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van der Waals Complex of Dimethyl Ether with Carbon Dioxide
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The 1:1 complex between dimethyl ether and carbon dioxide was studied experimentally in solutions in liquid
argon, using infrared spectroscopy, and theoretically, using ab initio calculations at the MP2/6-G(d,p)

level. The complex is formed through the interaction of the dimethyl ether oxygen atom with thea@®n

atom, with the C@perpendicular to the 2-fold axis of dimethyl ether, in the plane of the heavy atoms of the
latter. Observed vibrational bands are in good agreement with the predicted vibrational frequencies. The
standard complexation enthalpy of the complex in liquid argon was determined from a temperature dependent
study of the spectra and was found to-b&.0(3) kJ mofl. Some aspects of the Fermi resonance between the
symmetric stretch and the first overtones of the two bending modes of then@i@ty of the complex are
discussed.

Introduction Experimental Section

Since the first spectroscopic investigation of the interaction ~ 1he sample of dimethyl ether was obtained commercially
of carbon dioxide with the simplest oxygen donor, i.e., wafer, (Aldrich Chem. Co. 29,529-9) and was used without further

the interest in such complexes has not waned, with the researchuriﬁcaﬂon' CQ in natural isotopic abundance was synthesized

i TR Il amounts by the reaction of p&0O; (Aldrich Chem.
efforts being spurred by, among others, the urge to gain insight ! SMa : _
into the more fundamental aspects of the Lewis acid/base Co. 20,442-0) with anhydrousz80, (Acros Organics C.A.S.

interactior® or by the need to understand the solubility of 7664-93-9). The crude GQwas purified by slowly pumping

. " the gas through a U-tube kept at 165 K in a cold slush. By
organic compounds when supercritical £i®used as a green- using NaCO; (Aldrich Chem. Co. 49,076-8) in a similar
chemistry solvent: 10 S

) ) _ procedure3CO, was also synthesized. The argon used has a
A variety of experimental techniques have been used to studystated purity of 99.999 9% and was used without further
the complexes of COwith several oxygen donors in the purification.

vapoP*®® and liquid phas&!? and in low-temperature The infrared spectra were recorded on a Bruker IFS 66v
matrixes!-21% 16 whereas also considerable theoretical attention Fourier transform spectrometer, using a Globar source in
was devoted to them, mainly using ab initio meth&#&!722 combination with a Ge/KBr beam splitter and a broadband MCT

The experimental studies have supplied a wealth of information detector. In general, the interferograms were averaged over 300
on the complexes studied but have up to now failed to yield scans, Happ Genzel apodized, and Fourier transformed using a
direct experimental results on their stability, with the only data zero-filling factor of 4 to yield spectra at a resolution of 0.5
available in the literature having been derived by the ab initio cm™®. For the study of the Fermi resonance, spectra were
studies. As the stability of a compound is a fundamental property recorded at 0.1 cnt resolution, with the interferograms being
that is of high importance for its chemistry, we have embarked averaged over 1000 scans.

on a study of C@complexes as formed in cryosolutions, using A detailed description of the liquid noble gas setup was given
liquid argon (LAr) as the solvent. In these solutions, the Previously? Liquid cells with path lengths of 1 and 7 cm,
complexes are formed under equilibrium conditions, so that their €quipped with wedged silicon and wedged ZnSe, respectively,
stability can be determined. In this study, we report on the Were used to record the spectra.

infrared spectra of the complex G@rms with dimethyl ether Computational Details. Theoretical information on the
(DME) and on ab initio calculations of its structure and geometry of the 1:1 complex and on its vibrational frequencies

vibrational frequencies. In the paragraphs below, we will show was obtained by carrying out ab initio calculations, at the MP2/

that a 1:1 complex has been observed and that its stability, under6'311++G(fj’p) Ieve]. During th? geometry_optlmlzatlons and
. o the harmonic force field calculation, corrections for BSSE were
the form of a standard complexation enthalfeid®, could be

taken into account explicitly using the CP-corrected gradient
ntechniques developed by Simon ef4llo reduce the compu-

. . tational cost, the cubic force field was calculated at the
stretch, whmh_ over t_he past decades ha_ls been thoroughly StUd'e@omewhat lower MP2/6-31G(d) level, which is justified by the
for monomeric CQ in the gas and solid phases and forCO \yeaker basis set dependence of cubic force fields and by the
adsorbed to surfaces but for which in weak complexes to Our fact that at both levels completely similar structures were

best knowledge no experimental data have been presenteqyptained for the complex, the van der Waals bond length

the first overtones of the Cendings and the GGymmetric

before. between the DME oxygen and the g€arbon differing by less
than 5x 1072 A. All ab initio calculations were performed using
* To whom correspondence should be addressed. Gaussian 98°
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O Cip Op TABLE 1: MP2/6-311++G(d,p) Structural Parameters? for
DME, CO,, and DME-CO,
: parameters DME Cco DME-CGO,
I R(C,—0y) 1.4110 1.4129
! R(Ci—Ha) 1.0905 1.0904
Hy H; R(C1—Hs) 1.0994 1.0988
Ci Cs O(Hs—C1—He) 109.1874 109.3356
0, O(H4—C1—0y) 107.3419 107.2258
O(Hs—Ci—He) 108.6363 108.7766
Hsg Hog O(Hs—Ci1—0y) 111.2216 111.0692
. S i ' 0(C1—0—Cy) 110.7703 111.2271
Figure 1. Projection in the DME heavy atom plane of the structure of  ric,—0,,) 1.1700 1.1698
the 1:1 complex of DME with C@ 0(O11—C10—012) 180.0000 178.0606
. . . R(C1—02) 2.8120
Solvation Gibbs energies of monomers and complexes were [O(C,—0,—Cy) 124.3933
obtained from Monte Carlo perturbation calculations, using a  0(011—Ci0—0) 90.9712

modified version of BOSS 4.2 All simulations were run in
the NPT ensemble, using periodic boundary conditions. The
system consisted of one solute molecule surrounded by 256 TABLE 2: MP2/6-311++G(d,p) Vibrational Data for DME,
solvent atoms. Preferential Metropolis sampling was used asCOz and DME-CO,
described befor&. An attempt to move the solute molecule was monomer complex
made on every 50th configuration, and a change in volume was assignmentn freg. int® freqd intd shife
tried on every 600th configuration. The ranges for the attempted
moves were the same in each calculation and providedG%o
acceptance probability for new configurations. The pathifor
= 0 (pure argon) td = 1 (a solution with one solute molecule)
was completed in 40 equidistant steps. Each step consisted of
an equilibrium phase for 20.8& 10 configurations, followed
by a production phase of 50:0 10° configurations. The Gibbs
energy changes between the perturbed and reference systems
were always _smaII enoug_hv((l’) to guarantee reliable results Oy 14980 00 15000 00 20
by the statistical pertubation theory. ®
. . WPME(y) 11773 0.0 11786 00 1.3
The enthalpy of solvations,H and the entropy of solvation Lo 1986 00 2007 00 21
AsoSin LAr were extracted from the Gibbs energies of solvation VlDlME(aQ) ' ! . . '
. - i WOME() 31844 266 31872 163 2.8
AsoG, using a method similar to that described by Levy e€al. L
. ; : ; . WPME(h) 3020.3 53.9 30262 487 5.9
To this end, for each species, the Gibbs energies of solvation . 15018 12.9 15216 15.5-0.2
were calculated at 10 different temperatures between 88 and "g;AE(bl) 82' 3' 8 ' 0'3 0'
138 K, at a pressure of 28.2 bar, i.e., the vapor pressure of LAr vip (b 14821 4 14817 03704
t13é ” : 1€ yOME@y) 12253 103.1 1223.7 95.2-16
a : VOME(R) 11389 27.7 11389 27.2 0.0
WOME(p;)  3086.0 119.3 3094.3 106.7 8.3
DME(,) 1508.4 135 1510.6 13.6 2.2

aBond lengths are in angstroms, and bond angles are in degrees.

CH30CH; V?ME(al) 3185.0 21.3 3187.8 18.2 2.8
vOME(ay) 3028.3 65.4 30335 70.4 5.2
V'?ME(al) 15416 1.7 15415 1.3-0.1
1,‘E‘W'E(al) 1507.7 0.4 1507.4 0.3-0.3
v?ME(al) 1283.1 6.1 1286.4 5.9 3.3
VgME(al) 968.6 40.5 966.9 49.0-1.7
V7DME(a1) 4228 1.8 4232 28 0.4
v'gME(aQ) 3091.0 0.0 3099.9 0.0 8.9

Results and Discussion

4

Ab Initio Calculations. Structure optimizations starting from Vi'?ZME(bz) 12124 81 12138 85 14
different relative orientations of dimethyl ether with respect to WME(,) 2619 6.8 2617 6.0-02
CO;, consistently converged to the same complex. In this, the co, vSO(ay) 13354 0.0 13381 03 27
C,, symmetry of DME is preserved, with the G@olecule vS%(ay) 655.2 247 643.1 49.712.1
situated perpendicular to the 2-fold axis, in the DME heavy vS%(by) 24327 603.9 24350 5414 2.3
atom plane. The projection of the structure in this plane is shown vS(by) 655.2 24.7 660.1 22.6 4.9
in Figure 1, whereas the structural data have been collected invan der Waals modes 119.8 0.0
Table 1. 809 02

The van der Waals bond length, defined as the distance 42.5 8'3
between O(2) and C(10) equals 2.812 A. This is slightly shorter gé:g 0:8

than the value of 2.886 A resulting from the ab initio calculation o o

at the same level on4@-CO,, which is in reasonable agreement ~ ° Frequencies in cnt. ® Intensities in km mot.

with the experimental bond length of 2.836 A derived from .

microwave experiments on that compfeXhe main structural ~ calculations, at the MP2/6-3%1+G(2p,2d) and the MP2/
change in DME upon complexation is the lengthening of the 6-311+G(3df,.2pd) level, using the MP2/6-3+#G(d,p)
C—0 bonds by 1.9« 10-3 A, with smaller changes in the-cH optlml_zed structures. The complexa_tlon energies, calculated from
bond lengths and with minor changes in the interbond angles. these in the supermolecule approximation,ai8.06 kJ mot*
Upon complexation, Coloses its strict linearity, resultingina  (MP2/6-311G(d,p);-13.83 kJ mof* (MP2/6-311++G(2d,2p),
valence angle of 178.1 degrees, with the oxygen atoms shifted@nd—15.58 kJ mot* (MP2/6-31}+G(3df,2pd). These values
away from the DME moiety. The=€0 bond lengths are slightly ~ indicate tha_lt the_ comp_lex is weak but well within the reach of
shorter in the complex than in the monomer, by 2.204 A. a cryosolutions investigatioH.

The basis set used for the structure optimizations is somewhat The harmonic vibrational frequencies and infrared intensities
limited, which may lead to less satisfactory energies. Therefore, calculated for monomer dimethyl ether and carbon dioxide and
based on previous experier@ghe energies for the monomers for the 1:1 complex have been collected in Table 2. The
and the complex were also calculated from single point symmetry species indicated are those of the complex. It can
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TABLE 3: Observed Infrared Frequencies, in cm?, and Y L
Complexation Shifts, in cn?, for CO,, DME, and DME-CO, - A T
Q
Vcomplex Vmonomer Av § a
V1+v3(12C0y) 3701.5 3703.5 -2.0 SF b
v1+v5(13CO,) 3620.1 3622.8 -2.7 <
20+ v3(12COy) 3589.6 3601.0 -11.4 ¢
2v,4v3(13COy) 3499.5 3515.4 —15.7 E | | | d+
DME ), DME 2998.6 2994.5 4.1 —
Vi Vi
20VE 2938.3 2936.6 17 o0 0 60
v3 + v1o(DME) 2933.8 2932.0 1.8 FT T T
VlDME 2921.8 2919.8 2.0 B
e 2918.0 2916.0 2.0 3L 4
14+ v1(DME) 2910.3 2908.6 1.7 g
2/0ME 2892.8 2889.7 3.1 2 ;
v3 + v15(DME) 2888.6 2883.2 5.4 < .
v14 + v15(DME) 2872.8 2870.1 2.7
v15 + v1d(DME) 2869.3 2868 1.7 . 1 —
OME VOYE 2818.6 2814.7 4.3 2350 2340 2330
,co 2340.5 2341.8 -1.3 S |
oo, 2275.1 2276.0 -0.9 . c i
Vet 114 DME) 2091.8 2095.5 —3.7 3
ve+v17(DME) 2019.5 2023.0 -35 g a
voVE 12485 1246.2 2.3 2L b]
yEME 928.4 930.6 -2.2 < /!
200 668.8 664.3 45 e e
1200, _ 935 930 925

Vzlb 650.2 664.3 14.1 ‘Wavenumber/cm’
szcoz 649.8 645.5 4.3 Figure 2. Infrared spectra of DME and GOn LAr. A. Region of
Yy C02 632.0 645.5 —13.5 v5%, recorded at 97 K: (a) mixture of DME and G@ LAr; (b) CO;,

in LAr; (c) spectrum due to the complex, obtained by subtracting the

also be seen that the fundamentals of the complex, whereCO, contribution from trace a. The tick mark interval on the vertical
applicable, are described by their Herzberg number in the axis equals 0.5 absorbance units. B. The region®: (a—c) a
monomer, with the monomer given as a superscript. Also given mixture of DME and CQin LAr at 97, 105 and 117 K, respectively;
are the complexation shiftav, defined acomplex — Vmonomer (d) solution of CQ at 97 K. The tick mark iptel:r)val on the verti.cal axis
Although many of the shifts are quite small, several of them gg‘gﬁEo-alngbécgb;”EeA:‘g:séfl-';)hse ;ergéofifk (arl;scr)) :‘C mglt;_"? "
are .SUffI.Clently large to be eXpe”me.nta”y observable._ solution of DME at 97 K. The t’ick m‘ark interval Em the vertical, axis
_ Vibrational Spectra. In spectra of mixed DME/Cg@solutions equals 0.5 absorbance units.
in LAr, several new bands were detected that are absent in the
spectra of single monomer solutions. These signal the formation T T T T T
of a complex between DME and GOTheir frequencies are
compared with the corresponding monomer frequencies in Table
3. The observations are illustrated in Figure 2, the three panels
of which show relevant spectral regions in more detail. The
spectra were recorded from solutions containing mole fractions
of 1 x 1074 for DME and 4 x 1075 for COs.

Figure 2A gives the region of the Gending modes. In
the monomer, these modes are degenerate, as is clear from the
lower trace. With decreasing temperature, two new bands are
seen to develop in the spectrum of the mixed solution, one blue | ) L ) )
shifted by 4.5 cm?! and the other red shifted by 14.1 cthn 15 -10 5 0 5
The obvious lifting of the degeneracy is in agreement with the
calculations, where shifts af4.9 and—12.1 cnv! are predicted,
in good agreement with observations. A similar splitting was
observed in the matrix infrared spectra gf34CO,.2 We assign
the observed bands according to the predictions, with the
bending localized in the heavy atom plane of the complex, The latter was isolated by subtracting out the monomer
v5(as), blue shifted from the monomer band. The lifting of  contribution and is shown in trace c. It is found torkel shifted
the degeneracy is also observed for the DMEO,. Table 3 by 1.3 cn1l, in contradiction with the ab initio calculations,
shows that the observed complexation shifts are slightly smaller which predict ablue shift of 4.1 cnt?! for this mode; for the
than for the normal complex, in line with expected isotope complex usingt3CO,, the experimental and theoretical shifts
effects. The middle panel of Figure 2 gives the region of the are—0.9 andH-2.0 cnt?, respectively. To put this in the context
antisymmetric C@stretch,v?oZ(bl). For the monomer, trace b, of the behavior of the other bands of the same complex, in
a relatively broad, symmetric band is found at 2348.1tm  Figure 3, we have plotted the observed complexation shifts for
For the mixed solution, the observed band, shown in trace a, isa number of fundamentals, in abscissa, against their ab initio
asymmetric and its maximum appears at lower frequency. This value, in ordinate. In view of the Fermi resonances in theg CH
suggests the presence of a slightly red shifted complex band.stretching region, these modes were not used in this graph, as

(%)
T
|

(=}
T
1

=

S
T
]

Theoretical frequency shift/cm
s
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Experimental frequency shift/cm

Figure 3. Comparison of ab initio with observed complexation shifts
for vibrational modes of DMECO,. The solid line is the linear
regression curve.
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were the complex bands assigned to overtones and combination T T T T
bands, because for the latter obviously the predicted values are
missing. Figure 3 reveals a reasonable correlation between the
two sets of data. The linear regression line, shown as the solid
line, was calculated using all points shown in the graph: it does
not pass through the origin. It can be seen that this must be
mainly due to the/§02 data. The regression line allows small
positive theoretical shifts to be correlated with small negative
experimental shifts. However, the position of the regression line ! L L L

is obviously influenced by the rather strongly deviatirig> 0.0085  0.0090 ~ 0.0095  0.0100
points: when these points are deleted from the regression, the K/T

new line still does not pass exactly through the origin but is Figure 4. Van't Hoff plot for the temperature study of mixtures of
much closer to it, making the deviation of théoz points even DME and CQ in LAr. The solid line is the linear regression curve.

more pronounced. The reasons for this are not yet understood-TABLE 4: y-Square Values of the Stoichiometry Analysis of
Panel C of Figure 2 gives the regionef'“(a;) and serves  the DME/CO, Complex

In(Ie/Im)

to show that also for the dimethyl ether moiety complex bands  stoichiometry 928 cmt 668 cnt 650 cnTt
are o_bserveq. T_he spectra show the complex band emerging 11 11105 225104 112103
with increasing intensity at lower temperatures, on the low- 1:2 8.2¢10- 2.7%10°3 9.0x10°3
frequency side of the monomer band. Its shift from the latter is 2:1 1.3x10°% 7.4x10°3 2.1x10°2
—2.2 cnl, in the same direction but slightly larger than the 2:2 8.6x10 2.8x10°8 7.6x10°3

corresponding ab initio shift in Table 2.

In the CH; stretching region of the spectrum of a monomer TABLE 5: Entropies and Enthalpies of Solvation

DME solution, a complicated pattern is observed in which no DME CGo, DME-CO,
less than 12 transitions can be distinguished, whereas only 5 A,,S/J moFt K1 —92(2) -63(2) —127(2)
allowed fundamentals must be assigned. Previous studies on AsgH°/kJ mot™ —23.5(2) —16.8(3) —33.9(3)

DME, refs 3137 and references therein, converge on the

assignment of®"F(a;) and v23"%(b,) to the highest band in  due to a complex with stoichiometry DMEO,. A qualitative

this region, at 2994.5 cm, and of v?¥5(a;) and v%ME(bl) to comparison shows that throughout our temperature and con-

the lowest band in this region, at 2814.7 ¢mThis grouping centration studies the intensity variations of the other bands
of the fundamentals suggests weak interaction between thecorrelate closely with those of the bands used in the above
modes in different methyl groupings, which is confirmed by analysis, so that it may be concluded that no complexes with
the ab initio results in Table 2. The assignments%f=(by) in other stoichiometries have been detected.

the same literature are less consistent, but a frequency in the Stability of the Complex. The standard complexation en-
2920 cnr! area appears to be the more generally accepted. Inthalpy differenceA aH® for the reaction between DME and
Table 3, we have adopted these assigments, with the remainingCO; in liquid argon was derived using the Van't Hoff isochore.
bands tentatively assigned to overtones or combination bands,The latter establishes a linear relation, with a slope related to
enhanced by Fermi resonance with the methyl stretch funda-A.a H°/R?340 between the inverse temperature andl A/
mentals®® of the methyl deformations observed in the monomer 1axIg), in whichla, Ig, andlag are the intensities of a band of
at 1477 M5 (@), 1459 ¢2VE(by) , 1457 ¢2'E(by)), and monomers A and B and of the complex AB, respectively. For

3 14 19

1428 et (DME(by)). the present complex, the intensities were measured in spectra

For the mixed DME/C@ solutions in the CH stretching of mixed solutions containing mole fractions betweer 10~4
region, a series of complex bands were detected as shoulder@nd 2x 10~*in DME and between % 10~° and 4x 10~°in
on the monomer bands. Spectral subtraction techniques wereé=Qz recorded at different temperatures between 97.0 and 117.0

used to accurately measure their complexation shifts. The dataK- Band areas of the 934 and 664 chbands were used as
in Table 3 indicate that these fall in the-6 cnr? interval. monomer intensities, whereas for the complex, the sum of the

The Fermi resonances present in this region, which are notband areas of the 668 and 650 cnbands was used. The band
accounted for in the harmonic ab initio frequencies in Table 2, areas were obtained as described in the previous paragraph. The
prevent a meaningful comparison between the two sets of data.Van't Hoff plot constructed using the data from several
The stoichiometry of the complex was determined in the usual temperature runs is shown in Figure 4, with the resulting linear
way2° by inspecting the linearity of the correlation, throughout fegression line shown in solid. The slopg of this line, corrected
a series of spectra recorded isothermally from solutions with for temperature variations of the density of the solution as
varying momomer concentrations, of the intensity of a complex described befor&“° yielded aAiaH® of —8.0(3) kJ mot™.
band with the product of appropriate powers of the intensities = The experimental value & A H® is substantially lower than
of a monomer DME and a monomer g®and. The powers the ab initio complexation energies, but it should be realized
were chosen to represent 1:1, 1:2, and 2:1 stoichiometries. Thethat they are quite different quantities. To put the two results
complex bands at 928, 668, and 650 é¢mvere analyzed in in the proper perspective, we have transformed the complexation
combination with the 931 (DME) and 664 ci(CO,) monomer enthalpy in LAr into a gas-phase complexation energy. In a
bands. Band areas obtained from least squares band fittings ofirst step, the solvent influence on the enthalpy was removed
the spectra were used as integrated intensities. The degree ofising Monte Carlo calculations. In these, the solute/solvent
linearity in each case was expressed agfhealue of the linear interactions were modeled using Lennard-Jones and polarization
regression between the two sets of data. fhealues obtained  terms, as described befateThe solvation enthalpies and
have been collected in Table 4. It can be seen that the value forentropies derived from these calculations have been collected
the 1:1 complex is at least 6 times smaller than for the other in Table 5. The solvation influence on the complexation enthalpy
stoichiometries, which ensures that the bands investigated ares easily derived from these data, resulting in a solvent-
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destabilization of the complex by6.4(3) kJ mot™. The AparH® L L
combined with this solvent-destabilization results in a gas-phase
enthalpy of—14.4(5) kJ mot?. In the next step, the thermal
and zero-point contributions were removed frakg.H° by
straightforward statistical thermodynamics, using ab inito
structures and vibrational frequencies to calculate rotational and
vibrational terms'? It was found that this results in a correction
by 2.1 kJ mot?, so that the complexation energy is derived to
be—16.5(5) kJ motL. This value is slightly larger than the MP2/
6-311++G(d,p) ab initio result but is in very good agreement
with the value of the single-point MP2/6-31#G(3df,2pd)
value of —15.58 kJ matl. This is taken to indicate that at the
latter level the residual basis set incompleteness error has
become very small.

Fermi Resonance in the CQ Moiety. The anharmonic
interaction between thﬁg+ sublevel |0,2,000f the doubly
excited bending mode, and '[hE;,r symmetric stretching
|1,0,0state in vapor phase G@jives rise to the prototypal, 1400 1350 1300
but infrared forbidden, example of a Fermi resonance. In BME Wavenumber/cm”

CO,, the degeneracy of the bending is lifted, giving rise to an rigyre 5. Infrared spectra of DME and GOn LA, at 97 K, in the
a and a b normal coordinate. Their = 2 levels 25 and 2 region of the vS%1S% Fermi resonance, recorded at 0.1 ém
522 both have asymmetry, which is also the symmetry of the  resolution: (a) mixture of DME and GGn LAr; (b) DME in LAT; (c)
first excited level of the C@symmetric stretching mode. Hence, SPectrum due to the complex DMEQ;, isolated by subtracting trace
depending on the proximity of the levels, in the complex, Fermi P from trace a; (d) spectrum due to DMECO;, obtained similarly to

. . . that in trace c. The tick mark interval on the vertical axis equals 0.01
resonances with both first overtones of the deformations may _pc - o i
occur. A further complication may arise for thegﬁz and 2

v;:bof levels: the vibrational quantum numbers of these states for H,0-CO,. These authors, however, did not observe a
fulfill the requirements for a Darling Dennison resonance. The transition corresponding to the 1321 thiband. Trace ¢ of
lack of experimental evidence from similar g@omplexes,  Figure 5 gives the spectrum of the DME/g6olution, from
however, makes it very difficult to aniticipate on the importance \yhich an appropriately rescaled spectrum b has been subtracted,
of this type of resonance, the more so because no quartic forceyhereas trace d gives the similar spectrum obtained from a
field is available for the complex. N DME/*3CO; solution. The shifts of the weak bands in d as
In contrast with monomeric CQthe transitions from the  compared to ¢ ascertain that they originate from the @6iety
ground state to the levels involved in the complex are infrared of the complex.
allowed and should, _at_lga;t in principlcedzt?e observaple. In view Because for either isotopomer only a doublet is observed, it
of the very small ab initio intensity for; ™ in Table 2, it must g tempting to conclude that the unperturbed symmetrie CO
be expected, however, that unless significant contributions from €% s in resonance with only one of the

for instance, electrical anharmonicity are present the component’stS ymmetric stretchyy
) . 0, CO,
of the Fermi doublets will be quite weak. The region in which wo unperturbed Cobending overtone levelsyg:> or 2v5,”

. . - This, however, is not supported by the ab initio calculations of
these transitions occur is well-known and was carefully inves-

. . . : . the cubic force constantg,, andk;»2, with “1” standing for
tigated in our infrared spectra, using solutions that were nearl ' .
9 y g Y 19% 2 for 205%, and “2” for 205%. When expressed with

saturated in DME and CQwith the solutions contained ina 7 Vﬁ helo of di onl | di d usi h
cm path length cell. The resulting spectra, recorded at 90 K, € help of dimensionless normal coordinates, and using the

P : : " Nielsen definitiorfs k2, equals V.46 The cubic force field
are shown in Figure 5, for experiments using /@th natural . v 22 .
isotopic abunda?nces as We||p§€02_ g calculations, at the MP2/6-31G(d) level, result irk;2, = 75.0

For thel?C isotopomer, Figure 5 compares the spectrum of cm1, very close to the ab initio valuelof the corrqsponding
the DME/CQ solution, trace a, with the DME solution, trace .for.ce constant for monomer GOrs.4 C.m - The latter, in turn,
b. In the frequency range shown, a £@olution with a isin close agreement Wlth the expenmental vaﬁh@heﬁsame
concentration similar to the one used for trace a exhibits a caIcuIatpn leads to the shgthl_y bl%?er value of 78.5 ér:‘:ooz
spectrum with a horizontal baseline. It may be remarked that Kiz2- ng shows that, even W'th"gb C&urther away from;
this contrasts with the spectra described by M. Bulanin é#4f.,  than 2., its Fermi resonance with, ™ cannot be neglected.
in which interaction-induced transitions were observed in this Some insight in the influence of the second resonance was
spectral region. The absence of such bands in our spectra igained from a straightforward three-dimensional matrix pertur-
explained by the fact that in Bulanin’s study the spectra were bation calculation, in which the ab initio value fof and
recorded at much higher path lengths and with much higher twice the ab initio values 05> and 5 were treated as the
concentrations of CEn the more polarizable solvents krypton unperturbed frequencies, and the ab initio cubic force constants
and xenon. The comparison of trace a with trace b reveals thatki22 andki»>> were used to construct the off-diagonal elements
the weak bands at 1382 and 1321 émust be assigned to the  in the usual way?® In these calculations, the Darling Dennison
DME/*2CO, complex. The weakness of these bands is illustrated resonance between the52? and 25> levels was neglected.
by the ratio of the integrated intensity of the 650 T}m»%)z In double-resonance (2R) calculations botkland k>»> were
complex band to that of the 1382 ciband, which was found  included, while in single-resonance (1R) calculatips was
by least squares band fitting to be 235(30). A transition equated to zero. In the 2R calculation for fR€ complex, the
corresponding to the 1382 crhband was reported, and assigned two highest components of the Fermi triplet were shifted by
to the symmetric C@stretch, by Fredin et &lat 1384.5 cm? +10.6 and+-8.7 cnT! in comparison with the predictions from
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5396 J. Phys. Chem. A, Vol. 107, No. 28, 2003 Van Ginderen et al.
(10) Bukowski, R.; Szalewicz, K.; Chabalowski, C.F.Phys. Chem.

the 1R calculation. For th&C complex, the 2R versus the 1R
A 1999 103, 7322-7340.

: . . 1
calculation yields shifts o#9.0 and+4.6 cnm . These results (11) Falk, M. Miller, A. G.Vib. Spectrosc1992 4, 105-108.
emphasize that, assuming the. ab initio cubic force constants (13) weredith, J. C.; Johnston, K. P.; Seminario, J. M.; Kazarian, S.
are an acceptable approximation to the true values, a usefulG.; Eckert, C. AJ. Phys. Chem. A996 100, 10837-10848.

analysis of the observations requires accounting for the second (13) Tso, T-L.; Lee, E. K. CJ. Phys. Chem. A985 89, 1612-1618.

. . (14) Tso, T.-L.; Lee, E. K. CJ. Phys. Chem. A985 89, 1648-1631.
Fermi resonance, which can only be done when the correspond- (15) Van Der Zwet, G. P.; Allamandola, L. J.: Baas, F. Greenberg, J.

ing transition can be located experimentally. It is not unlikely M. J. Mol. Struct.1989 195, 213-225.
that in the present experiments this band was not observed (16) Wierzejewdka, M.; Dziadosz, M. Mol. Struct.1999 513 155~

it 167.
because it is lost under the much stronger DME band near 1249 (17) Makarewicz, J.: Ha, T-K.: Bauder, 4. Chem. Phys1993 99,

cm1in the monomer as well as in the complex. In that case, 3g94-3699.
matrix isolation, with its significantly reduced bandwidths, (18) Nelson, M. R.; Borkman, R. B. Phys. Chem. A998 102, 7860

would be the preferred method to attempt observation of this 7863. . .
band. The mole fractions of monomers used to obtain the spectra15§1_91)63“ xumao, L. M.; Ford, T. A Gox, A. . Mol. Struct 1994 307,

in Figure 5 are typical for matrix isolation experiments. The (20) zhang, N. R.; Shillady, D. DJ. Chem. Phys1994 100, 5230
less than optimal signal-to-noise ratio of the spectra, combined 5236. ) - Dobrowolsk - Baid ‘ K
with their extensive accumulation time, then makes clear that , (¢1) Jamfa M. H.; Dobrowolski, J. C.; Bajdor, K.; Borowiak, M. A.

. . . . J. Mol. Struct.1995 349, 9—12.
matrixes would have to be deposited with thicknesses of the  (22) Fedotov, A. N.; Simonov, A. Zh. Fiz. Khim.1999 73, 1852-

same order as the path length of the liquid cell used in this 1855.

; e i ioti ; (23) Van der Veken, B. J. Ihow-temperature molecular spectroscopy
StUdY’ I.'e" 7 cm. ThIS_ is unrealistically thick, and therefore, Faust, R., Ed.; Kluwer Academic Publishers: Dordrecht, The Netherlands,
matrix isolation experiments were not pursued. As a conse- 1996’ 371.

guence, no quantitative analysis of the observed Fermi doublets (24) Simon, S.; Duran, M.; Dannenberg, JJ.JChem. Physl996 105
can be given at this stage. 11024. _

(25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,

. . . . M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
In this study, the structure and vibrational properties of the Ochterski, J.: Petersson, G. A.: Ayala, P. Y.: Cui, Q.. Morokuma, K. Malick,

1:1 complex between the Lewis acid carbon dioxide and the p. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Lewis base dimethyl ether was investigated using ab initio Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,

; _ I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
calculations at the MP2/6-3%1G(d,p). The complex was Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.

investigated experimentally, using infrared spectroscopy of \v.: Johnson, B. G.: Chen, W.: Wong, M. W.: Andres, J. L.; Head-Gordon,
solutions in liquid argon. In these solutions, bands due to a M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.11; Gaussian,

complex were identified, with the stoichiometry analysis proving [nc.: Pittsburgh, PA, 1998. _ N
its 1:1 composition. Its stability, measured as the standard Hag,ze? %?ngggf'on 4.1; Jorgensen, W. L., Bd.; Yale University: New

complexation enthalpy difference, was found to be 8.0(3) kJ  (27) Allen, M. P.; Tildesley, D. JComputer simulations of liquids
mol~1, which, when extrapolated to an energy difference, was Oxford University Press: Oxford, 1987.
found to be—16.5(5) kJ mot?, in very good agreement with (28) Levy, R. M. Gallicchio, EAnnu. Re. Phys. Cheml998 49, 531
the BSSE corrected complexation energy derived from single- (ég) Herrebout, W. A.; Lundell, J.; Van der Veken, BJJPhys. Chem.
point MP2/6-31%+G(3df,2pd) calculations at the converged A 1(99? 103 7:39—7645. § . ) |
_ 30) Herrebout, W. A.; Van der Veken, B. J. Wibrational Spectra

MP2/6-31t-+g(d.p) structures. and StructureDurig, J. R., Ed.; Elsevier: Amsterdam, 2003, in press.

(31) Coudert, L. H.; Camabal, P.; Chevalier, M.; Broquier, M.; Hepp,
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