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A transition from a blue shifted frequency of the v(CH) vibrations of CF;H to a conven-
tional red frequency shift, accompanied by unusually varying integrated intensity of the
corresponding v, band, have been studied in CF;H/B systems, where B = Ar, N,, CO,
CO,, O(CD3),, NH3, and N(CDs);. DFT/B3LYP and ab initio MP2 calculations, utilizing
the 6-311++G(3df,3pd) basis set, predict a weakly H-bond-like linear F;CH...B com-
plex formation in the series studied and reproduce experimentally observed variations of
spectroscopic parameters. The results obtained are treated in the framework of induced
dipole moment, taking into account opposite directions of the CH bond dipole moment
and the dipole moment of the whole molecule. In the range of overtone and combination
bands of fluoroform, new weak bands have been detected. They were attributed to simul-
taneous excitations of vibrations of interacting CF;H and B (= CO, CO,) molecular pairs.
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A red shift of the fundamental stretching frequency -v(A—H) and increased inte-
grated intensity of the respective A—H band are characteristic features of a conven-
tional H-bond of the A—H...B type [1-3]. Here, A and B are electronegative elements
or groups with a region of high electron density. Usually, B possesses one or more
lone electron pairs. It may also belong to unsaturated or aromatic compounds with
n-electron system. A larger separation of the positive and negative charges, caused by
an elongation of the A—H bond, results in a larger dipole moment and makes interac-
tion more attractive in these conventional H bonded complexes. A relative decrease
in the first overtone 2v(AH) band intensity is often considered as an additional impor-
tant characteristics of H-bonding [4,5]. Analogous, but markedly smaller effects of
red frequency shift and intensity growth are often observed for fundamental stretch-
ing bands of molecules embedded in liquid solvents [6]. In this case, the ordinary in-
ternal field effect is taken into account by the Lorentz’s field correction for the
measured values of frequency and integrated intensity [6,7]. Usually, the internal
field correction of the intensity growth does not exceed ~ 10 +15%. If bulk’s nature in-
teractions cause noticeable variation of molecular electric parameters (first at all the
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dipole moment function), the Onsager reaction field model [8] can be used to treat, at
least qualitatively, the solvent effect on the integrated intensity of molecular stretch-
ing band. Evaluations, based on the reaction field model, are often less successful and
convincing for the frequency shift effect. It is due to competition between attractive
and repulsion forces, defining specifics of intermolecular interactions.

Systems marked as A—H...B, where A =Hal, O, and N are the most frequently and
best studied [1-5]. Compounds containing atom S or P as the element A might form
somewhat weaker H-bonded complexes, characterized by a conventional red fre-
quency shift [9]. Although carbon is markedly less electronegative, now it is recog-
nized that a CH group can also form an H bond [10—17], with B=Hal, N, and O atoms
[10-14] or B = mt-electron containing compounds [14—17]. Recent theoretical studies
suggest more complicated features in the case of some CH...B (e.g. whenB=0Oorn
electron system) complex formation, as compared with the effects of intensity growth
and red frequency shift, generally accepted for conventional H-bonds [10,18-22].
The first experimental observations of the opposite effects, i.e. considerable blue
shift of frequency accompanied by decrease of integrated intensity were reported for
the CH-stretching vibration band (v;) of fluoroform dissolved in liquefied Ar and N,
[23,24]. Unusual variation of frequency shift and integrated intensity of v, band were
found in the series of F3CH...B systems (B = CDsF, (CD;),0, (C,Ds),0, (CD3)3;N and
(C,Ds);N) [25]. Experiments with triformylmethane in chloroform also seem to sug-
gest a blue frequency shift [26]. Qualitatively analogous unusual behavior has been
reported for mixed systems of chloroform and some proton acceptor containing com-
pounds [27]. At last, recent experiments on B™...H;Hal (B"=Cl", 1", Hal =Br, I) seem
to confirm theoretically predicted very large blue shifts in these anionic complexes [22].

In the present study, new results on the unconventional change of the spectro-
scopic parameters, caused by the specific type interactions, are reported. Theoretical
treatment of the observed effects based on DFT and ab initio MO calculations is also
given. IR spectra of fluoroform dissolved in liquefied Ar, N,, CO and CO, have been
measured in the range of about 1000 up to 9000 cm'. The features of higher order
transitions up to the 3v; overtone, together with the v, band, are studied. F;CH...NH;
and F;CH...N(CDs3); complexes are also considered for comparison of spectroscopic
features of weakly bond systems and noticeably more stable heterodimers, both con-
taining fluoroform as a CH proton donor.

EXPERIMENTAL AND COMPUTATIONAL METHODS

FT-IR spectra have been studied from about 1000 up to 9000 cm™' with resolution of 0.5+1.0 cm™'.
They were recorded using a Nicolet (Nexus) spectrometer. Two cryogenic cells with an optical path
length of 1.0 cm and 8.5 cm and with BaF, windows were used. They have been built into a homemade
cryostat cooled by liquid nitrogen. The spectroscopic measurements lies within the limits T ~ 100+120 K
(Ar, Ny, and CO) and T ~ 230+250 K (CO,). Temperature of the sample was measured with an accuracy of
~3 K. The concentration of fluoroform in liquid Ar, N,, CO and CO, solutions was varied between
10'%+10*' molec/cm’. Due to less solubility, the concentration of fluoroform did not exceed 10"
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molec/cm? and about 10?° molec/cm? in the case of Ar, N, and CO respectively. The technique and experi-
mental procedures were analogous to those used in studies of overtone and combination bands in
CIH...CO weakly bond system [28]. The absolute integrated intensity of the bands studied has been eval-
uated with an accuracy of about 25%. Inaccuracy of an intensity ratio does not exceed 10% for the major-
ity of the registered strong and weak vibrational bands of the fluoroform. This is due to using of the set of
about 6+8 sequentially increasing concentrations, at the time of monitoring of studied bands in the widest
absorbance range of about 10*. The spectroscopic measurements were carried out in such a way that the
vibrational band, monitored at a known lower concentration and scaled by an adjusting factor, was fitted
to the same bands recorded at a higher concentration quite well.

The Gaussian 98 program [29] was used to perform DFT and ab initio calculations. The optimized
geometry, dissociation energy, dipole moment, frequency and infrared intensity of the normal vibrations
of the molecules and complexes have been calculated at the DFT B3LYP and ab initio MO MP2 level of
theory using the 6-311++G(3df,3pd) basis set. The interaction energy of the complex has been corrected
for the basis set superposition error (BSSE), according to the Boys and Bernardi counterpoise method
[30]. The features of the potential energy and dipole moment surfaces for CHF; and for F;CH...B were an-
alyzed using only B3LYP/6-311++G(3df,3pd) calculations.

RESULTS AND DISCUSSION

Results of measurements in the range of 1000-3100 cm™': Reviewed spectrum
of fluoroform in Aris shown in Fig. 1. The IR spectrum is characterized by closely lo-
cated fundamental frequencies of the CF-stretching vibrations v,(A;) and vs(E),
which results in numerous resonance interactions of Darling — Dennison type in over-
tone region (for example the spectral region denoted by number 3) [31]. A strong
Fermi resonance between the C—H stretching and bending modes of the molecule
(peaks marked as 5 and 6) [32,33] also noticeably modifies the spectrum. The spectral
parameters for some bands measured in the range of about 1000 up to 3100 cm ™" in lique-
fied Ar, N, CO and CO, are collected in Table 1. The parameters of the v4(E) band
measured in CO, should be considered as only a crude estimation, due to overlapping
with the intense induced bands (10°0,, 10°0,) of liquid carbon dioxide. The gas phase
data [32—36] are also given for comparison. The most striking result is a strong de-
crease of the absolute intensity of v{(A;) band in the studied series of solvents, with
rather small variations of intensity of v,(A), vs(E) and v4(E) bands, being observed
simultaneously. Moreover, frequency of v, vibration exhibits a significant blue shift
Av, =v{" —v&_ The blue shift reaches +21.5 cm ™ in a liquid carbon dioxide as a sol-
vent. It should be noted that the correction for the internal field effect does not exceed
1.10-1.15 in liquefied Ar, N,, CO and CO, as a solvents. Being no larger than the in-
accuracy of absolute intensity measurements, the effect cannot mask the observed
trends. One could expect even further increasing of the effect of blue frequency shift
and decreasing the intensity of the v;(A) band in the case of a specially selected part-
ners. The substantial blue shift of the order of +19 cm ™" and the large decrease of the
intensity value of 2.4 km/mol was reported for F;CH...O(CDs), complex [37]. At the
same time, a transition to a conventional red shift of the order of —21 cm™' with inte-
grated intensity value of about 6.2 km/mol has been noted in the same work for
F;CH...N(CD;); complex.
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Figure 1. Reviewed spectrum of CF5H in liquefied Ar. T~100K, / =8.5 cm; n(CF;H) ~5.8-10"¢, 5.8-10"7,
5.8-10'® molec/cm’ for a), b), and c¢) respectively; 1 — va(A), vs(E), v3 + v6(E); 2 — v4(E);
3-2vy(A1), va+Vs(E), 2vs(E); 4 —va +va(E), 5=2va(A1, E); 6 —vatvs+ve(A), vi(A1); T—v +
V2(A1), Vi +Vs(E); 8= v+ V4(E); 9— v+ vas) +2V6(E), vi +2va5)(E); 10—4va(Ay); 11 —v +
V4T Vs(E), vi+va+2v3(A)); 12 - v +2V4(A1); 13 -2V i(A1); 14— v +3v4(E), 2vi T va(A)), 2v +
v 5(E); 15 = 2vy + v4(Ay).

Fig. 2 displays the intensity decreasing and blue shift effects revealed for the v,
band of fluoroform in the studied series of solvents. The band is perturbed by a weak
resonance interaction with v4 + vs + v¢(A;) combination band with the interaction ma-
trix element W 456 = 3.68 cm! [36], and by a stronger Fermi resonance 2v4(A ;) with
W= 111.5cm ' [33]. By modifying the spectral parameters of the v, band, the men-
tioned resonance interactions do not change the direction of the effects observed. The
unperturbed values of the frequency v{ , absolute intensity I}, frequency shift Av{ and
the relative intensity I, =1} /114 are given in Table 2. They have been obtained by
the standard formulae describing the vibration resonance interactions [31-33]:

X 1-VR. [*=A
JRy = k+a, K+A, where A =+k? — 4W?

K—A
1+\/§' K+ A
K—A
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where x is an experimental splitting between Fermi doublet components, A — is the
non-perturbed splitting between components of the doublet, R is the observed rela-
tive integrated intensity of the components, Ry is the relative integrated intensity of
the non-perturbed components. There were made attempts to treat the effect of de-
creasing intensity in terms of the Onsager reaction field model for the CHF5/Ar and
CHF3/N, systems [24]. The desired decrease of the intensity was reproduced with an
unrealistically small value of the spherical cavity radius ag~ 1.5 A only, instead of a
more reasonable value of about 1.9-2.2 A [6]. The frequency shift calculated in terms
of the same model was found to be too small and practically independent of the sol-
vent nature [38].

Table 1. Frequency — v, full width at half maximum — 2I", and absolute integrated intensity — / of some IR
bands of CF3H in the region ~1000-3100 cm™.

Assign-

ment V) Vs V4 2vy 2vy V4tvstve Vi
(Symmetry) (A1) (B) (E) (A1) (E) (A1) (A)
Gas viem' 11415 11583 13779 27102 27548 3029 3035.2
phase I km/mol 129 525 88 1.0 0.16 - 24
[15-19]
Ar v,em! 11373 11469 13745 27048 27484 3018.6  3036.7
T~100K o1 cm! 7.6 49 34 6.9 245 9.3 11.7
I, km/mol 80 440 60 0.48 0.34 1.9 18
N> viem! 1140 11463 13765 27079 27542 3022.7  3047.4
100K 2T, cm’! 9 6.5 4.8 8.8 35 24.8 14.9
I, km/mol 88 480 56 0.24 0.44 12 15
Co viem 1136 11420 13760  2706.4  3753.4 3018.0 30523
100K 2T, em'! 6.5 7 52 10.1 36 25 13.3
I km/mol 82 500 64 0.20 0.58 0.48 14
Co, v,em! 1132 11393 ~I380 ~10 ~70 30273 3056.7
230K 20, cm™ 9.8 138 ~10 26 61 51 27.5
I, km/mol 106 560 ~70 0.082 0.50 1.0 6.6

Results of the DFT and ab initio calculations: The present DFT B3LYP and
HF/MP2 calculations predict minima only for the F3CH...B (B = Ar, N, CO and
CO,) linear structures. The F;CH...CO heterodimer is more stable than the
F;CH...OC structure. The linear geometry has also been found for the model of the
F3CH...NHj; heterodimer and for the F;CH...N(CD;); system characterized by no-
ticeably stronger interactions. The calculated values of r. = r.(C—H) and R, =
R¢(C...B), the interaction energy D, and the corrected energy D™ for BSSE of the
linear heterodimers are collected in Table 3. The calculated intensities and frequen-
cies of the fundamental bands of fluoroform are also listed. Rather small variations of
the positions and the absolute intensities of v,, v3, v4, vs and v¢ bands are predicted.
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Figure 2. The v;(A;) band of CF;H dissolved in various cryogenic solutions. n(CF;H) = 1.5-10"
molec/em’®, I=1.0 cm; 1 — Ar, T~ 100 K; 2 —N,, 100 K; 3 — CO, 100 K; 4 — CO,, 230 K.

Table 2. Measured and predicted spectroscopic parameters for the v, band of CHF3/B systems.
v(em ™) — frequency and ,"(km/mol) — intensity corrected for Fermi resonances.

V10 110 AVIO Irocl

Exp. Exp. Exp. B3LYP MP2 Exp. B3LYP MP2
Gas 3017.3 25.6 - - - 1.0 1.0 1.0
Ar 3020.1 20.2 2.8 +2.0  +12 0.79 0.87 0.63
N, 3031.4 16.2 +14.1 +17 +30 0.63 0.39 0.20
oC +16 +26 0.47 0.36
Co 3036.4 14.6 +19.1 +16 +26 0.57 0.20 0.12
Co, 3040.9 7.6 +23.6 +27 +37 0.30 0.21 0.11
(CD),0  3036" 2.5" +18.7" ? - 0.1” ? -
NH, - - - -13 - - 0.7 -
(CD):N 29959 77 223" —58™ 027" 1.8 -

Note: *) — data obtained in liquid Ar at T ~ 92 K [37], **) — preliminary results.

On the contrary, the v, band is characterized by a noticeable blue shift of frequency
and a strong decrease of the intensity. All these predictions are in accordance with the
trends observed experimentally. They are presented in Table 2 (see also Table 1). MP2
calculations predict noticeably stronger effects, however, the less time consuming
DFT method results are closer to the experimental data. Note that the data computed
for B = NHj3, N(CD3); and experimentally obtained for B =N(CD;); [37] are charac-
terized by the usual low frequency shift of v;. DFT and ab initio calculations show
analogous unusual tendency of increasing the contraction of r. distance, when going
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from Arto CO,. In the case of the substantially stronger system, like F3CH...NHj, the
value of r. increases (Table 3). Previous computation results, obtained for the
F;CH...N(CDs); system, suggest even a larger growth of CH bond length (r,~1.0928
A), with the decrease of the distance between C and N atoms (R¢(C...B) ~3.372 A) si-
multaneously. Moreover, the calculations predict the substantial red frequency shift
and noticeable intensity growth of the CH band in the case of the F;CH...N(CD3);
heterodimer, which are typical for conventional H-bonds. The predictions qualita-
tively correspond to experimentally observed effects. Preliminary estimations in the
framework of the performed calculations with a modest basis set show a blue fre-
quency shift with a remarkable decreasing intensity for the linear F;CH...O(CD3),

complex.

Table 3. Predicted structural and spectroscopic parameters of F3CH...B linear complexes.

B e A N, oc co o, NH;
i 4 DSLYP LOS 10889 L0SS) 108 LS 1077 10897
r(CH),
(D MP2 10845 10841  1.0835 10837 10835  1.0832  _
B3LYP - 4390  3.818 3744 3846  3.573  3.444
R(C..B), A
MP2 - 3931 3599 3576 3703 3.436 -
0.33 24 2.1 3.9 45 16
Do klimol ~ DOLYP - 0 15 13 2.9 3.5 15
D™, kl/mol 2.9 6.4 46 8.1 8.1
MP2 - 23 438 3.3 6.7 6.7 -
31266 31286  3143.6 31430 3142 31538  3113.8
vi, em”! B3LYP 5% 24 11 13 5.4 5.8 19
I, km/mol ) 3200 3213 3231 3226 3227 3237 B
24 15 438 8.8 2.8 2.6
1133 1133 1131 1131 1130 1130 1118
v, cm” B3LYP gy 110 120 120 120 130 137
bokmimol 1165 1164 1162 1163 1161 1162 -
95 114 120 120 120 138
693 693 693 693 692 692 688
v, em’! B3LYP 75 14 15 16 16 17 19
I3, km/mol 712 712 711 711 710 711
MP2 13 15 16 16 17 18 -
1381 1384 1392 1389 1394 1394 1426
va, cm”! B3LYP 95 75 7 72 7 70 58
L, km/mol 1420 1426 1438 1433 1438 1438 B
86 90 82 84 84 80
1131 1132 1129 1130 1127 1127 1114
vs, cm’! B3LYP 6o 600 600 600 600 600 606
Iokmimol 1187 1186 1184 1186 1182 1183 -
600 570 580 580 580 580
500 500 500 500 500 500 500
ve, cm’! B3LYP 3 3.4 3.4 3.4 3.2 3.2 3.5
lpkm/mol 516 516 516 516 515 516 -
4.6 4.6 42 42 42 42
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Fig. 3 presents typical examples of dipole moment functions p(r) predicted by the
DFT/B3LYP calculations. Note that the calculations have been performed at a fixed
center of mass position of the systems studied, by taking into the account small dis-
placements of the C atom characterized by a relatively large charge. The dipole mo-
ment u decreases with elongation of the CH bond for free fluoroform. This is due to
opposite directions of the dipole moment of CH bond and the dipole moment of the
whole molecule [23,25,39]. A noticeable flattening of the pu(r) is observed, when go-
ing to the F3CH...CO system. Nevertheless, the dipole moment p(r) still remains a de-
creasing function of r(CH). In the case of the F;CH...NH; complex, the dipole
moment begins to increase on the elongation of CH bond. Fig. 4 displays the predicted
trends for the bond length variation Ar., frequency shift Av, and the first derivative p
of the dipole moment with respect to dimensionless normal coordinate Q, as a func-
tion of D™ . The z axis is directed along the C,, axis of the linear F;CH...B structure.
All the functions are polynomial fits constructed on the basis of data calculated for B
= Ar, N,, CO, CO; and NHs. In fact, the p' value practically determines the v, band in-
tensity. It should be noted that p’ is negative for weaker complexes, it passes through
the zero and then becomes positive, appreciably growing in the case of stronger
complexes. Thus, a decrease of the intensity, accompanied by a noticeable high fre-
quency shift of v; band, and then the transition to a red shift with increasing intensity
of'the band, is predicted for the systems studied. The last result is in accordance with
that observed experimentally for a stronger F;CH...N(CDj3); complex [23,25,37].
Somewhat weaker F;CH...O(CD3;), complex exhibits a maximum decrease of inten-
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3
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1,0 1‘,1 1,2
r(CH), A°

Figure 3. p (solid line) and p;,, (dotted line) functions with respect to #(C—H). 1 — free CF;H, 2, 2" —
F;CH...CO, 3, 3' — F;CH...NH;.
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Figure 4. Predicted Ar.,(C—H), Av, and p’ functions versus to D;”". Open circles, solid circles and stars are
computed data for Ar,(C—H), Av, and p’ respectively; solid lines are polynomial fits for the
computed data.

sity observed experimentally, down to about 2.5 km/mol. The predicted behavior is na-

turally explained by an increase of the dipole moment of the complex (pt), due to an in-

duced moment (i) contribution: p = pp + up + Wing [4,40], where pg is a dipole
moment of fluoroform molecule. The dipole moment of fluoroform molecule is charac-
terized by the described non-typical behavior, whereas pi,q exhibits the ordinary vari-
ation, namely it increases with elongation of r (see curves 2', 3’ in Fig. 3). Note that

Wing NOticeably grows during passing to stronger complexes. As aresult of such a com-

petition, the sign of the first derivative of u* with respect to Q, is changed from nega-

tive to positive and the increase following decrease of absolute value. As a result,
there is no fundamental difference between the interactions in the F;CH...B complex
and those accepted as a conventional hydrogen bond. In fact, any molecule, charac-

terized by a negative value of the first derivative of the dipole moment (or by the di-

pole moment function with its maximum value occurring near the equilibrium

position), might show an effect of decreasing (or non-monotonously varying) inten-
sity of a stretching band due to a proper intermolecular interaction.

The blue shift effect on v, frequency of F;CH...B is naturally obtained in the
terms of second order perturbation theory, taking the potential of intermolecular in-

teraction U(Q)) = E«(Q,) — En(Q;) and the cubic term o;;,Q; as a perturbation [6]:

LU 3o, 0U
2000 o 00
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where E. is the energy of the F;CH...B complex, E,, is the energy of free F;CH, a1 ~
—320 cm ' [41]. Fig. 5 shows an example of computed U, U’ and U’ functions, which
are typical of the systems characterized by a blue frequency shift. The change of the
potential of intermolecular interaction U(Q) from the repulsive-type (U’, U > 0) for
F;CH...B (B =Ar, N,, CO, and CO,) to a domination of attractive type of interaction
(U',U"" <0)inthe case of F;CH...NHj; has been predicted by the present calculations.
This results in transition from a blue frequency shift to a red shift. The latter effect
correlates with transition from a contraction to a conventional elongation of the CH
bond (see Fig. 4), while going to the stronger bond complexes.

U' 40
u |5
50 < -
- )
5 25
=)
Ul!
0 0
1 0 i 2

Q

Figure 5. The intermolecular potential U(Q,), its first U’'(Q;) and second U"(Q,) derivatives with re-
spect to dimensionless normal coordinate Q,, calculated for F3CH...CO system.

Results of measurements in the range of the overtone and combination tran-
sitions: Table 4 collects spectral parameters for some overtone and higher order com-
bination bands of fluoroform measured in the range of about 4000-9000 cm™'. A
considerable blue shift is also noted in the case of most combination and overtone
bands with v, vibration being excited. However, the variation of the intensity is not so
noticeable and regular as for v, band. For example, the first overtone 2v, is blue
shifted by +21.6 cm’l, +29.6 cm ' and +34.4 cm™! in N,, CO and CO, respectively,
whereas the absolute intensity of this band is somewhat larger in these solvents than
that measured in the gas phase. The non-typical weak increase (instead of a conven-
tional noticeable decrease) of intensity of the first overtone 2v,(A;), observed in
F;CH...B (B=N,, CO, CO,), can be explained also by the features of the dipole mo-
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ment function found in the present theoretical calculations. The transition moment of
the first overtone, derived in the framework of second-order perturbation theorys, is:

1 82H2+ o1y %-f-
2\/5 anz \/5 gl an

<0l pl2>~ ()

The calculations predict the same signs of the first and second derivatives of u” for the
systems studied. They are negative for the free CHF; and for F;CH...B (B =N,, CO,
and CO,), while become positive in the case of a noticeably stronger F;CH...NH;
complex. Thus, the mutual compensation of the terms in (1) (a1, < 0) favors a weak
variation of the absolute intensity of 2v; in the series studied. As a result, a weak
growth of intensity could be expected in the case of a decrease of absolute value of the
first derivative of the p°.

Table 4. Spectroscopic parameters of some overtone and higher order combination bands of CF;H in the re-
gion ~4000-9000 cm ™.

Assign. 2vy +

+ 4v. vy +2v. 2v v +3v + 3v
S "B Aty e e o (A
Gas v, cm’! 4400 5337 57104 59592 7018 7322 8589.3 8792.7
l[31115615?9] I, km/mol - - 0.034  0.052 - - - -
v, cm’! 4401.6 5328.1 57049 59579 70143 73172 8581 -
?inK 2T, cm™ 11.3 9.7 16.2 26 16.6 25 31 -
Lkm/mol 044 0016 0.068  0.048 0.016  0.048  0.014 -
v, cm’”! 4413.4 53352 5719.5  5980.8 7030 73409 8609 -
I:IIZOOK 2T, cm™ 14.3 14.1 20.9 36 21.9 36.5 40 -
Lkm/mol 058 0016 0.056  0.060 0.016  0.052  0.012 -
v, cm’! 44160 53329 5722.0 59888  7033.6  7349.5 - -
(31%01( 2, cm™ 14.9 19.8 20 36 24 39 - -
Lkm/mol 096 0026 0070  0.074 0.022  0.078 — -
v, cm ! 44206 5328.0 57244 5993.6  7036.1 73553 8618.9 8840.4
(32%201( 2T, em™! 27 38 42 66 38 67 109 126

I, km/mol  0.82 0.022 0.060 0.062 0.012 0.062 0.014 0.008

The region of the 2vi(A;) = vi + 2v4(A|) = 4v4(A;) Fermi resonance polyad
[31-33], with several new combination bands in the spectrum of the systems studied,
is shown in Fig. 6. In addition to the polyad, there are two bands of comparable inten-
sity and five bands of markedly weaker intensity. In the case of CO; as a solvent, the
last bands are masked by wings of stronger v; +2v4 and 4v, bands, due to temperature
broadening effects. The two bands of comparable intensity can be ascribed to vy + v; +
v4(E) and v, + v4 + vs(E) modes respectively. The reliable assignment of the last five
weak bands of fluoroform needs a separate study. In CO and CO, as solvents, new vy
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Figure 6. The 2v(A|)+4v4(A,) region in the IR spectrum of CF;H dissolved in various cryogenic solu-
tions. n(CFsH)=9-10"molec/cm®, /=1.0 cm; 1 —Ar, T~ 100K;2—N,, 100K;3—CO, 100K;
4-C0,,230K;a—-2vi(A1),b—v;+2Vv4(A}),c—4va(A)),d— v+ v3+ V4(E), e — v+ v4 + vs(E),
vx = Vi(CF3H) + v(CO); vy = v{(CF3H) + v;3(CO,).

and v, bands have been detected. The frequencies of these bands are close to the v, +
veo and vy + v co, frequencies, respectively. The absolute intensity of the latter band
exceeds the intensity of the former band by about 7. Another additional band, whose
frequency is close to v, + veoand vs + v positions, was revealed in CO as a solvent.
In fact, all the last three combination bands correspond to the simultaneous transi-
tions of the type: vi(A) + v;(B). Here, A = CHF;, B =N,, CO, CO,. Spectroscopic pa-
rameters of these bands are given in Table 5. In the case of a dipole induction
approximation of an effective field, produced by a system of point charges of A(B) in
B(A), one obtains a simple relation for the transition dipole moment of v;(CHF;) +
vi(B):

<1,1|uz|0’0>z% oo Opg +auF,.aaB
R\ 80, 00, 80, a0,

Here, Q; = Qx,, Qco or Q3 of CO,; R is the distance between the interaction centers,
which can be considered as an adjusting parameter in crude estimations. If one locates
the center of oscillating dipole of the CH stretch vibration near the H atom, the R —ef-
fective distance for the systems studied are 3.3 A, 3.35 A and 3.67 A for F3CH...N,,
F;CH...CO, and F;CH...CO, respectively, and the corresponding intensities of the
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simultaneous transitions are 2-10* km/mol, 2-10 > km/mol and 6-10~2 km/mol. The
estimations have been performed using literature values of electric parameters:
(B 7)/(00)) = 0.234 A° [42] and (O 7)/(0Q,) = —0.08D [33] for CHF3; (0o 5)/(6Q;) =
0.056 A’ [43] for Ny; (8 5)/(0Q;) = 0.144 A* [43] and (Ou; )/(0Q,)=—0.15D [43] for
CO; (Ouz)(©0;)=0.45D [44] for v; of CO,. The estimated values of intensities truly
reflect the experimental finding, namely lack of the combination band in the case of
N, and the strongest simultaneous transition in the case of CO,. The data obtained
suggest a major contribution of electrostatic forces into weakly bond interactions for
the systems studied. Nevertheless, a careful evaluation of the strength of these combi-
nation bands can be performed if the dipole moment function of the relevant normal
coordinates and anharmonic terms of PES of interacting pairs would be found.

Table 5. Spectroscopic parameters of the combination bands with simultaneous vibrational excitation of
CF;H and B (B = CO, CO,) partners. Units of the parameters are the same as in Table 1.

v(CHF;) + v(B) v 2r I
Vas) + V(CO) 3280.3 123 0.016
Vi +v(CO) 5197.0 24 0.008
v +v(CO,) 5407.7 50 0.056

The full width at half maximum 2I" reveals a remarkable variation in the set of the
bands recorded. In the case of the perpendicular bands, corresponding to an E — sym-
metry vibrations (e.g. v4(E) and 2v4(E)), the observed variation could be treated in the
framework of first order Coriolis coupling [45,46]. Thus, the parallel bands, which
are non-disturbed by the Coriolis interaction, should be characterized by weaker vari-
ations of the width, if hindering of rotational motion would be the main band shaping
mechanism. Nevertheless, the v| band has a markedly larger 2T than other first and
some higher order parallel bands (see Table 1 and Table 4). Moreover, the width of the
first overtone 2v, increases by a factor of >2. The results obtained in CO, suggest a
further broadening by a factor of 22, when going to the second overtone 3v;. A pre-
liminary band shape analysis have shown, that the v, band is characterized by a
Voigt-like profile, with the width of Lorentz 21", and Gauss 2I g parts, which are com-
parable. For example, 2"t = 11.4 em ', 2Ig=7.9cm ' in liquid N, (T ~ 100 K). The
observed broadening and band shape effects suggest the substantial role of in-
homogeneous vibrational relaxation in the case of vi mode [47]. Analogous broaden-
ing effects are also manifested for v(A—H) mode of the hydrogen-bonded AH...B
systems, due to low frequency modes contributing to hot transitions [48]. For all the
registered bands, 2T tends to grow in the studied series of solvents. A noticeable tem-
perature effect on the width of bands cannot be excluded for CO, as a solvent.

CONCLUSIONS

The blue frequency shift accompanied by a decreasing intensity of the C—H
stretching band of CF;H have been found to increase in the series of liquefied Ar, N,
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CO and CO; solutions. Results of the DFT and ab initio calculations predict a weak
complex formation, with the increase of the equilibrium dissociation energy of the
F;CH...B linear structure in the series studied Ar, N,, CO, and CO,. They reproduce
unusual trends observed in the bulk experiments. The spectroscopic features of the
fluoroform, dissolved in liquefied Ar, N,, CO and CO,, have been explained by a
non-typical increase of the dipole moment with contraction of the C—H bond of free
CF;H, accompanied by a conventionally varying induced dipole moment. A transi-
tion to ared frequency shift and increasing intensity of the C—H stretch band, which is
typical of conventional H-bonded systems, has been predicted in the case of stronger
F;CH...B complexes, characterized by a larger value of induced dipole moment. In
the case of 2v; and some combination bands, a blue shift and a weak growth of the in-
tensity were observed. Weak combination bands, attributed to the simultaneous vi-
brational excitation of the interacting pairs, have been revealed in CF;H/CO and /CO,
systems. Obtained results suggest a major contribution of electrostatic interactions in
the systems studied.
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