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Abstract: We provide a simple explanation for X—H bond contraction and the associated blue shift and
decrease of intensity in IR spectrum of the so-called improper hydrogen bonds. This explanation organizes
hydrogen bonds (HBs) with a seemingly random relationship between the X—H bond length (and IR
frequency and its intensity) to its interaction energy. The factors which affect the X—H bond in all X—H:--Y
HBs can be divided into two parts: (a) The electron affinity of X causes a net gain of electron density at
the X—H bond region in the presence of Y and encourages an X—H bond contraction. (b) The well
understood attractive interaction between the positive H and electron rich Y forces an X—H bond elongation.
For electron rich, highly polar X—H bonds (proper HB donors) the latter almost always dominates and
results in X—H bond elongation, whereas for less polar, electron poor X—H bonds (pro-improper HB donors)
the effect of the former is noticeable if Y is not a very strong HB acceptor. Although both the above factors
increase with increasing HB acceptor ability of Y, the shortening effect dominates over a range of Ys for
suitable pro-improper X—Hs resulting in a surprising trend of decreasing X—H bond length with increasing
HB acceptor ability. The observed frequency and intensity variations follow naturally. The possibility of
HBs which do not show any IR frequency change in the X—H stretching mode also directly follows from
this explanation.

Introduction evoked an idea that it is not an HB. Later it was renamed as
“improper blue-shifting HBs® Another type of X-H bond
contractions as well as blue shifts and decrease of intensities in
IR spectra have been observed for someh$ even if H is
dnot involved in an interaction with Y, but some other group
bonded to X is involved in HB as an HB acceptor. They are
called blue-shifted bonds rather than blue shififigt°

The origin of X—H bond lengthening and the associated
effects of normal or proper HB is understood as a consequence
of the stabilizing interactions in the complex, namely, the

Until a few years ago a hydrogen bond (HB) betweentK
and Y, where X is a more electronegative atom or group than
H and Y has a lone pair of electronsmtelectrons, implied an
X—H bond lengthening and associated red shift and enhance
intensity in IR spectra. It is now well-established that there exist
weak HBs which shorten XH bonds, showing blue shifts
having decreased intensity in IR spectré€ Such HBs were
initially named as “anti HBs®, which was inappropriate as it
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electron density from Y transfers to the—¥ antibonding

explanation must be compatible with all the evidence and

orbital, the bond is weakened and lengthened. These explanaobservations available so far. Despite the apparent improper
tions suggest that a better interaction, enhanced lengtheningnature of the blue-shifting HBs, it is similar to the well-known

larger red shift and greater increase in intensity eftkKbond

normal HBs. We discuss in the last section the interrelationships

can be achieved by increasing the electron affinity of X and by among X%-H bond length, IR frequency and intensity, and HB
a better HB acceptor Y. As a corollary, a lesser red shift would energy. This leads to a revision of the general assumption that

be expected when a less polar-K such as a €H involves

an HB necessarily affects the HB bond length. We show that

in a HB with a weak HB acceptor such as benzene and leads toHBs without any change in XH bond lengths cannot be ruled

no shift at the extreme of no interaction. Within this framework,
the blue shift observed in many instane@sproper HBs-
appeared as counterintuitive.

After having convinced that the improper HBs are a true

out.

Computational Details

The objective of this work demanded frequent use of the existing

phenomenon by a series of high level computations and literature results. To augment our arguments, we have used several

systematic experiments}® researchers explored whether there

potential energy (PE) scans in this study. These involved complete

are any fundamental differences between the blue shifting and©Ptimization of all parameters of the systemK---Y except the H to

the well-known red shifting HBs. A consensus has now emerge
that, barring the blue shift, decrease in IR intensity, areHX
bond contraction, all energetic, magnetic (chemical shift in
NMR), and topological characteristics are similar in all HBs
including improper HBs but with differing magnitudés32

d Y distance; the variable used in the scan. A “tight” convergence criterion

available in Gaussian packdgeas employed for all the optimization

in view of the flat PE surface. All computations, unless otherwise
mentioned, are at the MP2/6-3G* level. Comparison of extensive
literature in this field reveals that the trends are generally the same at
other levels of theory and basis sets (Figure S1 in the Supporting

These similarities revealed that subtle variations of some factorsinformation provides additional support).
could cause such a noticeable effect. At the same time, it made

it difficult to attribute a single reason for the improper behavior
of seemingly wide range and type of complexes.

Among the several explanations offered for the improper HBs,

four gained more attention. The first one attributes theHx

Discussion

Examination of Available Explanations. 1. Short-Range
Repulsive ForcesAn initial attempt to explain the XH bond
contraction was based on energy decomposition analysis which

bond contraction to the short-range repulsive forces faced by showed that dispersion energy is an important component in

H in the complex while attempting stabilizati6A5>2933-36 The

weak HBs?*2 For example, Hobza group reasoned that for a

second explanation is based on the observation that electrorhaloform—benzene system, molecules try to come closer to

density transfer from Y occurs mainly to atoms linked to X
rather than to the XH o* orbital for some of the examples of
improper HBs, and the contraction of>X bond was considered
as its consequenc€:37-38Since an electric field was found to
cause an XH bond shortening for some-XH, the observed
shortening was partly attributed to the effect of the electric field
of the Y 4830-32.3536.39The fourth explanation is based on the
increased percent s character in the X component of thel X
bond when Y approaches H, and the-M bond contraction
was ascribed to a weak hyperconjugation te X o* which is
unable to lengthen € Though none of these explanations

increase the dispersion interaction. This forces H to be in the
short-range repulsive regime of Y, hence a shortening-efiC
resultst 23443

Weak complexes, whose main stabilizing interaction is
dispersion, are known to show such forced shortenings and blue
shifts. For example, blue shifts were predicted in-8F--O=
C and CHH---F—B complexe&* where the positive H is near
to a positive end of a dipole. Similarly, electron rich H of-&l
contracts when it is near to another electron rich center.X{H
Other computational examples include complexes-afif> and
NC—H*6 with He and Ne. Strictly speaking, none of the above

identify the exact origin of the improper behavior, the present are coming under the definition of HBs, as either Y is not
trend is to propose one of the above whenever a new improperelectron rich or X is not electronegative.

HB is identified.
In the first section below, these explanations are critically

examined. Next we discuss the origin of the improper behavior.

The following points are kept in mind in this analysis. The new
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103,6394.
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(31) Qian, W.; Krimm, SJ. Phys. Chem. 2002 106,11663.
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(36) Pejov, L.; Hermansson, K. Chem. Phys2003 119,313.

(37) Hobza, PPhys. Chem. Chem. Phy2001, 3, 2555.

(38) Zierkiewicz, W.; Michalska, D.; Havlas, Z.; Hobza,Bhem. Phys. Chem.
2002 3,511.

(39) Masunov, A.; Dannenberg, J. J.; Contreras, RJ.HRhys. Chem. 2001
105,4737.

(40) Alabugin, I. V.; Manoharan, M.; Peabody, S.; WeinholdJFAm. Chem.
Soc.2003 125,5973.

Unlike the above examples, improper HBs are stable even
in the absence of dispersion interaction. The fact that blue shift
and bond shortening of XH are reproducible even at the
Hartree-Fock(HF) level of theory, where electron correlation
is taken into account poorly, is a clear indication that the
dispersion effect does not have much of a role for the improper
behavior33536 This has led many authors to attribute Pauli
repulsion, which is operative even at HF theory, as the cause
for X—H bond contractio®2%33:35.36Though no convincing
rationale was provided why some complexes indulge in such a
repulsive interaction without any apparent advantage, the support

(41) Frisch, M. J.; et alGaussian 03Gaussian, Inc.: Pittsburg, PA, 2003.

(42) See for example: Tsuzuki, S.; Honda, K.; Uchimaru, T.; Mikami, M.;
Tanabe, KJ. Am. Chem. So@00Q 122,3746.

(43) Hobza, P.; Spirko, V.; Havlas, Z.; Buchhold, K.; Reimann, B.; Barth, H.;
Brutschy, B. Gem. Phys. Lett1999 299, 180.

(44) McDowell, S. A. C.; Buckingham, A. DJ. Am. Chem. So005 127,
15515.

(45) McDowell, S. A. C.; Buckingham, A. DSpectrochim. Acta, Part 2005
61, 1603.

(46) McDowell, S. A. C.Mol. Phys.2005 103,2763.
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is derived from the low positive charge of H of many improper 5 %% . .

HB donors and hence the Pauli repulsion can be larger than in 1 [ I‘._‘E::E,‘.’"“ Lenat e
the case of normal HB donors. A proof based on energy 1.0920 4 \ L 271,804
decomposition analysis is difficult as the method is necessarily
@ |- -271.805

arbitrary and any interpretation of small differences of each < 1154 I .
component of the interaction energy of as low a value<ds E . 271806 3
kcal/mol is error-prone. 3 10010 {Free e =

We analyze the problem using a series of PE scans for the § {1090531 fﬁ Il "-'H'] H, [T E
complex. This is obtained by decreasing the-M distance from % 10005 1 \ /,{‘.f: o Lok
6.00 A in small decrements and optimizing all the other 1 el i e
geometric parameters at each of these points. The variation of 1.0800 - i @ |
X—H bond length for a given H-Y distance shows the T T ; 271810

tendency of the X-H bond for lengthening or shortening during
the formation of the HB. A lengthening of the>H bond at a

larger separation of H and Y is expected since electrostatic B g ] . CH Bond length | '

H....Y Distance (A"

-66. 6572

effects are known to lengthen the-X! bond, and a shortening 1goza] 7 —*—Energy el .05 6074
near equilibrium distance is expected if any short-range repulsive p— \ ,_.--"'

forces are operativ& The G-H bond in the HC—H-:-benzene ~ 10020 \ e %6978
complex, which has a large dispersion comporféishows a < ot ./" L ec 6078
continuous shortening (Figure 1A) of the-El bond until the 2 s ] \ J/ 3
total energy minimum when Y approaches H. This should not 3 |1 | J 000 =
be taken in isolation to conclude that short-range repulsive & ,..,1 |\ ./ | o508 €
interaction is the cause for the observediCbond contraction. 3, osto | ' ""1’9’H

A study of HsC—H-+NHz complex, where €H is elongated o0 11.09083 — . e

at equilibriunt” is instructive. In view of the larger polarity of 10006 ] Emgag-o-a-0=tET H";J;ﬁ" L 06 6085

NHs in comparison with benzene, a continuous lengthening of . . .

C—H and a slight shortening, if at all, at near equilibrium ? H”jN Distance (A °

distance is expected. Figure 1B shows an exactly opposite )
picture: shortening of the-€H bond at larger H-Y separations C iow0lfres ' T ' ' e
as in Figure 1A, but lengthening when it approaches the 1 oans 1088817 P | 1648876
equilibrium distance. In fact the XH bond contraction at large o [ voasans
H---Y separation is a general trend for improper HBs and some 10580 ] e Vs : '
proper HBs (see below). Figure 1B reveals that at near < '09% \ ).f' s 1548850 m
equilibrium distances, as expected from electrostatic and overlap £ .osso- 4 | teamsez ©
explanations, the €H bond is lengthened, but it still has been S 1085 ] \ a4 - =
shortened at larger separation where the short-range repulsive @ ] 1 '___,-' 7 o I
forces are expected to be even weaker. In addition, comparison & + 0635 \t ' s C'_l' L 1648888
of Figure 1A and B implies that had the short-range lengthening . 3{;/! o DL s
effect caused by the better HB acceptor Nihbt existed, it 108301 T ey e <>

would have shown improper behavior. Conversely, in the case 1.0825 T ; T ; T -16488.90
of H3C—H---benzene, benzene being a weak HB acceptor, the HooX )

short-range lengthening effect is overshadowed by a (long - )

) sh . ffect wh .. ill be deciphered bel Figure 1. Variation of C-H bond length with total energy of the complex
range!) shortening effect whose origin will be deciphered below. during the potential energy scan: (A)E—H--benzene: (B) HC—H--
To check this interpretation again, let us consider a complex -NHg; (C) ClsC—H-+-benzene.
with benzene but the HB donor is chloroform which also shows

improper HE (Figure 1C). for the dominance of Pauli repulsion on improper HB8s.
Figure 1C is similar to Figure 1B except that at equilibrium However, this trend in the €H bond is due to the restriction
the C—H bond is still shorter than in the uncomplexegCt of keeping the distance-xY fixed during the scan. We kept

H. The lengthening of €H bond near-equilibrium distances the distance H-Y fixed, which is a better description for the
of Figure 1B and C clearly rules out the short-range repulsive separation of the monomers while they approach each other and
forces suggested by several authors as the main cause-fdr X  allows maximum interdependent motions of nuclei of HB donor
shortening for improper HBs. In other words, as in ordinary during the optimization. Such scans fgyG—H with CI~, OH,,
HBs, here also the bond-shortening effect of Pauli repulsion is and NH; also show a similar trend as in Figure*®‘8 A
dominated by bond-lengthening effects at around equilibrium systematic decrease of energy at a particular¥{ in the
with HB acceptors such as system or O and N based Ys, H---Y scan relative to the ¥-Y scan proves that the HY
even if it shows X-H bond contraction with respect to scan is more representative for the HB situation and theYX
uncomplexed X-H bond. An elongation of the €H bond at scan provides another part of the PE surface (Table S1).
large X-+-Y separation and a contraction near equilibrium The fact that the forces that control the minimum in thekC
distance for the $£—H---FH system was taken as an evidence bond length in Figure 1 lead to a minimum in energy not at the

(47) Alkorta, |.; Rozas, |.; Elguero, Jnt. J. Quantum. Chen2002 86, 122. (48) Kryachko, E. S.; Karpfen, AChem. Phys2006 329,313.
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minimum of C—H bond length and that the these two minima

vary from each other in the PE scans heralds the obvious. There

is going to be a continuum of behaviors from lengthening to
no change to shortening in the->H bond lengths in HBs.

2. Internal Rearrangement (Redistribution of Electron
Density). Hobzd-?-37-38identified that many improper HBs are
very different from proper HBs as per NBO analy3isince
the X—H o* occupancies either decrease or only slightly
increase for improper HBs. A detailed analysis reveals that a
considerable amount of the transferred electron density from Y
goes to orbitals of other atoms bonded to X (and not teHX
0*) in many improper HBs. It was argued that the charge
transferred to the remote part causes a geometrical rearrange
ment in the molecule resulting in XH bond contraction.
However, it remains unexplained why and how the NBO charges
transfer differently for different XH and how the geometrical
rearrangement causes a shortening for improper HBs.

The implication of different mechanisms operative in im-
proper and proper HBs prompted Scheiner and Kar to consider
electron-density shifts. They found that at equilibrium, electron-
density shifts are very much alike at the-X region of proper
and improper HBs and the geometrical rearrangement at the
remote part of both classes of complexes are similar, namely,
lengthening at the remote p&*The surprising fact in this point
of view is that both type of HBs have similar electron-density
shifts244%yet they show different behaviors in terms of the M
bond length at energy minimum.

3. Electric Field Explanation. It was shown that under weak
negative electric field molecules which have a negative dipole
derivative along the XH bond, such as§#&—H and HhC—H,
exhibit X—H bond contraction and blue shif§:30-32.35.36.390n
the basis of this, the XH bond contractions at equilibrium in
improper HBs were partly attributed to the electric field of Y
and the remaining part to Pauli repulsion which has been shown
above as not determinative in controlling the-M bond length.

So, the extra contraction of XH bond length at equilibrium,

260 =
= 25
=
=
=]
m )
I 250 \
o -
£
g H
% 245 . O-H----0*
® . o
& “m
-
240 TR e
T T T T T T T T T 1
20 25 30 35 40 45 50 55 60 65
- H....O Distance (A°)
T T T
0.982 L 152 420
] ..‘.__...-0—0" =
| \ .",o
T -
0980 | % —5—0-HBondLength [ 154
<: 1 ~ —e— Energy
-
E 0.978 \ '/ —-152.424 m
=] E]
= ] | . °
3 oo b L 152426 2
2 b4 w
8 ] \ =
T 0974 \.’ I:IH | .1s2428
o B 0O-H---0*
0.972 o/ Toa, H L 152430
Free . [ ~O=[-[=[=Cl=
0.9709
0870 152,432

H...O Distance (A”)

Figure 2. Variation of (A) percent s character at O and (B)-B bond
length of water molecule at various separation 06£YOH,, 1O—H---O =
180°.

becomes increasingly positive in a HB was attributed as causing
the X—H shortening in the absence of a strong hyperconjuga-
tion 40

It must be emphasized that the NBO orbitals are being
generated from the final electron density of the complex.
Therefore, two examples having the same density distributions

rather than that caused by the “electrostatic potential derived” 9ive the same NBO data even if their origins are different, and
point charges model of ¥5:3is due to electron-density transfer hence the above explanation can at best be considered as a

and polarization of Y which is contrary to the case of normal description. Besides, an increase in the percent s character of
one atom in a bond alone cannot explain the bond length. This

is clear from Figure 2; for water dimer also there is an increase
in percent s character similar to that seen in the scan©fH

with OH, reported in ref 40, but the ©H is being continuously
lengthened even before the hyperconjugation becomes operative,
whereas, for FC—H, C—H is being continuously shortened at

HBs. In addition, the fact that molecules having a positive dipole
derivative (for example /;N—H)>30 exhibit improperness (F2N
H---FH)3351 jnvalidates the universality of the underlying
assumption in this formalismthe HB donor attempts stabiliza-
tion in an HB by increasing its dipole moment in the same way
it could increase the dipole moment in the uncomplexed form.

The questions that remain to be answered are (a) why do somd@rger separation (Figure S2).

X—H bonds possess negative dipole derivatives while others
positive dipole derivatives and (b) how do electron-density
transfer and polarization of Y help to enhance M shortening

for some complexes.

4. Rehybridization. Rehybridization at X of an XH bond
was considered as a cause for-M bond contraction by
Alabugin et al® The reasoning was based on Bent’s Yale
which states that the percent s character of A in theB%ond
increases when a more electropositive atom replaces B. An
analogous increase of the percent s character in X when H

(49) Scheiner, S.; Kar, 1. Phys. Chem. 2002 106,1784.
(50) Li, A. Y. J. Phys. Chem. 2006 110,10805.

(51) Hobza. PInt. J. Quantum. Chen2002 90, 1071.

(52) Bent, H. A.Chem. Re. 1961, 61, 275.

A Unified Explanation for Improper Hydrogen Bond. 1.
Classification of HB Donors. Throughout the following discus-
sion we concentrate mainly on the variation in the X bond
length, as it is known that there is an approximate linear
relationship for bond shortening with blue shift and bond
lengthening with red shift3:35.36.53.54\Most of our studies are
based on PE scans, and immediately we face a problem with
the current definition of improper HBs. We note that some HB

(53) Kryachko. E. S.; Zeegers-Huyskens JTPhys. Chem. 2001, 105,7118.
(54) Fan, J.; Liu, L.; Guo, QChem. Phys. LetR002 365, 464.
(55) Nemukhin, A. V.; Grigorenko, B. L.; Khriachtchev, L.; Tanskanen, H.;
Pettersson, M.; Rasanen, Nl. Am. Chem. So2002 124,10706.
(56) McDowell, S. A. C.J. Chem. Phys2003 119 3711.

(57) Alabugin, I. V.; Manoharan, M.; Weinhold, F. A. Phys. Chem. 2004
108,4720.

(58) Moc, J.; Panek, Xhem. Phys. LetR00§ 419, 362.
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Table 1. Examples of Proper and Pro-improper HB Donors

Based on Equilibrium Geometry

proper (red shift, bond lengthening) improper (blue shift, bond shortening)

HO—H, HoN—H, F—H, CI—H, etc., with all HB acceptor& FsC—H with FH, CIH, OH,, SH,, and withzr electron donors such as
enzene, acetylene, eté340
F,CIC—H, FCLC—H with oxygen-based HB acceptdis.

HCC—H, NC-H with OH,,2° 7z electron donors, eft. Cl;C—H with benzene, fluorobenzene, éfc.
H3C—H with o7 electron donordwith OH,, OHMe, OCH.2°
F3C—H with electron donors like Benzene dimet.

ClI—, F, N(CH3)3, NH(CH3)2.33’40
X—Ng—H with OC, N, CO, Oh, etc.
(X =F, Cl, OH; Ng= noble gas§>>7

Cl3C—H with O(CHg)2.8 F3Si—H with various HB acceptor®47
FoN—H with FH.33. 51ON—H with CO 50
H3C—H with CI=.° F4P—H dimer58
Based on HB Donor
proper (red shift, bond lengthening) pro-improper (blue/red shift, bond shortening/lengthening)

H,0, FOH, HF, NH, HCI, HF, etc. alkanes, alkenes, aldehydesyf&H,, CHCls—x, CsHs

F2C=CH, F3SiH, FNH, HNO, RPH, FPH

HCC—H, NC—H, FCC-H X—=Ng—H, (X =F, Cl, OH; Ng= noble gas)

donors which do not form improper HBs do not show anbX H---Y separation, say 6 A, there cannot be any orbital

contraction at larger H-Y separation, whereas others which interaction, so shortening due to exchange repulsion can be ruled
are known to exhibit proper or improper HBs, depending on out. Since there cannot be any charge transfer as well, one can
Y, show a shortening at larger separation with many common assume that this shortening is due to the electrostatic interaction,
Ys. Itis clear, therefore, that the proton donor plays a decisive which is a long range interaction, with Y. As mentioned earlier
role on whether it would show improper behavior. The it was shown that an electric field can produce such a
molecules, whose XH bond continuously lengthens in a shortening® for HsC—H while producing a lengthening for
potential energy scan of the-HY distance, independent of Y, HCC—H and HO-H so that this shortening is caused by the
show proper HB at equilibrium and may be classified as proper electric field effect of Y. A shortening effect of electric field/
HB donors. We call the other class as pro-impropertXin charge on a negatively charged H, sabH-H, is understand-

the following discussion, as this could form proper or improper able, as a negative field pushes electron density to bond. In the
HBs depending on Y. Table 1 shows many of the examples case of EC—H, H is considerably positive and such an argument
known (Figure S3 shows the detailed basis of this new is unreasonable.

classification). Since all pro-improper->H shorten and all 2. Electron Density Reorganizations.Figure 3 shows the
proper X—H lengthen its X-H bond at large separation of evolution of electron density difference of>H---Y when Y
monomers, this characteristic may be used to easily determineapproaches H. The similarities between (A) HB---OH;, (B)

in which category a particular molecule belongs by a single FsC—H---OH,, and (C) BC—H---NHgs is in accordance with
calculation (optimization). already alluded topological similarities of all HBS.

Table 1 reveals a few characteristics of a pro-improper We identify that there is loss of electron density around the
X—H: (1) The X—H bond is relatively less polar; (2) elec- H nucleus, especially on the opposite side of X (on the right-
tronegative atoms such as fluorine enable some of the properhand side of H as drawn in Figure 3) and conjecture that this
X—H to change into pro-improper (inclined to be improper) depletion is not due to the forced shift of electron density by
X—H (e.g., from BN—H to F-N—H), while in other cases it electron rich Y, but due to the favorable pull by X in the
converts pro-improper to proper (e.g., from@+CH—H to presence of Y. The electron density distribution in the isolated
F,C=CH—H). These facts need to be accounted. X—H is decided by a balance of forces. The electron density is

It may be noted that a comparison of PE scans of proper andcertainly shifted from H to X because of more electron affinity
improper HBs of a pro-improper XH cannot reveal much  of X. Any further shift is resisted by the increased positive
information since they are more similar than their equilibrium charge generated at H by the depletion of electron density. In
geometries suggest. Similarly, a comparison of proper HBs of the presence of Y, however, X can withdraw electron density
proper and pro-improper HB donors at equilibrium is not further. Qualitatively, the role of electron density in the right-
representative as in both cases theEK bond lengthens at  hand side (rhs) of H is now served by Y with its electrons.
equilibrium. A better comparison would be between a proper This withdrawal of electron density by X is manifested in the
X—H and a pro-improper XH throughout the scan. An increasingly negative X and increasingly positive H when Y
explanation on the origin of the initial shortening of pro- approaches H. For example, as Y approaches HOGHH, the
improper X—H is expected to throw light onto the equilibrium  positive charge of H and the negative charges of F and C
situation since a lengthening at nearby equilibrium is anticipated increase continuously (Figure 9% This explanation accounts
from the known explanations of HB. for the charge redistribution in the HB donor in an electric

Why does the %-H bond contract at large ++Y separation field3>36and in the presence of a dipdfeA net loss of electron
for the pro-improper XH? FRC—H is widely studied (Figure density at the rhs of H and a net gain by X in the-M region,

S2) and is a representative example for pro-impropeHX as evidenced by the electron density difference maps and NBO
we relate it to a proper XH, HO—H (Figure 2B). At large charge evolution, causes H to move to the left-hand side (lhs)
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ACH= Q012 A

Qh-l
4

BC-H= 00025 A

L0H= #)D06T A

Figure 3. Electron density difference map of (A) H&H---OH,, (B) FsC—H-:-OHjy, and (C) EC—H---NHs. The last row corresponds toHY equilibrium
separation. All the bond lengths and bond angles are of optimized monomers. The colors chang6.00ie/R (blue) to+0.001 e/R (red). The plots
were generated using the ChemCraft program.

(in the scan where H is fixed, the X to move to the rhs, important factor. This is the second factor which controls the
instead)-the contraction of the XH bond. In other words, = X—H bond length. If the latter dominates then the-I{ bond
increased attraction between increasingly negative X and elongates. If the former dominates then theBXbond contracts.
increasingly positive H cause an=¥ bond contractio’? But,

as is clear from Figure 3, the contraction manifested only for
situation B and C, while this should have happened in A as
well. This is because we tacitly ignored the attractive interaction
between positive H and negative Y, by no means a less

Let us now dwell more on the relative importance of both of
the above opposing factors, starting with the HB donor. The
more polar the X-H bond is, the better it is as an HB donor.
For very polar X-H bonds such as+H, HO—H, and BN—

H, the attraction between H and Y is very strong owing to the
(59) There is no need to invoke that the extra charge on F is somehow shorteninglarge positive charge of H, and so the lengthening effect is
the C—H bond37-38 Similarly, a charge gain in F means lengthening of the . . . .
C—F bond as there is more of an increase of electron density on the OVErwhelming. In addition, the contracting ability is weak. The
periphery of F than in the monomer. This shift in electron density towards strong electron withdrawing effect of X makes the-X bond

C from H would come in NBO analysis as increasing percent s character - .
of C in the G-H bond. electron rich and hence already very short in the uncomplexed
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Scheme 1. Origin of Negative Dipole Derivative for X—H Bond and Intramolecular Negative Responsel6-2048 for Vicinal Bonds for a
Pro-improper HB Donor

A B C D
(CHa> CHA  (CHe=(CHIp | Bl (CHo= (CH),

A
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SF,~ oH. T dH < aHt 00T i 00001 ¢ (C-Flo< (C-F)a
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Scheme 2. Origin of Blue-Shifted C—H Bond Even in the Absence of C—H---Y Interaction
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rad regions respectiely stand for loss F
and gain af slectran density. H

u

(C-Fle > {C-Fly
(C-Hlc = (C-H)y

0001 A" — 0001 2 A

state. So the electron density shift from the rhs of H to the bond Now we explain why and how the above-described pro-
has less effect in reducing the=¥ bond length than in the  improper HB donors generally have a negative dipole derivative,
case of an electron poor, lengthier bond such a$HCSo an duldrxn along the X-H stretcli>3%and a negative intramolecular

electron rich, highly polar bond almost always shows response for vicinal bond§:2048 In fact, improper HBs,
lengthening, whatever be the HB acceptor, and belongs undemegative dipole derivatives, and negative intramolecular re-
proper HB donor in Table 1. Increasing polarity of-X is, sponses are manifestations of the characteristic electron distribu-

therefore, a direct way for making an HB donor proper. This tion of the pro-improper HB donors determined by the relative
explains why the bond shortening is decreased in the order sp electron affinities of constituent atoms. No one of them is an

> sp? > sp for C-H.2° Indeed sp hybridized HCEH, FCC- explanation for the other. At the boarder ranges of proper and
H, NC—H, and MeCC-H are all proper HB donors (see Table pro-improper HB donors all the three factors need not be present
1). collectively. Let us consider the example of0—H (Scheme

Analogously, electron poor, less polar-X bonds constitute ~ 1). An elongation of G-H bond (B) disturbs the equilibrium
pro-improper HB donors. Here the tendency for shortening electron distribution shown in part A. Consequently, the H pulls
dominates over the tendency for lengthening ability at larger more electron density from the C and Fs resulting in part C,
separation of H-Y, because the former effect is caused by the where the F lost some electron density from its periphery. This
attraction of a closer X and the latter is acting @ H whose argument is reversed when the-8 bond is compressed. The
positive charge is not very large. In these examples the naturesituation in Scheme 1C may be qualitatively described as a
of Y is very important in dictating whether the->H bond is decrease of charge in the dipole, leading to a decrease in the
longer or shorter at equilibrium. Unlike the effect of increasing dipole moment despite a lengthening of the dipole. The
the polarity of the X-H bond, the increasing HB acceptor ability redistributed electron density necessitates the F to move closer
of Y helps the cause of both the shortening and the lengtheningto C, shortening of €F bond—negative intramolecular coupling
effects. The reason for the enhanced shortening effect is clearof C—H and C-F bonds (part D, Scheme 1). (Conversely, if
from Figure 3B and C. A better donor, NHallows F and C to the F-C bond is stretched from part A, F effectively acts as
withdraw more electron density from H. As the-H separation more electron demanding to C and H, which give up some
decreases, the better lengthening ability ofsNMer OH causes electron density, a net loss of electron density at the periphery
the C-H bond to lengthen more in Figure 3C. So at equilibrium of the H and hence a contraction of the-8 bond.) To make
F3sC—H---NH3 becomes propeAC—H = +0.0011 A), while these argumentsin a more quantitative footing, eq 1, which is a
F3sC—H-++OH, remains improperAC—H = —0.0016 A). reasonable approximation fép/drxy may be used®
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Hereq, is the charge of H%,, is the X—H bond length of the
monomer at equilibrium, anégy/orxy is the charge flux on H
owing to the X-H stretch? Obviously, a negativedu/orxy
results ifqﬂ, the atomic charge of H, is smaller than the second
term which is always negative for a covalent protic H. Now, a
less electron demanding X not only decreases the positive charge
of H but increases the charge flux also. BesidesHxbond is L Y —
long for such an X! These factors result in a negative dipole
moment derivative for a less polar->H bond. This negative o 2 4 5
dipole moment derivative decreases with increase in electrone- H....O Distance (A%)
gativity of X and eventually reverses sign when X becomes g s
more electronegative and/or when the bond length is short. This ] e
explains the tendency of polar>H bonds in general to have 1.085 '| ot | 352563
a positive dipole moment derivative. Qualitatively, the increase 1 \ o
of dipole moment upon stretching of a polarX bond is due
to the lengthening of the dipole (despite the small decrease of
charge of the dipole).

Recently there have been several studies on noble gas
molecules, X-Ng—H, where X is an electronegative atom/group
(F, CI, OH, etc.) and Ng is a noble gas atom. These molecules »a F H
form HBs with weak Ys such as MNand CO. Some of these _ngozg U s S
complexes show NgH bond contractions besides showing v
other characteristics of improper HB557 Results revealed that 2 1 5
complexes with a heavier Ng atom in the periodic table are H....O Distance (&)
more prone to NgH bond contractio? This is now easily Figure 4. Potential energy scans for (A) fluoroethene and (B) difluoroethene
explainable; the low polarizablity of He and Ne cause a large With water. IC—H---O = 180"
positive charge on H, whereas the more polarizable Ar and Kr
allow H to be less positive. In the presence of Y, H faces a gych a substitution of an electron-withdrawing atom is not
stronger pull from Y in the former case than in the latter case; expected to shorten a highly polar bond. Highly polar bonds
besides, the electron density shift from H is larger for thellatter. are already at a very short length because of being electron rich,
It.WaS reported that FKr—H shows X-H bond contraction and H is already too polarized to give away much electron
with Nz’. co, Fﬁ,_and On, wherfeas I_:He—H shows the density. Therefore fluorine substitution would pull electron
contraction only with N, but elongation with CO, 2and OH.57 density f he bond/X and h he-M bond | h

If the above arguments are correct it is also possible that there ensity from the bon and hence the-K bond lengthens,

for example, HO versus FOH, 0.9709 versus 0.9813 A, and

is no appreciable change in the-Xl bond length at a large A
H---Y separation during a scan for some-K which lies in NHs versus NEBH, 1.0169 versus 1.0293 A. In the language of

the boarder areas of proper and pro-improper regime, becausélectrostatic interaction, these lengthenings are due to the
in such molecules both the shortening and lengthening effectsdecrease in the negative charge of X and is also a reason for
can be balanced. Figure 4 shows two such examples: fluoro-the lengthening of the bonds in HB acceptors (for example,
ethene and difluoroethene are in border areas fer ©H, at N—H bond in X—H=NHz) when it involves in an HB. This is
MP2/6-3H-G* theory. Note that, although there is little change also the explanation for the positive coupling of Rand N—-H
in bond length at a larger separation of monomers, for bonds of ENH.20 Similarly, protonation of NH (NH,") results
fluoroethene the bond is still slightly shorter and for difluroet- in an elongation of N-H from 1.0169 to 1.0287 A as there is
hene it is slightly longer than a free molecule. Here fluorines a removal of electron density from the bonds. All four bonds
convert pro-improper ethylene to a proper one. are “electron deficient” in relation to theNH bond in NH.

That the withdrawal of electron density from H can indeed \ye therefore expect that the effect of the electron-density shift
shorten a €&H bond is also supported by-&4 bond lengths  fom H to N would be noticeable in all NH bonds when Y
of isolated molecules. For example, the following bond lengths interacts with the N-H. As is clear from Figure 5A, all NH
obtained at MP2/6-3#G* may be noted: Cliand CHF, bonds shorten whea Y (=NHz) approaches the NH bond of
1.0909 and 1.0876 A; }€—CH,, FHC=CH,, F,C—CH,, and NH,4"; the more shortened is the directly interacting N bond
F,C=CFH, 1.0859, 1.0834 (average), 1.0803, and 1.0801 A, . -y interacting :
respectively. The corresponding distances for MeCCH, HCCH, Again, when Y becomes closer, the interacting il lengthen

and FCCH are 1.0678, 1.0677, and 1.0660 A, respectively. But as is expected since the lengthening ability of Y is appreciable,
but the gained electron density enables otherHNbonds to

(60) Gussoni, M.; Castiglioni, Cl. Mol. Struct.200Q 521, 1. replenish further, and it shows enhanced shortening.

(61) Here itis assumed that the charge flux happens solely from X. For molecules
like FsC—H, Cl—Kr—H, etc., a part of it comes from F and Cl as well, so The above explanations also suggest that if somehow we can
the X may better be considered here as the center of a negative charged, i i .
region. increase the electron withdrawing effect at X, we can achieve
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A sl of Y more than the case of no charge transfer. This is why
] - = N-H Bond Length electric field and point charge model failed to predict the
Rl I —N-H, Bond Length observed shortening at the equilibriur+H distance, because
~ 19 in such a model the polarization in Y and charge transfer from
< 1o '. m..M,H Y were not taken into account. In an NBO scheme, the
‘g 1001 ] | continuous depletion of electron density on H would appear as
b . | K a decrease in occupancy of—¥ o*. Such decreases were
& 10 HeBhity reported at equilibrium for J£—H and CbC—H complexes with
I 1029 Free - water (at the B3LYP/6-31+G** level), for example3*
1ozp |1 008 g s No X is an infinite sink for electron density for this
1007 ] . mechanism to operate indefinitely. After “saturation”, it can no

— T longer accept electron density favorably. Then there will be a
build up of electron density around H as well, which would
cause an X H bond lengthening. Besides, the ever increasing
lengthening effect of ¥-as Y is closer to H-will be noticed

B o r , r

Free | -O-o-o-0-a-0-0-0-0 L. -
”m_' 1.09037 ' L :.f.-;:‘fi.i.'f; I e more as the contracting effect subsides (Figure 6). This explains
Vs P el | 230558 why there is an X-H lengthening at near equilibrium from a
£~ 1.0895 - 4 ;JJ’."" —5—C-H Bond Length | preshortened form. At this regime NBO analysis shawis
s v —¢— Energy 239560 occupation.
§' 1.0890 - _-X/'/ _,,-". - In summary, the X-H bonds of all proper HB donors are
E / i . =l relatively highly polar, electron rich, and short. Electrostatically,
D roso / . F |-200584 B it can only lengthen with all reasonable Ys. The pro-improper
o 1 [/ H - X—H bond can shorten in the presence of Y since theHX
108809 -yf ' H!'#z_#/ - -239.565 bond is relatively less polar, electron deficient (even a fluorine
] . Wh I substitution does not make the-El bond much more electron
18T T T T e rich and polar, since F makes C also more positive in the same
F...H Distance (A7) way it makes the H more positive), and long. Then it reaches

Figure 5. (A) Variation of N—H bond lengths during a scan forN™— ? ma,,)(lmum shortengd state similar to a prpper HB donor in its
H---NHs system; (B) variation of €H bond lengths when F is involved free” state. From this preshortened form it can only lengthen
in hydrogen bonding for fCF-+-H—F systemJF---H—F = 18(°. (see Figure 6).

a bond shortening of €H, say, for FHC—H. One way for Correlation between Properties of X-H Bond and Inter-

this is F to act as an HB acceptor for another HB donor such as actiqn Energy. Now we explain some of the observations from
H—F. As shown in Scheme 2 B, this would result in polarization the literature that appear to defy general trends.

of electron density at F toward H (of +, and hence an 1. Effect of Substitution on X. With a particular Y, X-H
elongation of G-F (part C)). This in turn would cause H of Shortening and blue shift are expected to increase if we increase

FH,C—H to lose electron density, and hence shortening occurs the electron withdrawing ability of a pro-improper HB donor,

as was observed by Kryachko and Karpter?® It was indeed ~ Since it helps to withdraw more electron density from H in the

found that such HBs, whereXH is not interacting with any ~ Presence of Y. Although one cannot strictly compare the
electron rich center, exhibits XH bond contractions (ex- Magnitude of blue shifts of different XHs, it is known that
amples: ECH,17 F3SiH,18 HCHO X F,PH, RASH 2 dimethyl with Y = OH, the blue shifts decrease in the following order

ether’62DMSO 63 and 2-butoxyethanéf). The X—H contrac- ~ F3C—H > ClsC—H > BrsC—H > I5C—H; the latter two are
tion can be further enhanced if we allow a weak Y to interact red-shifted® Experimental observations of decreasing blue shift
with X —H. This too was observed wher@H, FSiH, HCHO, of C—H in the followmg.orde.r for EC—H : FoCIC—H >

etc. involved in two HB interactions: F/O act as HB acceptor FCkC—H > ClsC—H with dimethylether,® acetone, and
and X—H acts as HB dona¥20 To prove conclusively the oxirané? are in tune with the ability of electron withdrawing

effect of the electron withdrawing group, we scannesCH atoms to increase the blue shift.
F---H—F as shown in Figure 5B. As can be seen, all the three  As discussed earlier, a substitution of F cause arDbond
C—H bonds shorten when HF approaches F, the more whencontraction for a less polar bond by removing electron density
they are closer. Note again that the-B bond anti to HF from H. The increased positive charge on H, however, encour-
shortens more, clearly indicating the movement of electron ages an elongation, while the electron withdrawing F further
density is more there, as expected. tries to contract the XH bond in the presence of Y. For alkanes,
So far we mainly concentrated at the larger-M separation ~ owing to less charge of H (less acidity because &ftggorid
of monomers. It is well-known that electron-density transfer C), the elongating ability of Y is less and results in the above
from Y to HB donor occurs at near equilibrium. This transferred trend. But for alkynes it is exactly opposite. Fluorine substitution
electron density can also go to X as before, for the same reasonhere enhances red shiftFor alkenes, as seen in Figure 4, the
and it further encourages->H shortening. An added effect of ~ lengthening and contracting forces are very balanced. Fluorine
charge transfer from Y is that it decreases the lengthening ability Substitutions indeed convert them from pro-improper to proper.
The electron rich, highly polar and very short-® bond in

(62) Karpfen, A.; Kryachko, E. SChem. Phys. LetR006 431,428. _ H _
(63) Mrazkova, E.; Hobza, B. Phys. Chem. 2003 107,1032. HO—H and N-H bond in BN—H are proper. A way to
(64) Katsumoto, Y.; Komastu, H.; Ohno, B. Am. Chem. So200§ 128,9278. decrease the electron density of this bond is a substitution of H
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Figure 6. A schematic summary of the mechanism operative in HBs: (A) for propeHX(B) for pro-improper X-H.

by an electron demanding atom such as F. Such a substitutiony-axis represents parameters of equilibrium HB structures such

increases the ©H and N-H bond length, instead of the
decrease observed for less polar bonds such -asl Qvide
supra). Now there is a chance for both-8 and N-H to be

as X—H bond length, stretching vibrational frequency, and
intensity with respect to the isolated HB donor. A very weak Y
neither provides enough field to allow the molecule to pull

shortened by a weak Y because the electron-density shift from electron density from H at its best nor transfers enough electron

H to the X—H bond will have a more noticeable effect.
Nevertheless, FOH still behaves “properly” as the elongating
effect of Y dominates, whereasN—H becomes pro-improper.
Blue-shifted HB of EFN—H is known with FH being a weak
HB acceptor351 We emphasize again that all “proper—X

density until the saturation. A strong Y not only does both the
above, but it pulls the H strongly too. An intermediate Y,
therefore, causes a maximum-Xl bond contraction. Such a
trend was identified by Schlegel et al. fosgG—H---NRH3-p,
who used the proton affinity of Y as a measure of its HB

behave properly because for all practical Y the lengthening effect acceptor ability (Table S2f A remarkable study from this point

of Y dominates as shown in Figure 6. For example, with &
very strong HB acceptor, NH in F,N—H lengthens even at a
separation of 10 A (at MP2/6-31G*), showing how weak pro-
improper BLN—H is.

2. Effect of variation of Y. For a particular X-H what would
be the effect of different Ys? One would expect from the

of view was carried out by Fan et #l.They fine-tuned the
electronics in Y= D—C¢H,4—Z by varying Z, where D is the
HB acceptor atom/group which is interacting with-X. In
effect, by changing Z the HB acceptor ability of Y was varied.
Their study on the effect of substitution & NH,, CHs, OH,

H, F, Cl, CN, NQ) on the C-H bond length and its stretching

forgoing discussion that a plot of HB acceptor ability versus vibration for RC—H showed the then surprising result that the

X—H bond length and its frequency at equilibrium would look
as in Figure 7. Here thr-axis represents HB energy and the

electron-donating substituent not only increases the interaction
energy but also increases the blue shift wittFYHO—CgHy—
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Figure 7. A qualitative trend for X-H bond length, vibrational frequency, and IR intensity with HB energy for a pro-improped Xonor with several

similar Ys.

Z, HoN—CeHs—Z, and F-CgH4s—Z. But when the D becomes

Similarly, we should not be surprised if different methods predict

O~ (phenoxide) the electron-donating group increases the inter- different outcomes (blue or red shfffjwhen the HB is at or
action energy as well as red shift (the conventional trend, as around region f.

interaction energy increases red shift increg§esVe now
attribute the first case to the left-hand side (regior<)pand
the second case to the right-hand side (regiong)cof the
Figure 7. Similarly, theoretical studies on-&{r—H complexes
with N,, CO, and FH showed that the KH contraction
increases with increasing interaction enetgjyhe experimental
results that fluoroform and chloroform exhibit lower blue shift
with fluorobenzene than with benzéhean now be understood.
Hobza's recent repdi of increasing blue shift in the T shaped

3. Effect of Variation of Y for IR Intensity. The intensity
of an IR band is determined by the dipole moment derivative
with respect to that mode of vibratiér#®56Since we know that
qﬂ increases andgy/drxy decreases in a HB, the approximate
eq 1 enables us to make useful prediction on intensity-efHX
stretching mode. As Y becomes a stronger HB acceptor, a
decrease of negativ@:/drxy, and its eventual conversion into
positive are apparent from eq 1. So we expect a trend for
intensity as shown in Figure 7 for a pro-improperM having

C—H:---z interaction of benzene with interaction energy When a negativeu/dry in the isolated form. The effect of contraction
Y = benzene, anthracene, and ovalene can also be assigned &s (% helps further decreasing the intensity in the range of

belonging to the regions-ec.

regions e-b (Figure 7), while its effect in regions-@ would

Region f of Figure 7 suggests that there is a possibility of pe gvercome easily by the more dominant terms in eq 1, similar

HBs that cannot be detected by IR spectroscopy from a g the normal HB$%7°So a least intense band would occur

frequency shift of the X H stretching mode as there would  \yhen the blue shift (contraction) approaches the maximum. This
not be any shift, but other vibrational frequencies would differ js pecause all factors help to decrease the negative dipole
as in familiar HBs. Such an interaction can be detected by other gerivative and its eventual conversion to positive dipole

techniques such as NMR, since the electron-density shift makesgerivative in the region eb. There is less data available for a

the H more downfield. Theoretically, the ;8—H---NH3
complex® and the HC=CH—H-+-OH, complexX® were reported
with zero shift of IR frequency at MP2/6-31G** level.

suitable comparison (where the Ys are similar and theHX
mode is pure) with the above prediction. The limited data
available agree. Increasing blue shift with decreasing intensity

with actual experiments the above examples may show someyo—xe—H-:++(Hy0), N = 1—4:55 for FsC—H-++(HF)n,17 FaSi—

frequency shifts which can be in either direction. Nevertheless, H...(HF), 18 and for the asymmetric stretch oGO ++(HF),, 1
the shift would be small in magnitude. One such zero-shifted n = 1—-3. These Complexes can be identified as be|0nging to

the help of theory’

and decrease in intensity fos&—H with oxygen HB acceptors

Around the region f (Figure 7), it is also possible to have a as reported® One of the important consequence of the trend

blue shift with X—H lengthening or red shift with XH

contraction. Although this may seem, in isolation, as against

the conventional belief of the “approximate” proportionality of
X—H bond length to frequency shift,it is perfectly reasonable
when we consider region f along the path of regionsgd

(65) See for example: Kryachko. E. S.; Zeegers-Huyskeng, Phys. Chem.
A 2002 106, 6832.

(66) Spirko, V.; Hobza, PChem. Phys. Chen200§ 7, 640.

(67) Nolasco, M. M.; Riberio-Claro, P. J. £hem. Phys. Chen2005 6, 496.
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shown in Figure 7 is that the two cases, region a and region c,

(68) Lu, P.; Liu, G.; Li, JTHEOCHEM2005 723, 95

(69) When the effective?(H is large as in the case of inert gas complexes, it
will have an important role and may result in red shift with decreased
intensity. A sole computational example;-Rr—H-++P,, was reported in
McDowell, S. A. C.Phys. Chem. Chem. PhyZ003 5, 808.

(70) The sign of the dipole derivative of the—K vibration mode was
determined using GaussView. Dennington, R., II; Keith, T.; Millam, J.;
Eppinnett, K.; Hovell, W. L.; Gillland, R.GaussView,version 2.1
Semichem Inc.: Shawnee Mission, KS, 2003.
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Table 2. Correlation of C—H Bond Length, Vibrational Frequency and IR Intensity of FsC—H (A) with Various Similar Ys at Equilibrium, and
during Scans with (B) OHy, (C) NH3z and (D) F~

X-H bond X-H frequency intensity sign of dipole
monomer length, r () o (cm™) I (kM/mol) derivative™
FsC—H 1.0876 3254.8 22.8 -
sign of dipole
complex Ar(mA) Aw (cm™) Al (kM/mol) derivative™
A F3C—H:--NF3z2P —-0.5 +9.9 —-9.7 -
F3C—H:--NClgb —0.6 +12.1 —22.2 +
F3C—H::-NHgP +1.1 —13.6 +6.1 +
F3C—H---NMeg?p +3.8 —61.4 +34.3 +
F3C—H-:-OH,°
H---O distance (A)
B 4.0000 -0.9 +11.2 —8.3 -
3.6000 -1.2 +14.2 —-11.0 -
3.2000 -15 +18.3 —14.5 -
2.8000 —2.1 +24.6 —18.9 -
2.4000 —-2.5 +34.3 —22.8 0
2.1426 -1.6 +37.2 —15.4 +
F3C—H:+-NHz°
H-+-N distance (A)
C 4.0000 -1.1 +13.3 —10.6 -
3.6000 —-1.4 +16.7 —14.3 -
3.2000 -18 +19.7 —18.6 -
2.8000 —-2.0 +20.3 —22.6 -
2.4000 -0.8 +6.9 —14.3 +
2.2324 +1.1 —13.6 +6.1 +
FsC—H--F~
H---F~ distance (A)
D 6.0000 —-1.4 +21.1 —14.8 -
5.0000 —-2.0 +28.8 —18.7 -
4.0000 —2.8 +38.3 —22.6 -
3.0000 -3.3 +35.9 —13.2 +
2.0000 +6.8 —136.3 +190.2 +
1.5832 +40.3 —584.4 +763.3 +

aEquilibrium geometry? These are alCs, eclipsed for a suitable comparison with the minima g&+H-+-NH3 whose staggered conformation has one
imaginary frequencyt Angle C—H---O held at 180.0 at Cs symmetry.

can have a comparable decrease in intensities even if thewe explain how the improper behavior forms a part of the
interaction energies are different; region ¢ has stronger HBs. At continuum of well-known normal HBs by extending it further.
region a, however, the dipole derivative is negative but at region |nstead of considering all improper HBs as exceptions and
¢ it is positive. Such a situation is possible with-K bond attributing different reasons for their origin, we consider them
length and frequency as well (cf. regions b and d of Figure 7). 5q girectly related to the normal HBs by the simple explanation
For HB donors such as;N—H, Cl:C—H, and CkFC—H provided here: All X-H bonds, while they are involved in HBs,

whose dipole derivatives are either positive or near zero, even . . .
the weakest Y can increasi/ar and hence increase its face opposing contracting and lengthening forces. The contract-
XH . . - .
intensities. In fact blue shifts with increased intensities are M9 for_ce is due to the elgctron affinity of X, Wh'_Ch c_auses a
net gain of electron density at the->¥ bond region in the

known experimentally for GC—H with acetone and oxirarté, ] .
and for CbFC—H with acetone, oxiran& and dimethy ethet. presence of Y. The lengthening force is due to the well
C—H---0O interactions of some amino acids also show increased understood attractive interaction between the pOSitiVer polarized
intensity with blue shif® These examples can be considered H and the electron rich Y. For electron rich, highly polat+K

as belonging to region e. bonds, the latter almost always dominates and results-ifl X

To lend more support to Figure 7, we calculated HBs of elongation, whereas for the less polar, electron poskdbonds,
FsC—H with nitrogen based Ys which are shown in Table 2A.  the effect of the former is noticeable if Y is not a very strong
In accordance with Figure 7,-€H bond length and intensity  HB acceptor. In other words, the nature of the electron density
pass through a minimum and frequency passes through agistripution resulting from the electron affinity of atoms involved
maquum V\:Een the strin%tlh ngY Cl:ncre?jseDs. Tﬂe sa(r?f(: trentdin the HB donor predetermines it toward proper or improper
prevalls In the scans (_a e 28, C, and D) where cirierent s, Our explanation allows qualitative judgment of the strength
H---Y distances imitate different HB acceptor ability. A situation . . . -

. . IS of the interaction of improper HBs based on frequency shift,
with a short H--Y distance is similar to a strong Y at ) L . .
equilibrium. but the interpretation is more complex in comparison to

_ conventional HBs, since there is a maximum in the plot of
Conclusion frequency with respect to HB energy (Figure 7). Our analysis

Despite the vast literature on improper HBs there was no will prompt further exploration of the consequences and

unified explanation for all the known examples. In this article significances of the XH bond shortening and strengthening
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