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A new type of intermolecular bond, termed a blueshifting halogen bond, is found in the chlorotrifluoromethane-,
bromotrifluoromethane-, chlorotrifluorosilicane-, and chlorodifluoroamine-related complexes. Counterpoise-
corrected gradient optimization performed at a correlated ab initio level (MP2(full)/6~83Gl(d,p)) shows

a shortening of the €CI (C—Br, Si—Cl, or N—CI) bond of the proton donor and a blueshifting of the
corresponding €CI (C—Br, Si—Cl, or N—Cl) stretching frequency. In contrast to the conventional hydrogen
bond and the blueshifting hydrogen bond, the topological and electronic properties and the origin of blueshifting
halogen bond are also investigated.

Introduction X—H stretching frequency, which is opposite to the conventional
hydrogen bond. For the halogen bonding, to the best of our
knowledge, there is no report on the blueshifting halogen bond
up to now. Although the natures of hydrogen bond and halogen
bond are different, it is still significant to research the blue-

The number of individual crystal structures, in which weak
interactions have been reported to be important, has grown
rapidly in recent yeark.3 By consideration that crystal packing

results as the sum of many different contributions of directional hiftina hal bond and it is also i tant & h
and nondirectional intermolecular interactions, it is important snifting halogen bond and 1t 1S also Important to compare the

that different types of interactions be considered jointly in plueshifting hydrogen bond with the blueshifting halogen bond

structure analysis. Although research has traditionally focusedn order to find the nature of bond length variation during

on the more well known hydrogen-bonded interactiérsa molecular interaction. So in this paper, we present the results
growing body of experimental and theoretical evidences con- of quantum chemical calculations on a series of halogen-bonded
firms that interactions such asX---Y— (X = Cl, Br, or I: Y complexes. Note that the halogen atom acceptors used in this

=N, O, S, or) and even interactions such aX+-Y— (X = paper are simple but representative. As will be seen in the
Cl Br orl:Y = Cl Br or l) also play distinctive roles in  following discussion, the core of the blueshifting halogen bond

crystal engineering: 28 as we know, such interactions are the li€S in the halogen atom donors, so for other halogen atom
so-called halogen bonding. acceptors or their derivatives, results are very similar.
Generally, the hydrogen bond was classified asrthe o*
type of charge-transfer (CT) complexes in which the CT effect Computational Details
is thought to be the dominant factor to determine the supramo- ) )
lecular structur@® However, the consideration of only the The second-order MallerPlesset theory (MP2) is applicable
charge-transfer interaction may not be sufficient in describing t0 the study of complexes and gives reliable estimates of
the ground-state stabilization in halogen-bonding complexes. 9eometry and interaction energy with moderate basis*s@tse
Allen et al. analyzed the nature of intermolecular interactions 6-31G(d,p) basis set has been proven to produce consistent data
between carbon-bonded halogens-(G X = F, Cl, Br, or I) on hydrogen bonding previous¥ But to obtain more reliable
and electronegative atoms (N, O, or S) in detailThey calculated results, the basis set applied here is 6-31G(d,p).
concluded that the attractive nature of the interaction is mainly The basis-set superposition error (BSSE) was eliminated by the
due to electrostatic effects, but polarization, charge-transfer, andstandard counterpoise (CP) correction method of Boys and
dispersion contributions all play an important role and the Bernard® Again, some authors claimed that the normal recipe
directionality of halogen-oxygen and halogernitrogen con- ~ Of counterpoise correction of carrying out a single-point
tacts is primarily the result of the anisotropic distribution of correction using medium basis sets without further optimization
electron density around the halogen nucleus. Usually, the could notfind the correctly optimized structures and frequencies.
formation of a hydrogen bond results in an elongation of an They advocated that geometrical parameters, vibrational fre-
X—H bond, which is accompanied by a redshift of the-B{ quencies, and energies should be determined using explicit
fundamental stretching frequency and increased intensity of theBSSE correctiond3" So in the present study, ab initio
respective X-H band. Recently, a new type of intermolecular structures of complexes were determined using counterpoise-
bonding, termed blueshifting hydrogen bond, is broadly inves- corrected gradient optimization at the MP2(full)/6-31G(d,p)
tigated3® The blueshifting hydrogen bond is characterized by a level. No symmetries were constrained in optimizations. The
contraction of the X-H bond and a blueshifting of the respective  counterpoise-corrected harmonic frequencies were also evaluated
for all complexes; no scaling was applied.

bh;tf‘vb‘ézor@tgt the%nJ h?(o”esr’onde”ce should be addressed. E-mail:  The honding characteristics of the different conformers were
Tsichu%n Uﬁ,/iv'ersitg,_ ' analyzed by using the “atoms in molecules” (AIM) theory of

* City University of Hong Kong. Bader38 which is based on a topological analysis of the electron
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TABLE 1: Optimized Geometries, Frequencies, Number of Imaginary FrequenciesNimg), Interaction Energies (AE), and
Changes of Dipole Moments Au) of Halogen-Bonded Complexes Calculated at the MP2(full)/6-31+G(d,p) Levek

complex with halogen acceptor

halogen-bonded

halogen-donor

complexes monomer NH OH; Br-
FsC—Cl...YH,
Ooc—ClL..Y 179.8 179.9 179.7
Cl...Y 3.2106 3.1123 3.3886
C—Cl 1.7456 1.7390 1.7386 1.7223
freq (C-CI) 1133.8 (532.5) 1144.6 (475.1) 1143.1 (543.6) 1154.4 (563.1)
img 0 1 1 0
AE 2.14 1.76 7.27
Au 0.57 0.45 10.19
FsC—Br...YH,
OCc-Br...Y 179.9 179.6 179.7
Br...Y 3.1282 3.0955 3.2489
C—Br 1.9197 1.9150 1.9130 1.9092
freq (C—Br) 1101.2 (557.5) 1117.2 (114.6) 1111.3 (559.6) 1119.5 (536.2)
g 0 1 1 0
AE 3.29 2.45 10.61
Au 0.92 0.65 9.21
FsSi—Cl...YH,
gsi—ClL..Y 177.1 177.9 179.3
Cl...Y 3.5274 3.3357 3.5814
Si—Cl 1.9956 1.9903 1.9901 1.9711
freq (S-CI) 603.0 (102.2) 606.2 (90.5) 606.8 (88.7) 614.1 (46.0)
Nimg 0 1 0
AE 1.11 1.04 6.06
Au 0.46 0.42 12.00
F-N—CI...YH,
ON-CI...Y 177.9 178.3 177.0
Cl...Y 2.9039 2.9355 2.9737
N—CI 1.7562 1.7517 1.7457 1.7774
freq (N—CI) 733.5(93.2) 737.3 (60.3) 746.9 (79.9) 662.0 (0.4)
Nimg 0 0 0 0
AE 3.77 2.65 11.74
Au 0.93 0.56 5.46

aBond lengths are in A, bond angles in degrees, dipole moment in Debye, interaction energies in kcal/mol, and frquenciewvii ¢/
intensities (in km/mol) in parentheses.

charge density and its Laplacian. The AIM theory has proved of F,NCI-+-Br—, for which a decrease of 0.0058.0245 A is
itself a valuable tool to conceptually define what an atom is observed. The calculated interaction energies increase in the
and above all what a bond is in a quantum calculation of a order HO < H3N < Br~. This order is reasonable because the
molecular structure. The analysis went further with those gas-phase basicity of the halogen atoms acceptors is in the same
obtained by means of the natural bond obital (NBO) theory of order. It is also seen from Table 1 that the dipole moments in
Weihnhold and co-worker®.The NBO analysis will allow us  the dimers are all larger than the vector sum of the individual
to quantitatively evaluate the charge transfer (CT) involving the moments of the isolated monomers. All these properties behave
formation of halogen bond. very much like those of well-studied blueshifting hydrogen
All ab initio calculations were carried out using the Gaussian bonds??
03 suite of programs running on a 2.6-GHz ®@&\IM analysis
has been performed with the AIM2000 code with all default
options*! The AIM analysis was performed using the MP2 wave
functions as input. NBO analysis used the MP2-optimized
structures, the Hartred=ock (HF) densities, and the built-in
subroutines of the Gaussian 03 program.

The corresponding harmonic vibational frequencies and IR
intensities are also shown in Table 1. The frequency analysis
reveals the blueshifting character of the-Cl---Y, C—Br---Y,
Si—Cl---Y, or N—ClI---Y interactions in the dimers. The only
exception is again the NCl bond of ENCI---Br~. In agreement
with the computed €Cl, C—Br, Si—Cl, or N—CI bond
contraction, the €Cl, C—Br, Si—Cl, or N—CI strctching
frequencies of the contacting—Cl, C—Br, Si—Cl, or N—CI

Geometrical Parameters, Interaction Energies, and Vi- ~ 9roups are higher by 3:220.6 cm* in the dimers than the
brational Frequencies.The geometrical parameters and inter- "€Spective frequencies of the monomers. The individual blue-
action energies for the halogen atom donors and halogen-bonde@hifts can be correlated directly to the magnitude of Gi or
complexes considered in the present study are given in TableN—Cl contraction. However, the individual blueshifts cannot
1. Since it is not the purpose of this paper to systematically be correlated directly to the magnitude of-Cl or C—Br
explore the potential-energy surface of these complexes, we onlycontraction because the-Cl or C—Br stretching modes consist
concentrate on one halogen-bonded structure for each complexof a mixture of the GCI or C—-Br and C-F internal
no matter whether it is a minimum or a transition state. All the coordinates. As expected, the IR intensities behave in the same
structures studied in this paper can be seen from Figure 1. Tableway although it is in inverse proportion to bond contraction. It
1 shows that there is a contraction of the Cl, C—Br, Si—Cl, must be pointed out that -©CI motion, as well as other
or N—Cl bond upon dimers formation except for the-8I bond vibrational motions, is anharmonic, and this may cast doubt on

Results and Discussion



Theoretical Study on the Blueshifting Halogen Bond

J. Phys. Chem. A, Vol. 108, No. 10, 2004301

He o ” . o
LN - F . @ 1?_’.__ | /
h. c'. Y L.l___ ) -Z’ L’%W"“‘ﬂgh . ."; e _‘;._ '__q.
H o f . AN F i
or o or
F5C-Cl...NH;3 F5C-Cl...OH; F5sC-Cl...Br
H F
IJ' B‘—-—c ..___P_r (J “H“ ; F
e TN -'t o - g o ! .
* & =g 0 Br L g v
o ! B2 o
o o
F3C-Br...NH;3 FiC-Br...OH> FsC-Br...Br-
H,
X .'L H F H“.{) F F
e i o
&N T = ._. ﬁ" "“—-q,___.n_ o 1‘;_-"_' — ., 'z’
,,.L . F® % oF
F3S1-Cl...NH;3 F;Si-Cl...OH, F3Si-Cl...Br-
o, pf Gt
i k\t“. .(—}
N N P —— N — N
[ I o T g e T
H ‘ . o i a * 3. = s .
F‘I F ! b Fé Ol__,
F@ F
F-N-ClI...NH; F,oN-CI...OH; F-N-Cl...Br

Figure 1. Molecular graphs for the twelve studied halogen-bonded complexes. Small red dots represent critical points.

the “harmonic” results, but information from the study of

IAS appears in Figure 2. We only demonstrate thrg€ -

blueshifting hydrogen bond indicates the promising adequacy related contour maps of the electronic charge density because

of the harmonic mode®

AIM Analysis. The rigorous AIM theory has been success-
fully applied in characterizing hydrogen bonds of different
strengths in a wide variety of molecular complet&® Popelier
proposed a set of criteria for the existence of H bonding within
the AIM formalism#*45> The most prominent evidence of

others behave in the same way. Certainly, the atomic basin of
the halogen atom is strikingly larger than that of corresponding
hydrogen atom in a blueshifting hydrogen bond.

The Electron Density of the BCFhe electron densitypf)
of the BCP is listed in Table 2 for the CI(BF)N(O, or Br)
bond. The value for the CI(B:N(O, or Br-) bond does fall

hydrogen bonding is the existence of a bond path between thewithin the proposed range of 0.0060.035 au for the hydrogen

donor hydrogen nucleus and the acceptor, containing a inter-

atomic surface (IAS) and a bond critical point (BCP) at which
the electron densitypf) ranges from 0.002 to 0.035 au and the
Laplacian of the electron density{p,) ranges from 0.024 to
0.139 au. The five other criteria deal with changes of atomic
chargeq(H), atomic polarization momemi(H), atomic volume
v(H), atomic energyE(H), and atomic radiug(H) of the
hydrogen atom upon formation of the hydrogen bond. In the
present study, these eight AIM criteria of hydrogen bonds will
be systematically applied to the blueshifting halogen bonds in
order to gain deep insight into this special type of molecular
interaction.

Topology.Figure 1 clearly demonstrates the existence of a
BCP for each blueshifting halogen bond, roughly lying in the

bond. Again it has been shown tha is related to the bond
order and thus to the bond strength. As a result, the value for
eb is much lower for the CI(BFy-O bond compared to the
CI(Br):-*N(Br~) bond.

The Laplacian of the Electron Density of the BAme two
negative eigenvalues of the Hessian matrix of electron density
(A1 and4) measure the degree of contractiorpgperpendicular
to the bond toward the critical point, whereas the positive
eigenvalue 43) measures the degree of contraction parallel to
the bond and from the BCP toward each of the neighboring
nuclei. The LaplaciaiV?pyp is simply the sum of the eigenvalues
A1, A2, and 43. It has been observed that for closed-shell
interactions (ionic bonds, hydrogen bonds, and van der Waals
interactions), V2o, is positive. According to Table 2, the

middle. The expected bond paths associated with the blueshiftingblueshifting halogen bonds are also typical closed-shell interac-

halogen bond BCPs can also be visualized in Figure 1.
Furthermore, the characteristic flat blueshifting halogen bond

tions, the positive values fov2pp, lying in the proposed range
of 0.024-0.139 au (allowing for small differences in basis set).
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Figure 2. Superpositions of the contour lines of the electron density and the molecular graphs and IASs fgC@heekated dimers at the
MP2(full)/6-311++G(d,p) level. BCPs and the nuclei are both denoted by circles when they lie in the plane and by triangles when they do not lie
in the plane. The IASs of the nuclei that do not lie in the plane are omitted for clarity.

TABLE 2: Density (p), Density Laplacian (V2p), Eigenvalues F2NCI to 0.1577 in the dimer /NCl---Br~, which corresponds

gf ;[\?/e Heasiism Maltarix ((/}1';_\/12, lei), and 5|E|pt|i0ity (2 atngPS to a little loss of 0.027d but the interaction energy of
etween Halogen-Bond Acceptors and Halogen-Bond Donors R : A
at the MP2(full)/6-311++G(d,p) Level of Theory (au) E;l\rl)grl Br~ is the greatest one in the complexes studied in this
. . 2 "
interaction Po Ve ~ %2 A < Energetic Destabilization of the Halogen Atofinis criterion
CI(Br)--:N means the energy of a halogen atom should rise upon complex

FsC—Cl-+*NH; 0.0088 0.0309 —0.0059 —0.0059 0.0428 0.0000 . .
F.C—Br-NH, 0.0122 0.0378 —0.0081 —0.0081 00541 00001  ormation. It can be seen from Table 3 that the energies of

FsSi—Cl--NHs; 0.0051 0.0182 —0.0032 —0.0032 0.0247 0.0010  halogen atoms indeed rise igGECl--*Br~-, F,NCl-+-Br~-, and
F.N—Cl--*NHz 0.0156 0.0526 —0.0115 —0.0114 0.0755 0.0083  F3SiCl-related complexes, but for other complexes, the energies
CI(Br)-+-0 of halogen atoms decrease. The strength of the blueshifting
FsC—Cl--:OH, 0.0075 0.0328 —0.0057 —0.0048 0.0433 0.1780 halogen bonds is also not reflected in these values. So the
FsC—Br---OH, 0.0093 0.0368 —0.0068 —0.0057 0.0493 0.1803  enpergetic destabilization of the donor halogen atom is not a
FsSi—Cl--OH, 0.0050 0.0221 —0.0037 —0.0031 0.0289 0.1731  qyamatic and dominant effect for the stabilization of complexes.

F.N—Cl--:OH, 0.0106 0.0452 —0.0082 —0.0070 0.0604 0.1681 _ -
. Decrease of Dipolar Polarization of the Halogen Atdanom
CI(Br)---Br o . . .
FsC—Cl---Br~ 0.0101 0.0337 —0.0055 —0.0055 0.0448 0.0000 Table 3 it is obvious that the magnltude of the d|polar
FsC—Cl---Br~ 0.0156 0.0440 —0.0089 —0.0089 0.0617 0.0000 polarization, M(R2), of the halogen atomic distribution is
FsSi—Cl---Br~  0.0073 0.0250 —0.0039 —0.0039 0.0327 0.0000 decreasing upon complex formation. However, three exceptions
FeN—Cl--Br™  0.0227 0.0626 —0.0151 —0.0150 0.0927 0.0065  zre noted, three SiCl-related complexes, where magnitudes

of the first moments are increasing upon complex formation.

Decrease of the Halogen Atom’s Volurdefinal property
of interest is the halogen atom’s volume in Table 3. This quantity
is decreasing for all the halogen atoms. In general, the degree
of halogen atom shrinking is in proportion to the strength of
the blueshifting halogen bond.

From the above discussion, we can see that though the first
three criteria for the hydrogen bond are all echoed in the
blueshifting halogen bond, the five other criteria are different
between the hydrogen bond and the blueshifting halogen bond.

The ellipticity € is defined asti/(1, — 1) and measures the
extent to which charge is preferentially accumulated. The
ellipticity provides a measure for not only theecharacter of a
bond but also its structural stability. Substantial bond ellipticities
reflect structural instability; that is, the bond can easily be
ruptured. In Table 2 we see the(CI(Br)---O) is much larger
than €(CI(Br)---N(Br™)), confirming that the former bond is
weaker, which is consistent with the case of interaction energy.

Mutual Penetration of Halogen and Acceptor Atoriisie
nonbonded radius of an atom is defined as the distance of its-~>"">~" . =
nucleus to a given electron density contour (0.001 au) in the This indicates the different nature of the two types of intermo-

monomer. The bonded radius is then simply the distance from lecular interactions.
the nucleus to the BCP in question (in the dimer). The  NBO Analysis.For a better understanding of the blueshifting
penetration is defined as the nonbonded radius minus the bondednalogen bond, NBO analysis has been carried out at the HF/
radius. According to Table 3, the acceptor atom is penetrated 6-311+G(d,p) level of theory using MP2(full)/6-331+G(d,p)
more than the halogen atom, which is contrary to the case of geometry. The occupancy)) of frontier molecular orbitals
the C—H---O hydrogen bond and is consistent with the case of involving the CT between subsystems, the second-order per-
dihydrogen bond445 There are two exceptions where the turbation energy loweringE?) due to the interaction of donor
penetrations are almost equal. Again the correlation betweenand acceptor orbitals, and the differencke) of energies
the penetration data and interaction energy data is fairly good. between acceptor and donor NBOs, provided by NBO analysis,
Increased Net Charge of the Halogen Atodpon dimer-  are collected in Table 4.
ization, the charges of the donor halogen atoms all increase, as Let us first repeat that the formation of a hydrogen-bonded
illustrated by Table 3. It must be pointed out that the charges complex, either a conventional hydrogen bond or a blueshifting
of halogen atoms ing€Cl--NH3-, F3CCl---OH,-, and RSiCl- hydrogen bond, involves CT from the proton acceptor to the
related complexes are negative, contrary to the others. proton donor. This results in the increase of electron density in
The smaller loss of charge of halogen atom does not the X—H antibonding orbitals of the proton donor. Since the
correspond with the energetically weaker complex. For example, charge-transfer accompanies the formation of hydrogen bonds
the charge of the Cl atom increases from 0.1303 in the monomerand plays a major role in itAE? can be taken as an index to
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TABLE 3: Cl and Br Atomic Basin Integrated Properties and ClI, Br, and A (O, N, or Br ~) Bond Radii in the Halogen Bonded
Structures?

halogen atom  qeiey Adcign  Mcaey AMcey  veoe) Avcen -Ecien AEciey  roaeny Arcey fa  Ara Leey
FsC—Cl--*NH; —0.0492 —0.0352 0.148 0.051 206.2 1.3 459.9900 0.1986 3.00 0.61 3.07 0.88 0.2358
F:C—Cl---OH, —0.0483 —-0.0361 0.136 0.063 205.0 2.5 459.7931 0.0017 3.03 0.58 2.85 0.62 0.0267
FsC—Cl-+-Br~ 0.0109 —0.0953 0.142 0.057 202.6 4.9 459.7389-0.0525 2.94 0.67 3.46 1.13 0.0849
FsC—Br--*NH3 0.0968 —0.0437 0.307 0.079 248.3 2.1 2571.9327 0.1133 2.99 0.83 2.92 1.03 —0.0420
F;C—Br---OH, 0.0981 —0.0450 0.296 0.090 249.2 1.2 2571.97310.1537 3.08 0.74 277 0.70 0.0499
FsC—Br---Br~ 0.1552 -0.1021 0.273 0.113 246.1 4.3 2571.8587 0.0393 2.89 0.93 3.25 1.34 —0.7357
FsSi—Cl--*NH; —0.6996 —0.0079 1.045 -—-0.083 232.2 2.3 460.0608 —0.1011 3.29 0.41 3.38 0.57 0.0051
FsSi—Cl---OH, —0.6959 -0.0116 1.050 —0.088 230.9 3.6 460.0579 —0.1040 3.26 0.44 3.04 0.43 0.0051
FSi—Cl---Br~ —0.6848 —0.0227 1.176 —-0.214 230.4 4.1 459.8694 —0.2925 3.14 0.56 3.63 0.96—0.0039
FoN—Cl+-*NH3 0.1624 —-0.0321 0.402 0.071 200.0 8.5 459.7035 0.0261 2.72 0.89 277 1.18 0.0172
F:N—Cl---OH, 0.1730 —0.0427 0.400 0.073 203.6 4.9 459.7252 0.0478 2.85 0.76 2.70 0.77 0.0616
Fo,N—Cl---Br— 0.1577 -0.0274 0.353 0.120 199.3 9.2 459.4605-0.2169 2.59 1.02 3.03 1.56-—0.0544

aFor each atomic propertf, AX represents the difference of the property between the halogen-bond-free molecule and the halogen-bound
molecule.L is the value of the Laplacian, integrated over the halogen atomic basin. All units are atomic units. The value in bold font is of great
interest.

TABLE 4: Natural Bond Orbital Analysis at the HF/6-311 ++G(d,p)//MP2(full)/6-311++G(d,p) Level (AE2 in kcal/mol, Ae in
Hartree)?

complexes donor NBOs 0 acceptor NBOs o AE? Ae
FsCCl---NH3 N lone pair 1.993 (1.997) €Cl antibond 0.069 (0.071) 144 0.83
FsCCl---OH, O lone pair 1.996 (1.997) €Cl antibond 0.067 (0.071) 0.69 1.24
FsCCl-+-Br~ Br lone pair ) 2.000 (2.000) C-Cl antibond 0.067 (0.071) 3.29 0.61
FsCBr-+-NH3 N lone pair 1.987 (1.997) €Br antibond 0.075 (0.075) 3.43 0.76
FsCBr---OH; O lone pair 1.995 (1.997) €Br antibond 0.071 (0.075) 1.50 1.16
FsCBr-+Br- Br lone pair 2.000 (2.000) €Br antibond 0.089 (0.075) 0.53 1.10
Br lone pair ) 1.956 (2.000) C-Br antibond 0.089 (0.075) 9.83 0.55
F5SiCl---NHj3 N lone pair 1.996 (1.997) SiCl antibond 0.056 (0.057) 0.50 0.89
FsSiCl---OH, O lone pair 1.997 (1.997) SiCl antibond 0.056 (0.057) 0.28 1.30
FsSiCl---Br~ Br lone pair (r) 1.994 (2.000) SiCl antibond 0.055 (0.057) 1.58 0.66
FoNCI---NH3 N lone pair 1.981 (1.997) NCI antibond 0.048 (0.039) 5.16 0.75
F2NCI:--OH, O lone pair 1.994 (1.997) NCI antibond 0.038 (0.039) 1.71 1.15
FNCI---Br- Br lone pair 2.000 (2.000) NCI antibond 0.100 (0.039) 0.89 1.07
Br lone pair ) 1.912 (2.000) N-Cl antibond 0.100 (0.039) 18.60 0.51

aData in the parentheses are the occupancy of corresponding NBO of isolated moteyyde.lone pairs have been noted; other bonds are
o-type lone pairs or antibonds.
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Figure 3. Change of MP2(full)/6-311+G(d,p) dipole moment (in Debye) o&ECI, CBr, RNCI, or FSiCl upon variation of the corresponding
C—Cl, C—Br, N—ClI, or Si~Cl bond length (in A).

judge the strength of hydrogen bonds. For the blueshifting happens when two moieties approach and interact. The ¢onor
halogen bond, the case is substantially different. Though the acceptor interaction stabilization energye? in Table 4 for

CT from the lone pairs of the electron donor in the halogen F3;CCl---Br~ is less than the relevant one fogGBr---NHs,
atom acceptor is mainly directed to the-XI(Br) antibonding

density occurs only in the -€Br antibond orbital of ECBr---Br—,
the N—CI antibond orbital of ENCI---NHs, and the N-CI

antibond orbital of ENCI--+Br~. This indicates that a significant

which is opposite to the order of their intermolecular interaction
orbitals of the halogen atom donor, the increase of electron energies, suggesting that the role of CT is not the most important
one, but for complexessEBr---Br~ and RLNCI---Br~, the values

of AE? are a little larger and the corresponding changes of
electron densities for €Br and N-CI antibonds are also
electronic structural reorganization of the halogen atom donor outstanding, which indicates larger contribution of CT.
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Origin of the Blueshifting Halogen Bond. Today, there is discloses the different physical nature of the blueshifting halogen
hardly any doubt that the blueshifting hydrogen bond exists. bond and hydrogen bond on the basis of the electron density.
However, explanations for the origin of the bond shortening  (iii) Electron-density shifts accompanying the formation of
are quite different® Some authors, such as Scheiner and co- the blueshifting halogen bond also show strong differences
workers3a contend that there are no fundamental differences between blueshifting halogen bonds and hydrogen bonds or
in the bonding characteristics of blueshifting and conventional blueshifting hydrogen bonds. In many cases, there is an
redshifting hydrogen-bonded complexes. In contrast, Hobza anddecreased density in the region between the C(Si, N) and CI(Br)
co-workers proposed a CT mechanism between the proton donomatoms.
and acceptor as the main reason for the blueshift after perform- (iv) Though the blueshifting halogen bond and blueshifting
ing high-quality ab initio calculations for many blueshifting hydrogen bond are different in physical nature, the origin of
complexes For fluoroform involved in some CH-O bonds, involved bond shortening and frequency blueshifting is the same.
they suggest that it is the fluoroform molecule’s negative sign The negative permanent dipole moment derivative of donor
of the dipole moment derivative with respect to the stretching molecule is responsible for the blueshift. Note that a molecule
coordinate, d%drcy, which is responsible for the blueshift with “the capability of forming a blueshifting halogen bond or
In a recent papet®d Hermansson extends this to all the a blueshifting hydrogen bond” displays a redshifting halogen
blueshifting hydrogen bonds. He pointed out that a negative bond or hydrogen bond when the electric field from the acceptor
permanent dipole moment derivative,’trxy, for an isolated is “strong” enough at the equilibrium intermolecular distance.
hydrogen bond donor molecule is a necessary but not sufficient
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the acceptor is sufficiently strong at the intermolecular equi- Number 7001351) of City University of Hong Kong is
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field and dipole derivative are antiparallel the bond shortens
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