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Blue-Shifting or Red-Shifting Hydrogen Bonding? Predictions for Haloform Complexes with
Dimethyl Ether on the Basis of Perturbation Theory
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Frequency shifts of the €H stretching modey;, of the haloforms CHE CHCIF,, CHCLF, and CHC}

because of complexation with dimethyl ether have been calculated from an ab initio interaction potential
between the two molecules, using a perturbative approach. The shift is described as a sum of two terms, a
first due to a stiffening of the €H bond, the second due to the attractive or repulsive nature of the interaction

of the C—H bond with the Lewis base. For ChHlthrough CHCJF, both terms are positive, resulting in an
overall blue shift ofv,; for the complex with CHGJ, the attractive interaction with the Lewis base causes a

red shift which is larger than the blue shift because of the stiffening of thel Gond, resulting in a small

overall red shift. The calculated results are compared with experimental literature data on these complexes.

1. Introduction 2. Computational Details

To describe solvent influences on vibrational frequencies of ~ Ab initio calculations were performed at the MPBULL/
a solute, a model was proposed by D. Buckingham a consider-6-31++G(d,p) level, using Gaussian83During all calcula-
able number of years adgo?® The essence of the model is that tions, corrections for basis set superposition error (BSSE) were
apart from the intramolecular potential the solvent causes antaken into account using the CP-corrected gradient techniques
additional potentiall to which the solute’s atoms are subjected. Pproposed by Simon and Dannenbétg*
The potentiall is developed in a truncated Taylor series in the
solute’s normal coordinates, retaining only first- and second- 3. Results
order terms. Subsequently, the potentldl is used as a
perturbation in a second-order perturbation approach. To evalu-
ate the possible sign combinations of the first- and the second-
order terms ofJ, the simple case of a diatomic molecule-M ; . : S . . .
of which the hydrogen atom interacts with a third atom Y was d'atom'c approximation is justified for the Lewis acids SFUd'ed
used. The similarity of the latter to a hydrogen bond is obvious, here in view of the isolated nature of the-€ stretching
and this model has been uéétb interpret the hydrogen fluoride involved. o .
vibrational frequency shift in the van der Waals complexes Ne ~ The C-H stretching in the momomer proton donor is
HF, Ar-HF, Np-HF, and COHF. More recently.” the model ~ described by the HamiltoniaH,:
was taken up in the description of the solvent influences caused
by liquefied N, CO, and CQ on the solute CHE In that H, = H, + ks,Q;° + k,.Q,* 1)
publication, the variation of the solvent shift an®"= was
qualitatively explained in terms of changes in the interaction iy which Hy, is the harmonic oscillator Hamiltonian, containing
potentialU. the harmonic potentidt;Q:2, andks, andk, are the diagonal
In this study, we take this renewed interest in Buckingham’s cubic and quartic force constants, in the Nielsen notafion,
model a step further by applying it quantitatively to a series of expressed using the dimensionless normal coordi@ater the
weak complexes in which a-€H bond is hydrogen bonded to  C—H oscillator. The influence of the formation of a complex
the electron donor oxygen atom of dimethyl ether. The Lewis on the C-H stretching is described by a perturbing potential
acids in this series are CHFCHCIF,, CHCLF, and CHCY. U(Qy), leading to a Hamiltoniail; which, when using a series
Infrared spectra have shofthat in that series the hydrogen expansion in the Nielsen notation and Q) truncated after
bond gradually changes from blue shifting in the fluoroform the third-order term, results in
complex to red shifting in the chloroform complex. The aim of
the study, therefore, is to relate the evolution of the hydrogen 3
bond in the series to the changes in the first- and second-order H=H,+UQ)=H,+ anqun 2
derivatives of the interaction potentids, in an attempt to shed n=
further light on the still elusive phenomenon of blue shifting
hydrogen bonding-4 The eigenfunctionga,iCof H, and|t,iCof Hy, with i the energy
level counter, are developed in a harmonic oscillator base. The
*To whom correspondence should be addressed. E-mail: fundamental frequenci@smonomerandvcomplexfor the oscillators
benjamin.vanderveken@ua.ac.be. Ha andH; can then be expressed as

3.1. The Model. The model applied here is a minor adapta-
tion of the one proposed by Buckingham for a diatomic mole-
cule in interaction with a solvent molecute® The use of a
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Equation 4 expands the complex frequency into a series, the kea

final three terms of which measure the contributions of each of
the terms of the perturbation potenti#(Q;). It must be stressed
that the first term of this series,, is not equal to the monomer
frequency, as is clear from comparison with eq 3. This hampers
the use of this series in the interpretation of the complexation
shifts. When the perturbing potentibl is sufficiently small,

this can be overcome by using tf&iCas a first approximation

to the|t,il} so thatveomplex Can be written as

3
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3.2 Calculations.The calculation of the complexation shifts
Av@ requires knowledge of the anharmonicity constégtand
kia and of the perturbation potentid(Q;). The anharmonicity
constants were calculated as follows. In a first step, the equi-
librium geometry of the haloform was optimized using the tight
convergence criteria, and the eigenvector for the CH stretching

mode was calculated in the harmonic approximation. To reducef
numerical errors, the displacements of all atoms were calculated

using five decimal digits, by adding the FREQIPMODES
option of Gaussiaf? The resulting eigenvector was used to

calculate the Cartesian coordinates of the atoms for a set of 51

equidistant values of; between—2.5 and+2.5, with a unit

of Q; corresponding to a displacement of approximately 0.1 A
of the hydrogen atom. This range covers the region of significant
values of the wave functions of the ground and the first excited
states. Subsequently, for each value@f the single-point
energy E(Q;) was calculated. The force constarkg were
obtained from anth order polynomialF(Q;)that was least-
squares fitted to th&(Q):

FQ) =Fo+ 3 kaQl (6)

In this expressionko represents the equilibrium energy of
the haloform, which should equal the value E({) obtained
from the ab initio geometry optimization. Valuesef — E(0)
for fourth- and fifth-order polynomials equat135(125) and
54(12) cmt, while for a sixth-order polynomial the residual
has decreased to 2(1) cfn Calculations fom = 7 and 8 did
not improve the residual and resulted in negligible values,
about 1015-1071 c¢cm™1, for ks, and ks.. Therefore, for
subsequent analysis, the results for the sixth-order polynomial
were adopted. These, together with their dhcertainties, are
collected in Table 1.

For the least-squares curve to correctly represent the vibra-

tional potential, it must reach its minimum &4 = 0. This
leads to the condition th&i, must be zero. Also, the quadratic
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TABLE 1: Expansion Coefficients ks, in cm™1, and
Goodness-of-the-Fit Parameters, in cmt, for the CH
Stretching Fundamental in CHF;, CHCIF,, CHCI,F, and
CHCI 4P

CHF; CHCIR, CHCLF CHCk

Fo — E(0) 2.0 (11) 2.0 (10) 2.0 (10) 2.0 (11)

kia ~6(2) -6 (2) 5 (2) -5(2)

Kea 1630.5(9) 1622.4(9) 1619.6(9) 1619.3(9)

Kaa —3335(3) —335.7(2) —337.9(3) —339.5(3)

Kea 47.6 (2) 48.2 (2) 48.6 (2) 48.9 (2)

Ksa —54(1) -56() -56(1) —56(1)
0.3 (1) 0.3 (1) 0.3 (1) 0.4 (1)

w1 — 2,  10.9(18)  10.8(18)  11.0(17)  11.1(16)

aThe harmonic frequencies; are 3271.9 cmt (CHF), 3255.6 cm*
(CHCIR,), 3250.2 cm? (CHCLF), and 3249.7 cni (CHCL). b The
cubic force constants obtained by using the fregnharm keyword in
Gaussian03 are 335.1 cn1! (CHF), —337.7 cmi? (CHCIR,), —339.6
cm! (CHCLF), and—341.3 cn1! (CHCl); the ab initio quartic force
constants are 45.6 crh (CHF;), 46.2 cm? (CHCIR,), 46.7 cnt
(CHCLF), and 46.9 cmt (CHCL).

force constank,, and the harmonic frequeney; obtained from
the harmonic ab initio force field should obey the relatid®,2
= w1.

The results in Table 1 show that the values kaf and
w1 — 2k are very small, certainly when compared with the
range ofF(Qq) values covered. Thk,, for instance, typically
deviate by less than 0.4% fromy/2. This suggests th&t(Q,)

— Eo is a sufficiently accurate representation of tka
vibrational potential. This conclusion is corroborated by the
similarity of the ks, values for CHE and CHCIR, with cubic
force constants reported in the literattt€*” and by the
agreement of the present valuekgfandks, with the ab initio
cubic and quartic force constants derived using the finite
difference algorithm in Gaussian@3,which are given in a
ootnote to Table 1.

A final remark concerns the trend in the deviationskef
andkz, from their expected values. Table 1 indicates that the
trends are systematic: for all haloforrkg, has a small neg-
ative value, andk, is underestimated, for all haloforms by a
similar amount. We have not pursued interpretations of these
trends.

The eigenvalues and eigenvectors of the anharmonic Hamil-
tonian H, were obtained from perturbation theory using a
harmonic oscillator basis. Second- to fourth-order ternis(Qk)
were considered in the perturbation calculation. Inclusion of
the fourth-order term is essential, as this term starts to contribute
considerably at values @; where the wave functions of interest
are far from converged. Because the valueg&spfandks, are
small, the contributions of the corresponding terms in the
potential have significant values only for larger valuesQaf
where the wave functions are very nearly converged. As a
consequence, these terms have very minor influences on the
calculated frequencies and have for the further analysis been
neglected. The number of basis functions used was set to 20,
ensuring that at least the lower 10 eigenvalues were converged.

In the perturbing potentidl(Q1), Q is the normal coordinate
of the unperturbed problem, that is, of the monomer haloform.
This requires that the haloform moiety in the complex must be
treated with the structure of the isolated monomer and not with
its structure in the global minimum of the complex. Data on
U(Q) were, therefore, obtained in the following way. In a first
calculation on each complex, the haloform was held rigidly in
the structure corresponding @, = 0, and the other structural
parameters were optimized using Gaussiai#i0hen, with the
structural parameters of the rest of the complex held rigidly,
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Figure 1. Total potential energy (top) and intermolecular perturbation

potential U(Q;) (bottom) as function of the dimensionless normal Dimensionless normal coordinate Qg
coordinateQ; of CHF; for its complex with dimethyl ether. The circles
represent the calculated data. The solid lines were calculated from a
least-squares sixth-order polynomial for the total potential energy and
from a third-order polynomial fol(Qx).

Figure 2. Intermolecular perturbation potenti&)(Q,) for DME-
CHCIF,; (top), DME-CHCLF (middle), and DMECHCI; (bottom) as
function of the haloform dimensionless normal coordin@e The
circles represent the calculated data. The solid lines were calculated
the ab initio energy of the complex was calculated for haloform from least-squares third-order polynomials.

§tructures corresponding to a §er|es of 18 equidistamalues TABLE 2: Expansion Coefficients kn, for the Perturbation

in the range from-4.1 to 4.6, with the haloform center of mass  potential U(Qy)2

kept at a constant distance to the DME moiety. This results in
a series of energies of the complBx(Q1) from which the

DME-CHF; DME-CHCIF, DME:CHCIF, DME-CHCl;

perturbing potentiaU(Q1) was calculated as ::m 4;-3 Ei)) 13-55 ((11)) gzl ((g)) _28611(1()1)
2u . . . .
U(Q) = Ecom(Q) — Enad Q1) — Epue(0) (7 kay 0.6 (1) 057(3) 0.02(3) —0.04(2)

. . . . a Al values are given in cmt.

in which Ena(Q1) is the energy of the monomer haloform with

structure corresponding to the chosen value @f and — the G-H oscillator are influenced but weakly by the potential
Epme(0) is the energy of monomer DME calculated Vﬂth the U(Q1) because of complexation. From this, it can be anticipated
structure taken from the complex as optimized in Ge= 0 that the approximation made to transform eq 4 into eq 5 is

fcal?ﬁlat'or;' At‘par.t front1 Obv'?ltﬁ expa;ns%ns needtﬁq to accouEt acceptable. This was verified by calculating both teg' and
or the polyatomic nature ot the proton donors, IS approacn . A, a The former were derived from the eigenvectors

:nzlrpbllfr to the one described for the HF-complexes of CO calculated foH; in a perturbation calculation using the first 20

harmonic oscillator functions, and the latter were calculated with

As an illustration, in Figure 1 the perturbati lower . . .
9 P BHQy ( the eigenvectors obtained frofd, as described above. In

panel) andEcon{Q1) (top panel) are given as function i

for DME-CHFs. For the interval ofQ; between—2 and+2 agreement with anticipations, in most cases corresponding shifts
in which the larger amplitudes of the vibrational wave func- differ by less than 0.1 crit, while in the few exceptions the

tions for ground and first excited states are localize¢Q,) differences are limited to a few percent. Thus, the quantities in
varies by 150 cnt?, while Ecor(Qy) varies by+ 7500 cnrl, eq 5 can be used to interpret the complexation shifts. The values

This shows thatU(Q:) may indeed be treated as a pertur- Of the shiftsAv, have been collected in Table 3. Inspection
bation. For the other complexes, thQ;) are collected in shows thatAvs? is always significantly smaller than the other
Figure 2. For each complex, a third-order polynomial was fit contributions, which means that it has little or no influence on
to U(Qy). These are shown as solid lines in Figures 1 and 2. the total complexation shift. Therefore, we will not consider
The expansion coefficients,, of the polynomials have been this shift in the further discussion.
collected in Table 2. The sign ofks, makes that for odd values @f the matrix
elementsa,i|QsP|ailJare positive, and the more so for= 1
than fori = 0. The same property holds for positive values of
The absolute values @&, are much larger than those ki, p. It follows that the expressions in square brackets in eq 5
andks,. As a consequence, the anharmonic characteristics ofalways have positive values. Hence, the shiig? have the

4. Discussion
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TABLE 3: Complexation Shifts Obtained for the Complexes
of CHF3, CHCIF,, CHCI,F, and CHCI; with Dimethyl Ether
DME-CHF; DME-CHCIF, DME-CHCLF DME-CHCl;
Direct Diagonalization oH, andH;

Vmonomer  3155.2 3136.1 3127.7 3125.4
Veomplex  3181.8 3155.7 3140.7 3123.9
Av +26.6 +19.6 +13.0 -15
Equation 5
Avq? 13.4 6.4 2.4 -9.4
Av? 125 12.3 10.7 8.0
Avg? 1.0 1.0 0.0 -0.1
Av +27.0 +19.7 +13.1 -15
Harmonic Force Field Calculatiohs
Vmonomer  3272.0 3255.8 3250.3 3249.7
Veomplex  3289.7 3268.9 3261.0 3245.2
Av +17.7 +13.1 +10.7 —-45
Harmonic Frequencies Derived from Eqs 1 and 2
Vmonomer 3261.0 3244.8 3239.2 3238.6
Veomplex ~ 3283.2 3260.3 3249.6 3235.9
Av +22.2 +15.5 +10.4 —2.7
Experimentt
Av 16 (1y 10.6 4.8 -8.3

a Harmonic frequencies obtained at the MA2ULL/6-31++G(d,p)
level. ® Taken from refs 8, 36, and 50Value obtained after correcting
for the v1/2v4 Fermi resonance in monomer and compiéx.

same sign as the correspondiRg, positive values ofky,
inducing blue shifts, and negative values inducing red shifts.

A positive value ofky, results in a higher harmonic force
constant for the €H stretch upon formation of the complex,
which amounts to a stiffening of the-GH bond. Theky, term
in U(Q,) does not shift the equilibrium position of the hydrogen
atom with respect to the haloform carbon atom. A positive value
of kg, corresponds to a repulsive interaction of the Lewis base
with the hydrogen atom and it is straightforward to show from
eq 2 that this causes a decrease of theHbond length. In
contrast, a negative value &f, corresponds to an attractive
interaction, leading to an increase ir-@& bond length.

The results in Table 2 indicate that for weakly bound
complexes involving a CHO hydrogen bond, at least two
different sign combinations dd, andky, can occur. The values
of ky, for the present complexes are positive. Thus, the
complexation with dimethyl ether induces a stiffening of the
haloform C-H bond. As anticipated, this term contributes a
blue shift, as is clear from Table 3. The valuekaf depends
only weakly on the Lewis acid, its value decreasing from
9.7(4) cn! for the fluoroform complex to 6.1(1) cm for the
chloroform complex. Evidently, the variation afv,? with the
Lewis acid is also low.

Table 2 shows that the value ki, varies strongly across the
Lewis acids, from 41.3(5) cm for fluoroform to—28.1(1) cnt?
for chloroform. The ensuing shiftAv,2 are to the blue for
fluoroform through dichlorofluoromethane, but to the red for
chloroform. The total complexation shifts, also given in Table
3, are positive, that is, to the blue, for the former haloforms,
while for the chloroform complex a small red shift is predicted.

Itis of interest to relate the complexation shifts to the strength
of the complexes. Therefore, in Figure 3 the valuesAof?
and Av,2 are given as function of the ab initio complexation
energy. The energies were calculated at the MP2/6F&(H,p)
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Figure 3. Complexation shifts due to the first and the second derivative
of the intermolecular perturbation potentld(Q.) for the complexes
DME-CHF; (A), DME-CHCIFR, (B), DME-CHCLF (C), DME-CHCl;

(D), as function of the ab initio complexation energy of the complex.

The stiffening of the &H bond is not greatly affected by the
strength of the complex, which contrasts with the repulsive
nature of the interaction with the Lewis base, which rapidly
weakens as the strength of the complex increases, and which
has changed into an attraction for the chloroform complex. This
evolution causes the blue shift to decrease rapidly with the
strength of the complex and to change into a red shift for the
chloroform complex.

The description of the interaction potential U as a superposi-
tion of a linear and a quadratic term is a consequence of a simple
series expansion. This is both its strong and its weak point.
Strong because the procedure is mathematically straightforward,
but weak because it makes very difficult the interpretation of
the results in terms of widely used chemical bonding concepts,
such as is done in the recently proposed hyperconjugation/
rehybridization modet? In that model, the observed shift of
the C—H stretching is a balance between a red shift due to the
n(O)y—c*(CH) hyperconjugative interaction and a blue shift
caused by a rehybridization of the haloform carbon atom. In
terms of this model, the evolution from the fluoroform to the
chloroform complex can be seen to be a change from a
domination by the rehybridization contribution to a domination
by the hyperconjugative contribution. It is, however, very
difficult to discuss the evolution df;, andky, in terms of that
model because the two models rely on different partitionings
of the observed phenomena. This is easily demonstrated by the
fact that the two contributions in the Alabugin motighave
opposite effects on the -€H bond length, while it has been
stressed above that the stiffening of the € bond, related to
theky, term in the potential, has no influence on thel@bond
length. Whereas the term K, could be interpreted in terms
of the repulsion between the haloform and the hydrogen-bond
acceptor, a similar straigthforward interpretation of the value
of ko, is not evident.

It is tempting to exploit the reasonably linear correlation of
the quantities in Figure 3 to predict complexation shifts for
stronger complexes. Such extrapolations must, however, be
treated with care, as preliminary calculations show that the
parameters of thé\v/AE relation are strongly dependent on
the nature of the Lewis base involved in the complex. This can
be illustrated with the fluoroform/trimethylamine complex, for

level® It can be seen that both shifts decrease with increasing which the complexation energy at the same level is 19.1 kJ
complexation energy, and thus with increasing strength of the mol~%, and the predicted red shift is58.7 cn1.48

complex, but not to the same extent. This allows the following
interpretation. For the weaker complexes, the blue shif®
induced by the stiffening of the-€H bond is enhanced by the
blue shift Av,2 due to the repulsive nature of the interaction.

Table 3 also lists the experimentally observed complexation
shifts. Comparison with the values predicted with the above
model learns that the latter are not completely satisfactory. The
model correctly predicts the direction of the complexation shift
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for all the complexes studied, but the quantitative agreement base than in the equilibrium geometry, and this also contributes
leaves to be desired: the blue shifts are systematically overes-to the reduction of the shift.

timated, and the red shift is seriously underestimated. There The ab initio calculations in this study have been performed
may be several culprits for this. In the first place, it must be using a basis set of moderate quality. Undoubtedly, more
asked in how far the model used for the calculatiotJ¢®;) is accurate frequency shifts would be obtained by using basis sets
realistic. Some insight in this can come from a comparison of of higher quality. For the complexes studied here, constraints
the harmonic complexation shifts calculated from eq 2 with on computational resources presently prevent such calculations
those predicted directly from ab initio calculations, which are and, in view of the calculational approach used, also prevent a
also given in Table 3. The difference between the two is that, sufficiently sophisticated averaging over the van der Waals
unlike for the calculation ot)(Q;), for the ab initio calculations ~ modes. It is, however, not overly optimistic to expect that such
there is no need to keep rigid certain parts of the complex, and calculations will be possible before long.

the haloform C-H stretching is treated as it occurs in the

complex. To derive the harmonic frequency for the complex  Acknowledgment. S.N.D. thanks the FWO-Vlaanderen for
from eq 2, it is necessary to transfo@a into the dimensionless ~ an appointment as Research Assistant. Gratitude is also ex-
normal coordinate of the complex. The latter differs fr@m pressed to the FWO-Vlaanderen for their assistance toward the
because of the shift in the position of the minimum in the purchase of spectroscopic equipment used in this study. The
vibrational potential and because of the slightly different authors thank the Flemish Community for financial support
frequency for the complex. The harmonic frequency shifts through the Special Research Fund (BOF). Financial support
calculated in this way have also been collected in Table 3 and from RUCA, through the RAFO Research grants, is also
it can be seen that they are in acceptable agreement with the a®cknowledged.
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