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Infrared spectra of solutions of trifluoroethene and dimethyl ether, acetone, or oxirane in liquid krypton and
liquid argon have been studied. For each Lewis base the formation of a 1:1 complex with the Lewis acid was
observed. The €H stretching of trifluoroethene being perturbed by a strong Fermi resonance, the complexes
with trifuloroethened were also investigated and showed that in each case the hydrogen bond between the
acid and base is of the traditional, red-shifting type. The structures of the complexes were investigated using
ab initio calculations. These indicate that with dimethyl ether and acetone two different isomeres can be
formed, but with a single one detected in the solution in each case. The Fermi resonance in the complex with
unlabeled trifluoroethene is discussed using data derived form ab initio potential and dipole hypersurface
calculations. The complexation enthalpies of the complexes were obtained from temperature dependent studies
of the solutions and are discussed in relation to the ab initio complexation energies and Monte Carlo free
energy perturbation calculations of solvent effects.

Introduction been studied using FT microwave spectroscihe structure
refined from the rotational constants confirms the presence of
a hydrogen bond between the etheretCbond and the oxygen
atom, but more intricate properties of the hydrogen bond, such
as the (small) change in the ethenel@bond length, were not
éeported. Itis, therefore, clear that, even when the formation of

carbon atom. This type of hydrogen bond is characterized by ad complex has _bee_n subst_antiated,_ the type and strength_of the
shortening of the €H bond distance and a shift toward higher hydrogen bonding mteracnon- remain to be properly d_escrlbed.
wavenumbers of the €H stretching frequenci? The blue- To expand our understanding of the complex-forming char-
shifting phenomenon has been observed for complexes of Lewis@cteristics of trifluoroethene in general, and to accurately
acids such as4EH, RCICH, and FCICH with Lewis bases ~ describe the hydrogen bonding type that is present in these
containing an oxygen donor atom such as dimethyl ether, COMplexes, we have studied, using infrared spectroscopy, the
acetone and oxirarié: 17 Far less is known about the complex- formation of complexes of the said Lewis acid with dimethyl
ing capabilities of C(sh—H bonds, and data on blue-shifting &ther (DME), acetone (AC), and oxirane (OX). The complexes
hydrogen bonding in that type of hydrogen donors appear to Were studied in liquid rare gases, and the experimental data were
lack altogether. In view of the above restriction, the most likely interpreted with the help of ab initio calculations on structures
candidate for blue shifting would be trifluoroetheneCECFH and harmonic and anharmonic vibrational frequencies, and with
(TFE). Complexes of, among others, this Lewis acid with the help of Monte Carlo calculations to describe the solvent
dimethy! ether and acetone were detected in the co-depositioninfluences on the stabilities of the complexes.

matrix isolation infrared spectf& The authors list surprisingly

large red shifts of-76 and—70 cn1! for the v, in the Experimental Section

complexes with dimethyl ether and acetone, respectively. The

value for the dimethyl ether complex appears not to be supported Syntheosis.SampIes of DN('JE (99%), ODMEd‘S (98 at. %),
by more recent ab initio resul&reported on the complex of AC (99+9%), AC-ds, (99.5 at. %) OX (98-%), OX-ds (98 atom

the same Lewis acid with the similar Lewis basgHwhere a %), and TFE (989%) were purchased from Sigma Aldrich,
much smaller (harmonic) red shift of 16 cfis predicted. Isotec, and ABCR. The compounds were used as obtained.
Closer scrutiny of the matrix isolation datashows that the A sample of TFEd, was synthesized using the (trifluoro-
authors have not considered the strong Fermi resonance byethenyl)cadmium reagent, which was prepared by reaction of
which v,SF in the monomer is disturbe@:2! It also cannot iodotrifluoroethene with cadmium powd€&rThe reaction was

be deduced from their published data if the Fermi resonance €xcecuted on a vacuum manifold. In a first step, 25 mmol of
persists in the complex: a change in that resonance wouldcadmium powder were placed in a sample tube and degassed
certainly contribute to the observed shift, so that the uncorrectedon the manifold for 24 h. Subsequently, 4 mL of dry dimeth-
result no longer reflects the strength nor the type of the hydrogenylformamide were added via a vacuum addition funnel, the

bonding. The trifluoroethene/dimethyl ether complex has also resulting mixture was cooled with liquid nitrogen (kNand 4
mmol of GF3l was distilled. The liquid nitrogen dewar used to

T E-mail: benjamin.vanderveken@ua.ac.be. cool the mixture was then replaced by a 2-propanoy/ENsh,
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In recent years an increasing number ofid:--O hydrogen
bonds has been documented, both theoretically and experiment
ally."1 It was thereby found that the hydrogen bond formed
by a C(sg)—H bond can be of the blue-shifting type when
strongly electronegative substituents are present on the sam
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mixture was stirred for 1 h. Next, any unreactegF& was
pumped off, the remaining mixture was cooled to ltmper- 4 524 9 J
ature, and in a single batch 100 mmol ofMwas distilled. J‘J D ‘ 2 *
Upon warming, a vigorous reaction took place, indicating S J’( a J‘ J
hydrolysis of the organocadmium reagent. This reaction is J ) JJ & 327
characterized by a kinetic isotope effect, causing the HOD 9 327
impurity in the DO to react significantly faster tharmpD itself.

As a result, the product gas formed in the first couple of minutes
of the reaction was found to contain notable amounts of
unlabeled TFE: this batch was discarded. The subsequently
collected gas was observed to be nearly free of unlabeled TFE. *

]
Vibrational Spectroscopy. Infrared spectra were recorded e - §
on a Bruker IFS 66v Fourier transform spectrometer. For the "
mid-IR, a Globar source was used in combination with a Ge/ ¥ B
KBr beam splitter and a broad band g-Nooled MCT detector. 2 f’
For the far-IR, a 6um Mylar beam splitter was used in D 457
combination with a LHe-cooled Si bolometer. For the near-IR
a Cak, beam splitter was used in combination with agddoled
InSb detector. The interferograms were averaged over 500 (mid- aQ
IR), 1500 (far-IR), and 5000 (near-IR) scans, BlackmaHarris < DME-TFE (I)  Arey = 0.0030 A
three-term apodized and Fourier transformed with a zero filling 291 D
factor of 4, to yield spectra with a resolution of 0.5 ¢in o I~ J
The experimental setup used to investigate the solutions in "; ACTFE (I) Aty =0.0019 A
liguid noble gases has been described in detail béfdriguid
cells with path lengths of 0.06, 1.0, 4.0, and 7.0 cm, equipped
with wedged silicon or Caf were used to record the spectra. OX-TFE Argy = 0.0013 A

_Ab Initio Calculations. Geometries and vibrational frequen-  rigyre 1. Ab initio structures of the complexes of trifluoroethene with
cies of monomers and complexes were obtained at the MP2/dimethyl ether, acetone, and oxirane.
6-31++G(d,p) level. During all calculations, corrections for
BSSE were accounted for using CP-corrected gradient tech-positions of TFE and the Lewis bases. The resulting structures
niques?®> Complexation energies were derived by subtracting and the predicted changes in the CH bond length are collected
the monomer energies from that of the complex. For all in Figure 1.
monomeric species, cubic and quartic force constants were For TFEDME, the calculations converged to two minima,
calculated using the finite difference approdelCalculations each withCs symmetry. In the first isomer, DMEFE (1), the
were performed using Gaussian03/TCP LiAlistalled on  TFE moiety is situated in the heavy atom plane of DME. This
local workstations and on the CalcUA computer cluster. isomer has a CH-O hydrogen bond with a bond length of 2.24

Single point calculations were performed at the MP2/aug- A, and a secondary interaction involves & & bond and one

cc-PVXZ (with X = D, T and Q level), using the MP2/6-  of the antiperiplanar €H bonds in DME, the F+H interatomic
31++G(d,p) geometries. For these, the Local-MP2 approxi- distance being approximately 3.01 A. In the second isomer,
matiort® implemented in the parallel-PQS software package was DME-TFE (ll), the TFE moiety is situated in the plane that
used?® The number of processors used was varied from 8 to passes through the DME oxygen atom and that is perpendicular
32, whereas the parallelization was enabled using the Parallelto the DME heavy atom plane. The interaction occurs through
Virtual Machine environment. To reduce numerical errors, the a CH--O hydrogen bond and through two weaker interactions,
integral thresholds in the SCF and MP2 calculations were setinvolving a single fluorine atom and two synclinal hydrogen

which was allowed to slowly warm to°0C, after which the ;
228 &

DME-TFE (I) DME TFE (IT)

AC-TFE (I) AC TFE (11)

DME-TFE (II)  Are, =0.0025 A

OX-TFE AC-TFE (11) Arey = 0.0014 A

to 10714 atoms located on the same side of DME.
The topology of the electron density was investigated using  The geometry derived from a combined microwave/ab initio
the Atoms in Molecules (AIM) approach, using AIM2080. study?? has the structure of isomer Il. The reporteet4® and

Monte Carlo Simulations. Solvation Gibbs energies were the F--H interatomic distances are 2.33(25) (microwave) and
obtained from Monte Carlo calculations, using a modified 2.31 A (ab initio) and 2.71(45) (microwave) and 2.79 A (ab
version of BOSS 4.8 as described befof8.The enthalpy of initio), respectively. The ab initio results in that stééigtescribe

solvationAsoH and the entropy of solvatioAs,S in LAr and only the perpendicular isomer Il. Our calculations, however,
LKr were extracted from the Gibbs energies of so|vam6G’ show that also at the level used in that study the planar isomer
using the expressionss;S= —3(AsoG)/dT andAsoH = AsoG l'is a local minimum.

+ TAsoS To this end, Gibbs energies of solvation were  The AlM analysis for TFEDME (1) reveals the presence of
calculated at 11 different temperatures between 88 and 138 Ktwo bond critical points between the monomers, corresponding
for LAr, and between 120 and 175 K for LKr, at a pressure of to CH--O and the CH-F hydrogen bonds. For isomer Il a

28 bar, i.e., the vapor pressure of LAr and LKr at the highest single bond critical point is present, in the €HD hydrogen
temperatures studied. bond. This suggests that the secondary interactions in Il are

too weak to be classified as€---F hydrogen bonds and must
rather be classified as weak electrostatic interactions.
Also for TFEAC two different isomers were found. In the
Ab Initio Calculations. Geometry optimizations of the  more stable ACTFE (I), the TFE moiety is situated in the heavy
complexes were performed starting from different relative atom plane of AC, the two interacting via a relatively strong

Results
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TABLE 1: MP2 =FULL Complexation Energies and
Complete Basis Set Limits, in kJ mot?, for the Complexes
of TFE with DME, AC En OX
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for DME-TFE (II) and —17.9 kJ mot? for AC-TFE (l) and
OX-TFE. It can further be seen that for the DME complexes
the energy difference between isomers | and Il is a mere 0.1 kJ

6-31++ aug-cc- aug-cc- aug-cc- mol~1, whereas for the AC complexes isomer | is slightly more
G(dp) PVDZ* PVTZ* PVQZ limit® stable, by approximately 0.6 kJ m@) than isomer II.
TFE-DME(l) -151 —-149 -16.1 —16.6 —17.1(1) Monomer Spectra. The vibrational spectra of DME, AC,
TFEDME(I)  —-144  -148 -159 -165 -—17.0(1) and OX dissolved in LAr and LKr have been studied before;
Egﬁg% TS ThRd Tes e :gg% the assignments have been well established and need no further
TFE-OX 152 -157 -168 173 —17.9(1) commentt3-15.33.34The infrared and Raman spectra of TFE and

TFE-d; have been described by MafthThe more important
frequencies observed for the vapor phase by these authors are
compared with the present values in LAr and LKr and with the
ab initio values in Table 2. Comparison shows that for most
CH---O hydrogen bond and a weaker, secondary interaction fundamentals the agreement between experimental and theoreti-
involving a fluorine atom of the TFE and a hydrogen atom of cal values is excellent.
AC. The second isomer, ATFE (ll), has the TFE molecule It has been observedthat the G-H stretching fundamental,
tilted away from the AC heavy atom plane. Also for this v, is perturbed by a Fermi resonance involving alsoithe-
structure secondary-fH interactions occur via+H distances vz combination level. The resonance persists in the rare gas
that are close to 3.06 and 4.57 A. A single bond critical point solutions, giving rise to a doublet with maxima at 3158.0 and
is found in the region of the shortest distance. It follows that 3110.8 cnmi! in LAr, and at 3155.2 and 3107.9 crhin LKr.
only for that distance a €F---H hydrogen bond is formed. On the low-frequency side of the 1171 thwy(@) P,Q,R

For OX only a single complex with TFE was found. The structure in the gas-phase spectrum of TFE a shoulder near 1153
equilibrium geometry hasCs symmetry, and the relative cm™! was assigned ag + v¢.2° In the spectrum of the LAr
orientation of the two molecules is analogous to the one in-TFE solution in this region two prominent bands, at 1169.6 and
DME(Il). For the OX complex, however, bond critical points 1152.3 cnt?, are found. Their full widths at half-height are
are found for the hydrogen bond and for the twer-H between 3 and 4 cm, so they are well separated, and their
interactions, showing that the latter are stronger than in-TFE intensity can be accurately established from a least squares band

a Single point energies using MP2/6-8%+G(d,p) equilibrium ge-
ometries.? Complete basis set limit derived from the aug-cc-PVXZ (X
=D, T, and Q) calculations.

DME(I).
The structural data in Figure 1 indicate that the K{---O)

fitting. The results of such a fit indicate that the 1152.37¢m
band is some 15% more intense than the 1169.6dmand,

bonds are slightly elongated in the complexes, by amounts and some 30% more intense thenat 927.2 cm?. As vg has

between+0.0013 ancH-0.0030 A. This weakening is in line
with the red shifts, betweer10 and—30 cntl, predicted for
the v,&FH (vide infra).

The MP2/6-3%+G(d,p) complexation energies derived from

a very low infrared intensity, it is rather unlikely that the+
v9 combination band should be more intense thantself.
Hence, the intensities in the 1169.6/1152.3 ¢aoublet suggest
that thewvs and v¢ + vg levels are perturbed by the Fermi

the CP-corrected PES are collected in Table 1. All values canresonance. Evidence supporting this is the value of the cubic

be seen to be close to 15 kJ mblTo account for the effect of

force constantugss. Assuming that the relative intensity of the

the size of the basis set, additional single point calculations were unperturbed combination band may be neglected in comparison
performed at the MP2/aug-cc-PVDZ, MP2/aug-cc-PVTZ, and with that of v5, the absolute value of this constant is found to
MP2/aug-cc-PVQZ levels, using the equilibrium geometries have the relatively large absolute value of 23.2°¢rm excellent
obtained with the 6-3t+G(d,p) basis set, and the complete agreement with the ab initio value, obtained as described above,
basis set limit was obtained by plotting the complexation of —23.6 cnt®. A further argument supporting the Fermi
energies for the aug-cc-PVXZ (3 D, T, and Q) levels as a  resonance was found by comparing normalized ab initio
function of 1A, in which n is the number of basis functions. intensities with normalized experimental band areas. Normaliza-
The resulting single point energies and basis set limits, obtainedtion of the ab initio intensities was performed by the sum of
by extrapolating the energies toward an infinite basis set, arethe predicted infrared intensities of the transitions involved,
also given in Table 1. whereas the experimental normalization constant was the sum
Table 1 shows that the complexation energies have similar of the corresponding band areas, fay using the complete
values for all Lewis bases, varying betweed7.0 kJ mot? 1169.6/1152.3 cmt doublet. The normalized band areas were

TABLE 2: Experimental Frequencies (A¥, in cm~1) and Experimental and ab Initio Complexation Shifts (in cm™?) for Modes
Localized in Trifluoroethene

DME-ds AC-ds OX-d4
assignment monomer  LKrP LAre |df [1df LKrP |d I1d LKrb d

Vhigh® 3155.2 -5.8 —56  (-35.0) (-29.3) -36 (-156) (-10.3) 45  (-10.8)
Viow® 3107.9 —19.2 —20.1 —13.7 —13.8

v (A") 1784.4 -0.9 -0.3 2.4 -5.0 -3.6 -3.9 -0.8 -3.6
vz (A") 1353.3 0.5 0.3 18.1 53 0.1 6.0 3.8 —-0.1 —9.4
va (A") 1261.4 2.1 2.5 —-0.7 —6.3 7.7 —6.7 —8.9 —2.6 —-2.3
vs (A") 1168.5 -1.1 —-0.1 —-8.4 —11.3 —0.8 —-9.1 -84 —-0.4 —10.4
v (A") 928.7 —1.4 -0.3 —-3.8 —-35 —4.1 —-3.9 —-55 —4.9
v10 (A") 750.1 48.1 52.4 60.6 75.5 42.6 65.1 54.0 40.5 55.0
vg (A") 484.8 0.0 -0.1 -0.3 -0.9 —-0.3 —-0.9 -1.1 -0.1 0.5

aObserved frequencies in liquid kryptohComplexation shift observed in liquid kryptohComplexation shift observed in liquid argon.
d Complexation shifts derived from the MP2/6-8+G(d,p) potential energy surface. Roman numerals refer to the ab initio isomers of the complex.
€ vhigh andview are the components of the-&l stretching Fermi doublet.The shifts given in parentheses refer to the harmoridiGtretch and
cannot be directly compared with the shifts observed for the Fermi doublet.
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TABLE 3: Observed Frequencies and Complexation Shifts, C i " ' T N
in cm™, for the Lewis Bases DME-@, AC-dg and OX-d, in
Their 1:1 Complexes with TFE - e
Q
Flemt complexation shift/cmt § - m
assignment ~ monomer LKP b b g L i
TFE-DME <
CD stretch region
22932 8.2 3200
vi(A)v1e(B2) 22435 3.2 1.6/1.6 3.2/3.1
v12(B1) 2180.0 7.9 11.7 11.7
V(A1) 2054.1 4.2 5.6 5.6
v14(B2) 2049.6 4.7 6.7 6.9 8
fingerprint region —P:
v13(B1) 1060.8 04 —02 0.1 £l 7
v2o(B2) 1057.7 0.4 0.1 0.4 6
V(A1) 1050.7 1.7 2.4 4.0
V(A1) 8264 —26 —3.8 -3.0 P
3200 3100
TFE-AC T T T T
v20(B2) 2259.0 2.4 1.9 0.8
V(A1) 2220.0 2.0 0.9 1.7
va(As) 1732.6 13 -02 0.1 g
V15 + V19(A1)b 1709.8 -1.7 -‘I?
v21(Ay) 1047.5 -0.9 0.1 —-0.6 2
V(A1) 10338  -0.9 25 -06 < ]
v17B1) 1002.1 2.1 1.7 1.9 X2
v1o(B1) 475.7 1.5 1.4 2.1 - S
TFE-OX 3200 3100
v13(B2) 2314.1 51 6.0 Wavenumber/cm’!
v1(A1) 2204.3 2.6 3.8 Figure 2. C—H stretching region of solutions in liquid krypton of
vo(B1) 2171.3 3.7 4.1 trifluoroethene with dimethyl ethets (A) at 123 K, acetonek (B) at
V(A1) 1307.3 -12 26 149 K, and oxiranal, (C), at 129 K. In panel A the traces are, from
va(A1) 1011.7 1.0 0.8 top to bottom, the spectrum of a mixture of TFE and DM&-of a
va(Aq) 962.3 —27 44 solution of DMEds, and of the complex in solution as obtained by
v14(B2) 895.0 0.6 11 subtracting the monomer spectra from that of the mixture. In panels B
v12(By) 804.3 -59 67 and C the top trace is the spectrum of the mixture and the lower trace
vs(A1) 751.7 11 3.9 is the spectrum of the complex. The ordinate tick mark interval in all

a Experimental complexation shifts, in liquid kryptdhPredicted pan_els equals 05 absorbance units. The spectra have been shifted
complexation shifts. Roman numerals refer to the ab initio isomers of Vertically for clarity.

the complex. o
ds, AC-ds, OX-d4, or TFE. Although significantly overlapped

found to vary by between 10 and 33% from their ab initio by monomer bands, new bands due to the complexes with DME-
intensity, which is judged to be reasonable. The exception is ds, AC-d4, and OX€, can be observed. The spectra of the
the band area of the 1169.6 chband, which is smaller than  complexes were isolated from those of the monomers by
the ab initio intensity by 125%. However, when the band area subtracting out monomer contributions, using monomer spectra
of the 1152.3 cm! band is added to that of the 1169.6 Tm recorded at identical temperatures. The difference spectra are
band, the discrepancy is reduced to 5%. Thus, agreement ofgiven as the lowest trace in each panel.
experiment with calculation of a level similar to that found for The complex of TFE with each of the Lewis bases gives rise
the other fundamentals is obtained #gonly when itis assumed  to two prominent bands in the-€H stretching region, as is
that its band area is repartitioned over the 1169.6/1152:3 cm clear from Figure 2. Because a doublet is observed for-TFE
doublet: such a repartition is exactly what must be expected asOX-d,, it is unlikely that the doublet structure is due to the
the consequence of1a/vs + v9 Fermi resonance. presence of two isomers. Therefore, the doublets show that the

Spectra of the Complexes.Infrared spectra of series of Fermiresonance persists in the complexes. The results for the
mixtures in LAr and in LKr containing mole fractions of DME-  TFE-d; complexes, discussed in a following paragraph, support
(-dg), AC(-dg), and OX(€,) ranging from 0.4x 1074 to 4.2 x this conclusion.
10* and containing TFE) with mole fractions between 0.2 With the above observations it becomes clear that the
x 1074 and 3.2x 10~* were investigated. New bands were anomalous complexation shifts reported in the matrix isolation
observed in the spectra of the mixed solutions, which we assignstudy*8 cannot be correct. For instance, for the DME complex
to 1:1 complexes with TFE. The frequencies observed for the in LAr the frequency difference between the monomer high-
complexes with TFE, and their complexation shifts, are collected frequency component of the Fermi dyad and the low-frequency
in Tables 2 and 3. component of the complex is67.3 cnt?, rather close to the

To avoid excessive overlap in the-El stretching region, reported matrix shift of~76 cnt!. Hence, it appears that in
the complexes of unlabeled TFE were studied using fully the matrix study the high-frequency component of the complex
deuterated Lewis bases. In Figure 2, thekCstretching regions  dyad remained unidentified.
of spectra recorded at different temperatures from solutions in It can be seen in Figure 2 that the low-frequency component
LKr that contain mole fractions of 1.8 10~* of DME-ds and of the Fermi dyad in monomer TFE has a low-frequency
6.0 x 1074 of TFE (A), 8.9 x 107° of AC-dg and 7.3x 104 shoulder, near 3100 crh This band cannot be assigned as a
of TFE (B), and 3.4x 10~* of OX-ds and 8.5x 10~* of TFE first overtone nor as a binary combination band, and therefore,
(C) are compared with those of solutions containing only DME- it cannot be in Fermi resonance with the-B stretch. We
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Figure 3. C—D stretching region of mixtures of trifluoroethedewith
dimethyl ether (A) in liquid argon at 95 K, with acetone (B) in liquid
krypton at 143 K, and with oxirane (C) in liquid krypton at 128 K. In
panel A the traces are, from top to bottom, the spectrum of a mixture
of TFE-d; and DME, of a solution of TFEh, and of a solution of
DME. In panels B and C the top trace is the spectrum of the mixture
and the lower trace is the spectrum of a solution of TtEThe
solutions of the respective Lewis bases show no bands in this region
and are not given. The ordinate tick mark interval in all panels equals
0.5 absorbance units. The spectra have been shifted vertically for clarity.

tentatively assign it as the ternary combinatignt- v4 + vg. It

can also be seen in Figure 2 that in the spectra of thedAC-
and OX+€, complexes a shoulder is present on the low-frequency
Fermi component, this time on the high-frequency side: we
assign it to the same combination transitiog;+ v4 + vs, that
causes the 3100 crhshoulder in monomer TFE. For the DME-
ds complex that transition is less clearly visible, but the spectra
indicate that it is present as a very weak feature in the high-
frequency wing of the 3090.7 crh complex band.

Again to avoid excessive overlap, now in the-DB stretching
region, the complexes of TF&-were studied in combination
with unlabeled Lewis bases. In Figure 3, the-@ stretching
regions of spectra recorded from solutions in LAr, at 95 K, that
contain mole fractions of 1.% 104 of DME and 2.2x 104
of TFE-d; (A), and from solutions in LKr, at 143 K, that contain
7.5 x 1075 of AC and 4.8x 10~* of TFE-d; (B) and 3.9x
1074 of OX-ds and 3.1x 10~ of TFE-d; (C) are compared
with those containing only monomers. For the mixed solutions
containing DME and OX, a new band due to the @ stretching
fundamental in the complex is observed, red shifted from the
monomer transition, by-20.5 and—10.6 cnTl, respectively.
Because of the limited solubility of acetone in LKr, and because
of the presence of C{as an impurity in the Lewis acid and
bases, the analysis for the solutions containing AC and dFE-
is less clear. This is illustrated by the spectra in Figure 3B, where
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Figure 4. Infrared spectrum in thes%"P region of a solution in liquid
krypton of trifluoroethened; and dimethyl ether, at 123 K. The top
trace is the spectrum of a mixture of TEEkand DME; the lower trace,
that of a solution of TFEh. The ordinate tick mark interval equals
0.5 absorbance units. The spectra have been shifted vertically for clarity.

region suggests that in the cryosolutions only one isomer is
present for the complexes with both DME and AC.

The experience with weak complexes observed in liquid rare
gases is that, unless the predicted complexation shifts are very
small, the ab initio calculations predict the correct directions
of the shifts!335This property can be exploited to identify the
observed species in cases where more than one isomer can be
formed, given that complexation shifts with opposite directions
for different isomers are predicted. In that aspect, the present
complexes are not favorable. With one exception, for all
vibrational modes of the DME and AC complexes the predicted
shifts either are too small or are in the same direction for both
isomers. The exception ig; of TFE-d;, which is predicted to
shift +3.9 cnT! in isomer | and—6.4 cnt? in isomer Il. In
Figure 4 the corresponding regions of the spectra in LKr are
shown. With decreasing temperature, a complex band can be
seen to emerge on the high-frequency side of monaegéfsing
subtraction techniques, the shift was determined to be 47%.cm
It is also evident form Figure 4 that no trace of a complex band
can be detected on the low-frequency side. Thus, the observation
of a sole, blue-shifted, complex band suggests the conclusion
that in the solutions only the planar isomer | is observed. We
will see in a later paragraph that other evidence supports this
conclusion.

Although it is clear that also with acetone a complex is
formed, no evidence for the nature of the observed isomer,
similar to that in the previous paragraph, could be found.

Complexation Enthalpies.The standard enthalpies of com-
plexationAH® of the complexes of unlabeled TFE with Adz-
and OXd, were determined in LKr, whereas those of the DME-
ds complexes were determined in LKr and LAr. Typical
monomer mole fractions used were in the range betweex 0.3
10~*and 3.8x 1073, and spectra were recorded at temperatures
between 93 and 123 K in LAr, and between 121 and 181 K in
LKr. The complexation energies were determined from these
spectra using the Van ‘t Hoff equation. Corrections for tem-
perature variations of the solvent density were applied, as
described beforé For integration purposes, the spectra of the
complexes were isolated by subtracting out rescaled monomer

the presence of a band assignable to a complex is not obviouscontributions from the spectra of the mixtures. Numerically
However, the presence of a weak complex band, red shifted byintegrated bands areas were used as integrated intensities.

—5 to —10 cnTl, was detected using subtraction techniques.
The occurrence of a single absorption in the[@stretching

In Figure 5, typical Van ‘t Hoff plots obtained for the
complexes in LKr are shown. The complexation energies for
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' i ' ' ' similar to that in monomer TFE, whereas the inversion of the
0Ff e relative intensity in the DMK} complex signals that in that
complex the Fermi resonance is seriously affected by the
complexation.

The above observations have been rationalized by anharmonic
8 simulations of the spectra. Although Gaussian03 can calculate
cubic and quartic force constants by the finite difference
method?® it does not produce higher order force constants nor
] second and higher order dipole derivatives. Therefore, the
: . : s : problem was tackled using ab initio potential and dipole surface

0.006 0.008 0.010 calculations. It will be discussed below that, apart from
K/T supporting the values d® for monomer TFE and for the AC-

Figure 5. Van't Hoff plots for the determination of the complexation  ds and OX+#€, complexes, the simulations also lend support to
enthalpy of the 1:1 complex of trifluoroethene with dimethyl etter-  the identification made above of the experimentally observed
in liquid argon (a), and with acetordg{(b), oxiraned, (c), and dimethyl complex as isomer I.

etherds (d) in liquid krypton. The model used is based on a three-dimensional approach in

In(Ixg/IpIR)

TABLE 4: Spectral Data Obtained from the Potential and which the vibrational potential and the components of the dipole
Dipole Surface Calculations for the Fermi Resonance in TFE moment of the species is calculated as a function of the
and Its Complexes with DME-ds, AC-ds and OX-ds dimensionless normal coordinatgs ¢z, andqs for the TFE

TEE DME(l) DME(I) AC(l) AC(ll) OX vibrations of interesty,, v,, andvs. These coordinates were
ng/CM L 3263 3260 3249 3260 3262 3254 g)fpressed using t.he atomic dlsplac_ements as obtalneq frpm ab
intensity 84 36 41 55 37 53 initio calculations imposing theery thightconvergence criteria
1,008 0.740 —0.524 0.702 0.705 0.735 —0.774 and employing the FRE& HPMODES option of Gaussia.
0,1,18 0.622 0.827 0.664 —0.662 0.625 0.573 For each variable a number of equidistant values of the normal
vw/CM™t 3201 3173 3175 3185 3186 3183 coordinate were used. This number was set at 13 for monomer
1rllfgf'%t)ﬁ 3%594 93.782 38.628 —33.627 &293 (2).2546 TFE anql at 9 for the complexes, the lower number impqsed by
0118 0774 -0547 0740 —0.740 —0.771 0.810 calc_u!atlonal economy. The values were_ch_osen in an interval
Realc 22 0.55 1.6 1.6 2.1 2.1 sufficiently wide to allow accurate description of the ground
Rexp 1.53 0.66/0.71 1.32/1.35 1.32/1.64 and lower excited vibrational states. For each set of valags (
Vpgfomt 3240 3237 3220 3231 3235 3232 0o, g) the Cartesian coordinates of all atoms were derived, and
Vioomt 3225 3197 3204 3215 3215 3207 with that geometry the CP-corrected MP/6+3%G(d,p) energy
Reaie 50 003 15 17 35 104 and dipole components were calculated. The resulting 13

a|nfrared intensities in km mot. ® Eigenvector elements specifying < 13 0r 9x 9 x 9 values for each characteristic were least-

contribution of the harmonic level$,0,0Cand|0,1,10 the components  squares fit to polynomials of the form
Vhigh and view Of the va/v, + vz Fermi doublet in TFE. 4 4 a

— j k, |

the solutions in LKr, obtained by averaging the results from V(9,.09) ,Z)k;;ﬁk'(ql) (%) (%) @)
two or three independent temperature studies,-e8&3(1) kJ
mol~* for TFE-DME-ds, —10.2(2) kJ mot? for TFE-AC-ds, e
and —10.3(4) kJ mot! for TFE:OX-ds. The complexation Uo(01,0:00) = ijzcjkl(%)](%) (93) (2)
energy for TFEDME-dg in LAr equals—10.1(1) kJ mot™. 1=0k=0I=
with, in all cases, the indice$, k, and | subject to the
condition: j + k + | < 6, and witha. = x, y, or z. Standard
deviations of the fit typically were 7.8 10> hartree (16 cm?)

v1/v, + v3 Fermi ResonanceThe spectra in Figure 2 reveal  for V, and 1.7x 107 debye foru,.
that in monomer TFE as well as in the complexes theHC The potentialV(q,02,93) was used to set up a vibrational
stretch is involved in a strong Fermi resonance, with the relative Hamiltonian, using triple products of harmonic oscillator
intensities of the dyad varying from species to species. The latterfunctions of the formy,1(a1) x.2(02) x.3(gs) as basis functions.
are difficult to judge from the spectra because of the presenceThe vibrational quantum numbers, v,, andvs varied between
of thevs + v4 + vg combination transition, which in all cases 0 and 20, but subject to the restriction+ v, + v3 < 20. The
overlaps strongly with the low-frequency component of the eigenvalues of that 177% 1771 Hamiltonian were used to
dyad. The intensity of that component was derived using least derive the frequencies of the components of the Fermi polyads,
squares band fitting, but it is evident that due to the strong and the eigenvectors, combined with the dipole surfaces, eq 2,
overlap the results show a significant uncertainty, and this in were used to calculate the corresponding infrared intensities.
turn influences the intensity ratiB = vhign/viow Of the dyad. The cubic force constantu,; that governs the Fermi
This can be illustrated by comparing tRevalues obtained by  resonance was calculated from the potential surface to be 76.5
using different profiles in the fitting procedure. Tkevalues cm™! for monomer TFE. This value is considerable but is
derived by using either Gauss/Lorentz sum curves or Voigt consistent with the observed strong equalization of the intensities
profiles have been collected in Table 4, in the rofRey". in the Fermi dyad. To demonstrate the usefulness of the
Although for monomer TFE and for the AGs complex both approach, it is of some interest to compare the calculated results
results are rather similar, it can be seen that for thedpX- for the lower three polyads of monomer TFE with experiment.
complex the values differ significantly: the nearly 25% differ- The necessary data for that have been collected in Table 5. The
ence presumably is a realistic estimate of the uncertainty for first column gives the identifierf1,v2,v300f the unperturbed
all cases. Anyway, the data in Table 4 show that the strength level that contribute most (but not exclusively) to the compo-
of the Fermi resonance in the Adg-and OXd, complexes is nents of the polyad considered. The experimental relative

Discussion
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TABLE 5: Comparison of Experimental Frequencies and Figure 6A, is the most intense transition in that region. With
Relative Intensities of Fermi Polyads in Trifluoroethene with this assignment, the observed/calculated frequencyRatiquals
Results of Potential and Dipole Surface Calculations 0.967, quite similar to that for the fundamental dyad. Applying
frequency/cm®  relative intensity this correction factor to the frequencies calculated for the second
assignment exp calc exp calc and third component gives values_o_f 6197 and 6299 cmhich
10,1,1|1,0,00 31079 3201 1.0 10 are very close to the_ weak transitions obse_rved at 6207.5 and
3155.2 3263 1.53/1.49 2.2 6290.8 cn1l. This evidently settles the assignments of those
6138.0 6344 1.0 1.0 two bands. It can be seen in Table 4 that the calculated relative
10,2,271,1,172,0,07 6207.5 6405 0.25 0.45 intensities of components 2 and 3 are in quite acceptable
8322-8 22718 8-84 5-85 agreement with observation.
10,3,37|1,2,2712,1,17|3,0,0] 9504 ' 0.09 In the sec_ond-overtone polyad,_ above 9000 matters are _
9617 0.02 less self-evident. It can be seen in Table 4 that a quadruplet is
9761 0.001 predicted, with the lowest component being the most intense
avalues derived by using Gaus/Lorentz sum curves and Voigt and the relative intensity raplo_lly decreasing for th? second to
profiles in the least squares band fitting. fourth component. The correction factor of the previous polyad

applied to the frequency predicted for the lowest transition of
the present polyad results in a value of 9074 &nThis value
is close to the doublet, which can be seen in Figure 6B between
9100 and 9000 cmt, and which consists of the most intense
transitions in this spectral region. When the lower Fermi
component is assigned to the high-frequency component of the
observed doublet, at 9053 cfy the second component is
predicted near 9175 crh. Table 4 indicates that its predicted
intensity is nearly 10% of that of the first component. The signal-
to-noise ratio of the observed spectrum is such that a transition
with a relative intensity of that order should be clearly visible.
In the predicted range, however, no band can be detected. If,
instead, the first component is assigned to the lower component
of the observed doublet, at 9014 tinthe observed/calculated
correction factor predicts the second component near 9134 cm
Figure 6B reveals that this falls in the range of the weak, strongly
overlapping doublet with frequencies of, approximately 9129
and 9143 cm!. This suggests that it is more likely that the
Wavenumber/cm lower component of the Fermi quadruplet must be assigned at
1 ; .
Figure 6. Near-infrared spectra of a solution in liquid krypton at 131 9014. cme. Extrapqlatlng the observation that the corrected
K of trifluoroethene in the region of the first (A) and second () Predicted frequencies of the second and third components of
overtonevy/v; + v; Fermi polyads. The ordinate tick mark intervals ~ the first-overtone polyad fall slightly below the observed values,
are 0.2 (A) and 0.05 (B) absorbance units. we prefer the assignment of the second component of the present
polyad to the 9143 cm shoulder. Finally, it can be seen that
intensities, given in the next to last column, and the correspond- the third and fourth components have predicted intensities that,
ing calculated values, in the last column, have been normalizedwhen compared with the observed intensity of the first
to that of the lowest frequency component of each polyad, with component, make them of the same magnitude (third) as, or
the observed values derived using least squares band fitting.significantly below (fourth), the noise level of the spectrum.
The near-infrared spectra of a solution of TFE in liquid krypton, Consistent with this, no bands have been detected in the spectral
in the regions of the first and second overtones;pfire shown regions concerned, so that these transitions remain unassigned.
in Figure 6. All'in all it is clear that the simulation calculations produce
It can be seen in Table 5 that in all cases the calculated relevant data for the interpretation of the Fermi resonance in
frequencies are higher than the observed ones, which is themonomer TFE.
expected result for calculations based on an ab initio potential  The data obtained from the surface calculations for the Fermi
surface. For the fundamental dyad, the ratio of the observed todyads in the complexes have been collected in Table 4.
the calculated frequency for the low-frequency component is Conventional wisdom has it that the component with the highest
0.971. When this is applied to the calculated frequency of the intensity of a Fermi dyad is closer to the unperturbed funda-
other component, a corrected value of 3168.1 trasults. This mental, whereas the component with the lower intensity is closer
value is in encouraging agreement with the observed frequencyto the combination band. Using the present simulations, this is
of 3155.2 cm™. It can further be seen that the calculation easily verified from the eigenvector elements specifying the
reproduces the experimental observation that the high-frequencycontributions of the harmonic level$,0,0Jand|0,0,10 These
component is the more intense. The calculdtgd1ow ratio R elements have been included in Table 4. The sum of the squares
of 2.2 must be compared with experimental values of 1.5: in of these elements for each component of each dyad is between
view of the presumably significant uncertainty on the latter (vide 0.9 and 1.0, showing that the harmonic levels considered indeed
supra), the agreement may be termed more than satisfactoryare the main contributors to the observed dyad. With the
For the next polyad the calculations predict a triplet with exception of isomer | of TFEDME-dg, the experimental values
frequencies 6344, 6405 and 6510 ¢nwith decreasing relative  of the intensity rationRey, indicate that the high-frequency
intensities. It seems reasonable to assign the first, most intensecomponent is the more intense. In line with the above expecta-
component to the band at 6138 thwhich, as can be seenin tion, the eigenvector elements for that component in Table 4
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show that the contribution of the levgl,0,0Jis higher than
that of the level0,0,10] For isomer | of the DMEds complex,

where the relative intensity of the dyad is reversed, the largest

contribution of the levell,0,d]s found in the lower component
of the dyad.

Herrebout et al.

TABLE 6: Standard Gibbs Energies of Solvation, A¢,G, in
kJ mol~1, Standard Enthalpies of Solvation,As,H, in kJ
mol~%, Standard Entropies of Solvation,Ag,S, in J K1
mol~1, and Solvent Shifts of Standard Gibbs Energies of
Complexation, in kJ mol™?, in Liquid Krypton at 151 K 2

Next, consider in Table 4 the calculated frequencies and AsG AsoH BsoS A AGT)
relative intensities in the dyads. It can be seen that for TFE, E';AEE 12'3(1) —15.2(1)  —41.40)
-13.7(2) —23.7(1) —66.1(6)
TFE-AC-ds, and TFEOX-d, the calculated values &t repro- AC ~17.9(2) -309(1) -86.2(8)
duce the experimental intensity order of the components of the ox —13.4(1) —23.3(1) —65.7(4)
dyad, i.e., the high-frequency one being the more intense. The TFEEDME()  —20.4(2) —34.7(1) —95.0(9) 2.2(3)
quantitative agreement leaves somewhat to be desired, but asﬁg'ggl(llf)(”) —%gg% —‘313-(9)% —1%8-(3)%;1) ggg
TFE-OX -19.1(3) —32.2(2) -86.7(17)  3.2(3)

presence ofvz + v4 + vg. This, as is clear from Table 4,
indicates the intensity data are not sufficiently accurate to decide
between the isomers of TFEC-ds. For TFEDME-ds the o ) ) ] )
calculated values dR reflect opposite intensity orders for the difficult to predict what their relative populations would be, and
two isomers. The order consistent with experiment is predicted If the latter would be in line with equilibrium expectations at
for isomer I, the calculate®R, 0.54, to be compared with the vibrational temperature of the beam. The ab initio calcula-
experimental values of 0.61 and 0.77. The consistency of the tions performed for that study have not revealed the existence
calculated results with experiment discussed above justifies the©f @ second isomer, and no mention is made of attempts to detect
assumption that the intensity predictions for the isomers of- TFE @ Second isomer in the beam experiments. Therefore, at least at
DME-ds are qualitatively reliable. The conclusion, therefore, this stage, our conclusions are not necessarily contradicting the

is that the intensity calculations support the presence of isomerMicrowave observations.
I in our solutions. Major contributions to the second problem are the solvent

The data in Table 4 show that the complexation shifts effelct.s. that influgnce ourexperjments bl.u that are_absentinthe
predicted for | are-3 cn? for the high-frequency component .at.’ Initio calculayons, anq the mherent inaccuracies of the ab
and—28 cnt for the low-frequency one. This pattern agrees initio complexation energies, which are the small differences
better with experiment, with shifts of5.8 and—19.3 cn?, between the very large total energy of the complex and the also

than does that of isomer Il, for which the shifts aréd4 and very !arge sum of Fotal energies .Of .the MOoNoMmers. Some
—26 entt. Thus. the predic;ted complexation shifts appear to quantitative insight in these contributions was obtained as
bear out our conclusion based on the valudrof follows.

. . . The failure to detect isomer Il in our experiments must be
Another aspect of the Oabove caolculatlons Is that the Fermi o consequence of its concentration being below the detection
deperturbed frequencies,y, and v, for the fundamental jinit | view of the signal-to-noise ratio of the spectra, and
dyads can be derived. This is achieved by diagonalizing the {aying into account that similar infrared intensities are predicted
vibrational Hamiltonian after the value of the coefficienss for both isomers, the concentration of Il can be set to be not
of eq 1 has been equated to zero. The complexation shifts,,qre than 5% of that of isomer I.

derived for these €H stretches are-28 cnt! (DME(I)) and

a Uncertainties are given in brackets.

1 = ™ Solvent influences on the species in the cryosolutions were
—20 cnm (DMEUP)’ —9 cm (AC(D)) and —5 cm* (AC- obtained from Monte Carlo free energy perturbation théry.
(I), and —8 cm™ (OX). All these shifts are toward lower o the sake of completeness these calculations were made for
frequencies, which is consistent with the observed red shifts of 5, species involved in this study. The results, in the form of

the C-D stretching in the complexes of TRf: Also, com- Gibbs energies, enthalpies and entropies of solvation, together
parison with the harmonic ab initio shifts in Table 2 shows that it the solvent influence on the standard Gibbs energy of
the anharmonic c_orrections do not reverse the directions Of_thecomplexationAso|(AG°) = AG°(LKr) — AG°(gas), are given
co_mplexatlon shifts. These data_comblned are compelllng in Table 6. It can be seen that Alk,(AG®) have positive values
evidence that the hydrogen bond in the present complexes iSpetween 2.2 and 3.4 kJ md] from which follows that solvation
not of the blue-shifting type. destabilizes the complexes. This is readily rationalized when
Complexation Energies.The experimental results obtained the loss of solvation required to form the complex is considered.
in this study immediately raise two problems. The first one is  The solvation enthalpies in Table 6 were used in combination
that the evidence collected, even when somewhat indirect, with the ab initio complexation energies in Table 1 to predict
systematically points at the formation of an isomer of TFE the complexation enthalpies in liquid krypton. To that end, the
DME, which differs from the one observed in the pulsed beam energies are first converted into gas phase complexation
microwave study? The second problem is the fact that the ab enthalpies using zero point and thermal corrections that are
initio calculations predict, as is clear from Table 1, that for DME easily calculated from the ab intio frequencies and rotation
and AC two isomers of the complex, with nearly identical constant$? These corrections lower the absolute values of the
energies, should exist, whereas for neither Lewis base couldenergies by 2.53.5 kJ mot?, depending on the case. Applying
experimental evidence for the presence of a second isomer besubsequently the solvation enthalpy corrections from Table 6
found. results in predicted liquid krypton complexation enthalpies of
As to the first problem, it has been shotfthat the formation/ —9.9(2) kJ mot! (TFE:-DME(l)), —8.3(2) and—7.4(2) kJ mot?
relaxation processes in a molecular beam, such as the one use@FE-AC (I) and (Il)), and—11.6(2) (TFEOX). Compared with
in the microwave study of THPME,?2tend to favor the lower ~ the experimental values given above, it is clear that the
energy isomers. Accepting the ab initio near accidental energeticpredictions either overestimate (DME, OX) or underestimate
degeneracy of the two isomers, it follows that both isomers (AC) the stabilities of the complexes, by amounts varying
should be present in the molecular beam, even if it remains between 12 and 27%. Under the assumption that the solvent
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corrections are relatively acurate, these deviations trace back The Fermi resonance between theandv, + v3 levels of
to errors on the ab initio complexation energies between, TFE was investigated in the monomer as well as in the

roughly, 1 and 3 kJ mot. complexes using potential and dipole hypersurfaces calculated
For TFEDME the difference in solvation destabilization by ab initio methods. The results thereof show that the hydrogen
between the two isomers is 1.1 kJ mbin favor of isomer I; bond in the complexes is of the traditional, red-shifting type,

i.e., the relative concentration of isomer | will be higher in substantiating the conclusion derived from the spectra of the
solution than in the gas phase. This is a step in the requiredcomplexes of TFE, with the same Lewis bases. The hyper-
direction but does not suffice to bring the very small difference surface calculations further confirm the nature of the THEE

in ab initio complexation energy in line with the absence of complex as derived from the complexation shifts.

isomer 1l in the solutions. It is straightforward to derive from The complexation enthalpies of the complexes were deter-
basic thermodynamics a relation for the stability constant K of mined to be rather similar, with values falling betweeB8.8-

the complexes of the form (1) (DME) and—10.3(4) kJ mot! (OX). Monte Carlo calcu-
lations on the solvation influences show that the complexes are
el
KJKs _ Aso(AGH(I) — Ago(AGH(1)) less stable in solution than in the vapor phase, and a critical
KlglKg RT analysis of the data allows us to estimate the uncertainty on the

ab initio complexation energies in the Complete Basis Limit to
with the Roman numerals referring to the isomers, and subscriptshe on the order of 43 kJ motL,
s and g to solution and gas phase, respectively. Using the data
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