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Factors contributing to halogen bond strength
and stretch or contraction of internal covalent
bond†

Mariusz Michalczyk, *a Beata Kizior, a Wiktor Zierkiewicz a and
Steve Scheiner *b

The halogen bond formed by a series of Lewis acids TF3X (T = C, Si, Ge, Sn, Pb; X = Cl, Br, I) with NH3 is

studied by quantum chemical calculations. The interaction energy is closely mimicked by the depth of

the s-hole on the X atom as well as the full electrostatic energy. There is a first trend by which the hole

is deepened if the T atom to which X is attached becomes more electron-withdrawing: C 4 Si 4 Ge 4

Sn 4 Pb. On the other hand, larger more polarizable T atoms are better able to transmit the electron-

withdrawing power of the F substituents. The combination of these two opposing factors leaves PbF3X

forming the strongest XBs, followed by CF3X, with SiF3X engaging in the weakest bonds. The charge

transfer from the NH3 lone pair into the s*(TX) antibonding orbital tends to elongate the covalent TX

bond, and this force is largest for the heavier X and T atoms. On the other hand, the contraction of this

bond deepens the s-hole at the X atom, which would enhance both the electrostatic component and

the full interaction energy. This bond-shortening effect is greatest for the lighter X atoms. The

combination of these two opposing forces leaves the T–X bond contracting for X = Cl and Br, but

lengthening for I.

Introduction

As arguably the most important of all intermolecular interac-
tions, the H-bond (HB) has deservedly received an enormous
amount of attention over the century since its existence was
established.1–6 The factors that contribute to its strength have
been elucidated, as well as secondary issues such as the circum-
stances which propel the bridging proton to transfer from one
subunit to the other.7–14 An enormous body of work has devel-
oped the ability to estimate the strength of a given HB based
upon spectroscopic data such as the downfield shift of the NMR
signal of the central proton.15,16 Another trademark of a AH� � �B
H-bond is the bathochromic shift of the A–H stretching fre-
quency, coupled with the intensification of this band in the IR
spectrum.17–20 Detailed scrutiny has shown that this red shift is
typically accompanied by a small elongation of this A–H bond.

One of the more intriguing developments in the H-bond
field was the recent discovery that a number of HBs ignore this

rule, and shift their AH stretching frequency to the blue.21–31 In
these cases, the bond length also changes in the opposite
direction, contracting instead of elongating. After some initial
thought that perhaps this contrary behavior disqualified these
interactions as true H-bonds, it was soon agreed that they are
indeed H-bonds in all respects, despite their unexpected spectral
behavior. There have been a number of hypotheses advanced as
to how to account for these unusual characteristics.32–51 The
common theme in these varying ideas is that there are two sets
of forces acting on the length of the A–H covalent bond in all
cases, some pushing toward elongation while contraction is
favored by others. The end result is simply due to the final
balance between these two forces.

The halogen bond (XB)52–57 is one of a family of noncovalent
bonds, including also chalcogen, pnicogen, and tetrel
bonds,58–65 in which the bridging proton of the HB is replaced
by any of a large group of other elements. Because most of the
halogen atoms are more electronegative than H, one cannot
assign an overall positive charge to X as one can for H. None-
theless, there is a high degree of anisotropy of electron density
around X, which leads in turn to a positive region of the
electrostatic potential that is focused along the extension of
the A–X bond. This so-called s-hole can attract a nucleophile in
much the same way as can a proton with its partial positive
charge. Also like the H-bond, there is a certain amount of
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charge that is transferred from the lone pair of the nucleophile
into the s*(AX) antibonding orbital of the AX� � �B halogen
bond, accounting for some of the stability of this interaction.

Given the high degree of similarity between the nature of the
HB and XB, it is natural to expect a parallel red shift of the AX
stretching frequency, coupled with an elongation of the AX
bond. And although the body of IR data for XBs is admittedly
more meager than that for HBs, there does seem to be a trend
in that direction. On the other hand, there have also been some
observations of shifts in the opposite direction. As one example,
the CI frequency66 of iodomethane shifts toward the blue when
coupled with ethanol. Contractions of the R–Cl bond occur when
RQNO2, but elongations occur for other R groups.67 Red shifts
characterize XBs to XCN, XCCH and XCCCN, but the changes are
in the opposite direction for XCF3, XCF2H and XCFH2.

68 Various
FX units all shift to the red,69,70 regardless of base. The CX bond
is contracted, and its stretching frequency shifts to the blue71 for
a series of anesthetics engaged in CX� � �O XBs.

At this point, then, the reports are quite scattered in terms of
development of a scheme to predict which systems behave in
one manner or the other. Why do some systems undergo a
bond elongation while contractions are seen in others? What is
needed is a systematic study to identify the forces that control
the direction of shift, so as to better predict how a given
halogen-bonded system will behave. Such an understanding
will enable a proper interpretation of spectra with regard to the
presence and strength of any halogen bonds that might occur.

The current work addresses this question by applying high-
level quantum chemical calculations to a series of fifteen
different TF3X molecules in which X represents each of the
three halogen atoms Cl, Br, and I. Five different tetrel atoms C,
Si, Ge, Sn, and Pb were included, covering a wide range of size,
electronegativity, and polarizability. NH3 was chosen as the
universal nucleophile with which each Lewis acid partners in a
halogen bond. Its moderate basicity is ideal for this study, and
its small size largely precludes the complications that might
arise from secondary interactions.

Computational details

The Gaussian 1672 suite of programs was employed for quantum
chemical calculations. Density functional theory (DFT) employed
the M06-2X functional,73 in the context of the aug-cc-pVTZ basis
set which includes both polarization and diffuse functions added
to a triple-z foundation. The aug-cc-pVTZ-PP pseudopotential74

was applied to Sn, Pb and I as it takes into account certain
relativistic effects. The geometries of monomers and complexes
were optimized with no symmetry constraints, and were verified
as true minima by normal mode analysis. Each interaction energy
Eint is defined as the difference between the energy of the dyad
and the sum of the energies of the two monomers in the geometry
they adopt within the dimer. Basis set superposition error was
then removed from Eint by the standard counterpoise protocol.75

Decomposition of the interaction energies was carried out at the
M06-2XD/ZORA/TZ2P level of theory through the ADF-EDA

protocol according to the Morokuma-Ziegler scheme embedded
in ADF software76–78 (the dispersion keyword was used). The
M062XD functional was applied to this scheme along with a
slight variation in basis set in order to fully capture dispersive
contributions. The NBO method79,80 as incorporated in Gaussian,
was applied to quantify interorbital charge transfers and their
energetic manifestation. The MultiWFN program81 located the
maxima of the molecular electrostatic potential (MEP) on the r =
0.001 a.u. isodensity surface of each monomer.

Results

Fifteen F3TX Lewis acid molecules were constructed with T = C,
Si, Ge, Sn, and Pb, and X = Cl, Br, or I. Each was then allowed to
form a dimer with the base NH3 which was held together by a
X� � �N halogen bond. Examples of three such dyads are illu-
strated in Fig. 1.

Properties of halogen bonds

The first column of data in Table 1 lists the values of the
maximum on the 0.001 a.u. isodensity surface along the exten-
sion of each T–X bond, the so-called s-hole depth on X, as Vmax.
For any particular T atom, the hole deepens as the X atom
grows in size Clo Bro I. The dependence upon the identity of
the tetrel atom is a bit more nuanced. The depth of the hole is
largest at the two extremes, C and Pb, with the latter generally
having the largest Vmax. The s-hole is smallest for Si, leading to
an overall pattern of Pb 4 C 4 Ge B Sn 4 Si. The total dipole
moment m of the Lewis acid monomer follows a clearer order in
which it grows along with the size of both the T and X atoms.
The next column of Table 1 displays the interaction energy
that occurs when each Lewis acid complexes with NH3. This
quantity spans a wide range from 1.3 to 9.9 kcal mol�1. These
energies follow along with the pattern noted above for Vmax for
the most part: Eint grows quickly as X becomes heavier. The
interaction energies are largest for Pb, followed by C, with Si
associated with the weakest binding. Indeed, there is a close
relationship between Eint and Vmax, with a correlation coeffi-
cient R2 = 0.95.

The intermolecular XB distances in the next column are all
in the 3 Å range, between 2.8 and 3.3 Å. Despite the larger radii
of the heavier X atoms, R(X� � �N) does not elongate; rather, the
strengthening XB tends to contract this distance even if only
slightly. The XB length is shortest for the Pb complexes,
attributed to their greatest strength, with the C distances in
the first three rows a bit longer, followed then by the other
complexes with longer XB lengths. Perhaps a better yardstick as

Fig. 1 Geometries of three sample halogen-bonded complexes with
ammonia; as Lewis acids act (a) F3C–I, (b) F3Ge–Br, (c) F3Pb–Cl. Distances
in Å.
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to the XB length factors out the intrinsic atomic radii which
differs from one atom to the next.

The normalized distance RN in Table 1 divides R(X� � �N) by
the sum of vdW radii of the two atoms involved.82 The small
ratios less than 0.7 for the Pb complexes reflect the strength of
these bonds. It is interesting that RN is largest for the C dyads
despite their strength, second only to Pb. But in any case, all the
normalized distances are comfortably smaller than unity, con-
sistent with the presence of a moderately strong XB. The last
two columns of Table 1 contain the internal T–X distances
within the optimized monomers and dimers. It is evident that
there is contraction occurring in some and elongation in others
upon complexation.

Table 2 reports the results of decomposition of the inter-
action energies of the various complexes. It is immediately clear
that the electrostatic term outweighs the orbital interaction
quantity. EES accounts for between 60 and 66% of the total
attraction, leaving the remainder to EOI and EDisp. The impor-
tance of EES is also reflected by its tight relationship with the
full interaction energy, with correlation coefficient 0.99. A large
portion, but certainly not all, of the electrostatic component is

connected with the interaction between the X s-hole and the
negative region of the NH3 unit. Likewise, a major portion of
the orbital interaction term arises from the transfer of charge
from the NH3 lone pair into the s*(TX) antibonding orbital, as
discussed in more detail below. The correlations of EOI and
EDisp with Eint are not as good, with correlation coefficients of
0.93 and 0.78, respectively.

Explanation of trends

Some of the trends contained within Table 1 are entirely
consistent with prior calculations and chemical principles.
For example, the s-hole deepens as the X atom becomes larger,
in line with its growing polarizability and electropositivity. This
pattern is mimicked by the full electrostatic component of the
interaction, as well as the total interaction energy itself.

On the other hand, the dependence of the various aspects of
the XB upon the tetrel atom to which the halogen atom is
attached is a bit more subtle. If one were to contemplate the
source of the s-hole on the X atom, it would be logical to expect
it to be deepest for the most electronegative T atom which
ought to best draw density away from X. The actual values of
tetrel electronegativities vary a bit from one scale to another but
there is a general trend for diminishing electronegativity with
larger atom. Vmax changes in the direction opposite to this
expectation, rising as: Si o Ge o Sn o Pb. The notable
exception to this pattern is C for which Vmax is suitably large,
second only to Pb. This order of s-hole depth persists in the full
electrostatic component, as well as Eint. The dipole moments of
the monomers also increase with larger T atom, but without the
anomaly for F3CX for which m is smallest of all the monomers.

This pattern may be reflective of two opposing forces. On one
hand, the more electronegative tetrel atoms near the top of the
periodic table like C will exert a stronger pull on the electron
density of the X atom, tending to deepen its s-hole. On the other
hand, the more polarizable T atoms toward the bottom of the
table can better facilitate the electron-withdrawing power of the
F atoms to propagate through to the X atom, drawing density
away from X and deepening the s-hole.

In order to test this hypothesis, the series of TH3Br and TH3I
monomers were examined in which the F atoms have been

Table 1 Properties of optimized monomers F3TX, and complexes with NH3

Monomer Vmax, kcal mol�1 mmon, D �Eint, kcal mol�1 R(X� � �N), Å RN r(TX)mon, Å r(TX)dim, Å

F3C–Cl 21.37 0.473 2.52 3.030 0.84 1.757 1.751
F3C–Br 25.13 0.578 3.74 3.006 0.83 1.927 1.924
F3C–I 32.16 1.020 6.09 2.991 0.79 2.143 2.147
F3Si–Cl 14.19 0.715 1.28 3.340 0.83 2.003 1.998
F3Si–Br 18.66 0.902 2.04 3.264 0.81 2.167 2.162
F3Si–I 24.58 1.301 3.36 3.273 0.77 2.382 2.383
F3Ge–Cl 17.70 1.281 1.83 3.183 0.77 2.094 2.089
F3Ge–Br 23.85 1.740 2.94 3.168 0.76 2.245 2.243
F3Ge–I 31.85 2.489 4.82 3.151 0.73 2.450 2.456
F3Sn–Cl 16.53 1.616 1.84 3.168 0.75 2.273 2.270
F3Sn–Br 23.83 2.263 3.15 3.142 0.73 2.417 2.416
F3Sn–I 33.20 3.290 5.30 3.108 0.70 2.611 2.620
F3Pb–Cl 21.88 2.365 3.42 2.918 0.66 2.347 2.349
F3Pb–Br 31.10 3.310 5.70 2.869 0.64 2.483 2.493
F3Pb–I 43.59 4.833 9.88 2.777 0.60 2.666 2.703

Table 2 EDA/M06-2XD/ZORA/TZ2P decomposition of the interaction
energy of complexes into Pauli repulsion (EPauli), electrostatic (EES), orbital
interaction (Eoi) and dispersion (Edisp) components. All energies in kcal
mol�1

Dimer EPauli EES % EOI % Edisp % Eint

F3C–Cl���NH3 3.95 �4.82 66 �1.70 23 �0.78 11 �3.35
F3C–Br���NH3 6.21 �7.33 66 �2.90 26 �0.95 8 �4.97
F3C–I���NH3 11.17 �12.16 66 �4.97 27 �1.17 6 �7.14
F3Si–Cl���NH3 1.43 �2.08 62 �0.61 18 �0.65 19 �1.91
F3Si–Br���NH3 2.80 �3.80 64 �1.23 21 �0.93 16 �3.16
F3Si–I���NH3 4.75 �6.05 66 �1.95 21 �1.16 13 �4.41
F3Ge–Cl���NH3 2.53 �3.42 65 �1.10 21 �0.76 14 �2.75
F3Ge–Br���NH3 3.82 �5.29 65 �1.90 23 �0.97 12 �4.34
F3Ge–I���NH3 6.97 �8.70 66 �3.25 25 �1.17 9 �6.15
F3Sn–Cl���NH3 2.71 �3.29 62 �1.23 23 �0.79 15 �2.60
F3Sn–Br���NH3 4.32 �5.53 63 �2.21 25 �0.99 11 �4.41
F3Sn–I���NH3 8.35 �9.66 66 �3.82 26 �1.18 8 �6.31
F3Pb–Cl���NH3 6.49 �6.53 60 �3.48 32 �0.86 8 �4.39
F3Pb–Br���NH3 10.97 �11.11 61 �6.11 33 �1.05 6 �7.30
F3Pb–I���NH3 24.27 �21.93 62 �12.18 34 �1.41 4 �11.25
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entirely removed, negating the second issue above. The solid
curves in Fig. 2 graphically illustrate the s-hole depths for
the perfluorosubstituted molecules extracted from Table 1. The
behavior of Vmax for their non-fluorinated analogues is dis-
played as the broken curves. Without the F atoms to draw
density away from X, these s-holes are of course shallower than
those for F3TX. But most important is the monotonic decrease
of Vmax as the T atom grows larger. This pattern is entirely
consistent with the reduced ability of the heavier T atoms to
withdraw density from X. When the F atoms are added, how-
ever, this trend is countered by the better ability of F to draw
density away from X as the T atom grows larger and more
polarizable. The combined result of these two opposing factors
leads to the minimum observed in the solid curves for TQSi.

Internal perturbations

The effect of the formation of each XB upon the internal
covalent T–X bond length is highlighted in the first column
of data of Table 3. There are certain trends which are clear from
this data. The bond tends to contract for the lighter X atom,
and to elongate as X grows larger. Taking the Ge dyads as an
example, Dr is equal to �0.005 Å for XQCl, �0.002 Å for Br, and

then undergoes a lengthening of 0.006 Å for F3GeI. With regard
to the nature of the T atom, the heavier atoms are associated
with less of a contraction, and/or more of an elongation. This
trend is particularly evident for Pb, for which the Pb–X bond
elongates for all three X atoms, growing quickly from only
0.002 Å for Cl, up to 0.037 Å for I.

There are two primary forces acting upon this internal bond
length. On the one hand, one distinguishing feature of a
halogen bond is a certain amount of charge transfer from the
N lone pair into the s*(TX) orbital. The accumulation of density
into this antibonding orbital would tend to elongate this bond,
which in fact leads to the stretches that are commonly observed
in the majority of XBs. The energetic manifestation of this
charge transfer is listed in the next column of Table 3 as the
NBO value of E(2). These quantities are reflective of the overall
bond strengths in the sense that E(2) grows along with the size
of X. It also enlarges with a heavier T atom, with the exception
of C which is second only to Pb. Indeed, E(2) bears a strong
resemblance to Eint, with a correlation coefficient between them
of 0.96. And in fact, the pattern for E(2) closely mirrors the
overall orbital interaction term EOI listed in Table 1, with a
correlation coefficient between these two quantities of 0.98.

The second important factor originates with the electronic
distribution within the Lewis acid molecule and how it is
affected by geometry changes. If a contraction of the T–X bond
were to deepen the s-hole on the X atom, the attendant
enhancement of the attraction with the negative region of the
base would stabilize the system. This promise of a lower energy
would counter the charge transfer tendency pushing toward a
longer r(TX). The DVmax column of Table 3 reports the percen-
tage change in the s-hole depth that arises from a 0.1 Å
contraction of the TX bond within each isolated F3TX mono-
mer. (This quantity was calculated as the difference between a
0.05 Å reduction and a 0.05 Å stretch.) In all cases, the s-hole is
deepened by the contraction, with positive values of DVmax. This
intensification is greatest for the smaller X atoms, above 10%
for Cl, and less than 3% for I. So the s-hole deepening seen
here ought to push each internal TX bond toward a contraction,
particularly for the lighter X atoms, as such a shortening would
enhance the s-hole.

Another perspective on the electrostatic interaction with the
base can be gleaned from the dipole moment of the Lewis acid
molecule. This property is aligned along the T–X axis, with its
positive end toward X. Like Vmax, the dipole moment in the next
column of Table 3 is also raised by the 0.1 Å contraction of
r(TX). Also in common with s-hole depth, this increase is most
appreciable for the lighter X atoms, but still present even for I.
So both Vmax and m would push the system toward a shorter
r(TX).

One can test the presumption that a deeper s-hole or
increased m would raise the electrostatic attraction between the
two molecules by calculating the electrostatic component of the
interaction energy via an energy decomposition scheme, as
reported earlier in Table 2. This attractive element is indeed
raised when the internal r(TX) bond is shortened, as witness the
positive values in the penultimate column of Table 3. Of particular

Fig. 2 Variation of s-hole depth on X atom for indicated monomers, for
various tetrel T atoms.

Table 3 Change in internal r(TX) bond length and TX stretching frequency
caused by complexation, Nlp - s*(TX) charge transfer, and percentage
changes caused in properties resulting from contracting r(TX) by 0.1 Å

Lewis
acid

Dr(T–X),
Å

E(2),
kcal mol�1 DVmax, % Dm, % DEES, %

Dn(T–X),
cm�1

F3C–Cl �0.006 2.70 11.3 63.6 4.3 �0.4
F3C–Br �0.003 5.11 6.0 39.8 1.2 �4.8
F3C–I 0.004 8.92 1.6 12.2 �0.5 �8.8
F3Si–Cl �0.005 0.72 16.9 54.0 11.4 3.0
F3Si–Br �0.005 1.67 8.6 37.7 4.1 1.7
F3Si–I 0.001 2.96 2.9 20.4 0.5 0.6
F3Ge–Cl �0.005 1.44 13.0 28.5 6.8 4.7
F3Ge–Br �0.002 2.72 6.5 18.3 2.8 1.9
F3Ge–I 0.006 4.95 2.0 9.5 0.2 1.6
F3Sn–Cl �0.003 1.74 13.1 22.2 6.8 2.7
F3Sn–Br �0.001 3.32 6.7 14.0 2.7 1.0
F3Sn–I 0.009 6.12 2.3 7.3 0.4 �0.4
F3Pb–Cl 0.002 4.38 10.0 14.5 3.5 �8.4
F3Pb–Br 0.010 8.29 5.2 8.7 1.3 �11.8
F3Pb–I 0.037 17.13 1.7 3.7 0.0 �12.6
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relevance, the trends in ES largely mirror those in both DVmax and
Dm. The rise in the EES component is largest for the lighter of the X
atoms, nearly disappearing for I.

In summary, the trends in Dr can be explained by the
combination of two simple effects. The charge transfer into
the antibonding orbital pushes toward elongation, and this
trend is greatest for the larger X atoms. The electrostatic forces
on the other hand, as exemplified by s-hole depth, dipole
moment, or ES itself, tend toward a shorter r, and this effect
is strongest for the smaller X atoms.

These opposing trends can be visualized by plotting each of
the relevant properties against the bond length change that
occurs upon complexation. The left side of Fig. 3, with its
negative values of Dr, corresponds to bond contractions, switch-
ing to stretches as one moves to the right. The propensity of E(2)
to push the system toward longer r is clearly evident by the
upward slope of the red curve. That is, increased charge transfer
is consistent with bond elongation. The green curve refers to the
change in s-hole depth upon 0.1 Å contraction of r within the
monomer. The largest rises in Vmax are clustered on the left side
of Fig. 2 along with the bond contractions which they cause.
Attenuation of DVmax toward the right side allows the bond-
lengthening effects of E(2) to predominate, and Dr becomes
positive. The parallel behavior of ES reduction, indicated by the
black curve, shows that the behavior of the s-hole is mirrored by
the full electrostatic component. In sum, the large values of E(2)
on the right, combined with the smaller magnitude of the
electrostatic elements, result in bond stretching. The bond
contraction toward the left is made possible by the domination
of the growing influence of electrostatic effects, in concert with
the attenuation of the lengthening effects of charge transfer.

As a second manifestation of this confluence of opposing
forces, the very shallow s-holes of the nonfluorinated TH3X

monomers reduce their ability to engage in a XB with NH3.
Indeed, it is only several of the TH3I units which can engage in
such a bond with NH3, and only for the lighter C, Si, and Ge
tetrel atoms on the left side of Fig. 2, with their higher values of
Vmax. The essential features of these complexes are reported in
Table 4 where it may be seen that the XB energy is largest for
H3CI and declines as T grows larger. This pattern is mimicked
by E(2) although there is only a small difference between Si and
Ge. The contraction of the CI distance within the H3CI mono-
mer results in a very small reduction in the I s-hole, whereas
Vmax is increased by this r(TI) contraction for both Si and Ge.
The large charge transfer into the s*(CI) antibonding orbital
causes the CI bond to elongate, as evident in the last column of
Table 4, which is actually reinforced by the small intensifica-
tion of the s-hole arising from this stretch. For the H3SiI and
H3GeI systems, in contrast, the contraction of the r(TI) bond is
favored by its attendant deepening of the I s-hole. This con-
tracting effect cannot be effectively countered by any lengthen-
ing force that arises from the smaller values of E(2). As a result,
Dr(T–X) is negative in the last two rows of Table 4.

As a final issue, it is usually thought that the stretch/
contraction of the T–X bond ought to correspond respectively
to a red or blue shift of its vibrational frequency. This idea
represents an extension of the association usually drawn for the
covalent AH bond in a H-bonded AH� � �B complex. The corre-
spondence is not quite as simple as that since the T–X stretch-
ing motion is not a pure one. This normal mode is intimately
connected with the puckering of the TF3 group to which the X is
connected, a symmetric bend of sorts. Further, there are elements
of the T–X stretching motion contained in other normal modes to
varying degrees. In any case, the change in the frequency of this
mode that arises upon XB formation with NH3 is displayed in the
final column of Table 3. It is immediately apparent that a
contraction of the T–X bond does not necessarily lead to an
increase in n. F3CBr is a case in point in that the C–Br bond
contracts by 0.003 Å but the frequency nonetheless shifts to the
red by 4.8 cm�1.

But it is equally clear that there is a connection between the
degree of contraction or stretch and the change in the frequency.
For any given T atom, the change from Cl to Br to I causes both a
trend toward a bond lengthening and a ‘‘redder’’ shift, whether
more negative or less positive. And those complexes containing
Pb, all of which display a stretch of the Pb–X bond, are all
associated with red shifts. The overall correlation coefficient
between Dr and Dn is only mediocre, equal to 0.47, which is
perhaps understandable in light of the high degree of contam-
ination of the T–X stretching motion within this normal mode.

Fig. 3 Increase in s-hole depth DVmax of Lewis acid that accompanies 0.1
Å shortening of internal r(TX) bond, as percentage of value in optimized
monomer (green). DES (black) refers to the percentage rise in the electro-
static component of the interaction energy within the complex with NH3

that arises upon 0.1 Å reduction of r(TX). Also displayed is the NBO Nlp -

s*(TX) charge transfer energy E(2) within the complex (red), in kcal mol�1.
All quantities are plotted against the change in the T–X bond length that
occurs upon complexation with NH3. F3Pb–I system has not been
included explicitly as its values lie far to the right.

Table 4 Interaction energy, Nlp - s*(TX) charge transfer, percentage
change caused in s-hole depth resulting from contracting r(TX) by 0.1 Å,
and change in internal r(TX) bond length caused by complexation with NH3

Lewis acid �Eint, kcal mol�1 E(2), kcal mol�1 DVmax, % Dr(T–X), Å

H3C–I 2.71 4.58 �2.3 0.0044
H3Si–I 1.41 1.91 +12.9 �0.0024
H3Ge–I 1.28 2.02 +18.5 �0.0035
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Discussion

There have been several prior studies of XBs involving F3TX
such as F3CCl with NH3.

83 A recent systematic examination84

echoed the findings here that the weakest XB of F3TX occurs for
T = Si, and that the T–X bond contracts for X = Cl and Br but
stretches when X = I. Another study85 considered CF3X� � �NH3

complexes with an eye toward the origin of XB directionality.
CF3X� � �N halogen bonds had been experimentally identified in
solution,86 in this case with trimethylamine base. The com-
puted data affirm the finding here that the lighter X atoms tend
toward bond shortening, while elongation is characteristic of
the heavier halogens. Bramlett and Matzger87 measured red
shifts of the C–I stretching frequency of iodinated phenyl rings
of roughly 4–7 cm�1 in CH2Cl2 solution when involved in I� � �N
XBs, consistent with the T–I stretches computed here.

There are other examples in the literature wherein for-
mation of a halogen bond induces a contraction of the covalent
bond to the X atom. Mo et al.88 considered the contributions
made by various factors to the red or blue shifts of XBs, albeit
different complexes than those discussed above, with X bonded
to either another X atom or a NO2 group. The internal bond
length elongates in the former case, but contracts in the latter.
Like the systems described here, the authors observed a lessen-
ing of the bond contraction as one progresses from Cl to Br to I.
Calculations were carried out of these system in this lab order
to test the ideas proposed here. It was found that contraction of
the N–X bond in O2N–X monomers deepens the X s-hole by 17,
11, and 6% respectively for X = Cl, Br, and I. So again, one sees
the same pattern as for the TF3X monomers, wherein bond
contraction is favored by electrostatic considerations, and this
trend is greatest for the smaller X atoms. In further agreement
with this perspective, Torii89 had earlier found the N–Cl bond
of O2N–Cl contracted upon XB formation, along with a blue
shift of its stretching frequency.

Other work further verifies these ideas. Very recent
calculations52 had considered replacement of the F substituents
of the CF3X subunit by another electron-withdrawing group CN.
Formation of a XB with NMe3 does not contract the internal C–X
bond of C(CN)3X, even for X = Cl and Br, yielding instead a
stretch of several percent when complexed. Calculations in this
laboratory of this series of molecules revealed that the 0.1 Å
contraction of the C–X bond length has only a very minimal
effect on the X s-hole, deepening it by less than 5%. So the
electrostatic effect is too small to counteract the bond lengthen-
ing arising from the accumulating density in the s*(CX) anti-
bonding orbital. C–I stretches were recently noted for XBs
formed by heptafluoro-2-iodopropane with I attached to a sub-
stituted alkane,90 similar to the elongations within the TF3I units
noted above.

Aliphatic CCl and CBr bonds are slightly contracted when
engaged in CX� � �O XBs71 to CH2O, confirming the same trends
reported here. An earlier study had attached X to the C atom of
the cyano group91 and the data confirm the strengthening of
the XB as X grows larger. This work buttresses the conclusion
drawn here that the degree of r(CX) stretching rises as X grows

in size. Extended alkynyl and alkenyl chains were also attached
to I atoms as well as substituted phenyl rings.92,93 The CI bond
stretched in all the halogen bonded complexes with NH3, again
consistent with the findings in the TF3I Lewis acids examined
here. C–I stretches were also noted for heptafluoro-2-iodopro-
pane with I attached to a substituted alkane.90

There has been further work which considered halogen
atoms bound to atoms other than T such as N as in a
halogenated succinimide94 or directly to metal atoms.95 When
bonded simply to a F atom, the FX series of Lewis acids
elongate upon complexation with NH3, with a corresponding
Dn(FX) stretching red shift70 but the amount of this elongation
is relatively uniform from one X to the next. Positively charged
C–X donors have been considered within the context of halo-
genated imidazoliums96 and continue the trend in neutral
systems for the XB to intensify with growing X size, in concert
with a deepening s-hole and rapidly growing E(2). All C–X
distances are elongated by the XB, in the I 4 Br 4 Cl order.

Some of the issues discussed here are in line with earlier
work. Wang and Hobza97 agree that the charge transfer into the
s* antibonding orbital is a major factor in any bond lengthen-
ing within a XB. The effects of electrostatics are attributed not
to the s-hole on the X atom, however, but to atomic charges of
the atom to which the X is attached.

Conclusions

There are two principal factors that control the strength of the
halogen bonds formed by the R3TX molecule, both centering on
the depth of the s-hole on the X atom. On one hand, a more
electronegative T atom such as the light C will draw density
toward itself and deepen this hole. It is for this reason that
CH3I contains the deepest I s-hole which weakens progressively
as T grows larger. Consequently CH3I engages in a stronger XB
than do SiH3I or GeH3I, and the heavier Sn and Pb analogues are
incapable of such a bond. However, when the R substituents on
T are themselves electron-withdrawing, as F for example, a larger
and more polarizable T will better enable these F atoms to
extract density from X. The confluence of these two opposing
forces leads to the mixed trend of s-hole depth of the perfluor-
osubstituted TF3X units: Pb4 C4 Sn4 Ge4 Si, whichmimics
the same trend in overall binding energy.

In the same vein, there are two competing issues that
control whether the internal covalent T–X bond will contract
or stretch as a result of halogen bond formation. Charge
transfer from the lone pair of the base into the antibonding
s*(TX) orbital will weaken the bond and induce stretching.
However, if the contraction of this bond within the monomer
causes a deepening of the X s-hole, coupled with increasing
molecular dipole moment, then there will be an electrostatic
force pushing toward a bond shortening. Regarding the first
factor, the amount of charge transfer into the s*(TX) orbital
rises for the larger X atoms: Cl o Br o I, which would lead to a
progressively greater tendency toward bond elongation. On the
other hand, the TF3X molecules all show a s-hole deepening
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with T–X bond contraction, which is proportionately largest for
the smaller X atoms: Cl 4 Br 4 I, so the lighter atoms would
experience the strongest pull toward bond shortening. When
these two opposing factors are combined, the net result is that
most of the T–Cl bonds are contracted upon complexation,
whereas T–I bonds are stretched, with mixed changes of small
magnitude for T–Br. Due to the aforementioned Pb 4 C 4
Sn 4 Ge 4 Si pattern of s-hole depth, and its resulting bond
energy and charge transfer within the complex, there is a
concomitant pattern that bond elongation increases (or bond
contraction decreases) in this same order.

Despite contamination of the T–X stretching normal mode
by other atomic motions, in particular the symmetric bending
of the TF3 group, there is a clear tendency for those systems in
which the T–X bond contracts as a result of XB formation to
shift the vibrational frequency toward the blue, and vice versa.
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