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Mid-infrared spectra of mixed solutions in liquid xenon containing fluoroform and either ammonia or pyridine
have been investigated at temperatures between 173 and 213 K. For both Lewis bases, a new band is found
in the CH stretching region at a frequency approximately 5 cm-1 higher than that of monomer fluoroform,
which is assigned to a complex between fluoroform and the Lewis base. A detailed analysis of theν1/2ν4

Fermi resonance in the proton donor shows that the blue shifts observed for the complexes are not caused by
a strengthening of the CH bond during the complexation, but are due to the changes in the Fermi resonance
interactions. Information on theν1/2ν4 Fermi resonance was also obtained for the complexes of fluoroform
with dimethyl ether and trimethyl amine.

Introduction

In theoretical as well as in experimental studies, fluoroform,
CHF3 (Fl), is a popular Lewis acid in investigations of the weak
hydrogen bonds formed by C-H bonds.1-24 It owes its
popularity to the fact that upon the formation of a hydrogen
bond, the C-H bond can either be weakened, that is, lengthened,
which is the more traditional pattern, or it can be strengthened,
that is, shortened. In the former case the C-H stretching mode
ν1(A1) is expected to red-shift from its position in the monomer;
in the latter case, described as improper or blue-shifting
hydrogen bonding,7,12,14,19,21it should give rise to a blue shift.

For Fl, predictions on the type of hydrogen bonding based
on the observed shift ofν1 are complicated by the fact that the
first excited level of that mode is in Fermi resonance with the
A1 component of the first overtone level 2ν4 of the degenerate
C-H bending modeν4(E). It is known from previous studies
that ν4 of fluoroform is very sensitive to the formation of a
complex, with the mode in general shifting to higher frequency,
by an amount depending on the strength of the complex.15,16

This implies that there is a considerable complexation shift on
2ν4, which, combined with the change in the C-H bond
strength, most likely will change the resonance condition. When
this occurs, the observed shift forν1 is the sum of two
contributions, a shift induced by the complexation and a shift
caused by the change in the Fermi resonance. As these may
have opposite signs, it follows that the observed shift no longer
is a measure for the change in the C-H bond strength.

In this study we report on the infrared spectra of the 1:1
hydrogen bonded complexes of Fl with ammonia, NH3 (Am),
pyridine, C5H5N (Py), dimethyl ether, (CH3)2O (DME), and
trimethyl amine, (CH3)3N (TMA), as they are formed in
cryosolutions, using liquid argon (LAr) or liquid xenon (LXe)
as a solvent. It will be demonstrated that theν1 of Fl in the
complexes with Am and Py is detected slightly blue shifted from

its position in the monomer. In view of what is said in the
previous paragraph, it is clear that this observation does not
suffice to categorize the hydrogen bonding in these complexes
as improper. To be able to identify the bonding type, we report
on the correction of the observedν1 frequencies for the Fermi
resonance, and we will show that at least for the complex with
pyridine the bonding type is in fact of the traditional, red-shifting
type.

The complexes of Fl with DME9,24 and TMA2 have been
studied before in LAr, however, without considering the Fermi
resonance problem. In this study we aim at showing that also
for these complexes the corrections for Fermi resonance are
significant, but that they do not lead to conclusions on the
hydrogen bonding type different from the ones previously
proposed.

Experimental and Computational Details

The samples of Py-d5, Am, DME-d6, TMA-d9 were obtained
from Aldrich and Fl was provided by Praxair. The solvent gases
used were obtained from Air Liquide and had stated purities of
99.9999% (Ar) and 99.995% (Xe). The solvent gases and the
chemicals were used without further purification.

The infrared spectra were recorded on a Bruker IFS 66v
Fourier transform spectrometer, using a Globar source in
combination with a Ge/KBr beam splitter and a broadband MCT
detector. In general, the interferograms were averaged over 300
scans, Happ Genzel apodized, and Fourier transformed using a
zero-filling factor of 4 to yield spectra at a resolution of 0.5
cm-1.

A detailed description of the liquid noble gas setup was given
previously.11 Liquid cells with path lengths of 1 and 7 cm,
equipped with wedged silicon and wedged ZnSe windows,
respectively, were used to record the spectra.

Geometries and vibrational frequencies of the 1:1 complexes
were obtained from ab initio and DFT calculations, at various
levels of at least 6-31+G(d,p) quality. During the geometry
optimizations and the force field calculations, corrections for
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BSSE were taken into account explicitly using the CP corrected
gradient techniques of Simon et al.25 All calculations were
performed using Gaussian03.26 To reduce numerical errors
during the analysis, the eigenvectorsLi describing the normal
vibrations were obtained using theFreq)Hpmodeskeyword.

Results and Discussion

A. Theoretical Predictions of the Complexation Shifts.
Some theoretical results are available in the literature for Fl‚
Am. A very nearlyC3V structure with a C-H‚‚‚N angle of 179.7
degrees was obtained by Schlegel et al.14 at the MP2)FC/6-
311+G(d,p) level. These calculations predict a complexation
red shift by-0.8 cm-1 for ν1 of the Fl moiety. DFT calculations
at the 6-311++G(3df,2pd) level predict a much larger red shift
of -13 cm-1 for the same mode.16 Recently, MP2 calculations
at the 6-311G(d), 6-311+G(d,p), and aug-cc-PVDZ levels have
been shown to predict red shifts of-8, -2, and-13 cm-1,
respectively.23

The 255 function basis set 6-311++G(3df,2pd) is the largest
used for Fl‚Am up to now. However, there are some doubts
about the way the applied DFT method accounts for dispersion
interactions, which for weak complexes of the present type are
known to be relatively significant. Therefore, we have expanded
the available data on Fl‚Am with MP2 calculations at that level.
The complex is found to haveC3V symmetry. Data relevant to
the present study have been collected in Table 1. It can be seen
that, in a direction consistent with published data, a red shift is
predicted forν1, by -6.2 cm-1, which falls within the interval
of the published values.

Apart from the above results for Fl‚Am, Table 1 contains
MP2/6-31+G(d,p) data for all complexes studied here. The
smaller basis set was adopted to reduce the computational effort
for the larger complexes. We justify its use by the following
facts. For Fl‚Am the smaller basis set predicts a shift forν1 in
the same direction as the larger basis set, albeit that the
quantitative agreement is not optimal. Also, calculations using
the 6-31++G(d,p) basis set, i.e., a basis set containing diffuse
functions for the hydrogen atoms, result in complexation shifts
of ν1 differing by not more than 3.7% (trimethyl amine), 0.6%
(pyridine), and 3% (dimethyl ether). This consistency in the
direction of theν1 shifts then allows the suggestion that at least
the directions of the ab initio shifts in Table 1 are reliable.

For Fl‚TMA and Fl‚Am the calculations lead toC3V sym-
metry, and for Fl‚Py and Fl‚DME to Cs symmetry. It follows
from Table 1 that the hydrogen bonding in complexes with Am,
Py and TMA is predicted to be of the traditional type, while, in
agreement with experiment,9,24 for the DME complex a blue-
shifting hydrogen bond is present.

The results in Table 1 confirm the high complexation
sensitivity of ν4 of Fl. Taking the average values for theCs

complexes, the predicted shifts vary by more than a factor of
2, from 22.9 cm-1 for Fl‚DME to 46.4 cm-1 for Fl‚TMA. At
the same time, the complexation energies vary in a much
narrower interval, between-17.4 and-19.5 kJ mol-1. Inspec-
tion of Table 1 shows that, in disagreement with previous
conclusions,15,16 the correlation of theν4 shifts with the
complexation energies is not very strong, as the shift for
Fl‚Am exceeds that of Fl‚Py, while the former has the lower
complexation energy.

B. Vibrational Spectra. Solubilities of Fl, DME, and TMA
in liquid argon are such that the complexes Fl‚DME and Fl‚
TMA can be studied in that solvent. The solubilities of Am
and Py are very low in liquid argon and in liquid krypton, so
these complexes had to be investigated in liquid xenon. Relevant
observed frequencies have been collected in Table 2. Compari-
son with Table 1 shows that the experimental and calculated
complexation shifts ofν1 are in the same direction for the
complexes with DME and TMA, while for the Py and Am
complexes they are in opposite directions.

In Figure 1 the spectrum of theν1 region of monomer Fl is
compared with those of Fl‚Am and Fl‚Py in panel A and with
those of Fl‚DME and Fl‚TMA in panel B. In all cases the
spectrum of the complex was isolated by subtracting out the
monomer contributions. The sharper features in Figure 1A at
3038.1 in Fl‚Am and at 3033.3 cm-1 in Fl‚Py are slightly blue
shifted, by 7.6 and 3 cm-1, respectively, from theν1 band in
monomer Fl and are assigned to that mode in the complexes.
For Fl‚Am the blue shift is remarkable because in a matrix
isolation study in solid argon this mode was detected red shifted
by -21 cm-1.4 We will return to this point in a later paragraph.

Figure 1B shows thatν1 is red shifted, by-23 cm-1, in Fl‚
TMA but blue shifted, by 18 cm-1, in Fl‚DME. The sharp, weak
band at 2700.2 cm-1 in the spectrum of monomer Fl in LXe is
assigned as 2ν4

A1. It can be seen that for both complexes the
changes in this transition are similar to those observed for the
complexes in Figure 1A. In the complexes, these transitions
can be seen to have considerably higher relative intensity and
to be substantially blue shifted. The band areas, which we
identify with the integrated intensities, ofν1 and 2ν4

A1 have been
determined, for Fl and for the complexes, using numerical
integration. The ratio of the integrated intensitiesR ) I(ν1)/
I(2ν4

A1) is 28(5) and 36(5) for monomer Fl in LAr and LXe,
respectively, but decreases to values between 2.6(3) and 1.5(2)
for the complexes (see Table 2). From an a priori point of view,
several reasons for such a dramatic decrease in relative intensity
could be suggested. We believe, for the reasons explained in

TABLE 1: Calculated Properties for Fluoroform and for Its Complexes with Ammonia, Pyridine, Dimethyl Ether, and
Trimethyl Amine a

Fl‚Am Fl‚Py Fl‚DME Fl‚TMA

MP2/6-
311++G(3df,2pd)

MP2/6-
31+G(d,p)

MP2/6-
31+G(d,p)

MP2/6-
31+G(d,p)

MP2/6-
31+G(d,p)

∆E/kJ mol-1 -16.5 -18.5 -19.5 -17.4 -19.4
rX‚‚‚H/Å 2.367 2.370 2.336 2.217 2.295
∆rCH/10-3 Å 0.6 1.0 0.5 -0.7 3.6
ν1(monomer)/cm-1 3200.0 3270.3 3270.3 3270.3 3270.3
ν1(complex)/cm-1 3193.8 3261.3 3266.7 3287.5 3219.0
∆ν1/cm-1 -6.2 -9.0 -3.6 +17.2 -51.3
I1(monomer))/km mol-1 24.4 24.8 24.8 24.8 24.8
I1(complex)/I1(monomer) 0.39 0.43 0.60 0.20 1.18
ν4(monomer)/cm-1 1417.6 1419.9 1419.9 1419.9 1419.9
ν4(complex)/cm-1 1457.4 1454.7 1449.6/1447.8 1445.8/1439.7 1466.3
∆ν4/cm-1 39.8 34.8 29.7/27.9 25.9/19.8 46.4

a Values obtained using the CP-corrected PES.
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the next paragraph, that it is due to the complexation influence
on the parameters of the Fermi resonance betweenν1 and 2ν4

A1.
An evident origin for a change in the Fermi parameters would

be a shift of the unperturbed overtone level (2ν4
A1)0, which must

be related to the complexation behavior of the fundamentalν4.
Therefore, in Figure 2 the region ofν4 of the monomer and of
the complexes is given. It can be seen that in all cases the
complexation induces an upward shift inν4. Although the
correlation of the experimental∆ν4’s with the predicted values
in Table 1 is not very high, both series can be seen to increase
in the same order, with the experimental values systematically
smaller. This shift causes a blue shift of 2ν4

A1, with an ensuing
change in the resonance condition.

The sum of absolute intensitiesΣ ) I(ν1) + I(2ν4
A1) was

evaluated from the observed ratioΣ/I(ν6) and by using literature
data on the infrared intensityI(ν6) ) 4.8 km/mol27. Theν6 band,
assigned as a CF-bending vibration, is not significantly affected
upon complexation. This assumption is supported by a wide

set of DFT and MP2 calculations15,16 and is confirmed by our
MP2 calculations on Fl‚Am (I(ν6)mono ) 6.4 km/mol and
I(ν6)comp ) 6.8 km/mol). The resulting values ofΣ are given in
Table 2. The quantityΣ is invariant under the Fermi resonance,
from which follows that it must be equal to the sum of the
intensities of the unperturbed transitions:

where

where theνi are the transition frequenciesν1 and 2ν4, respec-
tively.

TABLE 2: Spectroscopic Parameters for Fluoroform and for Its Complexes with Dimethyl Ether, Trimethyl Amine, Ammonia,
and Pyridine

LAr, 90 K LXe, 188 K

Fl Fl‚DME Fl‚TMA Fl Fl ‚Am Fl‚Py

ν4/cm-1 1374.5(2) 1390.2(5) 1405.9(5) 1372(1) 1391.4(5) 1388.8(5)
ν1/cm-1 3036.7(2) 3054.8(2) 3013.9(3) 3030.5(3) 3038.1(5) 3033.3(5)
∆ν1/cm-1 18.1 -22.8 7.6 3
2ν4/cm-1 2704.7(5) 2737(1) 2749(1) 2700.2(5) 2741(1) 2739(2)
ν1

o/cm-1 2990.2(3) 3005.3(3) 2946.7(5) 2983.6(3) 2983.3(5) 2977.6(5)
∆ν1

o/cm-1 +15.1(4) -43.5(6) -0.3(6) -6.0(6)
Σ/km mol-1 20(2) 4.4(5) 17(3) 23(2) 9.8(1) 10(2)
R(expt) 28(5) 1.5(2) 1.5(2) 36(5) 2.3(3) 2.6(3)
R(calc) 14 1.9 1.9 12.6 2.2 2.2
〈00|µz|10〉exp/D -0.052 0.024 0.048 -0.055 0.036 0.036
〈00|µz|10〉calc/D -0.055a 0.025a 0.060a -0.055a 0.036a 0.043a

0.049b 0.075b

a Derived from MP2/6-31+G(d,p) calculations.b Taken from ref 15 from DFT B3LYP/6-311++G(3df,3pd) calculations.

Figure 1. Comparison of the fluoroformν1 region observed for
monomer fluoroform and its complexes with ammonia, pyridine,
dimethyl ether, and trimethyl amine. The spectra of Fl‚Am and Fl‚Py
(A) were recorded using LXe as a solvent. The spectra of Fl‚DME and
Fl‚TMA (B) were recorded using LAr as a solvent.

Figure 2. Comparison of the fluoroformν4 region observed for
monomer fluorform and its complexes with ammonia, pyridine,
dimethyl ether, and trimethyl amine. The spectra of Fl‚Am and Fl‚Py
(A) were recorded using LXe as a solvent. The spectra of Fl‚DME and
Fl‚TMA (B) were recorded using LAr as a solvent.

Σ ) I(ν1) + I(2ν4
A1) ) I(ν1)

0 + I(2ν4
A1)0 (1)

I(ν1)
0 )

8π3NAνi10-13

3hc
〈000|µz|100〉2

I(2ν4
A1)0 )

8π3NAνi10-13

3hc
〈000|µz|020〉2 (2)
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The unperturbed second-order transition dipole (〈000|µz|020〉)0

was evaluated from an ab initio grid calculation (see eq 6 and
Table 4) and was found to equal 0.006 D both for Fl and for
the complex Fl‚Am. From this quantity one obtainsI(2ν4

A1)0

) 0.2 km/mol. The values of〈000|µz|100〉exp in Table 2 were
derived from the quantitiesI(ν1)0 ) Σ - 0.2 km/mol for all the
systems studied. The sign of the transition moment cannot be
derived from the intensities and, therefore, was taken from ab
initio calculations at the MP2/6-31+G(d,p) level. The transition
dipoles obtained in this way are compared with the ab initio
values in the bottom two rows of Table 2.

C. Fermi Resonance.To correct the observedν1 frequencies
for Fermi resonance, the implications for the two different
symmetries must be considered. For the compounds withC3V

symmetry the unperturbed fundamental levelν1
0 is coupled to

the overtone level 2ν4
A1 ≡ 2ν4

0 via the coupling matrix element
W ) -R144/x2, in which R144 is a cubic anharmonicity
constant. For the complexes withCs symmetry the two-fold
degeneracy ofν4 is lifted, resulting in levelsν4a andν4b. In this
caseν1

0 is coupled to 2ν4a
0 via R14a4a/2, and to 2ν4b via R14b4b/2,

while 2ν4a and 2ν4b are coupled via the quartic force constant
â4a4a4b4b. The corresponding terms in the potential energy
expansion in dimensionless normal coordinates are

for C3V and

for Cs. Here we assume thatR14a4b) â4a4a4a4b) â4a4b4b4b) 0.
For the C3V moleculesX4 and Y4 are the polar coordinates
describing the degenerateν4 couple, the sum of their squares
having the correct symmetry. For theCs complexes these
coordinates evidently describe the two nondegenerate compo-
nents that arise from the lifting of the degeneracy.

Given a value forR144, the two-dimensional degenerate case
(C3V) is easily solved for the unperturbed levels, asν1

0 and 2ν4
0

can be obtained from the unperturbed splitting∆ ) ν1
0 - 2ν4

0,
which is calculated from the well-known relation∆ )
xκ

2-4W2, in which κ is the observed splitting. Treatment in
full of the three-dimensional nondegenerate case (Cs) is neatly
more complicated. It can be shown (see below), however, that
in this case it is also possible to treat the Fermi resonance using
the two-dimensional degenerate approximation.

Experimental values for the cubic coupling constantR144 in
vapor phase monomer Fl have been determined to be 100
cm-1 28,29 and 170 cm-1.30 The former value was obtained by
fitting the tridiagonal Fermi resonance Hamiltonian of higher-
order transitions involving theν1 andν4 modes, while the latter
value was derived assuming that the unperturbed anharmonicity
constantsx44

0 and g44
0 are zero. Theoretical values of ap-

proximately 200 cm-1 for this constant have also been reported
in the literature.31-34 We have calculatedR144 and quartic
anharmonicity constantâ4444for monomer Fl by MP2 and DFT
grid calculations, using basis sets ranging from 6-31+G(d,p)
to 6-311++G(2d,2p) level. The obtained values forR144 vary
between 198.4 and 209.6 cm-1, and those ofâ4444between 13.9
and 16.7 cm-1. The values ofR144 confirm previous theoretical
values. Using DFT calculations at the B3LYP/6-31++G(d,p)
level, we have obtained values for the same constants in the
complexes. The results are given in Table 3. They can be seen

to support the approximation that the complexation influence
onR144 is sufficiently small to be neglected. This strictly applies
only to the isolated molecules, but there is no reason complex-
ation in cryosolution should induce strong changes in eitherR144

or â4444.
At this point, justification of the degenerate approximation

used for the Fermi correction in theCs complexes can be given.
By using data from the Tables 1 and 3, model calculations were
made in which a three-dimensional matrix for the nondegenerate
case was diagonalized. These calculations indicate that the
influence onν1 of the relatively small values ofâ4a4a4b4b(∼ 8
cm-1) is limited. Inversily, the calculations show that for chosen
values ofν1 andR144 the degenerate approximation but slightly
overestimates the values ofν1

0 from the nondegenerate ap-
proximation by a mere∼0.01 cm-1.

All of the above data, both experimental and theoretical,
situateR144 in the interval between 100 and 200 cm-1. The
influence of the value ofR144 on the unperturbed complexation
shift ∆ν1

0 ) ν1
0(complex) - ν1

0(monomer) in this fairly wide
interval has been calculated and is shown in Figure 3. It can be
seen that for the weakest complex, Fl‚DME, the unperturbed
complexation shift depends only weakly on the value ofR144,
∆ν1

0 varying from+17 to+13 cm-1 in the interval considered.
The same is not true for the strongest complex, Fl‚TMA, where
∆ν1

0 varies from-28 cm-1 for R144 ) 100 cm-1 to -70 cm-1

for R144 ) 186 cm-1, at which value the resonance is exact.
The necessity of using the correct value ofR144 in the
deperturbation of theν1 frequencies becomes clear from the
behavior of the other two complexes: Figure 3 shows that in
the interval considered, they both see a switch of their bonding

TABLE 3: B3LYP/6-31++G(d,p) Cubic and Quartic Force
Constants, in cm-1, for Monomer Fluoroform and for Its
Complexes with Ammonia, Pyridine, Dimethyl Ether, and
Trimethyl Amine

symmetry R14a4a R14b4b 2â4a4a4b4b

Fl C3V 204.0 204.0 15.1
Fl‚Am C3V 200.7 200.7 12.8
Fl‚Py Cs 202.0 201.5 13.0
Fl‚DME Cs 206.2 204.1 13.5
Fl‚TMA C3V 200.2 200.2 10.9

Figure 3. Calculated values for the unperturbed complexation shifts
∆ν1

0 as a function of the cubic coupling constantR144
eff . The data for

Fl‚Am in a solid argon matrix at 20 K are based upon ref 4.

R144Q1(X4
2 + Y4

2) + â4444(X4
2 + Y4

2)2 (3a)

R14a4aQ1X4
2 + R14b4bQ1Y4

2 + â4a4a4a4aX4
4 +

2â4a4a4b4bX4
2Y4

2 + â4b4b4b4bY4
4 (3b)
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type from blue- to red-shifting. This occurs atR144 ) 110 cm-1

for FL‚Py and atR144 ) 160 cm-1 for Fl‚Am.
We have derived an experimental value ofR144 for monomer

Fl using experimental vapor phase data28,29 for 32 transitions
involving theν1 and ν4 modes (up toN ) V1+V4/2 ) 6) and
taking into account higher order interactions in the Fermi
resonance Hamiltonian. This leads to an effective cubic coupling
constant35 R144

eff which depends on the vibrational quantum
numbers as:

which for the present case results in

whereR144 ) 182(2) cm-1, γ1 ) -0.035,γ2 ) - 0.016,35 so
R144

eff ) 161(2) cm-1. An analogous result was obtained for Fl
in LKr from 16 observed frequencies:R144

eff ) 163 (2) cm-1.
Using the above value of 163(2) cm-1 for R144

eff , the unper-
turbed frequenciesν1

0 and complexation shifts∆ν1
0 have been

calculated. They are given in Table 2. For Fl‚DME the Fermi
correction yields a∆ν1

0 value that is lower than the observed
one. However, the obtained value ascertains beyond doubt that
this complex is held together by an improper, blue-shifting
hydrogen bond. As could be anticipated from Figure 3, the
unperturbed∆ν1

0 for Fl‚TMA is considerably larger than the
observed value. For Fl‚Py the Fermi correction changes the type
of the interaction from blue- to red-shifting. For Fl‚Am the result
is less clear: the significantly blue-shifted value of the
unperturbedν1 is corrected into a frequency which is a mere
0.3 cm-1 below the corrected value for monomer Fl. Although
this removes the certainty suggested by the unperturbed value
that the bonding is of the blue-shifting type, in the light of the
potential sources of uncertainty, the red shift of-0.3 cm-1 is
too small to ascertain that this complex is of the red-shifting
type, the only evidence for the latter being the matrix shift of
-21 cm-1.

The other important characteristic of the complexation of Fl
is the sharp change in the relative intensityR ) I(ν1)/I(2ν4

A1)
of the Fermi doublet, fromR∼30 in the monomer toR∼1 in
the complexes. This change can be rationalized using a first-
order perturbation description of the intensities.

In a first step, the Fermi unperturbed transition moments must
be established. For the present purpose we retain the zeroth-
order approximation for the unperturbed transition dipole of the
fundamental, as this is by far the dominant term:

For the overtone

where theωi are the harmonic frequencies.

The wave function for the overtone was derived in a first-
order perturbation approach using a harmonic oscillator basis
and by developing the potential up to cubic terms. Deleting from
the first-order function the term in the resonance denominator
ω - 2ω4 resulted in our approximation to the wave function
for the Fermi-unperturbed overtone. This approximate function
was subsequently used to calculate the corresponding transition
dipole. For this, the dipole moment was expanded to second
order. For theCs complexes the additional approximation was
made that the second-order derivatives with respect toX4 and
Y4 are identical.

We used the literature data for the cubic coupling constants,34

R244) -6.3 cm-1 and R344) 6.8 cm-1, and for the dipole
moment derivatives,27 (∂µz/∂Q2)e) 0.23 D and (∂µz/∂Q3)e ) 0.12
D, for monomer Fl. They were assumed to be unaltered by the
complexation. The coupling constantR144 and dipole moment
derivatives with respect toQ1 and (X4

2 + Y4
2) were calculated

numerically, by using a polynomial expansion in terms of two
pairs of dimensionless normal coordinates [Q1, X4] and [X4, Y4]
in the region [-2, -1, 0, 1, 2] for monomer Fl and for the
complex Fl‚Am, at the MP2/6-31+G(d,p) level. As an example,
the values for these parameters for monomer Fl and for the
complex with Am are shown in Table 4 together with the
unperturbed transition dipole moments for the overtone level.

The Fermi resonance mixes the vibrational states, and the
transition moments for the high frequency (hf) and low
frequency (lf) perturbed states can be written as

where

Combining eqs 7 and 8, it is straightforward to show that the
intensity ratio of the Fermi doublet is

where

The calculation ofR as a function ofR144 requires a value
for R0. The results in Table 4 show that our calculations lead to

R144
eff (V1,V4) ) - 2x2

(V4 + 2)xV1

〈V1,V4
0|V|V1 - 1,(V4 + 2)0〉

R144
eff (1,0)≡ R144

eff ) R144[1 + 3
2
V1γ1 + 2(V4 + 2)γ2] (4)

〈00|µz|10〉 ) 1

x2(∂µz

∂Q1
)

e
+ ... (5)

(〈00|µz|020〉)0 ) -
1

2( ∂
2µz

∂(X4
2 + Y4

2))e

+

R144

2(ω1 + 2ω4)(∂µz

∂Q1
)

e

+ ∑
s)2,3

Rs44ω2

ωs
2 - 4ω4

2(∂µz

∂Qs
)

e

+ ... (6)

TABLE 4: Cubic Coupling Constant r144, Dipole Moment
Derivatives and the Second-Order Transition Moments of
Fluoroform and Its Complex with Ammonia Resulting from
MP2(FC)/6-31+G(d,p) Grid Calculations

Fl Fl‚Am

R144/cm-1 200(5) 203(5)

(∂µz

∂Q1
)

e /D -0.0762(1) 0.0432(2)

1
2( ∂

2µz

∂(X4
2 + Y4

2))e /D -0.0069(1) -0.0048(1)

〈020|µz|000〉/D 0.0058(2) 0.0056(2)

〈µz〉hf ) a〈00|µz|10〉 + b〈00|µz|020〉0 (7a)

〈µz〉lf ) -b〈00|µz|10〉 + a〈00|µz|020〉0 (7b)

a ) xκ + ∆
2κ

, b ) W
|W|xκ - ∆

2κ
(8)

R ) κ + ∆
κ - ∆(1 + 4W

(κ + ∆)xR0

+
(κ - ∆)

(κ + ∆)R0

1 -
(κ + ∆)

WxR0

+
(κ + ∆)

(κ - ∆)R0

) (9)

xR0 ) 〈00|µz|10〉/〈00|µz|020〉0 (10)
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second-order transition moments for Fl and for Fl‚Am that are
very nearly the same. We have extrapolated this conclusion, so
that for all complexes the same value of 0.006 D could be used.
For the first-order transition moment in the nominator ofR0

the experimental values in Table 2 were used.
It can be seen from Table 4 that the anharmonic character-

istics,R144 and the dipole second derivative, are hardly affected
by the complexation. In contrast, the harmonic characteristic,
(∂µz/∂Q1)e changes significantly, having a negative value in the
monomer but a positive one in the complex. This is the main
contribution to the sharp change in the intensity ratioR upon
complexation.

Values of R as function ofR144
eff are shown in Figure 4.

Values ofR obtained for the optimized value ofR144
eff ) 163

cm-1 are given in Table 2. Taking into account the various
approximations in the model used, and accounting for the
problems encoutered in deriving the experimental values, which
is obvious from the spectra in Figure 1, the results in Table 2
show that our approach leads to a satisfactory reproduction of
the sharp change in the value ofR upon complexation.

Although the practice was discouraged a long time ago,36 for
reasons of simplification some authors make the assumption
that the infrared intensity of the unperturbed overtone of a Fermi
doublet can be neglected. It is of interest to see where this is
leading to for the present case. ForxR0 ) 0, expression 9
reduces toR ) (κ + ∆)/(κ - ∆). Thus, in this approximation
R is given as a function of the experimentally measured quantity
κ, and of∆. The accuracy of the latter is judged high because
it is derived fromκ and from the well-defined value ofR144

determined in this study. Hence, if the zero-intensity approxima-
tion is valid, theR values calculated with it should agree better
with the observed ones than those calculated with relation 6, in
which less reliable quantities have been used to deriveR0. Figure
4 contains theR curves obtained for this model, for monomer
Fl in trace 7, and for Fl‚TMA in trace 8. It can be seen that this
approximation leads to a poor result,Rchanging from monomer
to complex by not more than a factor of 2.5. This is significantly
further away from the experimentally observed change than the

change obtained for the nonzero intensity model. This, evidently,
supports previous conclusions on the poor performance of the
zero-intensity overtone model.36

Conclusions

In this study, some new experimental data on the complexes
of fluoroform with ammonia and pyridine are presented. The
complexation is found to induce blue shifts inν1 of fluoroform.
At the same time significant increases are observed in the
intensity of 2ν4 of the Lewis acid, signaling changes in the Fermi
resonance betweenν1 and 2ν4. Our subsequent analysis shows
that the Fermi-corrected value ofν1 in the pyridine complex is
in fact red shifted from the monomer value, while for the
ammonia complex the corrections reduce the shift to a value
below the threshold that allows the type of interaction to be
identified. We, therefore, propose to designate the observed
shifts in these complexes as pseudo-blue shifts.

Fermi-correctedν1 values in the complexes of fluoroform with
dimethyl ether and trimethyl amine were obtained similarly. For
the dimethyl ether complex, for whichν1 is blue shifted
considerably, the Fermi correction has little influence on theν1

frequency and does not change its sign. For the trimethyl amine
complex, for which a significant red-shift is observed, the
correction for Fermi resonance substantially increases the shift,
and, evidently, also does not change its sign.

As a general conclusion it may be stated that in order to
correctly interpret complexation shifts of the C-H stretch of
fluoroform it is required to correct the observed frequencies for
the Fermi resonance of this mode with 2ν4.
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