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The formation of weakly bound molecular complexes between methylenecyclopropane (MeCP)zand BF
dissolved in liquid argon has been investigated using FTIR spectroscopy. Experimental evidence was found
for the formation of a 1:1 complex in which the Bfoiety binds to the exocyclic<€C double bond, whereas
at higher concentrations of BFveak absorption bands due to Me(®¥3), were also observed. Using spectra
recorded at different temperatures between 105 and 129 K, the complexation enthalpy for the 1:1 complex in
liquid argon was determined to bel0.7(3) kJ mot?!. Structural and spectral information on the complexes
was obtained from density functional calculations at the B3LYP/6+3t®(d,p) level. Applying Free Energy
Perturbation Monte Carlo calculations to account for the solvent influences and statistical thermodynamics to
calculate the zero-point vibrational and thermal influences, the complexation energy for the 1:1 complex was
estimated, from the experimental complexation enthalpy, te-b&.0(10) kJ motil. This value is compared

with the B3LYP/6-313#+G(d,p) complexation energies and with single point energies calculated at the MP2
= full/aug-cc-PVTZ level.

Introduction complexation enthalpies for the and pseudos complexes

. . . . reported above appear to suggest that with &80 the complex
Boron halides P'ay an important role in catalyzing a _r‘“mb,ef in which the interaction takes place with the carbaarbon
of chemical reactions, and it is believed that the catalytic action 4, ple bond would dominate.

is initiated through the formation of a precursor complex Information on the B complexes with MeCP is reported in

) ) T s -
involving the boron ha_hdé. _Only a limited numper of such this study. First we will discuss the results of DFT calculations,
complexes have been investigated in some detail. Among these

are the complexes of ethene and propene with boron trifluoride, \;V:écrhg?mgn;;mtk‘:ivﬁﬁl :r{gecsa?g;(?arrg)éixgzucbﬁg Egnfgrir:ed
which have recently been characterized in liquid argon solu- P

tions# In both cases, the electron deficient boron atom was found predicted as the more stable. Subsequently, the infrared spectra
> ) ’ of mixed solutions, using liquid argon as a solvent, of MeCP
to interact with ther electrons of the carbercarbon double - . . ;
. . and BR; will be discussed. It will be shown that the formation
bond. The complexation enthalpies for these complexes were

. 1 . of complexes of MeCP with 1 and 2 molecules ofsBfas been
determl_ne_d to bel0.0(Z_) and-11.8(2) kJ m_cﬁ_ ! respectlv_ely. detected and that the combination of DFT with spectral data
In the similar complex with cyclopropakgb initio calculations

predict that the boron atom is situated in the plane formed by leads to the conclusion that in both cases the interaction takes

the ring carbon atoms, the interaction occurring with the center place via the carborcarbon double bond of MeCP.
of one of the carboncarbon bonds. For this species, the ) )
complexation enthalpy in liquid argon is significantly lower, EXperimental Section

equaling—7.8(6) kJ mot™. _ The samples of MeCP (Fluka 66765, stated puritp9%)

In _methylenecyclopropane, 485, further abbreviated as  ang BR; (Praxair) were purified immediately prior to use on a
MeCP, both types of nucleophilic complexation sites are present. o\ temperature, low pressure fractionation column. In the vapor
Complexes of this compound with hydrogen halides have been phase spectra of the purified compounds, no bands due to
studied using matrix isolatiénand jet expansion microwave impurities could be detected. The argon was supplied by I'Air
spectroscopy-® In all cases, the hydrogen halide molecule was Liquide and had a stated purity of 99.9999%.
found to be hydrogen bonded to the carbearbon double The spectra were recorded on a Bruker IFS 66v Fourier

bond. A_Ith_ough the_s_e complexes were |nvest|gated_ under Transform spectrometer, using a Globar source in combination
nonequilibrium conditions, the fact that no complexes with the with a Ge/KBr beam splitter and a broadband MCT detector
p.segquOH tslltest were found Ilndlcattﬁs trtlst thzes;g :;eadsNto The interferograms were averaged over 200 scans, Happ-Genzel
significantly stronger complexes than the pseutsies. No apodized and Fourier transformed using a zero filling factor of
complexes of methylenecyclopropane W'th_ th_e_boron trl_hal|des 4, to yield spectra at a resolution of 0.5 chiin cryosolutions,
have been reported up to now, but the significantly different infrared bandwidths in general are a few wavenumbers; for such
- sharp bands, maxima can be read with a reproducibility of a
*To Whobm Cg”espor‘ggng‘fgzg%‘gd be addressed. E-mail: bvdveken@ fe\y tenths of a wavenumber. Therefore, where justified, the
ruca.ua.ac.be. Fax: int-33- . . . - ’ N
* Permanent address: Department of Chemistry, University of Wroctaw, Maxima will be s_,pecmed to 0.1 cm. Because of the S'gmﬁcant
F. Joliot-Curie 14, 50-383 Wroctaw, Poland. temperature shift of the band maxima in cryosolutihthe
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TABLE 1. B3LYP/6-311++G(d,p) Interaction Energies, in
kJ mol~1, for the 1:1 Complexes Formed between MeCP,
Ethene, Cyclopropane, and BEg

&

AE EBSSE AEcorr

MeCPBF3?
I —9.00 2.80 —6.20
I —4.94 2.28 —2.66
1} —2.92 1.96 —0.96
I I CoHaBFs —6.94 2.44 ~4.70
c-CsHe'BF3 —5.36 2.31 —3.05

aThe Roman numerals refer to the numbering of the isomers in
Figure 1.

Supplementary Information. Because of the large number of
internal coordinates involved, no detailed description of the
I calculated equilibrium geometries will be given.
Figure 1. The stable isomers of MeGBF. In the most stable isomek, BF; binds to the exocyclic €
C double bond, whereras in the stable structliresndlll , the
frequencies specified below were taken from spectra recordedelectron deficient B atom interacts with the-6C; and the G—
at 110 K. C, bonds of the cyclopropyl ring. Obviously, the occurrence of
The experimental setup consists of a pressure manifold neededhese three stable isomers confirms that bothntaed pseudor
for filing and evacuating the cell and for monitoring the amount  Sites, in principle, can form complexes.
of gas used in a particular experiment, and the actual cell. The The calculated complexation energies suggest that-thend-
cell, with a path length of 7 cm, is equipped with slightly ed complex is significantly more stable than isomdisand
wedged, 5 mm thick Si windows, using a high-pressure window Il . If we treat, in a crude approximation, the BSSE corrected
seal'* The cell can withstand an internal pressure of at least complexation energies as Gibbs energy differences at 110 K, a
150 bar at 77 K without leaking. temperature typical for the experimental study, the populations
To be able to distinguish the spectra of undissolved species,for isomersll andlil relative to that of the most stable isomer
spectra of amorphous and crystalline MeCP were recorded. Thel are calculated to be 2 and 0.3%, respectively. Hence, it is not
solids were obtained by condensing a small amount of the very likely that in cryosolutions the complexésandlll will
compound onto a Csl window, cooled to 10 K using a Leybold be detected simultaneously with complext will be seen below
Heraeus ROK 18300 cooling system, followed by annealing that this is confirmed by the experiments.
until no further changes were observed in the infrared spectrum. In Table 1, the calculated complexation energies for the BF
complexes with ethene and cyclopropane are also given. It can
Computational Details be seen that from &£1,-BF; to MeCPBF; the complexation
energy of ther complex increases by 30%. In contrast, the
complexation energies for isomdisandlll are significantly
smaller than that obtained farCsHgBFs.

The density functional theory calculations were performed
using Gaussian9%.For all calculations, Becke’s three-parameter

exchange functionél was used in combination with the Lee The predicted vibrational frequencies and infrared intensities

Yang—Parr correlation functiondt whereas the 6-3H+G- X : ;
. . for monomers and complexes are summarized in Table 2. This
(d,p) basis set was used throughout as a compromise between

accuracy and applicability to larger systems. To reduce the errorstaD® also contains the complexation Shs = Veorpex -
curacy PP tylo larger sy ' . Vmonomer BECauUse of the relatively weak interactions between
arising from the numerical integration, for all calculations the

finearid option. corresponding to rouahly 7000 arid boints per the monomers, the vibrations of the complexes can easily be
9 ption, P 9 gnly gndp P subdivided into modes localized in the B&r MeCP moieties

atom was used. . i

Th mplexation eneraies wer lculated b biractin and into intermolecular van der Waals modes. The latter are
the eﬁe?oieg gf %eomoen:mge?; fro?neth%?seczli)ﬁtﬁe cngLllex:sC ar? redicted to give rise to very weak bands in the far-infrared.
these en?ar ies were cormected for Basis Set Super c?s't'on Error his region was not investigated, and thus, only modes localized

ina th g ntWr ise method of B : nd BUF:n%Er)E' Irl I in MeCP and in BE will be discussed here. The latter can
using the counterpoise method ot boys a N pra unambiguously be correlated with the modes of the isolated
equilibrium geometries, the vibrational frequencies and infrared

intensities were calculated usina standard harmonic force field monomers. Therefore, we will describe them using the assign-
: sities wer u using s r rmonic Torce Nelds. ments of the monomer vibrations. The Herzberg numbering

scheme is used and the symbol is expanded with the formula
of the monomer as a superscript. With one exception, the
A. DFT Calculations. To gain insight into the structures and complexation shifts for MeCP depend very little on the boron
stabilities of the possible complexes between MeCP angl BF isotope, the differences being well below 1 ¢mTherefore, in
geometry optimizations were carried out starting from different Table 2, only the results for théB isotopomer are given. The
relative positions of the molecules involved. These calculations exception is/sMeCP, for which the complexation shift in théB
converged to three minima, the equilibrium geometries of which isotopomer is+0.2 cnt? against—4.2 cntt for the 1B
are shown in Figure 1. The symmetry of complekesdIl is isotopomer. The reason for this is believed to be due to
Cs, that of Il is C;. The complexation energiesE, the Basis differences in the coupling ofMeCPwith v38Fs, which is present
Set Superposition ErroiSgsse and the BSSE corrected com-  in the same spectral region. The complexation shifts in Table 2
plexation energieAE., for these complexes are collected in  will be discussed below, in relation to the experimental spectra.
Table 1. The structural parameters of the different species can It is generally accepted that van der Waals complexes are
be evaluated from the Cartesian coordinates of the atoms incharacterized by an extreme nonrigidity. To obtain information
the equilibrium geometries that are listed in Table S1 of the on this aspect for the present complexes, the barrier hindering

Results



8482 J. Phys. Chem. A, Vol. 104, No. 37, 2000 Herrebout and Szostak

TABLE 2. B3LYP/6-311++G(d,p) Vibrational Frequencies, in cn?, Infrared Intensities, in km mol ~, and Complexation
Shifts, in cm™2, for the MeCP-BF3; Complexes

monomer complex complexll complexill
mode  sym description v int v int Av v int Av v int Av
UBF; modes
V1 Al 1BF; stretch 868.8 0.0 859.9 3.4 -89 866.3 0.4 -25 867.6 0.2 -1.2
V2 A 1BF bend 681.9 102.2 638.2  220.9 —43.7 665.3 185.8 -16.6 673.5 151.9 -8.4
V3 E UBF; stretch 1416.9 975.2 1410.2 3995 —6.7 1413.2 413.3 -3.7 1414.7 418.2 -2.2
1397.4 3552 —-195 1411.8 384.2 -5.1 1412.0 377.3 -4.9
Va E 1BF; deform 465.7 29.6 464.2 105 —-15 465.6 11.4 -0.1 466.2 11.4 0.5
463.5 96 —22 464.8 115 -0.9 464.7 12.3 -1.0
10BF; modes
2 Al 10BF; stretch 868.8 0.0 859.9 3.7 -89 866.3 0.5 -2.5 867.6 0.2 -1.2
V2 A 10BF bend 709.7 110.7 663.6 241.0 —46.1 691.1 2010 -18.6 700.9 165.1 -8.8
V3 E 10BF; stretch 1468.9 1067.6 1462.3 4121 —6.6 1465.2 437.4 -3.7 1466.6 453.4 -2.3
14528 2492 -16.1 14648 428.1 -41 14642  362.9 -4.7
Vs E 10BF; deform 467.5 28.8 466.1 10.2 —-14 467.5 11.1 0.0 468.1 111 0.6
465.4 9.3 -21 466.7 11.2 -0.8 466.6 11.9 -0.9
MeCP modes
V1 Aq =CH; stretch 3119.6 12.7 31195 7.8 —0.1 31223 12.4 2.7 31240 10.1 4.4
V2 Aq c-CH; stretch 3100.6 13.7 3103.9 9.3 3.3 3098.6 10.3-2.0  3100.0 13.1 —-0.6
V3 Aq C=C stretch 1827.4 10.1 1817.8 139 —9.6 18298 10.2 24 1825.0 9.0 —24
Vs Ay CH, scissors 1482.0 0.1 1482.2 2.0 0.2 1481.2 0.1-0.8  1485.3 0.6 3.3
Vs Aq CH, scissors 1442.2 0.9 14428 1.8 0.6 14422 2.6 0.0 1446.2 14 4.0
Ve A C—C stretch 1060.0 3.7 1059.5 26 —05 1053.5 9.4 —-6.5 1059.2 4.8 -0.8
v7 A1 c-CH; wag 1029.3 4.4 1034.0 6.2 47 1039.5 15 10.2 1030.8 6.7 1.5
Vg A1 C—C stretch 737.5 6.3 736.0 54 -15 735.4 06 -—21 736.2 53 -1.3
Vg A, c-CH; stretch 3170.9 0.0 3176.0 0.1 5.1 31715 0.0 0.6 3169.6 001.3
V10 Az c-CH; twist 1162.3 0.0 1164.8 0.1 2.5 1166.5 0.0 4.2 1166.7 0.8 4.4
V11 A CH, twist 955.2 0.0 959.2 0.3 4.0 964.2 0.0 9.0 959.5 0.0 43
V12 Az CH; rock 616.3 0.0 631.0 0.5 14.7 623.2 0.0 6.9 622.1 0.0 5.8
Vi3 B, c-CH; stretch 3183.6 155 3188.3 10.0 47 31835 9.4-0.1 31826 11.8 -1.0
V14 B: c-CH; twist 1094.0 1.8 1097.9 2.5 3.9 1102.2 0.1 8.2 1095.0 2.2 1.0
V1s B, =CH, wag 920.0 49.4 923.7 49.1 3.7 923.8 47.4 3.8 926.7 45.4 6.7
V16 B; c-CH; rock 754.0 2.6 751.6 34 —24 755.6 1.6 1.6 763.7 3.0 9.7
V17 B, C=CH, wag 290.8 5.3 303.7 6.2 12.9 304.8 6.6 14.0 296.9 4.7 6.1
V1ig B, =CH; stretch 3199.7 11.8 3202.1 6.9 24 32033 10.3 3.6 3204.9 8.6 5.2
V19 B, c-CH; stretch 3099.6 16.2 31029 10.7 3.3 3097.8 10.6-1.8  3095.6 123 —-4.0
V20 B, c-CH; scissors  1446.8 2.8 14458 09 —1.0 14478 12.4 1.0 144838 43 2.0
Vo1 B> =CH_ rock 1138.0 7.1 1141.5 6.8 35 1136.5 54-15 1138.2 8.1 0.2
V22 B, c-CH, wag 1068.8 1.9 10726 1.2 3.8 1070.5 3.8 1.7 10753 2.9 6.5
Vo3 B, C—C stretch 898.6 15.9 899.6 12.9 1.0 901.3 14.9 2.7 896.5 1642.1
Voa B, C=CH, rock 356.5 0.4 356.4 03 -01 362.8 0.7 6.3 362.0 0.8 5.5
Intermolecular modes
85.6 1.2 55.1 0.1 60.0 0.0
83.8 0.1 51.7 0.1 37.8 0.1
74.2 1.8 49.3 0.2 37.0 0.1
62.2 0.0 47.3 0.2 36.8 0.1
45.0 0.0 37.2 0.0 31.0 0.0
15.6 0.0 25.1 0.0 7.8 0.0

aFor the MeCP'BF3 isotopomer.

rotation around the van der Waals bond was calculated for all the vapor phasé1® and on the calculated frequencies sum-
isomers. For these calculations, the required angular parametemarized in Table 3.

was systematically varied and at each value all other structural  |n this study, infrared spectra of a series of mixtures in liquid
parameters were relaxed. The resulting barriers are 0.12 kJargon, containing mole fractions of MeCP ranging from &.7
mol~(1), 0.07 kJ mot* (II') and 0.06 kJ mot* (Il ). These 1075 to 3.6 x 104 and containing BEwith mole fractions
barriers are significantly smaller than the valuekgT in our between 6.0x 107 and 3.6x 1074 were investigated. Apart
experimental study and it follows that under the experimental from the monomer absorptions, new bands were observed in
conditions used, the complexes must be characterized by a largehe spectra, which we assign to complexes formed between
amplitude torsion. In this respect, the complexes between MeCPMeCP and BE. The frequencies of these bands, and their
and BFR; are not unlike other Bfcomplexes' proposed assignment, are given in Table 3.

B. Vibrational Spectra. The vibrational spectra of monomer BF3; Modes. The DFT results in Table 2 show that the
BF; in liquid argon are well documentéfl.In contrast, no vibrational frequencies of Bfare significantly disturbed by the
infrared data of MeCP in cryosolutions have been reported. To complexation, the largest effect being calculated/sfs. This
facilitate the description of the spectra, the characteristic region of the spectra is shown in Figure 2 for a solution in which
frequencies for MeCP observed for a solution in LAr at 110 K, the mole fractions of Bfzand MeCP are 6.& 10°% and 2.4x
have been summarized in Table S2 of the Supporting Informa- 104, respectively. Two new bands, with maxima at 638.4 and
tion. The assignments given are based on those reported for663.4 cntl, become prominently visible at lower temperatures.
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TABLE 3. Observed Vibrational Frequencies, in cnt?, and ' ' T : T T '
Complexation Shifts, in cn?, for MeCP-BF; in Liquid §
Argon at 110 K =
monomer complex _%
mode v int % Av <
1BF; modes
V1 880.0 n 875.4 —4.6
2 680.9 S 638.4 —42.5
V3 1444.8 Vs 1435.0 —-9.8
1429.5 -15.3 w
Va 477.3 w 476.3 —-1.0
v1t+vs 2326.0 S 2306.9 —19.1
10BF; modes
2 708.6 S 663.4 —45.2
V3 1495.9 VS 1486.7 —-9.2
1481.8 —-14.1
v1+vs 2375.4 S 2356.2 —-19.2
I 1 L i I 1 | | L
MeCP modes
" 3006.1 S 3004.9 12 720 700 680 660 640 620
V3 1739.6 S 1738.5 -1.1 Wavenumber/cm™!
V4 iiggg w ﬂggg gg Figure 2. Infrared spectra of solutions in liquid argon in the region of
Vs 1032'5 m 1034.8 2'3 vBFs, Top five traces: mixture of MeCP and BFrom top to bottom
Ve 1001'8 S 1005'8 4'0 the temperature increases from 109 to 128 K. The lower two spectra
V7 724'3 : 794 '3 0'0 are recorded at 109 K from solutions containing onlysBRd MeCP,
z‘; 3067' 6 s 3072'8 5‘2 respectively. The length of the vertical double arrow corresponds to
s 1071.4 m 10755 a1 an absorbance of 0.25.
Vis 888.0 Vs 901.9 13.9 infrared intensities of the complex bands differ greatly from
Vie 748.5 m 746.1 —24 their monomer counterparts, it follows that the concentration
Vio 3083.5 s 30832 03 f complexesll and Ill Il below 1% of that of th
Vio 2995 1 s 2999 9 4.8 of complexesll an are well below 1% of that of the
Va0 1411.7 m 1412.2 05 monomers. It will be shown in the following paragraphs that
Va1 1123.1 s 1126.5 3.4 these conclusions are corroborated by the complex bands
V22 1044.9 m 1048.0 3.1 observed for other vibrational modes, both insB&nd in
Va3 894.2 s 891.7 -25 MeCP.
g;‘:lm ggig'g W ggig'g 2'431 In all isomers of the 1:1 complex, the symmetry is lower
. 2166.6 W 2172.9 6.3 than for monomer Bf As a consequence, the 2-fold degeneracy
VitV 2124.3 VW 2131.6 7.3 of v3BFs andv4B%s is lifted. Table 2 shows that especially for
2v2 2084.8 w 2090.7 5.9 v3BFs significant splittings of the two components of the
Vetvao gg;g-g w ggzgé g? degenerate monomer mode are predicted, with clear differences
;LJ”’ZZ 1975.7 yw 1983 3 76 for the different isomers. The region offFs is shown in Figure
21,15 1777.6 s 1794.6 17.0 3. The upper trace is the experimental spectrum of a mixed
vetvon 1764.8 w 1767.9 3.1 solution, and the lower trace is the spectrum of monomer MeCP,
Vartvag 1393.8 w 1395.3 +1.5 rescaled such that it matches the monomer contributions to the

a Abbreviations: vs very strong, s strong, m medium, w weak, vw upper trace. The out-of-scale bands at 14,96 and 1448 am
very weak, n not active in IR spectruFrom liquid-phase Raman  the upper trace are the monomeg#®s bands in thé’B and*'B
spectrum, R. G. Steinhardt, G. E. S. Fetsch, M. W. JordaGhem isotopomers, respectively. We assign the doublet with compo-
Phys 1965 43, 4528. nents at, approximately, 1487 and 1482 ¢émasv3s®% in the

10B containing complex. The situation on the low-frequency side

Assigning these as theB%s in the respective isotopomers of a  of the 1B v38F: is complicated by the presence of monomer
1:1 complex between MeCP and BRhey are found to be = MeCP bands, and, consequently, by their corresponding complex
shifted by —42.2 and —45.2 cm! from their respective bands. To simplify matters, the monomer MeCP contributions
monomer bands. Comparison with the data in Table 2 showswere subtracted out, using the rescaled spectrum shown in the
that these shifts are much larger than the values predicted forbottom trace of Figure 3. The rescaling factor was derived using
isomerll, —17 and—19 cnt?, and those for isomelil , —8 the 2, MeCPpand at 1778 crt. The complex band for the latter
and—9 cm 1, but they agree very well with those predicted for mode appears at 1795 cfnand does not influence the band
isomerl, —44 and—46 cn L. In general, DFT complexation  area of the monomer band. The rescaling factor was chosen
shifts that have been calculated for isolated species tend tosuch that in the difference spectrum, the 1778 tivand was
reproduce the shifts observed in the inert cryosolutions rather completely canceled out. Because of the dilute nature of the
well.2° Therefore, the above result suggests the conclusion thatsolutions, it was accepted that the relative infrared intensities
in our solutions, isomet is being formed. Moreover, the of MeCP in the monomer solution are the same as in the mixed
absence of other complex bands in this region also suggestssolution, so that in the difference spectrum the other bands due
that the concentrations of isomells and Ill are below the to monomer MeCP canceled out to the same extent. The region
detection limits of our experiments. In view of the very good of the difference spectrum appropriate f@#"s is shown as the
signal-to-noise ratio in our spectra, and given that its complex- middle trace in Figure 3. In this, apart from three weak complex
ation shift is nonzero, complex bands with a relative intensity bands below 1420 cm, obviously associated with MeCP
of 1% of the corresponding monomer band should be easily modes, complex bands can be observed at 1439, 1435 and
detectable. As the DFT calculations do not suggest that the 1429.5 cnil. One of these must be associated witf'eCP,
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' T : | predictions for isomet, whereas it disagrees with the shifts
for Il andlll . For thec-CH, waggingv/M¢cP and thec-CH,
twisting v14MeCP, the DFT calculations predict blue shifts for
all isomers. In agreement with this, in Figure 4, parts B and C,
blue-shifted complex bands are observed. The experimental
shifts,+4.0 and+-3.9 cnmt, agree much more closely with the
predictions for isomef, +4.7 and+3.9 cnT?, than with those

for the other isomers. This supports the identificiation of the
complex as isomet.

At the lowest temperatures, a weak feature emerges near 1079
cmtin the spectra in Figure 4C. It is tempting to assign this
band to isometl, which, according to the DFT calculations,
should appear at 8.2 crh above the 1071.4 crd monomer
band. Because no other bands due to isoiingrere observed,
we prefer, however, to assign this band to a complex with higher
stoichiometry, involving one MeCP molecule and two sBF
molecules. We will return to this in a later paragraph.

Wavenumber/com! In Figure 5 the region of the=CH, waggingv1s"¢“Pand the
Figure 3. Infrared spectra of solutions in liquid argon in the region of cC stretchlngV23MeCP is presented. The mole fractions of BF
v, recorded at 106 K. Top trace: mixture of MeCP and;Bféttom and MeCP used to prepare the solutions are219*and 1.8
trace: rescaled spectrum of a solution containing only MeCP; middle x 1075, respectively. New bands due to complex formation are
trace: difference spectrum resulting from the subtraction of the lower observed at 901.9 crhand at 891.7 cm. The assignments in
from the top trace. The length of the vertical double arrow corresponds thjs region are not straightforward, neither for monomer MeCP
to an absorbance of 0.25. nor for the complex. The observed contours impose that in the
vapor phase’a"eCP must be assigned on the high-frequency
side ofv15Me€CP16 Yet the DFT calculations, Table 2, pugeCP
well abover,3MeCP. Moreover, the resolution proposed for this
doublet® indicates thatv,a"eCP is much more intense than
v15Y€CP contradicting the DFT intensities for these modes. Thus,
it must be concluded that the DFT calculations fail to reproduce
the details of the infrared spectrum in this region. This may be
due to anharmonic influences on the experimental spectrum not
accounted for in the calculations. The most straightforward
procedure for assigning the monomer bands in Figure 5 would
be to extrapolate the vapor phase order of assignment to the
solutions. However, the much smaller intensity of the high-
frequency component in LAr, in comparison with the vapor
phase, is remarkable and casts some doubt on such extrapolated
assignment. Next, the observed complex bands at 901.9 and
891.7 cm! must be associated with the observed monomer
bands. For this, it is tempting to take guidance from the relative
intensities and associate the more intense complex band with
the more intense monomer band. The above, however, shows
that it cannot be excluded that the relative intensities change
dramatically from vapor phase to LAr solution, which is an
argument against taking such guidance. There is no reliable way
of associating the complex bands with the monomer bands, and
the assignment of the latter being uncertain, the complex bands
Figure 4A. The DFT frequencies in Table 2 indicate that in observed in this region cannot be used to extract evidence for

isomersil andlll this mode should shift to higher frequencies, 1€ Structure of the complex present in solution.

by 1.6 and 6.7 crmi, respectively, whereas in isomleiit should In the spectra shown in Figure 5, an additional weak band
shift in the opposite direction, by 2.4 cnt. Figure 4A shows due to a second complex can be seen at the lowest temperatures,
that for the mixed solution, a single complex band occurs, shifted at 912 c¢ni™. This band shows the same temperature and
by approximately—2.4 cnt? and that no complex bands can concentration intensity dependence as the 1079cband

be detected on the high frequency side of the monomer band.discussed above, and consequently, is also assigned to a 1:2
This clearly supports the above conclusion that in the cryoso- complex.

Absorbance

\ i I . I
1520 1480 1440 1400

observed at 1436 cm in monomer MeCP. This mode is
relatively weak, so that we prefer to associate the weaker of
the three complex bands, at 1438 diywith this mode. Thus,
the 1435 and 1429.5 crh bands are thes®Fs of the complex.
Hence, for both isotopomers, this mode is split into a doublet,
with a separation of 5.5 cm for the 1B isotopomer. Table 2
shows that this separation is predicted at 12.8far isomer

I, and at 1.4 and 2.7 cm for isomersll andlll , respectively;

the observed splitting falls between the highest and lowest of
the predicted values. Therefore, although their splitting confirms
the lower symmetry of the complex, these doublets do not give
straightforward information on the nature of the observed
complex.

Finally, as a consequence of the lower symmetry of the
complexes, the forbidden monomer mogdé~s becomes weakly
active, as reflected by the infrared intensities in Table 2. In the
temperature-dependent study shown in Figure 5 (vide infra) this
transition can be seen to grow in at lower temperatures, near
875 cnl.

MeCP Modes. Also, for modes localized in the MeCP
moiety, complex bands were observed, as is illustrated in Figures
4—6. Figure 4 contains the details of a mixed solution containing
mole fractions of 3.6< 10~ in BF; and 1.2x 104 of MeCP.
The region of thee-CH, rocking vibrationv;geCP is shown in

lutions studied, only isomdris formed in measurable concen- An analysis similar to that performed fogBFs was carried
trations. out for the C-H stretching region. Traca in Figure 6 is the
In Figure 4 also the regions ofMeCP 1, MeCP gandy,,MeCP spectrum in this region recorded from a mixed solution

are given. Each of these modes appears to be well separatedontaining mole fractions of MeCP and B&qual to 3.6x 107°
from the other bands in the monomer spectra, and for each, aand 3.6x 1074, respectively, and rescaled spectra of monomer
complex band is present in the spectra of the mixed solution. MeCP and monomer BfFare shown as tracds and c. The
Comparison with the DFT frequencies in Table 2 shows that difference spectrum obtained by subtractmgndc from a, is
the observed blue shift fop,MeCP compares favorably with the ~ shown as trace. In the latter, CH stretching bands due to the
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Figure 4. Infrared spectra of solutions in liquid argon. In each panel, the top five traces are recorded from a solution contaiaimd) BECP;
from top to bottom the temperature increases from 110 to 126 K The lower two traces are recorded at 110 K from solutions containiag only BF
and MeCP, respectively. A, region ef'¢CP, B, region ofyMeCP, C, region ofv1/M¢CP, D, region ofv,MeCP. The length of the vertical double arrow
corresponds to an absorbance of 0.25.
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Figure 5. Infrared spectra of solutions in liquid argon in the region of Wavenumber/cm!
v18"°°P andv,3"°P. Top five traces: mixture of MeCP and BFrom Figure 6. Infrared spectra of solutions in liquid argon in the CH

top to bottom the temperature increases from 105 to 126 K. The lower stretching region, recorded at 106 K. a, Mixture ofs@fd MeCP; b,

two spectra are recorded at 107 K from solutions containing only MeCP gojution containing only MeCP; ¢, solution containing onlysBE,

and BFR, respectively. The length of the vertical double arrow ifference spectrum resulting from the subtraction of traces b and ¢

corresponds to an absorbance of 0.25. from a. The length of the vertical double arrow corresponds to an
absorbance of 0.5.

complex are observed at 3083.2, 3072.8, 3006, and 2999.8 cm

The highest of these, assignedvag’eC®, is shifted by not more

than+0.5 cn1? from the monomer position. The predictions

in Table 2 for this mode range from2.4 cnt? for isomerl to

+5.2 cnt! for isomerlll . Thus, although not quantitative,

isomer |, —0.1 and +3.3 cnTl, respectively, whereas the
agreement with the predictions for the other isomers is much
poorer.

C. Stoichiometry of the Observed Specieslhe stoichiom-
agreement is best with the predictions for isorhefFor the Stry O.f thelcomplex was pletermined in the manner previously
second band, at 3072.8 chathe experimental shift-5.2 e, e_scrlbedZ. In this _anal_y5|s, the band area of a _complex band

. . . . I is plotted, for various integer valuesxéandy, against (yecp”
agrees well Wlt.h that calculated fqr isomeput disagrees with « (Is£2)”, in which lyecpandlges are monomer band areas. For
the shifts predicted for the other isomers. the present case, mixed solutions were investigated at 115 K,

We assign the 3000 cm doublet in the same order as for  ijn which the MeCP mole fractions were varied betwees 1
the monomer, i.e., the high-frequency component is assigned10-5 and 3x 1074, and that of BE between 3x 1076 and 7x
asviMeCP and the low-frequency one agg“ecF, with v,MeCP 10~4. For monomer MeCP and for the complex the band areas
nearly accidentally degenerate, but not separetly detectable, withwere obtained from a least squares band fitting, using Gauss/
v19M€CP. Comparison with the corresponding monomer frequen- Lorentz sum functions, of theygsMecP region, while for BR
cies, 3006.1 and 2995.1 crh) shows that the former is hardly  the intensity of thev18F: + vs8Fs combination band at 2375.4
affected by the complexation, whereas the latter is shifted by cm™ was used. With these band areas, plots were prepared using
+ 4.8 cnTl. Both shifts agree well with those predicted for 1 and 2 as values forandy. For each plot, a linear regression
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Figure 7. Van't Hoff plot for MeCPBFs;.

was performed. Thg2-values for these regressions are 0.022

(x=1y=1),1986k=1,y=2),0877k=2;y=1) and

2.906 k= 2;y = 2). Thus, the best fit is obtained far=y =

1. From this follows that the complex has a 1:1 stoichiometry.
D. Complexation Enthalpy. The complexation enthalpy

AH_a° for MeCPBF; was derived from a van ‘t Hoff plot.

The latter was constructed by plotting the logarithm of the ratio

of band areaswvecrerd/(Imece x lers), measured at different  Figure 8. The proposed structure for Me@BFs),.

temperatures, against the inverse temperatuiie, Thie slope

of this plot, corrected for thermal expansion of the solufid# TABLE 4. Observed and Calculated Vibrational

equalsAH A %R. For the present study, solutions containing Frequencies, in cnt?, for MeCP-(BFs)x

mole fractions of 1.2« 10~ in MeCP and 3.6< 104 in BF3 experimental B3LYP/6-31t+G(d,p)

were recorded at nine different temperatures between 107 and MeCP  MeCP MeCP MeCP

127 K. The resulting van ‘t Hoff plot, obtained by using the mode monomer BF; (}BFs), monomer BF; (}BFs),

band areas of the_ same monomer and Qomplex bands as in th%lsMecp 888.0 9019 9121 9200 9237 9443

above concentration study, is shown in Flgure 7. From the slope v1MeCP 1071.4 1075.5 1078.8 1094.0 1097.9 1099.1

of the linear regression line, the complexation entha\lpi( a:°

for MeCPBF; in liquid argon was calculated to be10.7(3) in the 1:2 complex are slightly weaker than in isorhdn Table

kJ mof™. 4, the observed frequencies for the species are compared with
) ) the values calculated. It can be seen that the agreement between
Discussion the theoretical and the experimental shifts is very good, which

It is clear from the above that whenever the DFT calculations adds to the likelihood of our proposed structure.
predict significantly different frequencies for the three possible A quantity of interest for the complex is its complexation
isomer, the comparison with the bands observed in LAr directs energy. It can be obtained from the complexation enthalpy in
the conclusion toward isomér This is regarded as sufficient  solution by correcting for solvation effects and for thermal and
evidence that in our solutions isomewas formed. As no other  zero-point vibrational contributions. In this study, the Gibbs
1:1 complex bands could be identified, the concentrations of energy of solvatiolAGsg for the monomers and for MeGCP
isomersll andlll must have been below the detection limit. BF; (I) were obtained from Monte Carlo calculations on the

In addition to the bands due to Me€&B¥;, in the spectra solutions, using Free Energy Perturbation Theory as included
two weak bands, which we assign to a trimer species MeCP in BOSS 4.127 The solvation enthalpy differencé\Hs,, and
(BF3)2, were observed. For the structure of this complex, several solvation entropy differencé\S;,, were extracted using a finite
possibilities arise. First, it must be considered that MeCP binds difference method similar to the one described by Levy &% al.
to a (BR), dimer. This species has been observed in matrixes, All of the intermolecular interactions were described using
and its properties have been well describ&d® However, the Lennard-Jones type functions, one for each pair of atoms. The
BF; dimer has not yet been observed in cryosolutions, making parameters of these functions for the interaction of the C and
this structure rather unlikely. A second possibility would be that H atoms with Ar were taken from the OPLS all-atom potential
one BFR; binds to the double bond and the other to one of the functions included in BOSS 42, whereas those for the
pseudar bonds of the ring. However, in view of the absence interaction of the B and F atoms with Ar were used as before.
of isomersll andIll in our study, this structure also is not The resulting solvation enthalpies and entropies are given in
very likely. In the third possible structure, both BRolecules Table 5. From these, it follows that the complexation enthalpy
bind to the double bond, on opposite sides of the plane of the in LAr is smaller than the vapor phase value by 3.34(39) kJ
double bond. The plausibility of this structure was investigated mol~1. Correction ofAH_° with this value results in a vapor
using DFT calculations at the same level as for the 1:1 com- phase complexation enthalgyHyape® of —14.0(5) kJ mot?.
plexes. The resulting equilibrium geometry is shown in Figure In the next step, statistical thermodynaricwas applied to
8. The complexation energy for this complex equals$.53 kJ transform this value into an energy. For all of the species, the
mol~L. This value is somewhat less than twice the complexation zero-point vibrational energies were calculated using B3LYP/
energy of isomel, which shows that the van der Waals bonds 6-311++G(d,p) DFT frequencies. The thermal contributions
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TABLE 5. Solvation Enthalpies, in kJ mol~%, and Solvation ; ' ' ' '
Entropies, in J K~1 mol~1, Calculated Using Free Energy

Perturbation Theory
species AHsol ASsol 0
BF; —7.85 (15) —26.98 (14) =
MeCP —24.95 (31) —90.7 (26) S
MeCPBF; (isomerl) —29.46 (18) —108.3 (16) = 220
>
<

were calculated at the midpoint of the temperature interval in

which AHa° was determined. Translational and rotational 40
contributions were calculated in the classical limit, using, for

the rotational contributions, the DFT rotational constants.
Vibrational thermal contributions were calculated in the har-

monic approximation using the same frequencies as for the zero-

point corrections. These calculations result in a correction of |
—1.98 kJ mofl. Applying this to the AHyapo? Yields an Av, ./ em’

experimental complexatlon.energmzexp of —16.0(10) kJ . Figure 9. Comparison of the experimental complexation shifts of
mol~%. The uncertainty on this quantity was, somewhat arbi- MeCPBF;, observed in liquid argon, in ordinate, with those calculated
trarily, chosen to be twice the value faH A, to account for at the B3LYP/6-31%++G(d,p) level, in abscissa. The linear regression
the approximations made in transforming it Aex. line is drawn in full, the 99% confidence interval is delimited by the

The B3LYP/6-31#+G(d,p) complexation energy for isomer dashed lines.
I, —9.0 kJ mot?, is significantly smaller than the “experimental”
value of—16.0(10) kJ motl. The correction of the theoretical
value for basis set superposition error by the counterpoise
method results in a value 0£6.0 kJ mof?, which is even
further away from the experimental value. This result for MeCP
BF; confirms earlier observations that at the B3LYP/6-8%1G-
(d,p) level, the stability of weakly bound molecular complexes

is often seriously underestimaté ) Supporting Information Available: Table S1 reports
A more accurate value for the complexation energy was g3 yp/6-311++G(d,p) equilibrium Cartesian coordinates for

obtained by including dispersion interactions via second-order tq 1:1 complexes of MeCP with BFTable S2 compares the

Moeller—Plesset perturbation theotyFor each species, starting  yiprational frequencies observed for MeCP in LAr at 100 K

from the DFT geometries, single point calculations were made ith the vapor phase frequencies and with the B3LYP/6-

at the MP2= full/aug-cc-PVTZ level. The resulting complex-  3114++G(d,p) frequencies. This material is available free of

ation energies, obtained before and after correction for BSSE, charge via the Internet at http://pubs.acs.org.

are —28.24 and—12.87 kJ mot?, respectively. Clearly, the

uncorrected complexation energy seriously overestimates thereferences and Notes

experimental value, whereas the corrected one is quite close. It

should be noted, however, that even at the MPRill/aug-cc- (;) coneyCh‘:Ck&i' VJ(':hAm CRhe”isg’; 213834é1l 6070.

PVTZ level, the BSSE corrected complexation energy still gsg L:\;'VT};I'T']:(.) g‘_; Baf:ncycir‘ns_si,\m Chem Soc 1989 111, 8653.

underestimates the experimental value by ca. 20%. This is in  (4) Herrebout, W. A.; Van der Veken, B. J. Am Chem Soc 1997,

line with earlier results and is interpreted to mean that at the 119 10 446.

; i (5) Everaert, G. P.; Herrebout, W. A.; Van der Veken, B. J.; Lundell,
calculated level, the BSSE is slightly overcorrected by the 3. Reen. M. Chem Eur. J. 1998 4, 321,

counterpoise method. (6) Sass, C. E.; Ault, B. SI. Phys Chem 1987, 91, 3207.
To obtain more information on the use of B3LYP/6- (7) Kisiel, Z.; Fowler, P. W.; Legon, A. Cl. Chem Phys 1994 101,

311++G(d,p) frequencies for comparison with cryosolution 46355'3 Kisiel. Z.- Fowler. P. W.- L A oCher Phys Lett 199
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