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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 derivatiy&/ddyy, for the isolated H-bond donor molecule; (ii)

the interaction between such a molecule ang electron density concentration on the H-bond accepter (
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 GHF;CH, and CICH 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 CI" acceptors).

1. Introduction resonance infrared ion-depletion spectrosclpylany of these

Some molecules contain intramolecular bonds which are blue shifts have been confirmed by ab initio calculations
strengthened, shortened, and blue-shifted (upshifted) in stretchierformed by the Hobza group for numerous small complexes
ing vibrational frequency when the molecule is involved in involving FHz-,CH and C4CH molecules? Indirect experi-
intermolecular bonding. This behavior is relatively unusual. A mental evidence for a shortening of the donor i bond in
few examples are CO (see, for example, refd), CN56 CN- 5 hydrogen-bonded complexes has also been provided by NMR
and CHCN,” where experiment and ab initio calculations have measurements é3(**C—'H) spin—spin couplings (see, e.g., refs
demonstrated that blue shifts occur in different bonding situa- 17 and 18 and a review article concerning the interpretation of
tions or when the molecules are exposed to electric fields these couplings in ref 19).

(“positive vibrational Stark tuning rate”). Some H-containing  There is thus today hardly any doubt that bond-length-
molecules display a similar behavior. Blue-shifting hydroxide contracted and vibrationally blue-shifting-€1 bonds exist, and
ions in crystalline hydroxides have been investigated in many their characteristics are by now well-known and have been
IR and Raman spectroscopic studies by the group of Lutz et al. satisfyingly reproduced by accurate quantum-chemical calcula-
(see for example refs 8 and 9) and by WickersH&iamd also tions. Howeverthe underlying reasons for the frequency blue
by ab initio crystal calculation&: shift are less clearGu, Kar, and Scheingperformed ab initio

The characteristics of red-shifting and blue-shifting hydrogen calculations for the normal, red-shifting water dimer and the
bonds are as follows: When a water molecule or a hydrogen blue-shifting fluoroform--water complex and concluded that
halide molecule, for example, approaches an electronegativethere are no fundamental differences in the nature of the bonding
atom from a favorable, stabilizing direction, a hydrogen bond in these red-shifting and blue-shifting H-bonded complexes.
(X—H-++Y) forms and manifests itself in an elongation of the Cubero et al. made a comparative “Bader analy’isf'the total
X—H bond, a downshift of thes(X—H) stretching vibrational electron density distribution for normal and blue-shifting
frequency, and an IR intensity increase of the stretching hydrogen-bonded complexes and found no essential differences
vibration. This behavior is true for most polar H-containing between the two classes of compleZg&ecently, Masunov,
molecules bonded to an electronegative neighbor atom in theDannenberg, and Contref&sinalyzed the(CH) change and
gaseous, liquid, or solid phases. However, these three featureghe electron density shift as a function of the external field
(elongation, red shift, and IR intensity increase) are all reversed strength for the €H bonds in the Chl acetylene, and HCN
in blue-shifting hydrogen bonds, which are nevertheless stabiliz- molecules. The methane CH bond contracts, the others elongate,

ing. and the authors suggested that the H-bonding behavior of these
In this paper we will mainly be concerned with-& bonds. three molecules can be explained solely on the basis of their

Many hydrogen-bonded CH bonds display blue shifts. Caminati different behavior in an electric field.

et al. noticed a CH frequency upshift in theHCH:+-F,HCH As mentioned, Hobza et al. have performed high-quality

system, using both free jet millimeter-wave absorption spec- ab initio calculations for numerous blue-shifting complexes
troscopy and ab initio calculatiodd3. A CH blue shift of the ~ between hydrogen-bond donors (such as methane, fluoroform,
chloroform molecule has been observed in different solutions chloroform, bromoform, and iodoform) and different hydrogen-
with chloroform acting as the solveft:15 Blue shifts of the bond acceptors (such assystems (benzene and fluorobenzene),
CH stretching vibration in GCH---benzene and @CH:--- oxygen lone-pair acceptors, and negative ions). These authors
fluorobenzene gas-phase clusters have been measured by doubléave also presented explanations for the CH frequency
blue shifts in the different cases. They conclude that in the
TE-mail: kersti@mkem.uu.se. Cl3CH---z systems, the CH blue shift mainly originates from
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the dispersion interactiog®24while, in the RCH-+-7 systems, molecules {--OHy, +-*OCyHy, --7-C¢He, ---Cl™) was calculated

the blue shift originates from a smalharge transfefrom the and then so-called “electrostatic potential-derived” point charges
benzene ring to the fluoroform F atorfsFor fluoroform at the nuclear sites were generated. These charges reproduce
involved in some CH-O bonds, such as 3EH--*OCHa the electrostatic potential in a grid outside the acceptor molecule,

(ethylene oxide), Hobza and co-workers suggest that it is the and they also reproduce the acceptor molecule’s own dipole
fluoroform molecule’snegatve sign of the dipole moment moment. Incidentally, small changes of the geometry of the
derivative with respect to the stretching coordinat@/dirc, point-charge acceptor (e.g., taking the acceptor geometry from
which is responsible for the blue shiftwhile in other cases, its geometry in the optimized complex instead) have no
such as BCH:---OH,, the charge transfetto the F atoms was  influence on the results presented here.
said to be responsiblé.When the hydrogen-bond acceptor is 2.3. Geometry Optimization and Calculation of Uncoupled
an anion, a few different cases are presented: the CH red shiftC—H Stretching Frequencies.Thegeometrical arrangements
found for methane in BCH---Cl~ is explained as aormal, of the donor--acceptor complexes are shown for the point-
traditional hydrogen bondwhile the blue-shifting BrCH---CI~ charge acceptors in Figure 3, and the all-electron complex
and IH,CH---1~ hydrogen bonds are supposedly the result of geometrical arrangements are the same. For ease of comparison,
charge transfefrom the anion to the halide atom on the opposite the 3-fold axis of the CHfmMolecule, i.e., the CH bond direction,
side of the C atom® was chosen to coincide with the bisector of the acceptor

The purpose of this paper is to show that the situation is not molecule in the case of-OH, and:-:OC;Hj. In the case of
as complicated as has been presented so far in the literature. Ithe RCH:+-7-CeHe and CECH:---7-CsHgs complexes, the CH
this author’s opinion, all the cases above (and even the normalbond was chosen to coincide with the normal of the benzene
red-shifting water dimer!) behave similarly to each other, in plane through its ring center. Modest alterations of these
the sense that the underlying reasons for theHQor O—H) hydrogen-bond geometries do not affect any of the conclusions
frequency shift are essentially the same in all cases. Moreover,given in this paper. Given the angular restrictions just described,
it will be shown that neither the electron charge transfer nor the system geometries were fully optimized at the Hartree
the dispersion interaction is a primary reason behind the blue- Fock/cc-pVDZ level. The exact optimized geometries can be
shifting CH--O or CH--x bonds. The reasons for the blue- obtained from the author on request.
shifting CH bonds lie in the sign of the dipole moment derivative ~ Subsequenhormal coordinate analyseNCAs) were per-
with respect to the stretching coordinate combined with formed using the Gaussian program. In all cases which contain
electronic exchange overlap at moderate and shorter H-bondednore hydrogen atoms than the one involved in thebBX--Y
distances. bond, the others were given the mass of a tritium até) {o

The following hydrogen-bond donors are included in this ensure that the €H stretch is uncoupled. In the following, we
study: HO; CHs;; CHFs; CHCls. And the following hydrogen-  will always write the molecular formulas with H to denote the
bond acceptors are discussed:-CeHg; *+*OHyp; +-*OCyHy; hydrogen atoms, regardless of their mass. In all cases, inspection
---CI~. In addition, the frequency shifts for some related Of the NCA output confirmed that the-€H stretching mode
“hydrogen-bond doner-point-charge acceptor” complexes will ~ consisted of a pure €H stretch involving only the motion of
be discussed as a means to distinguish between “electrostati¢he C and H atoms around the bond center-of-mass.
+ polarization” effects on one hand and electronic overlap  Each point in the curves in Figures 3 and 4 originates from
effects on the other. aw(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

2. Method calculation for the isolated optimized acceptor. In the§eH)

2.1. Quantum-Chemical Calculations. All calculations calculations, theR(C---acceptor) distance was kept frozen in
reported here were performed at the HartrBeck level using the optimization, and all the other geometrical parameters of
the cc-pVDZ basis sét and the Gaussian 98 prograf. the H-bond donor were optimized and subsequent NCAs were

In earlier work93° we studied the intramolecular OH performed. Also here it was seen that, in all cases, théiC
frequency shifts of water and hydroxide ions in different stretching mode consisted of a pure B stretch involving only
environments and compared the results at the Harfreek, the motion of the C and H atoms around the bond center-of-
MP2, and MP4 levels, using both modest and virtually saturated mass. We report harmonic frequencies in this paper.
basis sets. The trends and chemical conclusions at the different As a check for both the fully optimized systems and those
levels were the same. In this paper we want to set right a few with R(C---acceptor) constrained, the vibrational frequency was
misconceptions in the literature and discuss the trends in thein many cases also calculated by a second method. Then the
frequency shifts; we therefore keep the calculations as simple one-dimensional, uncoupled-&1 vibrational potential energy
as possible and do not routinely include dispersion (although it curves (energy vs(CH)) were generated from pointwise energy
is included in the last section of this paper where dispersion calculations, 0.01 A apart in(CH), keeping the bond center-
effects are discussed). Incidentally, as a check, some of theof-mass fixed. The resulting potential energy curve was fitted
Aw(CH) vs Fy curves in Figure 4 were also calculated at the to a fifth-order polynomial, and the harmonic frequency was
MP2 level. The curves were very similar to the Hartré®ck calculated from the second-order force constant. The two
curves and can be obtained from the author on request. different ways of calculating the frequency gave the same results

2.2. Point-Charge Complexesin the following (see Figures  within a few cnt?.

3 and 4) we will compare the frequency shifts for #ileelectron
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.  3.1. Frequency Shifts in Uniform and Nonuniform Electric
These point-charge acceptor moleculesere generated inthe  Fields. Figure 1 shows how the intramolecular CH and OH
following way. Using the Gaussian program, first the wave frequencies vary with electric field strength when isolate®H
function for each of the optimized isolated H-bond-acceptor CH,;, CHF;, and CHC} molecules are exposed to a uniform

3. Results and Discussion
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Figure 1. Aw(CH) andAw(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 followit@, is
calculated with respect to the isolated H-bond donor molecule in a field-
free environment (i.e., &, = 0 in this figure).

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. df° is the permanent
dipole moment of the isolated molecule in a field-free environ-
ment andy" 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 energyAE®{F,, rxn) of the molecule with the
electric field:

AEeX[(an Mxp) ~ _Fu’[ﬂno(VXH) + llz#nind(':w )l (1)

In many bonding situationg\E is to a good approximation a
linear function inrxy (see for example Figure 5), with a slope
which we callk®*! (for external perturbation), i.e.

AE®(F,, ryy) = K&(F)) 1y + a constant (2)

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

kext(F”) ~ _F”-(d‘uolerH + 1/2 quind/erH) (3)

There is a close correlation between the XH frequency shift
and ther(XH) contraction or expansion via the linear perturba-
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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.
AE®tis 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 shortesi{XH) distance.

tion, which gives the following approximate relations:

Arg~ —K (2ky) (4)
Ak, ~ 3k Ar, (5a)
A —3kg K (2,1 (5b)

A 3k 1(2K,")+F e (Aufdr g + Yo du™dir ) (50)

Herek,® andkz? are the harmonic and cubic force constant for
the isolated molecule antik; is the field-induced shift irko,
from k20 to its new value at the news. Assuming a negative
sign for k%, we thus have
Aw(F) O —Fy(dudrygy + 2 d™dry) — (6)

All these relations and their validity were extensively
discussed in connection with the red shifts and blue shifts for
OH bonds in refs 2931. To summarize, the interdependence

betweenAk,, Are, du®/dryy, dul"¥dryy, andkeXt is expressed
by the sequence of formulas above, and Figure 2 shows in a
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schematic way the relations betwdéif, Are, andAk;, for two CHF. in uniform and non-uniform fields
different molecules, one with a positive (a) and one with a 50 3
negative (b) @%drxy value, in fields of modest strengths (so
that ¢%drxy is the dominating dipole moment derivative term).

Expression (6) shows that two basic quantities determine the 40
overall shape of the\w 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 coordinaté] d
drxy, and the relative magnitudes ofidrxy and dd"d/dryyy.

The sign of @%dryy determines whether the XH stretching
vibration is blue shifted or red shifted when exposed to a field TE

of small or moderate sizeSince @"Y/dryy is positive (an XH S 20
elongation leads to increased induced dipole moment), its action &

always leads to an overall frequen®d shift at stronger fields

The net result is an arclike curve (Figure 1). 10

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 acceptaDH,, 0
++*OCyHy, *+*-CgHe, ++*ClI7) 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 IC é B | | ID
acceptor closer and closer together. The computational '1(9000 0.005 0.010 0015 0.020 0.025 0.030
procedure to calculatAw(CH) as a function of a fixed
R(C---acceptor) distance was also described in the Method F// (aun)
section. In the figureAw(CH) has been plotted against the
tellicégigfﬁ ;t(;girt]i%t: ga\/ehneer:a;:]eedpbo);;?-ihpa?gé g;iregpetoarcﬁggtgé:texerted on a fluoroform m(_)leguIE” is the parallel com_p_on_ent (along

. ! Mthe CH bond) of the electric field strength at the equilibrium position
placed at different distances away from the Ghifolecule. of the H-bonded H atom in each different bonding situation. The “point-

It is seen from Figure 3 that, in a nonuniform field, the charge acceptor complexes” are described in the text.
frequency vs field curves differ drastically between each other
and from the uniform-field case, but the general form of the
curves—with an initial blue shift, a passage over a maximum,
and then finally a red shiftis common to all the curves and
mainly originates from the negative sign qf%drxy 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

30

-1
CI" point charge—

Figure 3. Aw(CH) vsF for uniform and nonuniform electric fields

FsCH dipole momentg°(rcy)) 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 in Figure 4a-c), and
the CH vibration is strongly blue-shifted.

The RCH---Cl~ complex (Figure 4d) is consistent with the
previous cases. Only here the field from the chloride ion is so

depends on the electric field at all points in the molecule. The . : . o
. : . . o - S strong that the electrostatic effects (including polarization) are
merit of Figure 3 is that it exemplifies and explicitly pinpoints .
allowed to play the major role all the way from large

the electrostatic field dependence of the frequency shift for those. . . . .
S intermolecular distances until where intermolecular electronic
exact systems that are treated in this paper.

. o overlap sets in, by which time th&w(CH) vs F; curve has
3.2. Total Frequency Shift of Blue-Shifting Molecules.The already passed through its maximum and down on the red-shift

graphs in Figure 4ad show theAw(CH) vs Fy dependence  gige At the intermolecular equilibrium distance, the overlap has

for FsCH bonded to four different H-bond acceptors and for  giyen rise to some additional blue shift but not enough to reverse

Cl:CH H-bonded to benzene. Except for theCH---CI” the sign of the resulting frequency shift, which is indeed a red
complex in Figure 4d, allgeometry-optimizedcomplexes shift.

(markeq With.a.star in each figure) Qispla}y C!—| blue shifts. The The normal hydrogen-bonding water molecule is shown in
water dimer is included for comparison in Figure 4e. Figure 4e, where it donates its H atom to another water

The purpose of each of these curves is to show how the molecule. For weak external fields, a frequency red shift occurs
resulting blue shift at the optimized intermolecular distance due to the positivef/drop value for water. At shorter distances,
comes about when the two molecules approach each other fron¥or example at the dimer intermolecular equilibrium distance,
far away. The curves for the corresponding “point-charge there occurs an additional blue shift due to the electronic overlap,
acceptor complexes” were shown in Figure 3 and are here put again, this is not sufficiently strong to reverse the sign of
fe_peated for comparison and labeled in the same way as inthe resulting frequency shift, which is the well-known red shift
Figure 3. of the water dimer.

Let us first study Figure 4ac. We note that, in all these What is the exact origin of the strong blue shift at the
cases, the CH group points toward an electron density cloud oroptimized intermolecular distances in the case of the fluoroform
some electron density accumulation in the acceptor molecule,and chloroform molecules and their relatives? Let us analyze
and the behavior of the curves is very similar. Thus, at very Figure 4a-d in some more detail. Four new contributions to
large donot--acceptor distances, there is always a small blue the intermolecular interaction appear when the molecules begin
shift. This small blue shift occurs because the very weak externalto overlap, namely, the classical electrostatic (Coulom#ic)
field generated by the acceptor molecule makes the CH bondpolarization interaction between the ngartially overlapping
want to contract, since the contraction increases the permanentnolecules, as well as exchange interaction, charge transfer, and
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Figure 4. Aw(CH) vsF for (a) RRCH:+-OHj, (b) FCH-++OC;Hy, () RRCH:+*7-CsHg, ClsCH-++71-CgHs, (d) RCH:+-CI~, and (e) HOH:-OH,. 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 corr&@endaotgptor) distance, where

R is defined in Figure 3. The fully optimized complexes are indicated by stars.

dispersion interaction. Below, a few comments will be given to avoid some ambiguities of interpretation, since all terms in
to try to elucidate the relative importance of these types of the electrostatic perturbation theory approach (FAE(F) =
intermolecular interaction. u>rF + 1,05 VF + Y,Q2 VF + U, @0 :VF + .. +

3.3. Contributions to the Blue Shift. Several authors in the 1/2a22-|:2 + ...) are automatically included in our curves, and
literature have emphasized the importance of the repulsive moreover, we do not have the problem of assuming only one
electronic interactions between the vibrating molecule and its expansion center for the multipolar series.
surrounding crystal lattice or neighboring substrate surface. Early  Role of Electrostatics and Polarizatiohlere, let us use the
papers dealing with the OHon in crystalline hydroxides®>23 F3CH---ClI~ complex in Figure 4d as an example. The all-
thus discuss the OH blue shift as due to “repulsion effects” with electron curve and the curve pertaining to fheint-charge
the crystal lattice, and Pacchioni et3axplain the blue shift acceptor complexmarked D) agree well all the way down to
for CO on MgO(001) as mainly due to Pauli repulsion and refer R(C---acceptory 4 A. Curve D originates from both the purely
to this effect as “the wall-effect”. Hermansson, on the other electrostatic (Coulombic) interaction and the polarization in-
hand, showed that the net OHblue shift in some crystalline  teraction between the isolateg@H molecule and the nonuni-
hydroxides to a large extent originates from the negative sign form field from the —1 point charge. This is not exactly the
of du%dron (combined with the positive sign of¥/dro).13t same as the electrostatie polarization interactions in thall-
Recently, Damin et &.included higher-order terms in a electron complexbecause there the interaction involves the
perturbational field treatment of CO on MgO(001); i.e., they interaction of ECH with every volume element of the extended,
took the field nonuniformity into account and found that the continuous electron density distribution of the @bn. Never-
electrostatic effects (without polarization, which they found to theless, for distances downte4 A, the two curves are seen to
be negligible) lead to a larger blue shift than with just a uniform- be very similar.
field approach. Contrary to previous findings, they presented At the intermolecular equilibrium distance for the all-electron
the idea that the exchange-repulsion leads to a red shift insteaccomplex, curve D gives a very strong frequency red shift. This
of a blue shift in this case. is a strong indication that the electrostatie polarization

One of the reasons we have calculated the “hydrogen-bondcontributions at the equilibrium distance in the all-electron
donor--point-charge acceptor” curves in the current study is complex is also a red shift.
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TABLE 1: Morukuma Interaction Energy Analysis for the F 3CH+--OH;, FsCH---Cl~, and HOH---OH, Complexes at Different
Hydrogen-Bond Distance3

system RC+Y)(A)  r(CH) (A) ES PL ES+ PL cT EX MIX tot.

FsCH-+-OH, 6.0 1.070 —-0.525  —0.008 -0.533 0.000 0.000 0.000 —0.533
1.090 0522  —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 —-0951  —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 *Rg) 1.070 4367 —0.372 -4739  -1.334 42430 —0.030 —3.673

1.090 4462  —0.386 —-4.848  —1.385  +2.647  —0.030 —3.616

diff —-0.095  —0.014 -0109  -0.051  +0.217 0.000  +0.057

FsCH-+-CI- 6.0 1.070 —-4015  —0.296 -4311  -0.047  +0.001  +0.001 —4.359
1.090 -3.987  —0.306 4293  —0.048  +0.001  +0.001 —4.342

diff +0.028  —0.010 +0.018  —0.001 0.000 0.000  +0.017

45 1.070 ~7.804  —1.035 -8.839  -0.857 +0.184  —0.044 ~9.556

1.090 7774  —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-+-OH, 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  —2572

diff —-0.052  —0.004 -0.056  —0.015  +0.006 0.000  —0.065

2.9 (~*Req) 0.940 ~7544  —0.757 -8.301  -2.114 45401  —0.095 ~5.109

0.960 7914  —0.822 8736  —2.253  +5.859  —0.086 ~5.216

diff -0.370  —0.065 -0435  -0.139 40458  +0.009 -0.107

2 The total interaction energ§E (=Ecomplex— gmomonerl— Fmomomer2 ith hoth monomers at the same geometries as in the complex) is partitioned
into the following contributions: ES- electrostatic interaction energy; Pt polarization; EX= exchange; CTF 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 GAMESSJaograne given in
kcal/mol. The “diff” rows give the various contributions k& (cf. Figure 2).

This indication is further supported by the so-called Moro- Morokuma analysis, and now we do detect differences between
kuma analysis scheme for the decomposition of intermolecular the blue-shifting and red-shifting molecules! The BESPL
energie¥* (see further description of the method in the caption contributions for the fCH:--OH, and RCH---CI~ complexes
of Table 1). The results of the Morokuma analysis for the havepostive signsat largeR(X:--Y) distances andegatve signs
F3CH:--Cl~, F3CH:--:OH,, and HOH--OH, complexes are atReq(X++Y). The water dimer, on the other hand, hasegatie
compiled in Table 1. For each system, three or four intermo- signfor all intermolecular distances. We note that the variations
lecular distances have been investigated, and for each intermo-of the Morokuma ES+ PL contributions follow the point-charge
lecular distancetwo intramolecularXH distances. In this way  acceptor curves in Figure 4 and they are qualitatively different
we can calculate thehangedn the various interaction energy  for the red-shifting and blue-shifting donor molecules.
contributions when the donor XH bond is stretched, and this  Role of Charge TransfeHobza et al. have argued that, for
will show the relative importance of the different interaction example in the case of the blue-shiftingCf-+- OH, complex,

contributions tde* (cf. Figure 2) and thus to the totAks (using a small electron charge transfer to the F lone-pair orbitals (as
now eq 5b and the general expressitB® = k®tryy + a measured by the natural-bond orbital (NBO) occuparfigies
constant). We find that the Morokuma “ESPL” energy (third leads to a structural reorganization of the fluoroform molecule
energy column in the table) givesregative contributionto (an opening of the HC—F angles and a small elongation of
kext (see “diff” row) at the intermolecular egilibrium distance the C—F bonds), which then gives rise to a contraction of the
for FsCH---ClI~, in agreement with our conclusion above. CH bond and a corresponding blue shift of the CH stretching

Gu et al?° performed a similar kind of Morokuma analysis frequency. Here we will try to establish whether such a
for the RCH---OH, and HOH--OH, complexes at their correlation exists.
respective intermolecular equilibrium distances and concluded Table 2 gives some results from an NBO population analysis
that not only are the ES PL contributions similar in sign (both  for the optimized ECH--+ OH, complex and for five other cases
negative) in the two complexes but all the energy contributions as well: one blue-shifting and four red-shifting. The magnitudes
have the same sign in the two complexes. We obtain the sameof the frequency shifts are seen in Figure 4. Table 2 shows that
results in Table 1; cf. the “diff” rows in the tw®eq Sections there is nothing unique about the magnitude of the charge
for FsCH---OH, and HOH--OH,. However, we have also transfer or the geometry change in the case of the blue shifting
included some weaker-field cases in our discussion of the FsCH--- OH,. For example, in a uniform electric field or with
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TABLE 2: Changes in Geometry and Orbital Occupancies (NBO Analysis) for Fluoroform in Different Bonding Situations,
Compared to the Free Moleculé

system AHCF angle (deg) Ar(CF) (A) Aw A(lone-pair occ on F) cht

charge-transfer impossible

FsCH in uniform field ;= 0.02) +1.4 +0.01 blue shift 0.01

FsCH in uniform field (7= 0.05) +3.5 +0.02 red shift 0.04

FsCH:--pt ch OH +0.4 +0.00 red shift 0.01

FsCH---pt ch CI- +1.3 +0.01 red shift 0.02
charge-transfer possible

FsCH---OH; +0.5 +0.00 blue shift 0.01 0.005

FsCH:--CI~ +1.6 +0.01 red shift 0.03 0.023

a“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 @Hpoint-charges systems, where the “intermolecular distance” was taken to be that of the
corresponding water or chloride complex. The free GHiBlecule has an HC—F angle of 110.48and anr(CF) distance of 1.32 A, and the sum
of the F lone pair occupancies is 17.73 e.

a point-charge acceptor, obviously no charge transfer to the CL,CH " benzene
CHF; molecule is allowed, yet Table 2 shows that a blue shift 30 L E— E—
can occur also in such cases (of course we knew this already
from Figure 3!). Moreover, as far as the increase in lone-pair 25 F .
occupancy on the F atoms is concerned, we find that such an
increase can occur regardless of charge transfer, i.e., just due 20 b ~}1325A
to the polarization from the environment, and moreover, it is }13.80 &
found in both red-shifting and blue-shifting H-bonding situa-
tions. < bBr 7
We conclude that neither the electron charge transfer to the <
F atoms nor the small geometrical changes of-ti&F; group L 10k .
appears to play a major role in the blue-shifting phenomenon s
for FsCH. 5 5L i
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 tdfeslope. or HF I
We note that the charge-transfer contribution to the frequency
shift is always aed shiftaccording to the Morokuma analysis. S ---- MP2
This is true for all the charge-transfer entries in the table.
Incidentally, the charge transfer explains why some blue- _19 L | L L L I L
shifting molecules in very weak-field cases are almost not blue- 05 1.06 1.07 108 109 Li0 L11 L1z LI3
shifted at all (Figure 4ac). This happens because the red- r(CH) (A)

shifting charge-transfer contribution sets in already at quite large

intermolecular distances, earlier than exchange or dispersionFigure 5. AE(rcu) Vs ren for ClsCH-+--CgHe at the Hartree-Fock/
begin to play a role. cc-pVDZ and MP2/cc-pVDZ levels for two differefR(C-+-benzene)

Role of Dispersionlt was suggested in the literatdf@4that distances, 3.80 and 3.25 A (the respective optimized distances at these
the CH blue shift for GICH-+-7-CeHg is due to electron computational levels). The curves have been made to coincidéXbi)

correlation (dispersion) effects, while the blue shift for the 1.070 A to help in the comparison of the slopes.
corresponding $€H complex is due to charge transfer, as
discussed (and rejected) in the previous section. We have seeracceptor molecules begin to overlap, it is the exchange interac-
that for the optimized all-electron complexes in Figure-éa tion which gives rise to the frequency blue shift at the
blue shift was always found, without dispersion taken into intermolecular equilibrium distance.
account. It is thus unlikely that it would play a major role in The Morokuma analysis in Table 1 agrees with this conclu-
the blue shifts observed experimentally. sion. Indeed, only two of the contributions in the Morokuma
Nevertheless, to cast further light on this issue, we have analysis give rise to a blue shift, namely the exchange and “Mix”
explicitly calculated the dispersion influence on the frequency contributions, where exchange is by far the overwhelming part.
shift for ClsgCH-+-7-CgHe. Figure 5 shows\E vs r(CH) curves This is thus the major reason for the blue shift.
for CI3CH---n1-CgHg at the HartreeFock/cc-pvDZ and However, the negative dipole moment derivative with respect
MP2/cc-pVDZ levels for two different intermolecular distances to the stretching coordinate also plays a role, both at long and
(in fact, for the intermolecular equilibrium distances at the two short intermolecular distancest large intermolecular distances
computational levels). We note that the Hartr€®ck and MP2 it is the only reason for the blue shift. But alst shorter
slopes k*) are quite similar. Furthermore, we note that distances e.g., at the equilibrium distance, it plays a role,
dispersion gives rise torad shift We conclude that dispersion  because it has by then already helped to “lift the frequency”
is not responsible for the blue shift. above what it would be for a donor molecule with a positive
Role of ExchangeAbove we have presented various argu- dipole moment derivative (such as water), and together with
ments to show that electrostatic, polarization, charge-transfer,the additional exchange-induced blue shift, the result ieta
and dispersion effects are not responsible for the blue shift. We blue shift This is contrary to the water dimer, where the large
will thus have to conclude that among the different interactions exchange-induced blue shift contribution at equilibrium still does
which set in when the electron density clouds of the donor and not manage to counteract the red-shift contribution from the
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“electrostatic+ polarization” interaction, and the net shift at discussions with Dr. Ljupco Pejov (Skopje) are gratefully
equilibrium is a red shift (Figure 4e). acknowledged.
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