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The nature of the bond-length change upon molecule complexation has been investigated at
the MP2/aug-cc-pVTZ level of theory. Our results have clearly shown that the X-Y bond-
length change upon complex formation is determined mainly by the electrostatic attractive
interaction and the charge-transfer interaction. In the case of strongly polar bond, the elec-
trostatic interaction always causes bond elongation while in the case of weakly polar bond it
causes bond contraction. The charge-transfer interaction generally results in the X-Y bond
elongation; either it is a more polar bond or it is a less polar bond. Employing this simple
“electrostatic interaction plus charge-transfer interaction” explanation, we explained and
predicted many interesting phenomena related to the bond-length change upon molecule
complexation. In addition, the difference between the origin of the bond-length change
upon hydrogen-bonded complex formation and the origin of the bond-length change upon
halogen-bonded complex formation was also discussed.

Keywords: Bond-length change; Hydrogen bond; Halogen bond; Electrostatic interaction;
Charge-transfer interaction; Ab initio calculations.

Molecular association and assembly are ubiquitous in nature, controlling
virtually the properties of crystal, liquid and gas phases of many substances,
and also metastable states. Formation of the molecular complex results in
the change in the properties of the isolated molecule. For example, the for-
mation of a hydrogen-bonded complex is always accompanied by a X-H
bond elongation or contraction and a concomitant decrease or increase of
the X-H stretch vibration frequency compared to the isolated species!~!3, so
do the halogen-bonded complex and the lithium-bonded complex!*-'7. The
study of the bond-length change and the concomitant spectral shift is im-
portant because this is the basis for several spectroscopic, structural, and
thermodynamic techniques for the detection and investigation of molecu-
lar complex and it also plays a key role for the understanding of the nature
of molecular interaction.
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For the origin of the bond-length change upon hydrogen-bonded com-
plex formation, there are mainly four different explanations: The first one
attributes the X-H bond contraction to the negative dipole moment deriva-
tive of the proton donor?®. Schlegel, Li and Liu, however, suggested that
the Pauli repulsion between two fragments leads to compression of the X-H
bond and the orbital interactions cause X-H bond elongation®. The third
explanation is based on the Bent’s rule: Alabugin and co-workers concluded
that it is the subtle balance of hyperconjugation and rehybridization that
determines the X-H bond-length change’. In a very recent paper!!, Jemmis
and Joseph proposed a new explanation for the X-H bond-length change in
hydrogen bond. They argued that it is a net gain of electron density at the
X-H bond region that causes an X-H bond contraction and the electrostatic
interaction between the positive H and the negative Y forces an X-H bond
elongation'!. Besides the hydrogen bond, there are also other important
noncovalent interactions such as the halogen bond and the lithium
bond!'#4-18. The explanations for the bond-length change upon the halogen-
bonded complex are very similar to those for the hydrogen-bonded com-
plex since extensive studies showed that many properties of the halogen
bond are in parallel with those of the hydrgeon bond!>!¢18, Alhough these
studies have identified many of the important aspects of the nature of the
bond-length change upon molecule complexation, none of them are gen-
eral enough to be applied across all the evidence and observations available
so far!-!7, so it should be fair to say that the nature of the bond-length
change upon molecule complexation is still not well understood.

The hydrogen bond and the halogen bond were for some time thought to
result from the electrostatic attractive interaction. Later, the hydrogen-
bonded complexes and the halogen-bonded complexes were classified as
the charge-transter complexes in which the charge-transfer is thought to be
the dominant factor to determine the supramolecular structure. It is now
recognized that, either for the hydrogen bond or for the halogen bond, the
electrostatic effect, polarization, charge transfer, and dispersion contribu-
tions all play an important role; even so the importance of the electrostatic
interaction and the charge-transfer interaction and their crucial roles in the
molecular interaction are still prominent. In the present study, the nature
of the X-Y bond-length change upon the X-Y---Z complexes (Y = H, Cl,
Br, ...; Z = region of high electron density) formation has been revisited the-
oretically. We mainly focused on the role of the electrostatic attractive in-
teraction and the charge-transfer interaction in the X-Y bond-length
change upon the X-Y---Z complexes formation. It is not difficult to under-
stand that in the negative electric field region of the electron donor Z, an
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electron-rich, strongly polar bond always shows elongation, whereas an
electron-poor, weakly polar bond is generally contracted. However, such a
simple electrostatic interaction cannot explain the elongation of the weakly
polar bond upon molecule complexation. As two molecules approach each
other from a distance, the molecular orbitals begin to overlap until the
equilibrium structure of a complex is attained. Usually, the overlaps occur
between the X-Y o* antibonding orbital and the molecular orbital in the
electron-rich region of Z, such as the lone-pair orbital, which leads to an
electron density transfer from the electron-rich orbital to the X-Y o*
antibonding orbital. The electron density transfer to the X-Y o* anti-
bonding orbital causes a weakening of the X-Y bond followed by its elonga-
tion. Is it the charge-transfer interaction that tunes the X-Y bond-length
change upon molecule complexation? If so, is the “electrostatic interaction
plus charge-transfer interaction” explanation general and useful? These are
two important questions that will be answered in this paper.

METHODS

It has been shown that the X-Y bond-length change upon complex forma-
tion is quite dependent on the computational method®. Electron correla-
tion calculations with extended basis sets are thus required for the study of
the bond-length change upon complex formation. In the present study, un-
less otherwise noted, structures of the monomers and dimers were deter-
mined at the second-order Mpgller-Plesset (MP2) theory level with the
Dunning’s correlation consistent aug-cc-pVTZ basis set. The Gaussian 03
suite of programs was used for the structural optimizations!®.

The natural bond orbital (NBO) theory of Weinhold and co-workers?°
was employed to calculate the orbital energy and to quantitatively evaluate
the charge transfer from the electron-rich orbital of Z to the X-Y o* anti-
bonding orbital. NBO analysis used the MP2-optimized structures, the
Hartree-Fock (HF) densities, and the built-in subroutines of the Gaussian 03
program.

RESULTS AND DISCUSSION

The Role of the Electrostatic Interaction in the Bond-Length Change
upon Molecule Complexation

In a strongly polar bond X-Y, X is always negatively charged and Y is posi-
tively charged, whereas in an electron-poor, weakly polar bond X-Y both X
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and Y are always positively charged. According to the basic electrostatic
principle, in the negative electric field region of the electron donor Z, the
strongly polar bond should be elongated and the electron-poor, weakly po-
lar bond will be contracted. Table I lists the X-Y bond-length change upon
complex X-Y..-CI~ formation. The distance between Y and CI- is kept con-
stant at 7.0 A in order to eliminate the effect of the short-range interactions
on the bond-length change. So the X-Y bond-length change can be approx-
imately regarded as being caused only by the long-range electrostatic inter-
action. It can be seen form Table I that the strongly polar bonds O-Y, N-Y,
F-Y, Cl-Y, and Br-Y are all elongated and the weakly polar bonds C-Y, P-Y
and Si-Y are all contracted in the negative electric field region of the elec-
tron donor CI-, which is in good agreement with the above claim for the
role of the electrostatic interaction in the bond-length change upon mole-
cule complexation. In Table I, it can be also seen that the absolute value of
the C-Cl contraction shows a systematic increase with the increasing num-
ber of F substituents. For the C-H and C-Br bonds, however, trisubstitution
leads to a smaller contraction than disubstitution. Moreover, it has also
been noticed that the magnitude of the C-Cl(Br) contraction is larger than
that of the C-H contraction.

Table I also lists the O-H bond-length change upon the complex
HO-H---H* formation. The contraction of the O-H bond indicates that the
strongly polar bond will be contracted and the weakly polar bond will be
elongated in the positive electric field region. In a previous study, the O-H
and N-H bond lengths were found to decrease slightly from those of the
free molecules after encapsulating H,O and NH; in a C, fullerene cage?!.
This can be explained as a result of the electrostatic interaction because in-
side the cage are all positive electrostatic potential regions?2.

If the bond-length change upon molecule complexation is determined by
the electrostatic interaction and the charge-transfer interaction, then it is
impossible for the strongly polar bond to be contracted upon complex for-
mation. In fact, this is true. Alabugin et al. claimed that the strongly polar
O-H bonds are contracted upon the complexes of ROH (R = Me, CH,OH,
t-Bu) with CF, formation by using the MP2/6-31+G* calculations’. How-
ever, our calculations at the MP2/aug-cc-pVTZ theory level showed that all
the O-H bonds are elongated upon these complexes formation. The O-H
bonds are elongated about 0.0001, 0.0002 and 0.0002 A, respectively, upon
the complexes CH;OH---CF,, CH,(OH),---CF, and t-BuOH..-CF, formation.
Figure 1 shows the N-H and P-H bond-length changes upon complexes
NH;---PH; and PH;---NH; formation. The strongly polar N-H bond is elon-
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gated about 0.0003 A upon complex NH;---PH; formation and the weakly
polar P-H bond is contracted about 0.0009 A upon complex PHs---NH;, for-
mation. Again, it is proved that the electrostatic interaction forces the
strongly polar bond elongation and causes the weakly polar bond contrac-
tion.

The Role of the Charge-Transfer Interaction in the Bond-Length Change
upon Molecule Complexation

Table II lists the C-Y bond-length change and the charge-transfer E(2) sta-
bilisation energy for various Y.--Cl~ distances of the F,C-Y---Cl~ complexes.
The formation of these complexes is associated with the LP(Cl") — ¢*(C-Y)
charge transfer. As shown in Table II, at the long Y---Cl- distance (7.0 A),
there are no charge-transfer (E(2) = 0) or other short-range interactions.
When the Y---Cl- distance decreases to 3.0 A, the situation is different and
the role of the charge-transfer interaction is absolutely crucial to the C-Y
bond-length change upon complex formation. It results in the lengthening
of the C-H bond in H;CH---Cl-, the C-Cl bond in H;CCI---CI~ or the C-Br
bond in H;CBr---Cl~ upon complex formation. Table II shows that the value
of the elongation is proportional to the E(2) energy. Other C-Y bonds are,
however, still contracted upon complex formation because of the stronger
electrostatic attractive interaction. The values of E(2) in the last column of
Table II indicate that the F substitution increases the electron-accepting
ability of the C-Y o* antibonding orbital. This increase together with the

Arp_H =-0.0005

Fig. 1
The N-H and P-H bond-length changes (in A) upon complexes NH;---PH; and PH;---NH; for-
mation
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electrostatic attractive interaction explain why the C-H and C-Br bonds are
elongated upon the formation of the F;CH---Cl- and F;CBr---Cl~ complexes®.
The strength of a covalent bond depends on the attraction of the nuclei
for the shared electrons; therefore, the greater the orbital overlap, the stron-
ger the bond. The overlap of two atomic orbitals depends upon the symme-
try of the orbitals, the distance between the orbitals, the spatial extent of
the orbitals, and the energy difference between the orbitals. Similarly, for
the overlap between the X-Y ¢* antibonding orbital and the electron-rich
orbital of Z, the principle of maximum overlap and energy match still work.
It means, the greater the orbital overlap and the closer the energy match,
the stronger the charge-transfer interaction and the longer the X-Y bond.
Figure 2 illustrates the C-H bond-length change upon the CH,---NH;
complex formation. The three C-H bonds in the upper configuration are all
contracted, whereas the C-H bond in the lower configuration shows elon-
gation. Similarly, Tian et al. reported that shortening of the C-H bonds was

TasLE II
The C-Y bond-length change (in A) and the second-order stabilisation energy E(2) (in
kcal/mol) of the LP(CI") — o*(C-Y) interaction at various Y---Cl~ distances (in A) upon
F,C-Y---CI” complex formation (Y = H, CI, Br; n = 0-3). The angle C-Y-CI" is kept constant
at 180°

Ry..cry=7.0 Ry..cry =30
Complex
Arey E(2) Are_y E2)

H,;CH..-CI” -0.0004 0.00 +0.0023 1.07
FH,CH---CI” -0.0008 0.00 -0.0004 1.35
F,HCH---CI” -0.0011 0.00 -0.0020 1.69
F,CH---CI” -0.0010 0.00 -0.0017 2.19
H,;CCL---CI” -0.0040 0.00 +0.0026 6.25
FH,CCl---CI” -0.0096 0.00 -0.0140 6.34
F,HCCI---CI” -0.0102 0.00 -0.0224 6.69
F,CCl.--CI” -0.0114 0.00 -0.0235 7.34
H;CBr---CI” -0.0030 0.00 +0.0182 11.56
FH,CBr---CI” -0.0075 0.00 -0.0009 11.84
F,HCBr---CI” -0.0105 0.00 -0.0117 12.58
F;CBr---CI” -0.0095 0.00 -0.0062 13.96
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found in the XCH;---NH; (X = F, Cl, Br, I) complexes and lengthening of
the C-H bonds was found in the X;CH---NH; (X = F, Cl, Br, I) complexes®.
In fact, the C-H bond-length change displayed in Fig. 2 is a general trend
whatever the electron donor is. For example, Hobza et al. also found that
the C-H bonds in the anionic Z~---H;CX (Z = Cl, [; X = Br, I) complexes con-
tract upon complex formation while the C-H bonds in the Z---HCH; (Z =
Cl, I) anion-molecule complexes are elongated?. Evidently, the different
bond-length change can be explained by using the above-mentioned prin-
ciple of maximum overlap. In the upper configurations of the complex, the
three C-H o* antibonding orbitals do not all point to the nitrogen lone-pair
orbital. The overlap between the three C-H ¢* antibonding orbitals and the
nitrogen lone-pair orbital is thus rather small (E(2) = 0.14 kcal/mol). Conse-
quently, the electron density transfer to the C-H ¢* antibonding orbital is
only of minor importance, and it is the electrostatic attractive interaction
that causes the C-H bond contraction. On the contrary, in the lower con-
figurations of the complex, the C-H ¢* antibonding orbital points to the ni-
trogen lone-pair orbital, and an efficient overlap between them is expected
(E(2) = 0.86 kcal/mol). Consequently, the electron-density transfer to the
C-H o* antibonding orbital is responsible for the elongation of the C-H
bond in the lower configurations of the complex. Let us mention here that,
in a variety of complexes involving C-H:--O interaction, the C-H bonds
were always found to be contracted, because the C-H o* antibonding or-
bital cannot overlap with the oxygen lone pairs favourably®.

2L oaw
)_ Y QJ
+0.0009

Elongation of the C—H bond

FiG. 2
The C-H bond-length change (in A) in the two configurations of the CH,--NH; complex de-
termined by the overlap between the C-H ¢* antibonding orbital and the nitrogen lone-pair
orbital
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Orbital energy match also plays an important role in the bond-length
change of the less polar bond upon molecule complexation. Table III col-
lects the energies of the low unoccupied molecular orbitals of some typical
proton donors for the blue-shifting hydrogen bonds and halogen donors
tor the blue-shifting halogen bonds. In each proton donors except CH,, the
C-H o* antibonding orbital is not the lowest unoccupied molecular orbital.
This means that the electron density transters from the electron-rich orbital
of the proton acceptor to other lower unoccupied molecular orbital not to
the C-H o* antibonding orbital of the proton donor. It is indicated that the
charge transfer plays a dominant role for the bond-length change of the hy-
drogen bond. For the typical halogen donors of the blue-shifting halogen

ThZA:II;irI;es (a.u.) of the low unoccupied molecular orbitals of some selected monomers
Energies of the lowest Energies of the lowest

Monomer unoccupied molecular Monomer unoccupied molecular
orbitals orbitals

HNO BD*(1) N-O: 0.1256 CH, BD*(1) C-H: 0.6384
BD*(1) N-H: 0.5414

HCHO BD*(1) C-0:0.1872 CFH;4 BD*(1) C-F: 0.4979
BD*(1) C-H: 0.5617 BD*(1) C-H: 0.5932

FCHO BD*(1) C-0:0.1657 CF,H, BD*(1) C-F: 0.5098
BD*(1) C-F: 0.4870 BD*(1) C-H: 0.5529
BD*(1) C-H: 0.5257

CH3CHO BD*(1) C-0:0.21007 CF;H BD*(1) C-F: 0.5169
BD*(1) C-H: 0.56221 BD*(1) C-H: 0.5191

CH;Cl BD*(1) C-ClI: 0.3396 CH;3Br BD*(1) C-Br: 0.2733
BD*(1) C-H: 0.5962 BD*(1) C-H: 0.6047

CFH,Cl BD*(1) C-Cl: 0.3177 CFH,Br BD*(1) C-Br: 0.2505
BD*(1) C-F: 0.4793 BD*(1) C-F: 0.4738
BD*(1) C-H: 0.5528 BD*(1) C-H: 0.5629

CF,HCl BD*(1) C-Cl: 0.2946 CF,HBr BD*(1) C-Br: 0.2267
BD*(1) C-F: 0.4861 BD*(1) C-F: 0.4821
BD*(1) C-H: 0.5163 BD*(1) C-H: 0.5254

CF,Cl BD*(1) C-Cl: 0.2876 CF;Br BD*(1) C-Br: 0.2066
BD*(1) C-F: 0.4868 BD*(1) C-F: 0.4832
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bonds in Table III, the case is totally different. All the C-CI(Br) ¢* anti-
bonding orbitals are the lowest unoccupied molecular orbitals, which indi-
cates that the electrostatic interaction plays a dominant role for the bond-
length change of the halogen bond. From these discussions, we can see that
the nature of the bond-length change for the hydrogen bond is a little dif-
ferent from that for the halogen bond.

For the bond-length change upon molecule complexation, an interesting
question appears: is it possible to predict the largest contraction of the X-Y
bond upon molecule complexation? The answer is yes! First, for the elec-
tron acceptor, we should select the one with the largest X-Y contraction in
the electric field of the electron donor. Table II shows that F;CCl is the best
choice. Second, a very strong electron donor should be selected. Divalent
and trivalent anions always result in the rupture of the X-Y bond upon
complex formation, so only monovalent anions can be considered. At the
same time, according to the principle of closer energy match, we should
select the one with the lowest energy of the lone electron pair. Note that a
poor energy match will lead to a weak charge-transfer interaction. Table IV
lists some common anions along with their respective orbital energies of
lone electron pairs. For the anions F-, Cl, Br, OH™ or SH-, the orbital
energy of LP(1) is lower than that of the other lone pairs. In the case of
spheric anions like F-, ClI~ and Br~ the higher-lying LP(2), LP(3) or LP(4) or-
bital is systematically engaged in charge-transfer process (LP — ¢*). Only in
the case of OH™ and SH™ anions we can change the situation and utilize also

‘(00347 ‘( +0.0012
PO g IS
e
Cyy 6%(C-C)<LP(1) S(F) C, o*(C-C)<LP(3)
.

.(-0.0282 o ‘( 20.0125
........ )
j_ ')3.1027 - ) J3.0474f
Csy 6*(C-Cl)<LP(1) C, o*(C-Cl<LP@)
FiG. 3

The C-Cl bond-length change (in A) and the distance between the Cl and O(S) (in A) of the
F3CCl---OH™ and F;CCl---SH™ complexes
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TaBLE IV

The energy (a.u.) of the lone-pair orbital in some common anions

Electron donor Orbital energy Electron donor Orbital energy

F LP(1): -1.0760 CN™ LP(1) C: -0.3063
LP(2): -0.1810 LP(1) N: -0.4532
LP(3): -0.1810 OH~ LP(1) O: -0.7721
LP(4): -0.1810 LP(2) O: -0.1061

ClI LP(1): -0.7335 LP(3) O: -0.1061
LP(2): -0.1503 SH™ LP(1) S: -0.6363
LP(3): -0.1503 LP(2) S: -0.0991
LP(4): -0.1503 LP(3) S: -0.0991

Br~ LP(1): -0.6860
LP(2): -0.1393
LP(3): -0.1393
LP(4): -0.1393

H~ LP(1): -0.0457

the lower-lying lone pair orbital LP(1). Figure 3 shows the overlaps between
the C-Cl o* antibonding orbital and the different lone-pair orbitals of O
or S. As expected, when the lone-pair orbital with the lower energy, (LP(1))
is involved in the overlap (linear approach of HX; left side of Fig. 3), the
contraction of the C-Cl bond is more obvious. In the case of non-linear ap-
proach (right side of Fig. 3) the contraction is smaller and in the case of
OH~ even the elongation occurred. When the distance between Cl and S in
the C, configuration of the complex F;CCl..-SH™ is longer the overlap be-
tween the C-Cl ¢* antibonding orbital and LP(2) (or LP(3)) of S is smaller
and contraction of the C-Cl bond upon complex formation resulted. This is
despite the fact that the energy of LP(2) (or LP(3)) of S is relatively high
(higher than that of O). Consequently, we can predict that the contraction
of the C-Cl bond in the C;, configuration of the complex F;CCl..-OH~ is
the largest among the complexes considered here. Our prediction is con-
firmed by a search in the database (Table V).
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CONCLUSIONS

The nature of the bond-length change upon complex formation has been
investigated theoretically. The following conclusions can be drawn from
this study: (i) For the electron-rich, more polar X-Y bonds, both the electro-
static attractive interaction and charge-transfer interaction result in their
elongation. For less polar, electron-poor X-Y bonds, the electrostatic attrac-
tive interactions force them to contract, whereas the charge-transfer inter-
action causes them to elongate, and the net X-Y bond-length change is
determined by the balance between the electrostatic attractive interaction
and the charge-transfer interaction. (ii) The charge-transfer plays a domi-
nant role for the bond-length change of the hydrogen bond whereas for the
bond-length change of the halogen bond the electrostatic interaction plays
a dominant role. (iii) Employing the simple “electrostatic interaction plus
charge-transfer interaction” explanation, we also predicted and confirmed
the contraction of the C-Cl bond in the C;, configuration of the complex
F;CCl---OH™ is the largest among the complexes considered in the present
study.
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