latter two acceptors were reported in
favour alinear B-H- - -A (D—H = hydrogen donor; A=hydrogen 1999 by Desiraju and Steingt] and by Brammer et a[25].
acceptor) HB arrangement. On the other hand, the rich electrdm recent years, two additional studies based on CSD have been
density around A in the direction of the lone pairs would preferpublished: Neve and Crispini studied specificalitG - -Br—M
a H---A—Z (Z=any atom) angle of around 11.05uch angular interactions (M =metal]26] while the analysis of van der Berg
preferences have been revealed in HB systems both in the gaad Seddon included-&- - - X interactions of all the four halo-
and solid phasef,4-7] Even in crystals, where the angles geng[19].
can be distorted by weak forces, the lineasHD - -A angles are
statistically favoured over bent ones and the angular cut-off i2. Methods important in hydrogen bonding research
usually set at >90[8].

Reports on HB to halogen acceptors are less frequent than In this section, we briefly introduce the methods frequently
those to oxygen and nitrogen and describe mostly strong inteapplied in HB research. Note that a complete description of the
actions to halide ions and metal halid@$. The goal of our methods is beyond the scope of this review. Instead, we focus
review is an assessment of HB interactions with halogen accefere on their characteristics, advantages and disadvantages from
tors. We selected inter- and intramolecular systems, for whiclthe point of view of HB interactions.
data are available for (possibly) all the four halogens. The molec-
ular properties in our focus are the HB energy and structura?.!. Experimental methods for gas-phase studies
characteristics (such as the ‘HA distance) being particularly
informative on the HB propensities of the halogens. Where data Isolated hydrogen-bonded complexes can be investigated by
are available, the discussion is extended to the shift of the DMarious gas-phase methods. Quantitative information on the
stretching frequencyty) upon the interaction. Our assessmentstructure is provided by electron diffraction and microwave
is primarily based on the most recent literature data from therspectroscopy. However, these methods (particularly microwave
modynamic, crystallographic (neutron and X-ray diffraction), spectroscopy) are limited to small molecules only. Infrared (IR)
quantum chemical and vibrational spectroscopic studies. Notgpectroscopy is a simple but effective tool for identifying and
that several simple HB systems have been repeatedly investitharacterising HB interactions. In addition to the gas phase,
gated during the past decades taking advantage of improvemerttss technique can be used for both liquid and solid samples.
in the experimental and theoretical methods. In such cases, wWighis is particularly advantageous for large molecules, which
do not intend to list the complete literature of the topic, insteaddecompose upon vaporisation. Among liquids the solutions in
we focus on the most reliable recent data. apolar solvents are informative on the isolated hydrogen-bonded
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system, as these solvents have only marginal influencis given by Finney{36]. The crystal structure data of inorganic

on HB. and organic compounds are collected in the Cambridge Struc-
The most significant feature in the infrared spectrum is theural Databasgl4].
shift of thevpy frequency, connected to the change of thd-D The primary information on HB from diffraction studies are

bond distance upon HR7]. Particularly in the case of weak the distances and bond angles of theHD- -A—Z moiety. Most
HB can we benefit from the accurate determination ofithg informative on the strength of HB is the-HA distance and
frequency, representing an important advantage of vibrationahe elongation of the BH interaction. The latter parameter is
spectroscopy. less straightforward in the case of weak interactions, where the
On the basis of data on various organic and inorganic HB syschange of the BH bond falls in the magnitude of experimen-
tems, the red-shift of thepy frequency has been correlated with tal errors. In the case of moderate and weak hydrogen bonds
the H--A and D - -A donor—acceptor distancg®8]. In addi-  the normalisation of the angular distribution effects is impor-
tion, a correlation ofAvoy with measured bond enthalpies hastant as the BH- - -A bond angle is easily bent from linearity,
been reported for &H- - -O bondq29]. However, more accurate the bent bonds being entropy favoured. After application of the
crystal structure and computed data recently showed deviatiort®ne correction methofB7] the distribution of the hydrogen
(exceeding the uncertainties of the data) from a smooth relabond angles cluster around the theoretically optimum value of
tionship[2]. Moreover, the correlation was poor for weak HB 180°.
interactions, particularly for those with-&1 donors. Note that
in some weak HB systems, an anomalous shift ofiihe fre-  2.3. Quantum chemical computations
quency to higher wavenumbers (blue shift) was observed parallel
with a marginal shortening of the-BH bond[30]. Quantum chemical computations gain increasing importance
As the bands of the hydrogen-bonded and non-hydrogerin HB research, particularly in the study of weak interactions.
bonded systems appear at different wavenumbers in the IRhe mainadvantage ofthe computationsisthat, in principle, they
spectrum, IR spectroscopy is well suited to study their equimodel the isolated hydrogen-bonded system. This is particularly
librium in the gas phase. The free energy and bonding enthalpynportant for weak HB, where the characteristics of the weak
of the hydrogen bond can be determined from the van't HoffH. - -X interaction are difficult to separate from other effects in
plots of equilibrium constants obtained from temperature varicondensed phases. In addition, simple approaches can be applied
able measurements. Limitations of the method appear in the cagethe computations to assess the effect of solvent and that of
of overlapping bands and in the assumed identical absorptioneighbours in the cryst§B8,39]
coefficient of the hydrogen-bonded and non-hydrogen-bonded Several properties of HB can be obtained from quantum
species. chemical computations, viz., full geometry, energy, molecular
Additional, although less distributed, experimental methodsibrations, detailed bonding interactions (electrostatics, polari-
for gas-phase equilibrium studies are high-pressure mass spesation, exchange repulsion, charge transfer and dispg#itn
trometry[31,32]and ion cyclotron resonance mass spectrometry-rom the above properties, the bonding interactions can be inves-
[33]. Vibrational predissociation spectroscopy connected to éigated only by theoretical methods. Similarly, computations are
mass spectrometer can be used to identify the mass-selectdg only tools to determine the HB energy of systems not suited
hydrogen-bonded species and to gain useful information on thefor gas-phase experimental studies.

vibrational propertie$34,35]. Ab initio calculations have been applied to hydrogen-bonded
systems since the late 196p&l]. While the early low-level
2.2. X-ray and neutron diffraction works gave only qualitative information on some characteristic

HB features, today the accuracy of the computational meth-

In the solid phase, neutron diffraction and X-ray diffraction ods can approach that of the experimeftk It was made
are the primary tools in HB research. Locating the position ofpossible by the dramatic progress in computational chemistry
the hydrogen atom in the hydrogen bond, they give unambiguincluding the development of new theoretical models, improve-
ous information on the existence and strength of the interactionments in algorithms, and the advent of larger and faster com-
Modern diffractometers with their associated commercial softputing machines. Despite of these developments, truly sophis-
ware packages have made X-ray and neutron crystal structutieated theoretical levels can still only be applied for small
analysis an almost foolproof analytical procedure, providing nomolecules.
only the atomic coordinates, but also the equally important ther- Selection of the theoretical level is very important in the
mal motion parameters. From the two methods, X-ray diffrac-computation of weak interactions like HB. Correlated wave-
tion is feasible and X-ray diffractometers belong to the basidunctions and basis sets of at least double-zeta quality with
instruments in molecular structure research. In contrary, neutropolarisation functions on all atoms and diffuse functions on
diffractometers require a neutron source, only available froomon-hydrogen atoms were found to be necessary to produce
national or international centers. Another advantage of X-rayeasonable binding energies and reduce the basis set superpo-
diffraction is the shorter data collection time, while the neutronsition error. As a minimum theoretical level for HB studies,
diffraction technique provides a more accurate determination ahe second-order Moller—Plesset theory (MP2]) in con-
the positional parameters of hydrogen. A detailed discussion glinction with a 6-31+G(d,p) basis set has been recommended
the advantages and disadvantages of the two diffraction metho#3,44] From density functional theory (DFT) methods, those



A. Kovdcs, Z. Varga / Coordination Chemistry Reviews 250 (2006) 710-727 713

incorporating the hybrid exchange functional of Bepke were  Table 1 .

found to be adequate, but the use of large basis sets was SngEdi”g enthalpies (kJ/mol) and>H bond distances) of [X—H—X]~ and
gested46]. The most popular density functional in HB research” >P¢¢'®®

is presently the Becke3—-Lee—-Yang—Parr exchange-correlation F ClI- Br- -
functional (B3LYP[45,47). The requirements are more rig- x——x]-

orous for weak HB interactions, where the dispersion term age 191.4+ 6.7,  96.7+4.%, 875+4.4,  71.1+4.X9

becomes important beside the small electrostati¢4inén such 187.8 100.9 90.4 54.9
cases DFT is principally deficient due to the inability to account *—H 1-13%85 1-57232 1.703 1910
for dispersion forcef8]. " 1.14 1.55
~ Computation of the heavier halogens Brand | deserves spe- - 569,87 431.62 366.35 208.407
cial attention because of their large number of electrons and thex—H  0.91681 1.27455 1.41444 1.60916
re]gtiyistic effgcts. Both difficglties can be solved by using rel-s~ g0 267 295 3.05 316
ativistic effective core potentials (ECP), the two most popular
ones being those of Wadt and Hg@] and Bergner et a[10] & From energy-resolved collision-induced dissociation measurements in a

.. . . . flowing afterglow-triple quadrupole instrumesg].
Polarisation functions for these ECPs are also available in thes From equilibrium measurements by ion cyclotron resonance mass spectrom-

literature[11,50,51] etry for X =F and C|[33].
Comparison of experimental and computed data, however,® From equilibrium measurements by high-pressure mass spectrdigtry
should be done with caution. Experimental and computed results’ ComPUteddfat ::g ;g;D(T)/aUQC'DVTZ level. The computed energy was
; ; ; not corrected for .
::i)vtleogggféi;gn:Lf;i;e:;t?:ézlgzg T}?ﬁg ggﬁéuiggdtzgwséreag quputed in the present study at thg MP2/6—311_++G(d,p) level using quasi-
ativistic ECP for Br and |10,11] The given energy is corrected for ZPE and
they appear in both the experimental geometrical parametegssse.
and binding enthalpy. The computed vibrational frequencies are’ From rotational constants obtained by infrared diode laser spectroscopy:
usually obtained using the harmonic approximation, while theX=F (experimental error0.000074) [59], X=CI (experimental error:
experimental values include the anharmonic effects. Thereforéf'ooooeA.) [60]. . :
. . Bond dissociation energies and bond distances of the XH comp@éihds
a very good agreement occasionally found between experiment, g+ of the van der Waals radii of H and[B2].
and theory can be illusory and is likely a result of fortunate can-
cellation of errors. Data from different computations can suffer ) o . )
from the different approximations involved in the various the-0y 20-25% in the bihalide anions. The bonds ir-px-X] ~ are
oretical levels. All these influence the absolute values of thdar below the sum of the van der Waals radiidw) of X and
determined molecular parameters. More reliable are differencdd. indicating the very strong character of HB.
between the energies, geometrical parameters or vibrational The bonding in the [XxH-X]~ (X=F, Cl, Br) anions has
frequencies of related compounds, e.g., between the hydrogefcently been analysed by Berski and Latajka by means of a

bonded and non-hydrogen-bonded isomers or between similépPological analysis of the electron localisation funct[68].

hydrogen-bonded derivatives. In agreement with previous suggestiofis},55] their study
revealed the considerable covalent character of tHe Bond
3. Intermolecular hydrogen bonding interactions in [F-H—F]~. In accordance with the lower electronegativity

of the heavier halides, the properties of the electron localisa-
tion function referred to a covalent nature of thebXbond in
[X—H-=X]~ increasing from X =F to B[53].
Halide anions form very strong HB interactions, as the neg-
atively charged X is a very good proton acceptor. There are3.1.2. Small halide complexes
many data available on the small hydrogen-bonded complexes Hydrogen-bonded complexes of halide ions with several
that are stable enough for gas-phase experimental investigatiorssnall hydrogen donor molecules (DH 38, alcohols, NH,
CoH2, CHy, Ha, etc.) have been observed and characterised by
3.1.1. Hydrogen bihalides [X—H—X]~ gas-phase experimental and quantum chemical methods. Due
The hydrogen bihalide anions have a linear structure witho the small size of the donors and the free space around the
Dsoh symmetry. The potential energy curve of the asymmetricX ™ anion, larger clusters can also be formed with coordination
stretching is rather flat in the proximity of the minimum in the of additional donor molecules to"Xin the DH - - X~ complex.
case of heavier halogens (Cl, Br, I) leading erroneoustyt9  These clusters are well suited to model ion—solvent interactions
double-well potential at less sophisticated quantum chemicajoverning the structural and energetic properties of electrolyte
levels[7]. The binding enthalpies and—->Xl distances of the solutions, hence the large interest in these systems. Especially
[X—H—X]~ bihalides are given iffable 1 the water- -X~ interaction is important due to the ubiquitous
Comparison of the dissociation enthalpies ardlistances  presence of halide ions in aqueous chemistry.
in the [X—H—X]~ anions to those of the XH molecules shows The bonding enthalpies and-HX~ distances of the
thatthe H- -Xinteraction is considerably weaker inf¥—X] . DH- - - X~ complexes are compiledifable 2 Important features
The dissociation enthalpies of an-M bond in [Xx-H—X]~ are  ofthe larger clusters formed by additional DH-coordination will
ca. 25% of those of HX, whereas the-M distances are longer be included in the discussion below.

3.1. Anionic (X~ ) acceptors



714 A. Kovdcs, Z. Varga / Coordination Chemistry Reviews 250 (2006) 710-727
Table 2
Bonding enthalpies (kJ/mol) and hydrogen bond lengi)of selected B-H- - - X~ hydrogen-bonded complexes
DH F cl- Br- 1=
H,0
AH° 97.51+8.37 61.524+ 2.51° 48.96+1.67 43.11+1.28
H---X~ 1.36% 2.15¢ 2.37¢ 2.80%
CH30OH
AH® 123.88+4.18 73.24+1.26" 60.68+0.42" 49.80+0.84
H-- X~ 1.339 2.079 2.42 2.58&
EtOH
AH° 135,59+ 2.93 7491+ 1.67 59.00+ 0.84 54.41+0.84
i-ProH
AH® 140.20+2.93' 81.19+0.84" 60.26+0.84" 54.82+0.82
H- .- X~ 1.374 2.190 2.346 2.67F
t+-BuOH
AH° 139.78+2.93 84.54+ 1.67 66.12+ 0.84 54.82+1.26"
NH3
AH° 46.0+4.2 34.32+0.42" 32.22+ 042" 30.97+1.26"
H-- X~ 1.61% 2.290" 2.57% 2.87%
CoH2
AH° 100.9 43.9 36.12+0.0# 29.31+0.8&"
H-- X~ 1.054 2.253 2.4800 2.7626
CHa
AH® 28.04+0.84 15.90+ 0.84 12.97+0.84 10.88+0.84
H-.-X~ 1.88 2.66 2.88% 3.18%
Hz
AH° 18.8 5.84 4.3% 3.03
H.- X~ 1.678 2.84% 2.98% 3.29%
> vdwy 2.67 2.95 3.05 3.16

2 From gas-phase equilibrium measurements by high-pressure mass spectf68jetry

b From gas-phase equilibrium measurements by pulsed electron beam high-pressure mass spg@2hmetry

¢ From MP2/aug-cc-pVTZ calculatiori§4].

4 From MP2/6-311++G(d,p) calculatiof85].

€ From MP2/6-31++G(d,p) calculatiofi§6].

f From MP2/6-311++G(d,p) calculations using relativistic EEP for | [34].

9 From gas-phase equilibrium measurements by high-pressure mass spectfdhjetry

" From gas-phase equilibrium measurements by high-pressure mass spectfégjetry

i From MP2/6-311+G calculations on the C¥OH complexes and from B3LYP/6-311+¥Gcalculations on the-PrOH complexe$59].

I From MP2/D95 calculationg0].

k Computed in the present study at the MP2/6-311++G(d,p) level using quasi-relativistic ECP for Hi.@rid]

I Estimated on the basis of the observed trend in the %Ederies and simple electrostatic model calculatigis.

M From gas-phase equilibrium measurements by high-pressure mass spectféhjetry

" From MP2/aug-cc-pVTZ calculatiorfg2].

° From CCSD(T)/aug-cc-pVQZ calculatiofig3]. The entry undernH° for X =F~ is the equilibrium bond dissociation energy (without ZPE correction) with
respect to the educts Fand HCCH.

P From vibrational predissociation spectroscdp$].

9 From CCSD(T)/aug-cc-pVQZ calculations using ECP with valence basis of similar quality7#6t.IThe AH° value of GH»- - -1~ is based on the computed
dissociation energy, corrected empirically by the observed difference between the experimental and computedattgta fBrc[75].

" AH° from gas-phase equilibrium measurements by high-pressure mass spectromeXy, fiom B3LYP/6-31+G calculationg76].

S From CCSD(T)/VQZP calculation§7].

t From vibrational predissociation spectrosc¢@y].

Y From QCISD(T)/6-311++G(2df,2pd) calculatiof8].

V' Sum of the van der Waals radii of H and[&2].

The data inTable 2reflect quantitatively the HB propensities listed inTable 2 the interaction is the weakest (by one order of
of the different DH donors with halide ions. The strength of themagnitude) with the least acidicoHThe H - - X~ distances are
hydrogen bond varies parallel with the acidity of the DH hydro-generally in good agreement with the bonding enthalpies. Except
gen. The strongest interactions appear with DH>*OH and  for the CH;- -1~ and - - -1~ complexes, they are below the
i-BuOH, although being weaker by 15-25% than in the respec> vdW value. We note the larger computed-FX~ distances
tive [X—H—X] ~ bihalides (cf.Table ). Among the DH donors in the i-PrOH complexes with respect to GBH in contrast
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X H _-H HOH-. .- X~ is also supported by the measured red-shifts of the
\ - \ OH stretching frequencies (e.g., 386chin CHzOH- - -1~ ver-
0 X - o sus 300 cmt in HOH- - -1~ [85)).
/ / The two-dimensional (H -X~ distance versus €H- - -X~
H Ty angle) potential energy surfaces of the 4{tHH. .. X~ com-
plexes indicated a nearly symmetric, hydrogen-bonded surface
Cs Cov for X=F. The surface of complexes with X=CI, Br and |
Fig. 1. Characteristic structures of wateiX ~ complexes. becomes more asymmetric due to the increased importance of

other (ion—dipole, ion—induced dipole) interactidi@®]. The
computed flat potential energy surfaces also confirmed the
to the stronger HB in the former complexes. In the cases offloppy” nature of the motion of the halide ion around the alcohol
X=CI~, Br~ and I, the difference is around 04, well over  molecule.
the expected deviation due to the different computational level McMahon et al. assessed the performance of three pop-
for the i-PrOH and CHOH complexes of Ct and Br~, while  ular quantum chemical levels (G2, MP2/6-311+G(d,p), and
the two F-complexes were calculated at the same level. ThéB3LYP/6-311+G(d,p)) to estimate the enthalpies of formation
longeri-PrOH - . X~ distance may likely be attributed to the of (ROH),---X~ [68,69] The G2 values differed by 7.5 kJ/mol
larger steric effects afPrOH. from experiment, which is within the generally found accu-
Quantum chemical calculations on the 1:1 complexes ofacy ofthe G2 method (8—12 kJ/mol). The B3LYP/6-311+G(d,p)
water and X indicated the single-coordinatégisomer €ig. 1) level performed somewhat worse, these data deviated up to
being the global minimum on the potential energy surfacel2 kJ/mol from experiment.
whereas the,, isomer proved to be a somewhat higher lying  The AH° values of the second and third DH ligands in the
saddle-point[34,64-66,79,80] These computed results were X~ (HOR), clusters g =2, 3) are considerably smaller thami°
supported by the IR spectra of HOHCI~ [65] and HOH - -1~ of the first DH[68]. The decrease is most pronounced in the
[34] showing free and bound OH stretching vibrations in agreefluorides (ca. 40% for the second and ca. 50% for the third ligand)
ment with only one hydrogen of the water molecule involved inin agreement with the large steric interactions around the small
HB. F~ ion. Down the halogen group the weaker steric effects result
When increasing the number of solvent molecules arounéh less drastic decrease, e.g., in the iodide clusters ca. 15% and
X~, a competition occurs between the solute—solvent an80% for bonding of the second and third DH, respectively.
solvent—solvent HB interactions. Fprefers to be surrounded Fewer examples of N{i- - X~ systems are known than for
by water molecules because the HOHF~ interaction is some- complexes of HO and alcohol ligands. The most extensive stud-
what stronger than thed®- - -H>O interaction. Further addition ies have been performed for the jtH-CI~ complex using pho-
of H,0 ligands to the HOH -F~ complex is accompanied by toelectron spectroscod$6], high-pressure mass spectrometry
smaller enthalpies of hydration than that of the first step. Th¢71], infrared spectroscogdy 2] and quantum chemical calcula-
AH° values of the additional hydration steps are smaller by 17%ions[72,86] For the bromide and iodide complexes the associa-
(n=2)t0 53% (=6)[32]. tion enthalpies have only been determined by high-pressure mass
Compared to F, the importance of the ¥D- - -H>O interac-  spectrometry71]. The bonding enthalpy of Ng- -F~ has been
tion is increased in the clusters of the heavier halide ions,(Cl estimated on the basis of the trend in the halide group and simple
Br—, I7) with H20. In these systems Xfavours a connection electrostatic model calculatiofg1]. The bonding enthalpies
to the surface of the hydrogen-bonded:@j, cluster and, if n  compiled inTable 2reveal by ca. 50% weaker interaction in
is small enough, the other side of Xcan be unoccupief66]. NHs- - -F~ with respect to HOH -F~. The relative strength of
This surface-bound structure was supported by spectroscopibe NHs- - - X~ complexes with respect to the HOHX™ ones
studieq34,65] On the other hand, computations at the MP2/6-is somewhat larger in the heavier halides (up to ca. 75% in the
311++G(d,p) level indicated small energy differences betweerase of X=1).
the various cluster structur§®l—84] This points to a possible Quantum chemical calculations on NH-CI~ at the
interchange of the stability order at higher temperatures upon tMP4SDTQ/aug-cc-pVTZ//MP2/aug-cc-pVTZ level (using ZPE
the entropy effect. and BSSE corrections) revealed the preference of the monoden-
The complex formation of halide anions with small alco- tate Cs structure presented iRig. 2 over the tridentateCsy,
hols (CHsOH, EtOH,i-PrOH, -BuOH) has been investigated structure by 8.9 kJ/mdlF2]. The bidentate&s structure proved
recently by McMahon et a[68] using pulsed-ionisation high- to be a transition state on the potential energy surface. Analysis
pressure mass spectrometry. They determined the enthalpiesaffthe NH stretching vibrations in the IR spectrum of NH-CI~
formation of several smaller clusters ¥YHOR), (n=1-3) and supported the preference of the monodentate structure
reviewed the previous literature on the subject. The consister72].
results of McMahon et al. compiledTrable 2(for earlier data see Among the GH»- - -X~ complexes experimental bond ener-
Ref.[68]) reflect well the trends within both the halide and alco-getic data are only available for,85---Br~ [74]. In addi-
hol groups. The bonding enthalpies increase fromDH3CH  tion, sophisticated quantum chemical calculations using the
to i-BuOH parallel with the deprotonation enthalpies of theCCSD(T) method have been performed for all the four halide
alcohols. The stronger HB in GJOH- - -X~ with respect to complexeq73,75] Both the spectroscopic and computational
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Fig. 2. Characteristic structures of the jiH-X~ complexes.

studies supported a linear structure of the complexes with onlfor the (GHy),,- - -| = clusters gmax=4) only the first solvation
one acetylene hydrogen attached to.X shell could be observg@2].
The equilibrium structure of the three heavier halides (X=CI, Methane is a very weak-@4 donor, yet it can form hydrogen-
Br, I) corresponds to §Ho---X~ [73,75] There is, however, bonded complexes up to small clusters with the strong X
contradicting information on the equilibrium structure of the acceptors. The bonding enthalpies have been determined by gas-
CzHz- - -F~ complex in the literature. Its formation among the phase equilibrium measurements using pulsed electron-beam
elimination products of vinyl fluoride was proposed by Roy andhigh-pressure mass spectromd#§]. Quantum chemical com-
McMahon[87] and supported later by Rabasco and Kass on thgutations at the MP2 level gave somewhat lower binding ener-
basis of reactivity studies (hence not observed directly) and afies[93,94]
initio computations[88]. HF/6-31+G(d) and MP2/6-31+G(d)  The computations indicated that from the three possible
computations resulted in reasonable bond dissociation energgeometries (monodentate, bidentate, tridentatéigf.3) only
of ca. 80kJ/mol and H-F~ distance around 14 [88]. The  the linear monodentate structure is a true minimum on the poten-
CoH2- - -F~ structure of as the reaction product ofH; + CsF tial energy surface. ThiSz, structure of CH. - -F~, CHy- - -Cl~
deposited in Ar-matrix was verified on the basis of the modesand CH;- - -Br— complexes was supported by vibrational predis-
red-shift of the CH stretching vibratiof89]. However, high-  sociation spectroscopy in a low-energy tandem mass spectrome-
level CCSD(T)/aug-cc-pVQXr3] and DFT computationf20]  ter[94,95] The relatively low binding energies of the GH-X~
did not find any GHy- - -F~ minimum on the potential energy complexes are also reflected in the small red-shifts of thid C
surface, instead, the geometry optimisations converged to tretching frequencies (380, 40 and 30¢rfor X =F, Cland Br,
linear HG™- - -HF structure. The latter computed results are parrespectively{{95]). They are smaller by one order of magnitude
ticularly surprising, because the equilibrium proton affinity of than the correspondingyy shifts observed for the HOH- X~
the acetylide anion is larger by 30.9 kJ/mol than thatof F3]. complexes (2000, 570 and 430 thfor X = F, Cland Br, respec-
The proton affinity, however, refers to the isolatedH@nd F  tively) [96,97]
anions, whereas in the [HC -H- - -F]~ complex the composite Among the (CH),---X~ systems the fluoride clusters
bonding interactions determine the energy profile. The differ(n =1-4) have been observed and computed at the B3LYP/6-
ent results from the low- and high-level computations imply a31+G' level [76]. The computations revealed symmetric struc-
flat potential energy curve of the proton transfer betweea HC tures: Doon, D3n and Ty for n=2, 3 and 4, respectively. The
and F . The discrepancy between the high-level computationgxperimental bonding enthalpies of the additionalyQiands
and the matrix-IR study of Simmonett et 0] can addition-  decrease by 13%, 19% and 26% fo¥ 2, 3 and 4, respectively,
ally be explained by the different conditions in the two studies.as compared to the bonding enthalpy of the;CH-— complex.
The computations model the isolated [IHCH.--F]~ anion,  Parallel, the computations indicated -H-~ distances increas-
whereas in the Ar-matrix the ¢dons were also around and ing fromn=1to 4[76].
could stabilise the gHy- - -F~ structure. H,- - -X~ dimers of all the four halogens have been observed
The considerable energy gain can facilitate the formation oby vibrational predissociation spectrosc¢®§—100] The spec-
(CoH2)n- - -X~ clusters with spherical arrangement of the acetytra are indicative of a linear structure with—Xconnected
lene ligands around X The IR spectra of the clusters of X=CI, to one of the hydrogens only. On the other hand, quantum
Br and | showed that the first solvation shell of Ghcludes six  chemical calculations revealed a flat potential energy surface
to eight acetyleng91], that of Br~ six to seven acetyleri85].  for the rotation of H. Hence, the system is rather floppy

H

i M / / T _
.C H X e} - f X
L X ComiH -
N =

H

Fig. 3. Possible structures of GH -X~ complexes.
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facilitating an interchange of the bonding and terminal H atomgdable 3

[35,78] Mean H - -X~ distances (ifA, X=F, Cl, Br, I) with D—H- - -X~ angles >140
The hydrogen bond in - -F~ is quite strong as evidenced el

also by the 940 cm! red-shift in the H-H stretching vibration DH F~ CI~ Br- I~

[100]. The HB interaction is much weaker in theH-CI~,  5_{ qonors

Hz---Br~ and H-- -1~ complexes showing\vyy =150, 111 H—O—H 1.71(14)  2.237(799)  2.400 (148)  2.66 (47)

and 54 cmi1, respectivelyj98,99] C(sp)—O—H 1.58 (1) 2.150(299)  2.310 (90) 2.55 (27)
Larger clusters of such systems have been reported only for ©=¢-0-H 150(5)  2.044(65)  2.20(16) 242(1)

(D2)y- - -F (n=1-6) and (B),---Cl~ (n=1-3) on the basis N—H donors

of vibrational predissociation spectroscopic studiéxl]. The —N(sp)Hz 1.74(2) 2.350(314)  2.52(77) 2.79 (30)

spectra were compatible with roughly equivalent ljands V' M 1.67(3)  2247(467)  2.49(88) 272 (29)

attached end-on to the central anion in the clusters. There were:NEsz)H 164(5) 2.221(256)  2.:39(40) 2.69 (20)

: . . >N*H, 1.69 (1) 2.162(312)  2.34(83) 2.76 (1)

no signs of a second Dsolvation shell up ta = 6and 3in t_he (CCN—H 1.56 (2) 2126 (174)  2.29 (39) 2.63 (3)

(D2)n---F~ and (By),.- - -CI~ clusters, respectively. The shiftof  (ccoyn—H 2.079(232)  2.29 (90) 2.54 (5)

thevpp frequency to the lower wavenumbers depends strongl)é_H donors

on the size of the (B),- - -F~ cluster (e.g., 457 and 214 cth ClsC—H 2.39 (14) 2.62 (1) 2.84 (4)

for n=2 and 6, respectively), whereas it changes within a few c=c—H 2.49 (8) 2.70 (5)

cm~1 only for the (D), - -Cl~ clusters. (NC)C(sp)—H  2.18(1) 2.64 (110) 2.74 (56) 2.99 (44)

> vdwP 2.67 2.95 3.05 3.16

3.1.3. Halide complexes observed in the condensed phase 2 Di - —
. istances are normalised, number of contacts are given in parentheses.
Structural data on HB complexes with larger DH donors are b gym of the van der Waals radii of H and[82].
available from CSD. The most thorough analysis was performed
by Steiner in 1998, who sorted the observed contacts by the
character of the hydrogen dond02]. Other (earlier and more As was shown above for the small halide complexes, the
recent) CSD studidg,15-26]did not distinguish in such detail halide anion acceptors are favourable for HB interactions with
between various DH donors, therefore we discuss here selectetbre than one donor simultaneously. Multiple hydrogen bonds
results of SteinerTable 3. They are the mean-H-X~ distances have been observed particularly at the heavier halogens with
for most of which a large number of contacts are available, jusweak hydrogen donor-€H groups[102], where the large size
tifying their reliability. of the halogen and the relatively long HX ™ distances are ster-
The most important conclusion from the datalable 3is, ically favourable. The small and strong Rcceptor is generally
that the differences between the different halides agree well witmvolved in a single hydrogen bond (especially if DH=0OH or
the variation of the halide ionic radii fromRo 1~ (1.33, 1.81, NH) being sterically less available for a second donor.
1.96 and 2.2@, respectively{61,103). Note that the gas-phase  In competitive situations, where different types of donors
and computed H -X~ distances for HB complexes with small coordinate to the acceptor, the stronger donor dominates. Repre-
DHs (Table 2 show deviations up to 0.35from the solid-phase sentative examples are the propargyl ammonium halkeigs4),
data. The difference may primarily be attributed to steric, crystain which the halide anions interact with three ammonium groups
packing and additional intermolecular (e.g., HB) effects in theand with the acetylenic-€H of the propargyl residugl04]. In
solid. this structure the €C—H- - - X~ bonds (2.62, 2.75 and 2.960r
Regarding the proton donor groups, the daféable 3reveal  Cl—, Br~ and I, respectively) are longer than the mean value
the expected trend for the strength of the EX~ interactions.  given in Table 3 whereas the KH3---X~ bonds are slightly
It increases parallel with the acidity of DH pointing to the shorter (2.19, 2.33 and 2.87orCl—,Br-and I, respectively)
minor importance of solid-phase effects on the HB systems. Ththan observed generally (dfable 3. The structure reveals opti-
HB propensity of the various DH groups can be distinguishednised N'Hs- - -X~ interactions at the expense of the weaker
clearly: the H- -X~ distances differ generally by 0.1-QZor ~ C=C-H---X~ ones.
a selected X. Among the listed DH groups the group ofN We terminate this section with a characteristic host—guest
donors shows smaller variations, indicating smaller differencesteraction operating through HB to halide anions. Halide-
in the acidic character within the group. receptor calix[4]pyrroles have the ability to capture a single

H—C

C <0H2 —— NH3+

HyN* — C H , Bm—

c H X HN* —lt CH i C =——=C—H

H—=C C = G, m— N\H*

Fig. 4. HB interactions in crystalline propargyl ammonium halife¥].
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Table 4
/ \ MeanRyx 2 normalised distance#\J of H- - -X contacts

F—M Cl—M Br—M I—M
B B O—HP 0.703 0.799 0.820 0.868
N N—H®P 0.776 0.853 0.879 0.923
| C—HP 0.943 0.975 0.982 0.997
H C—H°® 0.924 1.009 1.024 1.060
/ \ & Rux =d(H- - -X)/(rq + r><) whered(H- - -X) is th_e measured H -X distance,
rn andry are the vdW radii of H and X, respectively.
N—H B H—nN : From Ref[25]: Ryix <1.048A and D-H-- X>110°. .
; Evaluated in the present study from the data given in Bé&f: dyx <7A
\ / and D—H- - -X>90°.
H and X, respectively. The advantage of the parameter is that,
| being the ratio of the H -X distance and_vdW, it provides a
N uniform clue for the strength of HB.

B B The results of Brammer et gR5] given in Table 4are in
agreement with expected trends for the strength of HB based on
the polarity of the B-H and X-M bonds with different D and
X. Hydrogen bonds with metal fluorides are markedly shorter

than those of their heavier halogen congeners. The preference
Fig. 5. Chemical structure of calix[4]pyrrole complexed with a halide anion.for D—H- - -X linearity at short H- -X separations was found
B = bridging moiety. to decrease in the order -NF >M—Cl>M—-Br>M-I for the
acceptors and in the order-® >N—H > C—H for the donors
X~ by forming four equivalent NH-..X~ hydrogen bonds [25]. In a recent CSD analysis of-&li- - -Br—M interactions
[105-110](Fig. 5. Experimental binding constants of deriva- Neve and Crispini found also a pronounced preference for lin-
tives with B = C(Ch) indicate a substantially decreasing sta- earity [26]. The directionality of the interactions supports that
bility of the halide complex down the halide groyh05].  these GH.--X—M interactions (with X =Brand I), although the
In agreement with that, quantum chemical calculations at thei. . .X distances are near thevdW cut-off limit, can still be
B3LYP/LANL2DZ//HF/LANL2DZ level gave BSSE-corrected considered as weak hydrogen bonds instead of vdW interactions.
binding energies of 394.1, 259.0, 219.7 and 183.3kJ/mol for The analysis of Brammer et al. revealed- EK—M angles
the F, CI~, Br~ and I complex of calix[4]pyrrole (B =CH), (X=Cl, Br, I) preferring values between 9@&nd 130 [25].
respectively{111]. The flexibility of calixarenes facilitates the Regarding the NH-.-X—M hydrogen bonds, for example,
best arrangement for the capture of Xhence the strength H...X—M angles within the range of 90—13@vere found in
of the interaction will be determined by the HB propensity 66.0%, 62.3% and 75.4% of all the observations with Cl, Br and

of X™. | acceptors, respectively. On the other hand, the ratio found for
X=F was 32.4% only. Rather, 64.1% of all the-N. - -F—M
3.2. M—X acceptors contacts adopted ‘H-X—M angles in the range of 130-160

[25]. The marked difference in the above angular preferences

Halogens bonded to transition metals (M) are good HB accepwas attributed to the greater contribution of the axial p-orbital of
tors. This property is based on the strongly polarised charactéhe heavier halogens to the-M bonding. Note that Neve and
of the M—X bond resulting generally in an enhanced partial Crispini found a very weak anisotropy in the-{H-. - -Br—M
negative charge of the halogen. The phenomenon is knowangle[26], much weaker than reported for interactions with the
as metal-assisted HR6]. Whereas a large number of struc- stronger donor OH and NH grouf5].
tural data on H.-X—M hydrogen bonds is available in the =~ C—H-.-X—M interactions have been covered recently in the
crystallographic literature, information on the HB energy of CSD search of van der Berg and Seddd8]. Due to the dif-
such systems is rare. Our literature search found only onferent search criteria and data analysis process they reported
example with consistent data on the whole halogen group: theomewhat different optimal lengths for the-g- - - X hydrogen
bond strength of the intramolecularN- - -X—Ir interaction in ~ bonds than given by Brammer et {25]. The normalise®px
mer-[IrHX(pyNH2)(PPh),] was found to be 21.8, 8.8, 7.5, values derived from the results of van der Berg and Seddon
<5.4kJ/mol for X=F, Cl, Br and I, respectively, determined by are included in the last line Gfable 4 Nevertheless, the trend
NMR spectroscopy in solutiofi12]. among the different MX acceptors agrees with that reported

A comprehensive search of CSD on-HX—M hydrogen by Brammer et al[25].
bonds including the ©H, N—-H and C-H donors has been per-
formed by Brammer et g25]. The hydrogen-bond lengths were 3.3. H—X acceptors
characterised by the mean normaliggg distances obtained
from the formulaRyx =d(H- - -X)/(ry + rx), whered(H- - -X) is The HX dimers and oligomers have been the subject of
the measured H-X distancey andrx are the vdW radiiof H  an extensive research. The lighter derivatives HF and HCI are
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H. Table 5
/ Dissociation energiedg, in kd/mol) and H- -X distancesA) of D—H. - .-X—H
H\ g X dimers (D, X =halogen) from quantum chemical calculations
XH/X / Acceptor  DH
H F cl Br |
Fig. 6. The pseudolinear and cyclic structures of (bHidimers. E
De? 19.1+1.2 (12.4+0.5)
DeP 20.9

known to organise themselves as zig—zag chains in condensed...x>  1.873
phaseq113]. A neutron diffraction study of the HI liquid at

253 K indicated no HB interaction, the average-1 distances D& 9.5+ 1.0 (5.240.3)

being around 4.8 [114]. The dimers have been detected in D¢ 6.8 6.0 4.7

the gas phase with various methdd43,115,116] Molecular H-.-X° 2.562 2.606  2.797

beam and microwave spectroscopic studies reported pseuds-

linear structures (cfFig. 6) for (HF)2 [67] and (HCI» [117], De® 6.5 5.8 4.6

respectively. However, the large amplitude motions on the flat H-- X 2.722 2.749 294

potential energy surface hampered the determination of the

H...F and H . -Cl distances. For detailed spectroscopic studies De’ 5.8 5.4 4.4

on the dynamical properties of the two dimers, see e.g., Refs. H-oX¢ 2.964 2987 3133

[118,119] Sovdwd 2,67 2.95 305 316
Due to their simplicity, the structure and potential energy sur+° 1.826178 1.1086 0.8272  0.448

e 0.80 2.63 3.61 5.44

face of the homo- and heterodimers of HX have already beefi
explored early by quantum chemical computations. Computa-*# Experimental dissociation energie3g] from absolute infrared intensities.
tions at both the Hartree—Fo§k20,121]and MP2[122] levels Af;"a'“e'\j ;‘2'?69;"1‘9{‘+T£a2r§’;theﬁfelgﬂl- S o for BSSE
gave the pseudolinear structure preferred over the cyclic tral 7o 4]T°m i (2d.2p) calculations including correction for

sition state (cf.Fig. 6), although the difference is very small ~ ¢ rrom MP2 calculations using an ECP with douealence basis sets aug-
(3.3 kJd/mol for (HF) [120] and between 0.8 and 0.4 kJ/mol for mented by diffuse sp and two sets of polarisation functj@@g]. TheDe values
(HX)2 with X=CI-I [122]). lack ZPE, but include BSSE corrections.

The dissociation energies and-HX distances of the Z EFO"; Ref[62]. Seb ] octric divole bolarisail
D—H-..X—H homo- and heterodimers are given Table 5 @ in"ic’lgrﬁocr;g;' t[Z’f]’.'n ebye) and average electric dipole polarisabilities
Because the H -X distances were not given in Ref422,124]
we derived them from the geometrical data reported in the
above studies. The dissociation energy and-M distance of  dimers showed an effect of only 0.082[122]. Similarly, the
(HF); indicate a considerable, whereas those of the other{HX)computed red-shifts ofxy are in disagreement with the trend
compounds rather weak HB interactions. Note that the-XI  in the dissociation energies. The largest effect was found in the
distances with X =1 acceptor are near thevdW value, yet, (HBr), dimer (88 cnT1) whereas it was smaller in both (HgI)
these interactions show dissociation energies between 4.4 a@3 cnm 1) and (HI (36 cnm 1) [122]. The available experimen-
5.8 kJ/mol, ca. 25% of that of (HE))The binding energies of the tal data are less suitable for comparison. For (KH@lyed-shift
heavier (HX} dimers, however, include a considerable contri-of 29 cnm 1 was measured in the gas ph4$25], whereas for
bution from dispersion forces beyond HB. The dipole—inducedHBr), and (HI) shifts of 60 cnt! [126] and 54 cmi! [116],
dipole and induced dipole—induced dipole interactions (based orespectively, in Ar-matrix. Beyond the obvious difference in
the polarisability of the monomer) become particularly impor-the vapour and matrix-isolation conditions, the Ar-matrix may
tantin the dimers of HBr and Hl, in which the polarised charactehave slightly different effects on (HBrand (HI), as they have
of the H-X bond is decreased (cf. the dipole moment and polardifferent polarisabilities. Nevertheless, the computed and exper-
isability data listed infable §. On the other hand, in the lighter imental trends agree for the latter two dimers.

(HX)» dimers the dipole—dipole interactions can make a sub- Exceptforthe microwave spectroscopic study of the HHF
stantial contribution to the binding energy. Altogether, the trenccomplex[127] suggesting a similar pseudolinear structure like
inthe energy and geometrical data (HF > HCI > HBr > HI) seemdound for the homodimers (cfrig. 6), only computational

to be determined primarily by the HB and dipole—dipole inter-results have been reported for the-l® - -X—H heterodimers.
actions. The computed dissociation energies and characteristic geomet-

The elongation of the XH bonds and the red-shift of the rical parameters of the heterodimers are intermediate of those
frequencies upon dimerisation are particularly interesting in thef the homodimergl22]. On the basis of the data irable 5Sthe
X=Cl, Br, | series. In agreement with the weak interaction,nature of the proton-donor molecule seems to have a larger effect
the X—H bonds are elongated by 0.002-0.@0xith respect on the strength of interaction than that of the proton acceptor.
to the monomer values. In contrast to the expectations on th€hanging the donor results in a difference of up to 2.1 kJ/mol
basis of the dissociation energies, however, the largest elongae the dissociation energy, whereas a change of the acceptor up
tion (0.004&) was computed for (Hb, whereas the other two to 1.0 kJ/mol only. In agreement with both the dipole moment
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and polarisability data, the dissociation energies show a largdyoth (HX),, while after a short descending period they reach a
decrease between HBr and HI (both as donor and acceptor) théimit in (HF)g and (HCl}.
between HCI and HBr.
Elongation of the XH bond upon dimerisation shows the 3.4 C—X acceptors
same characteristics in the heterodimers like found in the homo-
dimers: the elongation is 0.0@2between HCland HBr, 0.008 Information on the bonding energies of-K acceptors is

when Hl is either donor or acceptor and 0.@0# (HI)2 [122].  rare. A few systems have been investigated by quantum chemi-
The observed geometrical and vibrational characteristics of thea| calculations and vibrational spectroscopy. On the other hand,
D—H---X—H homo- and heterodimers indicate, that in thesenumerous BH- - -X—C contacts can be found in CSD. They
compounds interactions different from the traditional HB mayhave been the subject of several previous CSD analyses and
determine the Iengthening of the dono+B{ bonds and the red- reviews[4,15_24] In the fo||owing, we discuss primari]y sys-
shift of thevxn frequencies. tems for that energy data are available.

Except for (HI), all the homotrimers and homotetramers  The CHyX dimers represent weak complexes due to the
of HX have been detected by matrix-isolation IR spectroscopyery weak acidic nature of the-& hydrogen. They can be
suggesting a cyclic structure for these spe¢l@8-134] The  produced by supersonic jet expansion and have been investi-
exact geometries of the (HX)and (HX)s species have been gated by Nakata et al. by matrix isolation infrared spectroscopy
explored by computationd 22,134-136]Only one minimum  [138-140] The observed IR bands have been assigned on the
was found on the potential energy surface corresponding to gasis of quantum chemical computations. The computations
Cuh (n=3, 4) cyclic structure. The computed dissociation enerqt the MP2/DZP and B3LYP/6-311++G(3pd,3df) levels found
gies and geometrical characteristics revealed the importance ffree characteristic structures on the potential energy surface
cooperative effects in strengthening the bonding interaction. IFig. 7) [140,141] The head-to-tail C2p,) structure has H -X
the X=Cl, Br, | series, the largest dissociation energies havgistances neay vdW of the interacting atoms. The head-to-
been found for (HC}) (22.2kJ/mol in the trimer, 36.0 kJ/mol head structure{s) was obtained only for (CkBr), and (CHl)».
in the tetramer), somewhat weaker for (HB(19.3kJ/mol in  The X. . .X distances are shorter by a few tenths of angstrom than
the trimer, 30.6 kJ/mol in the tetramer) and much weaker fogvdw, whereas the H-X distances are close toit. Thisimplies
(H1)» (13.8kJ/mol in the trimer, 20.5 kJ/mol in the tetramer) atthat a marginal attractive interaction may appear between the
the MP2 leve[122]. The cooperativity results in a stabilisation halogens of the monomers facilitated by their large polarisabil-
of ca. 66% in (HCI} and (HBr}, 76% in (HCIy and (HBrk ity. In the linear (ay) structure (not found for CHl) the H- - -X
whereas 55% in (Hfand (Hl). distances are again neaivdW of the interacting atoms.

In addition to the above study, several computations have The (C,, structure was found to be the global min-
been performed on (HFpligomers at various levels of theory jmum on the potential energy surface of all the £H
[134-137] A meaningful comparison with the above discusseddimers with BSSE-corrected dimerisation energies of 6.5
data of the heavier halides is hampered by the different leve{B3LYP/6-311++G(3pd,3df)), 12.5 (MP2/DZP) and 7.6 kJ/mol
therefore we note only some important characteristics from thevip2/DzP) for X=F, Br and I, respectively. (Note that the
extensive DFT study on (HE)i0and (HCIy-s by Guedes etal.  dimerisation energy of C£Cl was not given in Ref[140].)
[137]. The planaiC,h structure of the small oligomers is forced The above results show the deficiency of DFT calculations for
to break at:>7 and =5 for (HF), and (HCI),, respectively.  dispersion forcept8] important in interactions near thevdw
Responsible for this are the dipolar and quadrupolar interactiongistance. This may be one of the main reasons that the B3LYP
competitive to HB. The cooperative effects increaseitl4 in - calculations did not find the less stalglestructure of (CHF),
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Fig. 7. Characteristic structures of (gK), dimers.
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Fig. 8. Characteristic hydrogen-bonded structures opthblorofluorobenzene-methanol complex.

and (CHCI), and that the B3LYP dimerisation energy of gfH  structures on the potential energy surface: thecom-
is much smaller than the MP2 ones of ¢B# and CHl. Onthe  plex with O-H-..m interaction, theor complex with a
other hand, a larger dimerisation energy of the heavier halidesCa,—F- - -H-O(CHg)- - -H—Ca;— six-ring and the analogous
may be justified by the increased importance of dispersiowc complex with a—Ca—Cl- - -H—O(CHg)- - -H—Car— six-
forces in their dimers on the basis of the larger polarisability ofring (cf. Fig. 8) [144]. The BSSE-corrected binding energies
CHgsBrand CHl. (The polarisabilities of CBX molecules with  were 5.9, 13.7 and 10.8 kJ/mol for the oF and ocj com-
X=F, Cl, Brand | are 2.97, 5.35, 5.87 and 7970 %*cm?,  plexes, respectively. Similar results have been obtained for
respectivelyj61].) Note that a recent MP2/6-31+G(d,p) study of the fluorobenzene-water angh-difluorobenzene -water com-
(CHsF), resulted in a dimerisation energy of 5.7 kJ/rfib1]. plexes[145]. In the heavier halides (X =Br, I) with weaker HB
This value, however, included both BSSE and ZPE correctionpropensities ther complex may have larger importance at the
in contrast to the BSSE (only)-corrected data of Futami et alexpense of thex one.
[139]. ZPE can decrease the dimerisation energy of such dimers Weak G-H.--FC HB interactions appear in the crystals
by a few kd/mol. of fluorobenzenes with H-F distances larger than 283 The

On the basis of the computed frequencies of the monomerX-ray diffraction study of fluorobenzene derivatives accompa-
and dimers, the head-to-tail conformer was identified in thenied by a CSD search for related compoufti46] revealed
matrix-isolated spectra in the case of all the four halides. Thishe strongest interactions among benzene derivatives with the
was the only structure observed for the (§Fp dimer[139], largest number of electronegative substituents, in agreement
whereas the spectrum of (Ghl, showed unambiguously the co- with the increased acidity of the CH hydrogen.
existence of the head-to-tail and head-to-head strucfl8s. There are numerous additional examples of-X---H
Note that the computed energy difference for the latter two strucintermolecular HB, in which the donor is aromatic hydrogen
tures was also very small (2.2 kJ/mol). Due to the much weakeCar—H). Our search in the Cambridge Structural Database
secondary features in the spectra of gCH, and (CHBIr),2, the  (ConQest version 1.6, using searching criteriai{ <> vdW
head-to-head structure was only tentatively identified in thesand Gy—H---X > 130, R factor <0.05) resulted in 110, 135
spectrg140]. In the crystal, both head-to-tail and head-to-headand 35 hits for X=F, Cl and Br, respectively. The distribution
interactions were observed for solid giH142]. of the H - -X distances is given ifrig. 9. The H - -F distances

It is worth noting that while the (CgK), dimers are show a well-defined maximum at 2.B5 whereas the H -Cl
very weak hydrogen-bonded complexes, the halogen imandH --Brdistances have no maximum below fhwdW value,
these molecules can be a very strong proton acceptor. Tha agreement with the much weaker character of these interac-
CHzFH"*. . .FCH;z proton bound dimer for example, exhibits a tions.
very strong (134t 8 kd/mol) hydrogen bonf43]. As noted previously, BH- - -X—C contacts have been the sub-

Halogen acceptors connected to aromatic carbons alect of several previous CSD analyses and revipiy$5—-24]
generally involved in complex interactions, as also theln all the cases, the weak HB propensities of organic halo-
aromatic w-system has hydrogen acceptor abilities, com-gens with respect to O and N acceptors in similar situations
parable to that of the halogens. A representative case iwere noted. The poor acceptor potential of fluorine attracted
the p-chlorofluorobenzene-methanol complex for which particular attention. This behaviour was explained by the low
MP2/6-31+G(d) calculations resulted in three hydrogen-bondegroton affinity and hardness of F (due to its tight electron shell)
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Fig. 9. Gar—X. - -H distances from our CSD search using criteria & < ZvdW and G,—H---X > 130.

and by the inability to modify this by intramolecular electron attractive gauche effect increasing with the electronegativity of

delocalisation or intermolecular cooperative effdd®]. Fora  the substituentgl49].

comprehensive summary of earlier CSD statistics we refer to the In the following we discuss the properties of 2-halophenols

recent book of Desiraju and Steirf@ including several char- and 2-haloethanols, for which the most extensive literature data

acteristic examples. Noteworthy is the recent CSD study of vaare available.

der Berg and Seddd9], who focussed on the directionality of

C—H- - -Xinteractions. In addition to the cone correction method4. ;. 2-Halophenols

they applied an isotropic density correction to correct for both

angular and distance effects. Thg distances of highest incidence 2-Halophenols are probably the first observed examples of

from their analysis (with H- -X <7 Aand D-H. - -X>90°) were  intramolecular HB with a halogen accepfd50]. The HB inter-

slightly above thé__vdW distances supporting that HB interac- action has been investigated in all the three phases providing

tions can extend beyond the classic vdW cut-off criterion.  extended information on its nature. IR spectroscopy revealed the
We terminate this section with a special example ofred-shift of the OH stretching frequency of the hydrogen-bonded

C-H. . -X—C HB interactions appearing in host-guest systemssy, isomers with respect to that of the non-hydrogen-bonded

Recently, Gibb et al. synthesised new nanoscale hosts fungnsi isomers. In contrast to the expectations based on the gen-

tionalised with a crown of weakly acidic benzyH8l groups  eral HB strength of the halogefi51,152] the magnitude of the

[147,148] From a systematically constructed set of guest (quasired-shift increases in the order F < Cl< Br Kb3-157]imply-

spherical adamantane) molecules the binding preference of thok®y the same order for the strength of HB in 2-halophenols.

containing halogen substituents was deduced from experimeqNote that the small, ca. 20 ¢t splitting of thevon band of

tally determined association constants. The stronger bonding @ fluorophenol was recently measured only in non-resonant ion-

the haloderivatives was attributed to the formation of weak tetraisation detected IR spectroscafip6] and coherent anti-Stokes

furcated G-H- - -X—C hydrogen bonds. The strength of bonding Raman experimentd57].) The F < Cl<Br<| behaviour was

increased with the halogen size from X=ClI to I. The X-ray dubbed as an‘anomalous’ order in the strength of the intramolec-

structure of the stronge§t—bonded hast-guestadductrevealed ular hydrogen bonfl53].

H- - -Idistances of 3.07A&, somewhat below th® vdW value of The enthalpy differenceaH°, given inTable § have been

I and H. Estimated HB energies from the association constanigetermined on the basis of they peak areas in the gas-phase IR

taking into account the entropy change of adduct formation indispectrg154]. The relative stabilities of the two forms were also

cated a contribution of at least 4 kJ/mol peftE - -I-C hydro-  evaluated from the potential function of the OH internal rotation

gen bond. The total €H---Br—C and G-H---CI-C bonding  based on the measured OH torsional frequerjd®8]. The two

energies of the Br- and Cl-adamantane derivatives were smaller

by 15% and 40%, respectively. The decreasing trend from X =1

to Cl was attributed to the rigid geometry of the host basketyable 6

resulting in less favourable -H-X distances when X=Cl and Enthalpy differences (kJ/mol) between the hydrogen-bonded and non-hydrogen-
Br [147]. bonded conformers of 2-halophenols and the lengths of the intramolecular
hydrogen bonds

F Cl Br [
4. Intramolecular hydrogen bonding interactions
AH2 14.274+0.59 13.10+ 1.47 11.5%0.29
, i ) ) AH°P 6.82 6.82 6.40 5.52
The intramolecular HB interactions generally appear in ster goc 12.68 13.68 13.31
ically constrained structures. Evaluation of the properties ohg°d 11.38 12.47 12.93 10.89
such HB interactions can be made by comparing the hydrogen - -H¢ 2.231 2419 2.494 2.630

bonded and (if available) non-hydrogen-bonded conformers. Ina on the basis of the peak areas in the gas-phase IR speldtfiin

contrast to the intermolecular case, the obtained properties caf From the potential function of the OH internal rotatid58].

substantially be influenced by additional intramolecular interac- © Computed at the B3LYP/6-31G(d,p) level (X=F, Cl) and at the B3LYP/6-

tions beside the BH- - -X hydrogen bond. These are the repul- 3116(d:p) (X =B level including ZPE correctigS7]. ,

sion of the lone pairs of D and X in the non—hydrogen-bondeq< Computed at the B3LYP/6-311++G(d,p) level |nc|_ud|ng ZPE correction for
. : ) . . =F, Cl, Br[159]. The value for 2-I-phenol was obtained from our B3LYP/6-

form, the repulsive dipole—dipole interactions between thBC  311++G(d,p) calculations using quasi-relativistic ECP f6£0] extended by

and G-X dipoles, and, specifically in ethanol derivatives, thesingle sets of sp diffusg5] and d-polarisation functior{g 1].
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Fig. 10. The five conformers of 2-haloethanols.

sets of enthalpy differences, though differing considerably irinto account the experimental errors of the enthalpy differences
magnitude, have the same F > Cl > Br > | order in agreementwitlby Lin and Fishmarf154], their data do not contradict with the
the HB propensities of the halogens (Eéble §. computed enthalpy differences of Silvi et f159] for X=ClI

From the two theoretical studies on 2-halophenols Shin et aknd Br, neither with our obtained value for 2-1-phenol.
[157] obtained an order of Cl>Br > F for the energy difference Finally, we note the effect of repulsion of the lone pairs of
of the two forms (cfTable §. Note, however, that the computed O and X on the relative stabilities of the two conformers. With
energy differences were small, and in such cases the use ofirecreasing halogen size the anti conformer is more destabilised
consistent theoretical level for all the compounds is importantdue to the larger repulsion of the lone pairs. This additional
(Shin et al. used a basis set for Br different from those of Fsupport to the larger relative stability of the hydrogen-bonded
and Cl.) More consistent data were obtained by Silvi et al. atonformer in the heavier halides has no relation to the HB inter-
the B3LYP/6-311++G(d,p) level for X=F, Cl and Br. These action and is difficult to assess.
calculations reproduced the observed order of red-shifts of the
von frequencies, and gave the same order (Br > Cl>F) for thel.2. 2-Haloethanols
relative stabilities of the two forms (cfable § [159]. The trend
was also supported by the computed geometrical parameters: 2-Haloethanols represent a more complex system due to the
the O-H bond lengthens the most (0.0é)Band the G-H. - .X five possible conformers based on the internal rotation around
angle opens the most (to 122)3n 2-Br-phenol. No theoretical the CC and CO axes (dfig. 10. From them, the only conformer
data are available for 2-1-phenol in the literature. Our B3LYPcontaining HB interaction is GgThe energy difference between
computations (utilising an ECP basis for | similar in quality to the G conformers can be a reasonable estimate of the HB energy,
the 6-311+G(d) basis of the other halogens) gave the lowests the gauche and dipole—dipole interactions are present in all
relative stability for this compound among the 2-halophenols. the three G conformers, whereas the HB il Ggeplaced by a

The stability order of Br>Cl>F in 2-halophenols might steric interaction between the lone pairs of O and X in Ga and
be explained by the geometrical constraints determining th&g. From the latter two conformers, Gg shows a smaller steric
intramolecular HB, as both the OH group and X have very lit-effect, therefore it is better suited to estimate the HB energy. The
tle flexibility. Among the three halogens, the radius of brominesteric interaction is not present in the A conformers, but also the
may bestaccommodate the constraints, hence the most advanagter contributions vanish. In general, the A conformers have
interaction may appear with Br. It should be kept in mind, how-lower energies than the Ga and Gg ones and are most likely the
ever, that ambiguities might appear in both the experimental anghinor components in gas-phase experiments.
computed data. The computed small energy differences, particu- 2-Haloethanols have been investigated by electron diffrac-
larly those between 2-Cl- and 2-Br-phenol, can change by goingon and microwave spectroscopy, and the hydrogen-bondéd Gg
to higher levels of theory. On the other hand, in the experimentatonformers were identified as the major component in the gas
study uncertainties may stem from the separation of the bands phasg160-164] The co-existence of two-three conformers has
the two isomers, from the integration of the weak band of the antbeen reported on the basis of the gas-phase IR spectra of 2-Cl-,
conformer in the IR spectfd54] and from the assumed identi- 2-Br- and 2-I-ethanol. The small differences in the OH stretch-
cal absorption coefficient of the two forms. Regarding the studyng frequencies of the conformers (between 20 and 60%m
of Carlson et al[158], the torsional frequencies can be deter-[165,166]are indicative of weak HB interactions. In the case of
mined accurately. Here the approximations used in the potenti@-F-ethanol, both the gas-phase and xenon-solution IR spectra
function model introduce some uncertainty. Nevertheless, takinghowed the presence of a single (the most stablgdgformer.
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Table 7

Enthalpy differences (kJ/mol) of the hydrogen-bonded and non-hydrogen-bonded conformers of 2-haloethanols and the lengths of the inthgrolgenlaonds
F Cl Br |

AH® 4.98+ 0.4, 5.02+0.42 3.76+0.48, 6.07+ 0.4 3.7+2.¢

AH 9.8 4.9 _ 70,63 6.5

X---H 2.489+0.039 2.6092+0.0020 2.705+0.010 3.002+ 0.056'

2 From the IR spectrum of the xenon solutid8].

b From temperature variable (20-1835) infrared measurements of the vapour utilising the CX stretching Ha683%

¢ From the IR spectrum of the xenon solution with respect to the Ag confdfh€]. The Aa conformer was also identified in the IR spectrum with a relative
stability of 4.4940.48 kJ/mol.

d From gas-phase electron diffractifi62].

€ From computations at the MP2/6-311++G(d,p) level without ZPE-corre§tién).

f From MP2/6-31++G(d,p) calculations including ZPE correctid®]. The relative stability of the Ag conformer of 2-Cl-ethanol was computed to be 5.6 kJ/mol,
that of the Aa conformer of 2-Br-ethanol to 7.2 kJ/mol. The Ga conformers were computed to be less stablé Byan.&and 9.3 kJ/mol for CI- and Br-ethanol,
respectively.

9 Energy difference between the Gmd Aa conformers from present MP2/6-311++G(d,p) calculations using quasi-relativistic ECP for Bt&yid]applying
corrections for ZPE.

h From gas-phase electron diffractiory parameter]163].

' From microwave spectroscopy64].

The only information on its HB energy comes from MP2/6- the early vapour-phase IR measurement of Buckley ¢1&56]
311++G(d,p) computatior{467] (cf. Table 7. (cf. Table 9.

Among 2-haloethanols the Cl- and Br-derivatives have been The only structural study of 2-I-ethanol was performed by
investigated extensively by experimental and theoretical methFhomassen et al. using gas-phase electron diffraction (together
ods. Therelative stability between Gand the antiforms of 2-CI-  with a study of 2-Br-ethanol)162]. From variable tempera-
ethanol has been determined from the IR spectrum of both the gasre measurements a rough estimate of the energy difference
phasd165] and xenon solutiofil68]. In a recent analysis of the between the hydrogen-bonded and non-hydrogen-bonded con-
IR spectrum of 2-Br-ethanol dissolved in liquid xenon the Ag andformers was 7.6 2.7 and 3. & 2.9 kJ/mol for Br- and I-ethanol,

Aa conformers have been observed. The enthalpy differencesspectively. Our MP2 calculations gave a much higher relative
relative to G¢ have been determined by variable temperaturestability (6.5 kJ/mol) of the Ggconformer of 2-1-ethanol with
studies between-63 and —100°C and by quantum chemi- respectto the Aa conformer.

cal calculations at the MP2/6-311+G(d,p) level (Table 7 The experimental and computed hydrogen-bond lengths
[169]. The latter experimental value is somewhat lower than thagiven in Table 7are close to thé vdW distances (particularly
obtained from early variable temperature (20-13GDinfrared  those of X =ClI, Br and I), as another indications of weak inter-
measurements of the vapour (6:80.42 kJ/mol between two actions. Comparing the two presented intramolecular hydrogen-
unassigned conformers, dfable 7 [165]. bonded systems, the HB in 2-halophenols is two to three times

Recently, quantum chemical calculations have been pestronger due primarily to the more suited geometrical arrange-
formed on the whole conformational space of 2-Cl- and 2-ments of the OH and X groups.

Br-ethanol at the MP2/6-31++G(d,p) and B3LYP/6-31++G(d,p)

levels[170]. The relative stability of the most stable 2-Cl-ethanol 5. Conclusions

conformer agrees well with the experimental value of Durig et

al.[169]. On the other hand, the computad{ of 2-Br-ethanol In the present review, we performed a comparative assess-
is almost two-times larger than the value derived from the speanent of HB interactions with halogen (X) acceptors based
trum of the xenon solutiof169], while it agrees witAH° from  on data available in the literature. Four main acceptor types

AH —a—
(kdimol) (kJA!r:ol) 1 - (F:|
140 s Br
120 25 —v—
100 20-
80 ] .
60- A
40 104
20 i 5
0] 0 T T T T T T T
DH: -BUOH MeOH  NHealix H,0 NH, C.H, DH: CH, H, NH HX  CArH 2-X-phenol 2-X-ethanol

X : ¥
AX Al X X K HX CX

Fig. 11. Overview of characteristic HB energies (DH = donor; A=acceptor; X=F, Cl, Br, I).
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have been considered, viz., free Xanions, halogens in MX
(M =transition metal), HX and G-X bonds. Among the molec-

ular properties we focussed on the HB energy and structural char*
acteristics that are particularly informative on the HB propensi-

ties of the halogens.
In Fig. 11, an overview of the most characteristic HB ener-
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