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In this paper we put forward the idea that the various “improper, blue-shifting” hydrogen bond systems discussed
in the literature are all of essentially the same nature and occur because of three necessary circumstances: (i)
the presence of a negative dipole moment derivative, dµ0/drXH, for the isolated H-bond donor molecule; (ii)
the interaction between such a molecule andany electron density concentration on the H-bond acceptor (π-
system density, lone-pair density, ionic charge, ...) which at large intermolecular distances gives rise to a
field-dominated, modest vibrational blue shift; (iii) an additional blue shift due to electronic exchange overlap.
The negative dipole moment derivative is a necessary but not sufficient condition for the formation of a
blue-shifted H-bond: thus, the blue-shifting CH4, F3CH, and Cl3CH molecules and their relatives can also
give rise to “normal”, red-shifted H-bonds. This is a logical extension of the blue-shifting property and occurs
when the electric field from the acceptor is sufficiently strong at the intermolecular equilibrium distance
(e.g., for F- and Cl- acceptors).

1. Introduction
Some molecules contain intramolecular bonds which are

strengthened, shortened, and blue-shifted (upshifted) in stretch-
ing vibrational frequency when the molecule is involved in
intermolecular bonding. This behavior is relatively unusual. A
few examples are CO (see, for example, refs 1-4), CN,5,6 CN-,5

and CH3CN,7 where experiment and ab initio calculations have
demonstrated that blue shifts occur in different bonding situa-
tions or when the molecules are exposed to electric fields
(“positive vibrational Stark tuning rate”). Some H-containing
molecules display a similar behavior. Blue-shifting hydroxide
ions in crystalline hydroxides have been investigated in many
IR and Raman spectroscopic studies by the group of Lutz et al.
(see for example refs 8 and 9) and by Wickersheim10 and also
by ab initio crystal calculations.11

The characteristics of red-shifting and blue-shifting hydrogen
bonds are as follows: When a water molecule or a hydrogen
halide molecule, for example, approaches an electronegative
atom from a favorable, stabilizing direction, a hydrogen bond
(X-H‚‚‚Y) forms and manifests itself in an elongation of the
X-H bond, a downshift of theω(X-H) stretching vibrational
frequency, and an IR intensity increase of the stretching
vibration. This behavior is true for most polar H-containing
molecules bonded to an electronegative neighbor atom in the
gaseous, liquid, or solid phases. However, these three features
(elongation, red shift, and IR intensity increase) are all reversed
in blue-shifting hydrogen bonds, which are nevertheless stabiliz-
ing.

In this paper we will mainly be concerned with C-H bonds.
Many hydrogen-bonded CH bonds display blue shifts. Caminati
et al. noticed a CH frequency upshift in the F2HCH‚‚‚F2HCH
system, using both free jet millimeter-wave absorption spec-
troscopy and ab initio calculations.12 A CH blue shift of the
chloroform molecule has been observed in different solutions
with chloroform acting as the solvent.13-15 Blue shifts of the
CH stretching vibration in Cl3CH‚‚‚benzene and Cl3CH‚‚‚
fluorobenzene gas-phase clusters have been measured by double-

resonance infrared ion-depletion spectroscopy.16 Many of these
blue shifts have been confirmed by ab initio calculations
performed by the Hobza group for numerous small complexes
involving FnH3-nCH and Cl3CH molecules.15 Indirect experi-
mental evidence for a shortening of the donor C-H bond in
hydrogen-bonded complexes has also been provided by NMR
measurements of1J(13C-1H) spin-spin couplings (see, e.g., refs
17 and 18 and a review article concerning the interpretation of
these couplings in ref 19).

There is thus today hardly any doubt that bond-length-
contracted and vibrationally blue-shifting C-H bonds exist, and
their characteristics are by now well-known and have been
satisfyingly reproduced by accurate quantum-chemical calcula-
tions. However,the underlying reasons for the frequency blue
shift are less clear. Gu, Kar, and Scheiner20 performed ab initio
calculations for the normal, red-shifting water dimer and the
blue-shifting fluoroform‚‚‚water complex and concluded that
there are no fundamental differences in the nature of the bonding
in these red-shifting and blue-shifting H-bonded complexes.
Cubero et al. made a comparative “Bader analysis”21 of the total
electron density distribution for normal and blue-shifting
hydrogen-bonded complexes and found no essential differences
between the two classes of complexes.22 Recently, Masunov,
Dannenberg, and Contreras23 analyzed ther(CH) change and
the electron density shift as a function of the external field
strength for the C-H bonds in the CH4, acetylene, and HCN
molecules. The methane CH bond contracts, the others elongate,
and the authors suggested that the H-bonding behavior of these
three molecules can be explained solely on the basis of their
different behavior in an electric field.

As mentioned, Hobza et al. have performed high-quality
ab initio calculations for numerous blue-shifting complexes
between hydrogen-bond donors (such as methane, fluoroform,
chloroform, bromoform, and iodoform) and different hydrogen-
bond acceptors (such asπ-systems (benzene and fluorobenzene),
oxygen lone-pair acceptors, and negative ions). These authors
have also presented explanations for the CH frequency
blue shifts in the different cases. They conclude that in the
Cl3CH‚‚‚π systems, the CH blue shift mainly originates from† E-mail: kersti@mkem.uu.se.
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thedispersion interaction,16,24while, in the F3CH‚‚‚π systems,
the blue shift originates from a smallcharge transferfrom the
benzene ring to the fluoroform F atoms.25 For fluoroform
involved in some CH‚‚‚O bonds, such as F3CH‚‚‚OC2H4

(ethylene oxide), Hobza and co-workers suggest that it is the
fluoroform molecule’snegatiVe sign of the dipole moment
deriVatiVe with respect to the stretching coordinate, dµ0/drCH,
which is responsible for the blue shift,26 while in other cases,
such as F3CH‚‚‚OH2, the charge transferto the F atoms was
said to be responsible.15 When the hydrogen-bond acceptor is
an anion, a few different cases are presented: the CH red shift
found for methane in H3CH‚‚‚Cl- is explained as anormal,
traditional hydrogen bond, while the blue-shifting BrH2CH‚‚‚Cl-

and IH2CH‚‚‚I- hydrogen bonds are supposedly the result of
charge transferfrom the anion to the halide atom on the opposite
side of the C atom.15

The purpose of this paper is to show that the situation is not
as complicated as has been presented so far in the literature. In
this author’s opinion, all the cases above (and even the normal
red-shifting water dimer!) behave similarly to each other, in
the sense that the underlying reasons for the C-H (or O-H)
frequency shift are essentially the same in all cases. Moreover,
it will be shown that neither the electron charge transfer nor
the dispersion interaction is a primary reason behind the blue-
shifting CH‚‚‚O or CH‚‚‚π bonds. The reasons for the blue-
shifting CH bonds lie in the sign of the dipole moment derivative
with respect to the stretching coordinate combined with
electronic exchange overlap at moderate and shorter H-bonded
distances.

The following hydrogen-bond donors are included in this
study: H2O; CH4; CHF3; CHCl3. And the following hydrogen-
bond acceptors are discussed:‚‚‚π-C6H6; ‚‚‚OH2; ‚‚‚OC2H4;
‚‚‚Cl-. In addition, the frequency shifts for some related
“hydrogen-bond donor‚‚‚point-charge acceptor” complexes will
be discussed as a means to distinguish between “electrostatic
+ polarization” effects on one hand and electronic overlap
effects on the other.

2. Method

2.1. Quantum-Chemical Calculations. All calculations
reported here were performed at the Hartree-Fock level using
the cc-pVDZ basis set27 and the Gaussian 98 program.28

In earlier work29,30 we studied the intramolecular OH
frequency shifts of water and hydroxide ions in different
environments and compared the results at the Hartree-Fock,
MP2, and MP4 levels, using both modest and virtually saturated
basis sets. The trends and chemical conclusions at the different
levels were the same. In this paper we want to set right a few
misconceptions in the literature and discuss the trends in the
frequency shifts; we therefore keep the calculations as simple
as possible and do not routinely include dispersion (although it
is included in the last section of this paper where dispersion
effects are discussed). Incidentally, as a check, some of the
∆ω(CH) vs F| curves in Figure 4 were also calculated at the
MP2 level. The curves were very similar to the Hartree-Fock
curves and can be obtained from the author on request.

2.2. Point-Charge Complexes.In the following (see Figures
3 and 4) we will compare the frequency shifts for theall-electron
complexeswith the frequency shift for complexes where the
acceptor molecule has been replaced by a collection of fractional
point charges which mimic the real H-bond acceptor molecule.
These “point-charge acceptor molecules” were generated in the
following way. Using the Gaussian program, first the wave
function for each of the optimized isolated H-bond-acceptor

molecules (‚‚‚OH2, ‚‚‚OC2H4, ‚‚‚π-C6H6, ‚‚‚Cl-) was calculated
and then so-called “electrostatic potential-derived” point charges
at the nuclear sites were generated. These charges reproduce
the electrostatic potential in a grid outside the acceptor molecule,
and they also reproduce the acceptor molecule’s own dipole
moment. Incidentally, small changes of the geometry of the
point-charge acceptor (e.g., taking the acceptor geometry from
its geometry in the optimized complex instead) have no
influence on the results presented here.

2.3. Geometry Optimization and Calculation of Uncoupled
C-H Stretching Frequencies.Thegeometrical arrangements
of the donor‚‚‚acceptor complexes are shown for the point-
charge acceptors in Figure 3, and the all-electron complex
geometrical arrangements are the same. For ease of comparison,
the 3-fold axis of the CHF3 molecule, i.e., the CH bond direction,
was chosen to coincide with the bisector of the acceptor
molecule in the case of‚‚‚OH2 and ‚‚‚OC2H4. In the case of
the F3CH‚‚‚π-C6H6 and Cl3CH‚‚‚π-C6H6 complexes, the CH
bond was chosen to coincide with the normal of the benzene
plane through its ring center. Modest alterations of these
hydrogen-bond geometries do not affect any of the conclusions
given in this paper. Given the angular restrictions just described,
the system geometries were fully optimized at the Hartree-
Fock/cc-pVDZ level. The exact optimized geometries can be
obtained from the author on request.

Subsequentnormal coordinate analyses(NCAs) were per-
formed using the Gaussian program. In all cases which contain
more hydrogen atoms than the one involved in the X-H‚‚‚Y
bond, the others were given the mass of a tritium atom (3H) to
ensure that the C-H stretch is uncoupled. In the following, we
will always write the molecular formulas with H to denote the
hydrogen atoms, regardless of their mass. In all cases, inspection
of the NCA output confirmed that the C-H stretching mode
consisted of a pure C-H stretch involving only the motion of
the C and H atoms around the bond center-of-mass.

Each point in the curves in Figures 3 and 4 originates from
aω(CH) calculation at a fixedR(C‚‚‚acceptor) distance, although
it was then actually plotted against electric field strength at the
vibrating H atom, using the field value from the wave function
calculation for the isolated optimized acceptor. In theseω(CH)
calculations, theR(C‚‚‚acceptor) distance was kept frozen in
the optimization, and all the other geometrical parameters of
the H-bond donor were optimized and subsequent NCAs were
performed. Also here it was seen that, in all cases, the C-H
stretching mode consisted of a pure C-H stretch involving only
the motion of the C and H atoms around the bond center-of-
mass. We report harmonic frequencies in this paper.

As a check for both the fully optimized systems and those
with R(C‚‚‚acceptor) constrained, the vibrational frequency was
in many cases also calculated by a second method. Then the
one-dimensional, uncoupled C-H vibrational potential energy
curves (energy vsr(CH)) were generated from pointwise energy
calculations, 0.01 Å apart inr(CH), keeping the bond center-
of-mass fixed. The resulting potential energy curve was fitted
to a fifth-order polynomial, and the harmonic frequency was
calculated from the second-order force constant. The two
different ways of calculating the frequency gave the same results
within a few cm-1.

3. Results and Discussion

3.1. Frequency Shifts in Uniform and Nonuniform Electric
Fields. Figure 1 shows how the intramolecular CH and OH
frequencies vary with electric field strength when isolated H2O,
CH4, CHF3, and CHCl3 molecules are exposed to a uniform
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electric field, directed as shown at the bottom of the figure,
along the vibrating bond. The positive field direction thus
corresponds to the direction with a distant negative charge on
the H side of the donor molecule, and this is of course the lower-
energy direction compared to the left-hand side of the plot.
When the (positive) field is gradually increased, in the range
from zero to, for example, 0.01 au, the water OH frequency is
seen to redshift while the other three are blue shifted.

Let us review a few basic facts concerning the frequency shift
for the intramolecular stretching vibration of a molecule
interacting with auniform electric field, F|, directed along the
vibrating XH bond. The parallel field component is by far the
most important in affecting the XH frequency; the perpendicular
component has virtually no influence. Ifµ|

0 is the permanent
dipole moment of the isolated molecule in a field-free environ-
ment andµ|

ind its induced dipole moment when exposed to the
uniform field, then to a good approximation (i.e., neglecting
hyperpolarizabilities), the following relation holds for the
interaction energy∆Eext(F|, rXH) of the molecule with the
electric field:

In many bonding situations,∆E is to a good approximation a
linear function inrXH (see for example Figure 5), with a slope
which we callkext (for external perturbation), i.e.

Thus, in these cases, to a good approximation, the following
relation holds:

There is a close correlation between the XH frequency shift
and ther(XH) contraction or expansion via the linear perturba-

tion, which gives the following approximate relations:

Herek2
0 andk3

0 are the harmonic and cubic force constant for
the isolated molecule and∆k2 is the field-induced shift ink2,
from k2

0 to its new value at the newre. Assuming a negative
sign for k3

0, we thus have

All these relations and their validity were extensively
discussed in connection with the red shifts and blue shifts for
OH bonds in refs 29-31. To summarize, the interdependence
between∆k2, ∆re, dµ0/drXH, dµind/drXH, andkext is expressed
by the sequence of formulas above, and Figure 2 shows in a

Figure 1. ∆ω(CH) and∆ω(OH) vs the electric field strength along
the CH or OH bond for a methane, a chloroform, a fluoroform, and a
water molecule exposed to uniform electric fields of various strengths
directed along the CH or OH bonds. Here and in the following,∆ω is
calculated with respect to the isolated H-bond donor molecule in a field-
free environment (i.e., atF| ) 0 in this figure).

∆Eext(F|, rXH) ≈ -F|‚[µ|
0(rXH) + 1/2 µ|

ind(F|, rXH)] (1)

∆Eext(F|, rXH) ) kext(F|)‚rXH + a constant (2)

kext(F|) ≈ -F|‚(dµ0/drXH + 1/2 dµind/drXH) (3)

Figure 2. Schematic pictures to explain the signs of the intramolecular
bond length shift and the intramolecular stretching frequency shift in
the case of a linear external perturbation on the vibrating molecule.
∆Eext is the interaction energy of the molecule with the electric field.
All the red-shift cases in Figure 1 can be described by (a), and all the
blue-shift situations correspond to (b). The curves have been made to
coincide for the shortestr(XH) distance.

∆re ≈ -kext / (2k2
0) (4)

∆k2 ≈ 3k3
0‚∆re (5a)

≈ -3k3
0‚kext / (2k2

0) (5b)

≈ 3k3
0/(2k2

0)‚F|‚(dµ0/drXH + 1/2 dµind/drXH) (5c)

∆ω(F|) ∝ -F|‚(dµ0/drXH + 1/2 dµind/drXH) (6)
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schematic way the relations betweenkext, ∆re, and∆k2 for two
different molecules, one with a positive (a) and one with a
negative (b) dµ0/drXH value, in fields of modest strengths (so
that dµ0/drXH is the dominating dipole moment derivative term).

Expression (6) shows that two basic quantities determine the
overall shape of the∆ω vs F| curve in the case of a linear
perturbation, namely the derivative of the molecule’s permanent
dipole moment with respect to the stretching coordinate, dµ0/
drXH, and the relative magnitudes of dµ0/drXH and dµind/drXH.
The sign of dµ0/drXH determines whether the XH stretching
vibration is blue shifted or red shifted when exposed to a field
of small or moderate size. Since dµind/drXH is positive (an XH
elongation leads to increased induced dipole moment), its action
always leads to an overall frequencyred shift at stronger fields.
The net result is an arclike curve (Figure 1).

Four differentnonuniform-fieldcases are displayed in Figure
3. In all of these, point charge acceptors mimic the electrostatic
properties of a real molecular hydrogen-bond acceptor (‚‚‚OH2,
‚‚‚OC2H4, ‚‚‚π-C6H6, ‚‚‚Cl-) as described in the Method part.
The different field strengths in the nonuniform field cases were
generated by moving the H-bond donor and the point-charge
acceptor closer and closer together. The computational
procedure to calculate∆ω(CH) as a function of a fixed
R(C‚‚‚acceptor) distance was also described in the Method
section. In the figure,∆ω(CH) has been plotted against the
electric field strength generated by the point-charge acceptor at
the donor H position, when the point-charge acceptor has been
placed at different distances away from the CHF3 molecule.

It is seen from Figure 3 that, in a nonuniform field, the
frequency vs field curves differ drastically between each other
and from the uniform-field case, but the general form of the
curvesswith an initial blue shift, a passage over a maximum,
and then finally a red shiftsis common to all the curves and
mainly originates from the negative sign of dµ0/drXH and the
overtake from the induced dipole moment term at high electric
fields (cf. expression (6)). The large sensitivity to the field
nonuniformity is just a demonstration of the fact that the
vibrational frequency shift of a molecule in an electric field
depends on the electric field at all points in the molecule. The
merit of Figure 3 is that it exemplifies and explicitly pinpoints
the electrostatic field dependence of the frequency shift for those
exact systems that are treated in this paper.

3.2. Total Frequency Shift of Blue-Shifting Molecules.The
graphs in Figure 4a-d show the∆ω(CH) vs F| dependence
for F3CH bonded to four different H-bond acceptors and for
Cl3CH H-bonded to benzene. Except for the F3CH‚‚‚Cl-

complex in Figure 4d, allgeometry-optimizedcomplexes
(marked with a star in each figure) display CH blue shifts. The
water dimer is included for comparison in Figure 4e.

The purpose of each of these curves is to show how the
resulting blue shift at the optimized intermolecular distance
comes about when the two molecules approach each other from
far away. The curves for the corresponding “point-charge
acceptor complexes” were shown in Figure 3 and are here
repeated for comparison and labeled in the same way as in
Figure 3.

Let us first study Figure 4a-c. We note that, in all these
cases, the CH group points toward an electron density cloud or
some electron density accumulation in the acceptor molecule,
and the behavior of the curves is very similar. Thus, at very
large donor‚‚‚acceptor distances, there is always a small blue
shift. This small blue shift occurs because the very weak external
field generated by the acceptor molecule makes the CH bond
want to contract, since the contraction increases the permanent

F3CH dipole moment (µ|
0(rCH)) and stabilizes the electrostatic

interaction (cf. Figure 2b). The contraction and the blue shift
go hand in hand. When the donor and acceptor come sufficiently
close, the intermolecular electronic overlap starts to play a vital
role, the molecular complexes begin to deviate significantly from
the “point-charge acceptor” curves (A-C in Figure 4a-c), and
the CH vibration is strongly blue-shifted.

The F3CH‚‚‚Cl- complex (Figure 4d) is consistent with the
previous cases. Only here the field from the chloride ion is so
strong that the electrostatic effects (including polarization) are
allowed to play the major role all the way from large
intermolecular distances until where intermolecular electronic
overlap sets in, by which time the∆ω(CH) vs F| curve has
already passed through its maximum and down on the red-shift
side. At the intermolecular equilibrium distance, the overlap has
given rise to some additional blue shift but not enough to reverse
the sign of the resulting frequency shift, which is indeed a red
shift.

The normal hydrogen-bonding water molecule is shown in
Figure 4e, where it donates its H atom to another water
molecule. For weak external fields, a frequency red shift occurs
due to the positive dµ0/drOH value for water. At shorter distances,
for example at the dimer intermolecular equilibrium distance,
there occurs an additional blue shift due to the electronic overlap,
but again, this is not sufficiently strong to reverse the sign of
the resulting frequency shift, which is the well-known red shift
of the water dimer.

What is the exact origin of the strong blue shift at the
optimized intermolecular distances in the case of the fluoroform
and chloroform molecules and their relatives? Let us analyze
Figure 4a-d in some more detail. Four new contributions to
the intermolecular interaction appear when the molecules begin
to overlap, namely, the classical electrostatic (Coulombic)+
polarization interaction between the nowpartially oVerlapping
molecules, as well as exchange interaction, charge transfer, and

Figure 3. ∆ω(CH) vs F| for uniform and nonuniform electric fields
exerted on a fluoroform molecule.F| is the parallel component (along
the CH bond) of the electric field strength at the equilibrium position
of the H-bonded H atom in each different bonding situation. The “point-
charge acceptor complexes” are described in the text.
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dispersion interaction. Below, a few comments will be given
to try to elucidate the relative importance of these types of
intermolecular interaction.

3.3. Contributions to the Blue Shift.Several authors in the
literature have emphasized the importance of the repulsive
electronic interactions between the vibrating molecule and its
surrounding crystal lattice or neighboring substrate surface. Early
papers dealing with the OH- ion in crystalline hydroxides9,32,33

thus discuss the OH blue shift as due to “repulsion effects” with
the crystal lattice, and Pacchioni et al.3 explain the blue shift
for CO on MgO(001) as mainly due to Pauli repulsion and refer
to this effect as “the wall-effect”. Hermansson, on the other
hand, showed that the net OH- blue shift in some crystalline
hydroxides to a large extent originates from the negative sign
of dµ0/drOH (combined with the positive sign of dµind/drOH).11,31

Recently, Damin et al.4 included higher-order terms in a
perturbational field treatment of CO on MgO(001); i.e., they
took the field nonuniformity into account and found that the
electrostatic effects (without polarization, which they found to
be negligible) lead to a larger blue shift than with just a uniform-
field approach. Contrary to previous findings, they presented
the idea that the exchange-repulsion leads to a red shift instead
of a blue shift in this case.

One of the reasons we have calculated the “hydrogen-bond
donor‚‚‚point-charge acceptor” curves in the current study is

to avoid some ambiguities of interpretation, since all terms in
the electrostatic perturbation theory approach (i.e.,-∆E(F) )
µz

0‚F + 1/2Θzz
0 ‚∇F + 1/6Ωzzz

0 ‚∇2F + 1/24Φzzzz
0 ‚∇3F + ... +

1/2azz
0 ‚F2 + ...) are automatically included in our curves, and

moreover, we do not have the problem of assuming only one
expansion center for the multipolar series.

Role of Electrostatics and Polarization. Here, let us use the
F3CH‚‚‚Cl- complex in Figure 4d as an example. The all-
electron curve and the curve pertaining to thepoint-charge
acceptor complex(marked D) agree well all the way down to
R(C‚‚‚acceptor)≈ 4 Å. Curve D originates from both the purely
electrostatic (Coulombic) interaction and the polarization in-
teraction between the isolated F3CH molecule and the nonuni-
form field from the-1 point charge. This is not exactly the
same as the electrostatic+ polarization interactions in theall-
electron complex, because there the interaction involves the
interaction of F3CH with every volume element of the extended,
continuous electron density distribution of the Cl- ion. Never-
theless, for distances down to∼4 Å, the two curves are seen to
be very similar.

At the intermolecular equilibrium distance for the all-electron
complex, curve D gives a very strong frequency red shift. This
is a strong indication that the electrostatic+ polarization
contributions at the equilibrium distance in the all-electron
complex is also a red shift.

Figure 4. ∆ω(CH) vsF| for (a) F3CH‚‚‚OH2, (b) F3CH‚‚‚OC2H4, (c) F3CH‚‚‚π-C6H6, Cl3CH‚‚‚π-C6H6, (d) F3CH‚‚‚Cl-, and (e) HOH‚‚‚OH2. The
solid curves refer to the all-electron complexes, and the dashed curves, to the point-charge acceptor complexes. The latter curves are the same as
those in Figure 3 and have been labeled in the same way. The numbers along the curves show the correspondingR(C‚‚‚acceptor) distance, where
R is defined in Figure 3. The fully optimized complexes are indicated by stars.
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This indication is further supported by the so-called Moro-
kuma analysis scheme for the decomposition of intermolecular
energies34 (see further description of the method in the caption
of Table 1). The results of the Morokuma analysis for the
F3CH‚‚‚Cl-, F3CH‚‚‚OH2, and HOH‚‚‚OH2 complexes are
compiled in Table 1. For each system, three or four intermo-
lecular distances have been investigated, and for each intermo-
lecular distance,two intramolecularXH distances. In this way
we can calculate thechangesin the various interaction energy
contributions when the donor XH bond is stretched, and this
will show the relative importance of the different interaction
contributions tokext (cf. Figure 2) and thus to the total∆ω (using
now eq 5b and the general expression∆Eext ) kext‚rXH + a
constant). We find that the Morokuma “ES+ PL” energy (third
energy column in the table) gives anegatiVe contributionto
kext (see “diff” row) at the intermolecular eqilibrium distance
for F3CH‚‚‚Cl-, in agreement with our conclusion above.

Gu et al.20 performed a similar kind of Morokuma analysis
for the F3CH‚‚‚OH2 and HOH‚‚‚OH2 complexes at their
respective intermolecular equilibrium distances and concluded
that not only are the ES+ PL contributions similar in sign (both
negative) in the two complexes but all the energy contributions
have the same sign in the two complexes. We obtain the same
results in Table 1; cf. the “diff” rows in the twoReq sections
for F3CH‚‚‚OH2 and HOH‚‚‚OH2. However, we have also
included some weaker-field cases in our discussion of the

Morokuma analysis, and now we do detect differences between
the blue-shifting and red-shifting molecules! The ES+ PL
contributions for the F3CH‚‚‚OH2 and F3CH‚‚‚Cl- complexes
havepostiVe signsat largeR(X‚‚‚Y) distances andnegatiVe signs
atReq(X‚‚‚Y). The water dimer, on the other hand, has anegatiVe
signfor all intermolecular distances. We note that the variations
of the Morokuma ES+ PL contributions follow the point-charge
acceptor curves in Figure 4 and they are qualitatively different
for the red-shifting and blue-shifting donor molecules.

Role of Charge Transfer.Hobza et al. have argued that, for
example in the case of the blue-shifting F3CH‚‚‚ OH2 complex,
a small electron charge transfer to the F lone-pair orbitals (as
measured by the natural-bond orbital (NBO) occupancies36)
leads to a structural reorganization of the fluoroform molecule
(an opening of the H-C-F angles and a small elongation of
the C-F bonds), which then gives rise to a contraction of the
CH bond and a corresponding blue shift of the CH stretching
frequency. Here we will try to establish whether such a
correlation exists.

Table 2 gives some results from an NBO population analysis
for the optimized F3CH‚‚‚ OH2 complex and for five other cases
as well: one blue-shifting and four red-shifting. The magnitudes
of the frequency shifts are seen in Figure 4. Table 2 shows that
there is nothing unique about the magnitude of the charge
transfer or the geometry change in the case of the blue shifting
F3CH‚‚‚ OH2. For example, in a uniform electric field or with

TABLE 1: Morukuma Interaction Energy Analysis for the F 3CH‚‚‚OH2, F3CH‚‚‚Cl-, and HOH‚‚‚OH2 Complexes at Different
Hydrogen-Bond Distancesa

system R(C‚‚‚Y) (Å) r(CH) (Å) ES PL ES+ PL CT EX MIX tot.

F3CH‚‚‚OH2 6.0 1.070 -0.525 -0.008 -0.533 0.000 0.000 0.000 -0.533
1.090 -0.522 -0.008 -0.530 0.000 0.000 0.000 -0.530
diff +0.003 0.000 +0.003 0.000 0.000 0.000 +0.003

5.0 1.070 -0.930 -0.024 -0.954 -0.075 +0.001 0.000 -1.029
1.090 -0.927 -0.025 -0.951 -0.078 +0.001 0.000 -1.028
diff +0.003 -0.001 +0.003 -0.003 0.000 0.000 +0.001

4.0 1.070 -1.903 -0.101 -2.004 -0.640 +0.110 0.000 -2.531
1.090 -1.904 -0.105 -2.009 -0.648 +0.122 0.000 -2.529
diff -0.001 -0.004 -0.005 -0.008 +0.012 0.000 +0.002

3.3 (≈Req) 1.070 -4.367 -0.372 -4.739 -1.334 +2.430 -0.030 -3.673
1.090 -4.462 -0.386 -4.848 -1.385 +2.647 -0.030 -3.616
diff -0.095 -0.014 -0.109 -0.051 +0.217 0.000 +0.057

F3CH‚‚‚Cl- 6.0 1.070 -4.015 -0.296 -4.311 -0.047 +0.001 +0.001 -4.359
1.090 -3.987 -0.306 -4.293 -0.048 +0.001 +0.001 -4.342
diff +0.028 -0.010 +0.018 -0.001 0.000 0.000 +0.017

4.5 1.070 -7.804 -1.035 -8.839 -0.857 +0.184 -0.044 -9.556
1.090 -7.774 -1.074 -8.848 -0.873 +0.198 -0.045 -9.568
diff +0.030 -0.039 -0.009 -0.016 +0.014 -0.001 -0.012

3.5 (≈Req) 1.070 -16.100 -2.930 -19.030 -2.263 +6.311 +0.067 -14.915
1.090 -16.246 -3.035 -19.281 -2.435 +6.694 +0.073 -14.949
diff -0.146 -0.105 -0.251 -0.172 +0.383 +0.006 -0.034

HOH‚‚‚OH2 6.0 0.940 -0.407 0.000 -0.407 0.000 0.000 0.000 -0.407
0.960 -0.414 0.000 -0.414 0.000 0.000 0.000 -0.414
diff -0.007 0.000 -0.007 0.000 0.000 0.000 -0.007

4.0 0.940 -1.820 -0.064 -1.884 -0.673 +0.050 0.000 -2.507
0.960 -1.872 -0.068 -1.940 -0.688 +0.056 0.000 -2.572
diff -0.052 -0.004 -0.056 -0.015 +0.006 0.000 -0.065

2.9 (≈Req) 0.940 -7.544 -0.757 -8.301 -2.114 +5.401 -0.095 -5.109
0.960 -7.914 -0.822 -8.736 -2.253 +5.859 -0.086 -5.216
diff -0.370 -0.065 -0.435 -0.139 +0.458 +0.009 -0.107

a The total interaction energy∆E ()Ecomplex- Emomoner1- Emomomer2, with both monomers at the same geometries as in the complex) is partitioned
into the following contributions: ES) electrostatic interaction energy; PL) polarization; EX) exchange; CT) electron charge transfer; MIX
) remainder terms. ES is the classical Coulombic interaction between the electron density distributions of the unperturbed donor and acceptor
species, positioned at exactly the same positions as in the H-bonded complex, and PL is the energy gain caused by the polarization of the electron
density of molecule 1 in the field from molecule 2 and vice versa. The energies were calculated using the GAMESS program35 and are given in
kcal/mol. The “diff” rows give the various contributions tokext (cf. Figure 2).
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a point-charge acceptor, obviously no charge transfer to the
CHF3 molecule is allowed, yet Table 2 shows that a blue shift
can occur also in such cases (of course we knew this already
from Figure 3!). Moreover, as far as the increase in lone-pair
occupancy on the F atoms is concerned, we find that such an
increase can occur regardless of charge transfer, i.e., just due
to the polarization from the environment, and moreover, it is
found in both red-shifting and blue-shifting H-bonding situa-
tions.

We conclude that neither the electron charge transfer to the
F atoms nor the small geometrical changes of the-CF3 group
appears to play a major role in the blue-shifting phenomenon
for F3CH.

This conclusion is also supported by the Morokuma analysis
in Table 1, which contains information about the charge-transfer
contribution to the interaction energies and thus to thekext slope.
We note that the charge-transfer contribution to the frequency
shift is always ared shiftaccording to the Morokuma analysis.
This is true for all the charge-transfer entries in the table.

Incidentally, the charge transfer explains why some blue-
shifting molecules in very weak-field cases are almost not blue-
shifted at all (Figure 4a-c). This happens because the red-
shifting charge-transfer contribution sets in already at quite large
intermolecular distances, earlier than exchange or dispersion
begin to play a role.

Role of Dispersion. It was suggested in the literature16,24that
the CH blue shift for Cl3CH‚‚‚π-C6H6 is due to electron
correlation (dispersion) effects, while the blue shift for the
corresponding F3CH complex is due to charge transfer, as
discussed (and rejected) in the previous section. We have seen
that for the optimized all-electron complexes in Figure 4a-c a
blue shift was always found, without dispersion taken into
account. It is thus unlikely that it would play a major role in
the blue shifts observed experimentally.

Nevertheless, to cast further light on this issue, we have
explicitly calculated the dispersion influence on the frequency
shift for Cl3CH‚‚‚π-C6H6. Figure 5 shows∆E vs r(CH) curves
for Cl3CH‚‚‚π-C6H6 at the Hartree-Fock/cc-pVDZ and
MP2/cc-pVDZ levels for two different intermolecular distances
(in fact, for the intermolecular equilibrium distances at the two
computational levels). We note that the Hartree-Fock and MP2
slopes (kext) are quite similar. Furthermore, we note that
dispersion gives rise to ared shift. We conclude that dispersion
is not responsible for the blue shift.

Role of Exchange.Above we have presented various argu-
ments to show that electrostatic, polarization, charge-transfer,
and dispersion effects are not responsible for the blue shift. We
will thus have to conclude that among the different interactions
which set in when the electron density clouds of the donor and

acceptor molecules begin to overlap, it is the exchange interac-
tion which gives rise to the frequency blue shift at the
intermolecular equilibrium distance.

The Morokuma analysis in Table 1 agrees with this conclu-
sion. Indeed, only two of the contributions in the Morokuma
analysis give rise to a blue shift, namely the exchange and “Mix”
contributions, where exchange is by far the overwhelming part.
This is thus the major reason for the blue shift.

However, the negative dipole moment derivative with respect
to the stretching coordinate also plays a role, both at long and
short intermolecular distances.At large intermolecular distances
it is the only reason for the blue shift. But alsoat shorter
distances, e.g., at the equilibrium distance, it plays a role,
because it has by then already helped to “lift the frequency”
above what it would be for a donor molecule with a positive
dipole moment derivative (such as water), and together with
the additional exchange-induced blue shift, the result is anet
blue shift. This is contrary to the water dimer, where the large
exchange-induced blue shift contribution at equilibrium still does
not manage to counteract the red-shift contribution from the

TABLE 2: Changes in Geometry and Orbital Occupancies (NBO Analysis) for Fluoroform in Different Bonding Situations,
Compared to the Free Moleculea

system ∆HCF angle (deg) ∆r(CF) (Å) ∆ω ∆(lone-pair occ on F) cht

charge-transfer impossible
F3CH in uniform field (F| ) 0.02) +1.4 +0.01 blue shift 0.01
F3CH in uniform field (F| ) 0.05) +3.5 +0.02 red shift 0.04
F3CH‚‚‚pt ch OH2 +0.4 +0.00 red shift 0.01
F3CH‚‚‚pt ch Cl- +1.3 +0.01 red shift 0.02

charge-transfer possible
F3CH‚‚‚OH2 +0.5 +0.00 blue shift 0.01 0.005
F3CH‚‚‚Cl- +1.6 +0.01 red shift 0.03 0.023

a “∆(lone-pair occ)” means the change in occupancies summed over all three F atoms (a positive value means a gain of electrons). The last
column indicates the amount of electron transfer, where a positive value means a net electron flow from the H-bond acceptor to the fluoroform
molecule. All systems were optimized, except the CHF3‚‚‚point-charges systems, where the “intermolecular distance” was taken to be that of the
corresponding water or chloride complex. The free CHF3 molecule has an H-C-F angle of 110.48° and anr(CF) distance of 1.32 Å, and the sum
of the F lone pair occupancies is 17.73 e.

Figure 5. ∆E(rCH) vs rCH for Cl3CH‚‚‚π-C6H6 at the Hartree-Fock/
cc-pVDZ and MP2/cc-pVDZ levels for two differentR(C‚‚‚benzene)
distances, 3.80 and 3.25 Å (the respective optimized distances at these
computational levels). The curves have been made to coincide forr(CH)
) 1.070 Å to help in the comparison of the slopes.
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“electrostatic+ polarization” interaction, and the net shift at
equilibrium is a red shift (Figure 4e).

4. Conclusions

The purpose of this paper is to convey some insight on the
nature of blue-shifting hydrogen bonds. On the basis of our own
calculations and the results existing in the literature, we want
to draw the following conclusions:

(i) The various cases of blue-shifting CH hydrogen bonds
discussed in the literature, namely C-H‚‚‚π, C-H‚‚‚O, and
C-H‚‚‚X- should not be discussed as separate and disparate
cases but rather as different manifestations of one and the same
phenomenon.

(ii) At large intermolecular distancesbetween the H-bond
donor and acceptor, the H-bond donor’s negative dipole moment
derivative with respect to the stretching coordinate is the only
reason for the blue shift.

(iii) At the intermolecular equilibrium distance, a blue-shifted
H-bond appears if the H-bond donor molecule possesses a
negative dµ0/drXH value, which is interacting with the electric
field from the acceptor molecule,and at the same timethe
exchange interaction between the two molecules is appreciable.
The blue-shifting property manifests itself in all chemical
systems where the donor molecule interacts with some electron
density excess region in the H-bond acceptor (π-system density,
anion, lone-pair density, ...)sexcept for the cases discussed in
point iv below.

At the intermolecular equilibrium distance, the largest
contribution to the blue shift is from the exchange overlap;
nevertheless, the blue shift is made possible by the “ground-
work” performed by the arc-shaped electric-field curve, which
ensures that when the blue-shifting exchange sets in, the field-
induced shift is not already appreciably red-shifted as in the
case of the water dimer (and other H-bond donors with positive
dµ0/drXH values). Both the electric-field interactions and the
exchange overlap are thus responsible for the blue shift in a
rather intricate and combined fashion, which was summarized
in the section just before the Conclusions. A com-
parison of Figure 4a (F3CH‚‚‚OH2) with Figure 4e (HOH‚‚‚
OH2) pinpoints the differences beween a blue-shifting and a
red-shifting H-bond donor (remember that the stars indicate the
equilibrium intermolecular distances).

(iv) A molecule with “the capability of forming blue-shifting
H-bonds” displays normal, red-shifting hydrogen bonds when
the electric field from the acceptor is strong enough to dominate
over the overlap effects at the equilibrium intermolecular
distance (example, F3CH‚‚‚Cl- in Figure 4d).

(v) Thesmall charge transfer to the F atomsin F3CH‚‚‚OH2

is only of minor importance for the frequency shift and leads
to a red shift.

(vi) The dispersion interactionalways gives rise to a red-
shift contribution at the intermolecular equlibrium distance.

(vii) Blue-shifting H-bonding molecules form a subclass of
all those molecules whose dipole moment increase on intramo-
lecular bond contraction: they all display frequency blue shifts
when bound through the partially positive end toward a region
with a relatively high electron density.
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