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In this paper, we have calculated using the ab initio method the IR vibrational spectra of complexes of CO
formed with water (sp O-donating atom). Binding energies and structures of the-@Q0 and water

(CO,), complexes have been determined at the second-order level of the Welésset perturbation theory

(MP2) using Dunning’s basis sets. The results are presented and critically discussed in terms of the nature of
the water-CO;, interactions, electron donor acceptor (EDA) and weak -0 interactions. For water

(COy), trimer, it is also shown that the contribution to the interaction energy of the irreducible three-bodies
remains relatively negligible. We have analyzed the frequency shifts and the IR and Raman intensity variations
under the complex formation. We have particularly emphasized the splitting of ttending mode of C©

and stretching modes of water, which have been revealed as the most pertinent probes to assess the nature of
the forces involved in the different complexes. Finally, because water can play the role of Lewis base and
acid as well, we found that weak-@H—O0 interactions can cooperate with EDA interactions in trimer, leading

to very specific spectral signatures that are further discussed.

1. Introduction the complex. Such secondary-@H interactions can also play

Understanding interactions of carbon dioxide with water is & Significant role in the structural arrangement between water
of wide interest in many research fields such as physical, and CQ molecules and thus in .the solvation processes as itis
biochemical, and atmospheric chemistry. Therefore, this systemor C_':Z';'O hydrogen bonds in molecular recognition pro-
has been the subject of a large body of experimental and cessesd? ) ) _ )
theoretical studies concerning the hydration of .Cd the Matrix isolation IR experiments as well as hlg_h-resolutlon
solvation of HOX~7 In the presence of Lewis bases such as IR spectroscopy and molecular beam electric resonance
water, alcohols, ketones, amines, and amides, &5 as a (MBER) measuremerfisn the gaseous phase s_uggest that the
Lewis acid favoring the formation of electron doracceptor ~ MOSt stable structure of the,8—CO, complex is the planar
(EDA) complexes$-12 This is due to the electron deficiency of ~ 1-Shaped structure &, symmetry for which the water protons
the C atom of C@and bond electron density more polarized Pointaway from the Ce@molecule with an @-C intermolecular
toward the O atoms. Investigations on the nature of interactions distance of 2.836 A Moreover, microwave spectroscopy leads
of CO, with organic solutes in gaseous and liquid phases have to a value of t_he internal rotation barrier op® around itsCyp,
firmly shown the adequateness of combining infrared (IR) Symmetry axis of about 0.86- 0.20 kcal/mok, in close
absorption and Raman scattering measurements with ab initio@greement with that reported by Block e alevertheless, some
calculation$19-12 Evidence coming from vibrational spectros- vibrational frequencies of the complex observed in matrix
copy and theoretical chemistry led to the conclusion that iSolation spectroscopy have been interpreted as a possible
molecules having at least an electron donor center favorably Signature of a secondary hydrogen-bonde@HCO, complex.
interact with CQ. These studies have been recently extended Ab initio calculations provided quantitative characterizations
to solutes dissolved in supercritical @814Using supercritical ~ Of the properties of such GQromplexes. These calculations
(SC) fluids as solvents offers the advantage to investigate N@ve shown that a binding energy of abet.2 to—2.8 kcal/
solvation mechanisms by varying their physical and transport Mol corresponds to the global energy minimum of the planar
properties with the density. Indeed, above the critical temper- 1-Shaped structure. However, a local energy minimum has also
ature of the solvent, the density of the fluid can be continuously P€en found corresponding to a complex having an almost
varied from gas-like to liquid-like values without phase transi- H-Ponded linear arrangement of the moieties with an intermo-
tion. Therefore, SC fluids enable us to improve our understand- lecular distance of 4:24.3 Al In this structure, the interaction
ing of EDA interactions in condensed phases by bridging the €Nergy is ranging from-1.2 to—1.6 kcal/mok: Other possible
existing gap of physical observables between vapor and liquid strzuactu_res of the complex have also been examined by Cox et
state. Recent IR and Raman spectroscopic studies combined witil-~> using the MP2/6-31G(d,p) level of calculations. Although
ab initio computations revealed strong implications of transient this study confirmed that the plan&, structure (T-shaped)
EDA complexes in the solvation process in SCC&!521 has the lowest binding energy, the authors argued that deeper

Although water mainly interacts with GQs a Lewis base guantitative study of the properties of these complexes needed
weak O-+H interactions can also play a role in the structure of More elaborate calculations to ensure a successful geometry

optimization, particularly as the potential intermolecular energy
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TABLE 1: Calculated Geometrical Parameters of the Optimized Structure of the HO—CO, Complex (Cs symmetry) at the
MP2 Level of Perturbation Using Augmented Correlation-Consistent Polarized Valence Double/Triple Zeta Basis S&ts® (The
Binding Energy AE;,(® (Corrected from BSSE) and the Electron Correlation Energy Are Also Reported with the BSSE and
ZPE Contributions)

parametef's aug-cc-pVTZ aug-cc-pvVDZ binding enery  aug-cc-pVTZ aug-cc-pVDZ literature
doyt, (A) 0.962 (+1 x 1079) 0.966
doyts (A) 0.961 0.966
OHon (deg) 104.640.5) 104.8 ¢-0.9) AEj©o) —-2.6 -2.3 AEin
de,os (A) 1.170 1.180¢0.5x 1079 —6.22 -8.0°
de,os (A) 1.169 (-1 x 10°3) 1.179 1 x 1079) AE(BSSE) +0.2 +0.4 —2.2,-2.¢
00oco (de%? 1.7 1.7 -1.9;—-3.4
R(C-+-0O) (A) 2.774 2.783 AEj,{MP2) -0.7 -0.4 —2.2
o (deg) 88.0 86.5
S (deg) 139.6 146.8 AE,{ZPE) +0.8 +0.8
¢ (deg) 11.9 19.0

aReference 420 Reference 12, SCF calculatiorfReferences 2, 36, calculations at the MP2 level of theory with large basis &eference
1, MP2 and DFT-B3LYP calculationg8 References 7, 23 Significant angle and distance deviations from isolated @@ HO monomers have
been reported in parenthesésooco indicates the bending angle deviation for Ci@teracting with water? Energy unit (kcal/mol)! AEj°,
interaction energy corrected from the BSSE energy contributigr®SS®; AEMP? and AE;?FE), MP2 and zero-point energy contributions to the
total binding energy, respectively.

of the basis set lead to significant differences in the distance
associated with the complex energy minima.

Water solvation by liquid and SC GQ@epends on a subtle
balance between solutsolvent and solventsolvent interac-
tions. In condensed fluids, many-body interactions play a
fundamental role in the solvation process. Nevertheless, theo-
retical chemistry can provide insights on the interaction energy
of isolated pairs of solvertsolvent and solutesolvent mol-
ecules. Moreover, the influence of many-body interactions on
both structure and stabilization energy of complexes formed by
one water and two or three G@olecules (trimers, tetramers) Figure 1. Optimized structure A Qs symmetry) of the EDA C@
can also be assessed by ab initio calculations, and this constitutegomplex formed with water.

a first step toward the understanding of the solvation mechanism.
This paper is aimed at the determination of the structures 3. Water—CO, Complex

and binding energy values of the dimer and trimer formed 3.1. Structure and Binding Energy. At the MP2 level of

betwe(_an C@ and a single water m_olecule._ The vibrational the perturbation theory, using the augmented valence double
anal.y5|s of all pf the structures mvgs’ugated will b_e subsequently and triple basis sets aug-cc-pV(D,T)Z level, the equilibrium
cgrrled out using the standard W|!son FG. matrix .formalfém. geometry of the waterCO, dimer having the minimum value
Finally, the influence of cooperative -©H interactions with of the energy is a planar structure (labeled AXfsymmetry
EDA forces on structures and s_pectra! signatures of the CO (Figure 1). The geometrical parameters of this optimized
complexes formed with water will be discussed. structure A are gathered in Table 1 and compared to those
calculated for the isolated moieties. In this configuration, the
electron donor O (oxygen)-atom of water interacts with the
Ab initio calculations have been carried out using the electron acceptor C(carbon)-atom of &@ith an intermolecular
Gaussian 98 prografi. The structures of the wateCO, distanceRc...0) ranging from 2.77 A (VTZ) to 2.78 A (VDZ)
complexes and isolated moieties have been fully optimized at according to the augmented valence double and triple basis sets
the second-order MollerPlesset (MP2) level of perturbation used. The hydrogen atoms of water are oriented in the opposite
theory?® using a very tight criterion of convergence. The direction of the C@molecule to minimize the overlap between
optimized structures and computed interaction energies of orbitals of the O atoms of CQOwith those of the lone pair of
complexes have been achieved using the correlation-consistentvater. However, the angle (see Figure 1) varies from 11.9
polarized valence double cc-pVDZ and cc-pVTZ triple zeta basis (VTZ) to 19.C° (VDZ). The anon angle of water interacting
sets, respectivel/,2° augmented by diffuse functions (labeled with CO;is slightly increased in comparison with that of isolated
using the prefix aug.2° The interaction energie\Ei;) have monomer (Table 1).
been calculated for the local energy minima structures and The BSSE corrected binding enerd§©) ranges from-2.6
transition states of the wateCO, complexes. For dimer, the  to —2.3 kcal/mol (Table 1). The electron correlation contributes
calculated binding energy has been corrected using the basido the interaction energy by about-280%. Taking into account
set superposition error (BSSE) by the full counterpoise (CP) the zero point energy (ZPE) correction, the calculated binding
techniquée’! For trimer, the BSSE corrected binding energy has energy of this 1:1 complex is only 6f1.5 to —1.8 kcal/mol.
been obtained according to the sitgte function counterpoise  Even if experimental values of the interaction energy of this
method (SSFCJ?%5 In a second step, we have carried out a complex are lacking, our estimates are consistent with those
vibrational analysis of the watelCO, complexes using the  predicted from structures reported in previous ab initio
standard Wilson FG matrix formalisthfor the optimized studiest—3:6:36which are consistent with structures experimen-
structures and their individual moieties. In this framework, tally reported from matrix IR and MBER measuremehts.
computed frequency values are assumed to correspond toMoreover, a few values of the binding energy available in the
harmonic vibrations. literature have been gathered in this table to be compared to

Structure A

2. Methodology and Details of the Calculations
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TABLE 2: Calculated Frequencies and IR and Raman Intensities of the C@H,O Dimer in Optimized Structure 2
aug-cc-pVvTZ aug-cc-pvDZ
freq.v (cm™?) Iir (km/mol)  lram(A%amu) freqv (cm™) lir (km/mol) Iram (A%amu) assignment
Monomer HO
v,  1628.4(1195.4)  71.7 (36.36) 1.09(0.60) 1622.3(1190.7)  67.46 (36.11) 1.95(1.03)  symmetric bending
vi  3821.9 (2764.1) 5.56 (4.34) 106.3 (55.56)  3803.3 (2751.2) 4.14 (3.39) 104.11 (54.59)  symmetric stretch
vz 3947.7 (2900.8) 75.46 (45.0) 22.8(12.23)  3937.5(2893.0) 67.02 (40.2) 24.18 (12.9) antisymmetric stretch
Monomer CQ
vy 659.0 22.64 inactive 655.5 21.46 inactive degenerate bending OCO
vy 1325.8 inactive 33.47 1305.4 inactive 33.38 symmetric stretch OC
vy  2401.4 577.40 inactive 2379.2 567.59 inactive antisymmetric stretch OC
Dimer CQ*H>0
10.8 (8.8) 93.3(71.1) 110.8 (106.5) 27.4 (22.5) 99.5 (75.8) 116.8 (111.8)
156.3 (112.3) 166.0 (147.5) 168.1 (124.3) 172.9 (149.7)
assignment,
freq.v (cm™) Iir/liR® IRanflRam’ freq.v (cm™?) Ir/lIR® IRanflRant low-frequency modes (cm)
vt 648.8 1.66 646.6 1.66 in-plane bending
v 662.6 0.97 657.8 0.98 out-of-plane bending
v1(CO) 1328.6 n.c. 1308.7 0.95 symmetric stretch OC
v2(HOH) 1626.5 (1194.8) 1.1(1.2) n.c. 1619.2 (1189.2) 1.2(1.2) 0.75 (0.76) symmetric bending
v3(CO) 2404.4 0.97 2383.2 0.96 antisymmetric stretch OC
v1(OH) 3818.5(2761.4) 1.6 (1.6) n.c. 3800.2 (2748.7) 1.65 (1.6) 0.97 (0.97) symmetric stretch
v3(OH) 3944.6 (2899.0) 1.1(1.1) n.c. 3935.3 (2891.9) 1.1(1.1) 1.1(1.1) antisymmetric stretch

aThe intensity variations are normalized to the corresponding value of isolated monomers. The calculated frequencies and IR and Raman intensities
of CO, and water monomers (MP2/aug-cc-pV(D,T)Z level) are also reported. The values reported in parentheses correspond to those obtained with
heavy water (RO) in the complex.

(A) (B)

Structure I

Structure 11T

Figure 2. Structures of the transition states of theCH CO, complex: (A) EDA structure | €z, symmetry), (B) structure Il @, symmetry).

our calculated values of the interaction energy. Even if Dun-

formation, thevs antisymmetric stretching mode of GUs

ning’s basis sets afford a convenient way to achieve a completeweakly shifted by 4.0 cmt toward higher wavenumbers, and
basis set (CBS) limit, our results are quite comparable to thoseits intensity is reduced by a factor of 0.96 as compared to that

obtained using Pople’s basis s&t$3¢ and the BSSE contribu-

of the “free” CQ. The vy symmetric stretching mode of GO

tions to the binding energy are of the same importance in both inactive for the isolated molecule, exhibits now a weak activity

cases.
3.2. Vibrational Spectra. The computed harmonic frequen-

and is slightly shifted by 3.3 cn to higher frequencies. This
mode, which is normally strongly active in Raman scattering,

cies, IR intensities, and Raman activities associated with the has its intensity slightly decreased by a factor of 0.96.

internal modes of the isolated molecules and the two moieties

In this structure, the internal modes of water interacting with

in structure A are reported in Table 2. We have also reported CO, are weakly perturbed (Table 2). Indeed, thesymmetric
in this table the calculated low-frequency modes due to the and vz antisymmetric stretching modes are slightly shifted

complex formation for the different basis set considered. First,
we consider the IR spectra associated withitheending and

vz antisymmetric active stretching modes of £@spectively.
The EDA character of the interaction between water and CO
is established from the removal of the degeneracy ofithe
bending mode of C& which leads to a doublet structure with
a frequency splittingAv, equal to 11.2 cm!. The first
component of the doublet is assigned to tkin-plane mode

of the perturbed OCO “bending” motion of G@n the plane
formed by CQ and the G--C intermolecular bond). It is situated
at a lower frequency~646.6 cntl) than that of the isolated
moiety (~655.5 cn1?), while its intensity is enhanced by a factor
of 1.7 (Table 2). The second component of the doublet is
assigned to the,? out-of-plane mode (with reference to the

toward lower wavenumbers by 3.1 and 2.2 ¢nrespectively.
Their intensities are enhanced by 1.65 and 1.10 as compared to
isolated water, whereas the Raman activities remain almost
unchanged. The line position of thre bending mode of water

is shifted toward lower frequencies by 3.1 thin contrast to

the OH stretching modes, the Raman activity of the bending
mode is reduced by a factor 0.75, whereas the corresponding
IR intensity is enhanced by 1.2.

3.3. Transition States.We found a first transition state of
the complex with a planar T-shaped structure (labeled Qof
symmetry (Figure 2A). In this configuration, the electron donor
O-atom of water interacts with the electron acceptor C-atom of
CO,. The intermolecular distandRc...o) is 2.78 A (MP2/aug-
cc-pVDZ), and protons of water are symmetrically oriented in

bimolecular plane) associated with the perpendicular OCO the opposite direction of the GOnolecule. The geometrical

“bending” motion of CQ and is located at a higher frequency
(~657.8 cn1?) with an intensity slightly lowered. Upon complex

parameters of the optimized planar T-shaped structure are
gathered in Table 3 for the basis sets used here. The BSSE
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TABLE 3: Geometrical Parameters of the HLO—CO, Dimer of water interacts with the acceptor C-atom of the closest CO
in Conformations | and lll (Transition States of Cy, molecule situated at an interatomic distarige...o)* of about
Symmetry) Calculated at the MP2/aug-cc-pV(D,T)Z Leved 2.76 A. Both protons of water are almost pointed away from
structure | structure 11 this nearest C® This pair conformation appears as reminiscent
variables  aug-cc-pVTZ aug-cc-pvDZ aug-cc-pvTZ aug-cc-pvDz  Of the structure A (in whictRc...0) ~ 2.78 A, section 3.1)
R(C-+-0) (A) 2773 2777 4382 4385 affected by the presence of a second neighboring $eparated
don (A) 0.962 0.966 0.966 0.962 from water by an interatomic distan&g-...o)? of 3.82 ANT2)
anoH (deg) 104.6 104.4 102.9 103.1 to 3.84 A (VDZ). The pair of C@molecules interacts to form
(0€)1.178  (QC)1.168 an oblique conformation characterized by a relative angle
doc (A) 1.170 1.180 (0:C) 1181 (QC) 1.172 ranging from 63.0 (VDZ) to 79.1° (VTZ) between their highly
dotoco (degy 18 1.7 g 0 0 symmetric axes. The intermolecular distarie...c) is 4.0 A.
AEimE;Z)SCEt J—rch.g ;33 ;(1).(2) ;8'?1 This orientational arrangement results from a subtle compromise
AE; . . . . “gi "
AE:::(MPZ)C g o i i between the “slipped” parallel geometr€,, symmetry) and

the T-shaped structureC§, symmetry) found for the isolated

aThe nomenclature of refs 7, 23 is used here to label the transient CO,—CO, dimer in previous studie¥ 4! A further examination
state of the HO—CO, dimer.® daoco indicates the bending angle  of this structure shows that the arrangement between water and
deviation for CQ in the 1:1 complex® All energy values are given in its second neighbor involves a second weakl®-0 hydrogen
keal/mol. bond characterized by a distance of 2.13 A (VTZ) to 2.15 A
(VDZ) due to the overlap between the lone pair of the O-atom
of the farthest C® molecule and proton of water. This
interaction cooperatively acts with the main EDA interactions
between water and GO

For the equilibrium structure of the,®@—(CQO,), trimer, the
interaction energy calculations explicitly include the irreducible
three-body interaction contribution to the total interaction energy
according to the sitesite function counterpoise scherffe3®

AEim3(X,Y,Z) = [E(X,Y,2) + E(X) + E(Y) + E(2)] —
[E(X,Y) + E(X,2) + E(Y,Z2)] (1)

where,E(X,Y,2), is the energy of theX,Y,Z) triplet calculated
in the overall basis of the trimeE(X,Y) is the energy of the
(XY) pair calculated in the overall basis of the trimer, &{X)

Structure (I2) (C, symmetry) is the energy of th& monomer calculated in the overall basis
Figure 3. Optimized structure of the #—(CO,), complex in the of the trimer.
planar structure 12Gs symmetry). The interaction energy (corrected from BSSE) of eaiy)(

pair in the trimer is given by:

corrected binding energhEi, (¢ is —2.3 to —2.6 kcal/mol
u)singhthelvalence dou:ale and tr(ijple basis sets, respectivelg (TabIeAEimZ(X,Y) =[E(X,Y,2) + E(2)] —
3). The electron correlation and zero point energy contributions 3
to the binding energy are also reported in this table. The more [E(X.2) + E(Y\2) + AE,(X.Y,2)] (2)
significant electron correlation contribution to the binding energy ) ) )
is obtained using the aug-cc-VTZ basis set with a value@7  USing for AEqx(X,Y,Z) the expression given in eq 1.
keal/mol. Using this generalized Boy$Bernardi scheme, the total

Another planar transition state of the 1:1 complex has been interaction energy of the trimeK(Y,Z) can be presented as the
found in which the two water protons are situated at an equal SUM-:
intermolecular H-+O distance of 2.71 A (of 2.72 A using the
aug-cc-VTZ basis set) from the closesi-@om of the CQ AES5F9= AE, AX.Y) + AE,,2(X.2) + AE, AY.2) +
molecule aligned along th&, symmetry axis (Figure 2B). Upon 3

. o\ AE (XY,2) (3)

complex formation, theyon angle of water is slightly decreased
and the BSSE corrected binding enemyi,(°°" varies from
—0.9 kcal/mol (aug-cc-pVDZ) te-1.0 kcal/mol (aug-cc-pVTZ)
(Table 3). The two transition states (structures | and Ill) of the

s st e o S e ETETQY e o th edcble yee-body erm 4 Kelimol
9 P P that is, 8% of the total interaction energy. The electron

tski]zeed;?:crtsslon of the calculated interaction energies due to bas"':'correlation contribution is significant with a value 8.4 kcal/

mol amounting for 59-67% of the total interaction energy. The
. calculated interaction energy values of the wateé©, pairs in
4. 1:2 Water—(CO), Complex the 1:2 complex are, respectively;2.6 and—1.7 kcal/mol

4.1. Structure and Interaction Energy. At the MP2/aug- (VTZ) and —2.3 and—1.6 kcal/mol using the VDZ basis set
cc-pV(D,T)Z levels of calculations, we found a stable planar (Table 4). The remaining contribution to the binding energy
structure of the water(COy), trimer having Cs symmetry due to the C@-CO;, pair of molecules is-1.1 to —0.9 kcal/
(Figure 3). The calculated structural parameters are gathered inmol, a value comparable to previous binding energy estimates
Table 4. In this structure (labeled 12), the electron donor O-atom of the isolated dimef#/—41

At the MP2/aug-cc-pV(D,T)Z level, the CP corrected total
binding energyAEro1(SSFC of the trimer ranges from-5.1 to
—5.8 kcal/mol (Table 4). The contribution to the total interaction
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TABLE 4: Calculated Geometrical Parameters of the Optimized Structure of the 1:2 HO—(CO,), Complex (Cs Symmetry) at
the MP2/aug-cc-pV(D,T)Z Levef™30 (The Binding Energy AE;y(©" Corrected from BSSE According to the Generalized
Boys—Bernardi Scheme (See Text) and the Electron Correlation Energy (in Parentheses) Are Also Reported in This Table)

parameters aug-cc-pvVTZ aug-cc-pvVDZ binding energy aug-cc-pVTZ aug-cc-pvDZ
doyn, (A) 0.964 42 x 1079 0.968 (+2 x 1079)
doys (A) 0.961 0.965¢1 x 1079
axon (deg) 105.040.9) 104.7 ¢-0.8) AEror(SSFO) —5.8 (—3.4) —5.1(-3.4)
de,05 (A) 1.172 42 x 1079) 1.182 1.5 x 10°3)
de,0, (A) 1.168 (-3 x 1079) 1.177 £3 x 1079) AEin(1,2) —2.6 (—0.8) —2.3(-0.5)
(3(10(;01 (deg)" 1.1 1.9
desos (A) 1.173 (k2 x 1073) 1.182 -1.5x 1079) AEin(1,3) —1.7 (-0.8) —1.6 (-0.9)
deyo, (A) 1.167 (-4 x 1073) 1.177 €3 x 1073)
daocd (degy 1.0 1.0 AEin(2,3) —1.1(=0.9) —0.9 (-0.8)
R0y (A) 2.755 2.764
a; (deg) 85.5 86.9 AEind(1,2,3) —0.4 (-0.8) —0.4 (-1.5)
B (deg) 151.2 151.2
¢ (deg) 23.7 23.6
Re-o? (A) 3.820 3.840
o (deg) 41.3 41.3
p2 (deg) 31.2 31.7

a Significant angle and distance deviations from isolated, @@ HO monomers have been reported in parenthéségoco indicates the
bending angle deviation for GOnteracting with water¢ Energy unit (kcal/mol).

TABLE 5: Frequencies and IR and Raman Intensities equilibrium structure 12 (Figure 4). The use of the VTZ basis
Valrlat;onsdof thhe (Coz)/z‘Hzo Complex me?tructure 12 set at the (MP2) level of perturbation theory to determine the
Calculated at the MP2/aug-cc-pVDZ Lev vibrational analysis of the trimer was precluded from calcula-
Low-Frequency Modes (cm) tions performed on the computers available by us. Therefore,
aug-cc-pVDZ the vibrational analysis of the trimer has been discussed in the
following from calculations performed at the MP2/aug-cc-pVDZ
18.9 (18.8) 31.6 (31.6) 68.6 (68.5) level.
71.3(70.4) 91.2 (90.0) 119.7 (102.8) The main influence of the EDA intermolecular interactions
137.9 (114.3) 141.3 (131.2) 243.5(189.7) : )
354.5 (254.3) between water and GQs clearly put in evidence from the IR

spectra associated with tlhgbending mode of C&in structure

Internal Modes I2. The removal of the degeneracy of thebending mode leads

freq. symm. v(cm™) lir/lir® IranflRam’ to the formation of a quadruplet line structure with frequency
vt Al 643.0 1.23 values respectively situated at 643.0, 650.2, 653.1, and 657.3
V2 A’ 650.2 1.99 cm~L In contrast with the 1:1 complexes, thg andv,? modes
v® A" 653.1 0.89 situated at the two lowest frequencies have to be assigned to a
v A:’ 657.3 1.07 composite bending motion taking place in theymmetry plane
E&ggg ﬁ, 121(1):2 g:gg involving both CQ molecules (Figure 4). Thus, it should not
vo(HOH) A 1622.9 1.15 1.01 be correct to assign in structure 12 the individual components
(1191.0) (1.17) (1.23) of the multiplet as resulting from a degeneracy removal of the
v3(CO) A 2385.8 1.10 v, mode associated with a particular €@olecule in the
v3(CO) A 2387.3 0.97 complex. In contrast, the two lines observed at the highest
v1(OH) A é;g?'% %é'i’g) (%g% frequency can be attributed more particularly to the weakly
v3(OH) Al 3926.5 207 1.30 perturbed out-of-plane bending mo_tions (i.e., perpendicularly
(2885.0) (2.14) (1.23) to the o-symmetry plane) of a particular GQeighbor. The

ighest frequency,* (657.3 cnT!) mode originates from the
igh-frequency component of the split out-of-plane bending
motion of CQ, which mainly interacts with water in a quasi

In the equilibrium structure of the wate(CQOy), trimer, a T-shaped configuration at a distarRe...c) ~ 2.764 A (Figure
weak O--H—O interaction involving a proton of water coop- 4).The frequency of the® mode ¢653.1 cml) can be
eratively acts with the main stabilizing EDA interaction. It is assigned to the out-of-plane bending motion of the second
noteworthy that such cooperative-@4—0 hydrogen bonds are  neighboring CQ@ molecule for which the doublet of split lines
not unexpected as water interacting with {fan act both as a  is globally shifted toward lower frequencies (Table 5).

aThe values reported in parentheses correspond to those obtainec{:
for heavy water (RO) in the complex.

Lewis base (spO-donating atom) and a Lewis acid (through In structure 12, the’s stretching modes of both G@nolecules
protons of water). Thus, the weak-<©H—O hydrogen bonds  are shifted toward higher wavenumbers by 8.6 and 10.3'cm
in the EDA complex formed between water and O@ay a respectively. The line situated at lowest frequency is associated

significant role in the tuning of the inner structural arrangement with the perturbed OC stretching motion of gibteracting with
of the trimer. Clearly, thorough structural investigations of 1:2 water in a quasi T-shaped structure. The highest shifted line is
complexes provide better insight into mechanisms that should associated with the perturbed OC stretching motions due to
take place in condensed phase solvation. O---H interactions of the second neighboring £@olecule with

4.2. Vibrational Spectra of the 1:2 Water—(CO,), Com- water. In the former case, the intensity of thg mode is
plex. We have reported in Table 5 the calculated harmonic increased by factor 1.10 as compared to that of “free”,,CO
frequencies (including low-frequency modes due to the complex whereas its intensity is decreased by a factor 0.97. ikhe
formation), and the enhancement of IR and Raman intensities stretching modes of the G@nolecules are shifted toward higher
of the internal modes of water and gQnoieties in the frequencies by 5.2 and 5.7 ¢ The Raman intensity of the
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symmetric OC stretch is also affected by interactions and
increased by a factor of 1.15 as giDteracts with water in a
quasi T-shaped conformation. In contrast, the intensity is
significantly lowered by a factor of 0.59 for the second £O
neighbor interacting also with water through a cooperative weak
O:--H—O interaction. The H-bonding character of this weak
interaction is supported by both the red-shift and the IR intensity
enhancement of the, andv; stretching modes of water. The
frequency of thes; mode is lowered by 11.0 cm, and its IR
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CO;, pair, CQ—CO; interactions, and weak ‘BH interactions
(O-++H distance of 2.15 A) needed to stabilize the 1:2 entity.
This can be also perceived through the attractive contribution
to the binding energy of the irreducible three-bodies interactions
(—0.4 kcal/mol).

For the 1:2 complex, the degeneracy of thdending mode
of CO, is removed to form quadruplet lines associated with a
composed bending motion of G@nolecules interacting with
water. That precludes us to interpret the spectral lines in terms

intensity is increased by 2.2. The spectral signature of this weak of the individual internal mode of a molecule. However, the

hydrogen-bonded interaction is more spectacular omitheode
of water, which is red-shifted by 13.8 crthand for which the

spectral analysis for the planar structure shows thatthedes
situated at the lowest frequencies can be assigned with the in-

IR intensity is enhanced by 1 order of magnitude (Table 5). plane “bending” motions perturbed by-@GC interactions,
The Raman intensities of the two stretching modes are equallywhereas out-of-plane bending motions are rather situated at
enhanced by a factor of 1.3. In contrast, the line position of the higher wavenumbers. Incidentally, our vibrational analysis

v2 bending mode of water is slightly shifted toward higher
frequencies by 0.6 cm, whereas its IR intensity is enhanced
by a factor of 1.15 and the Raman activity is almost unchanged
as compared to that of “free” water.

5. Discussion and Conclusion

Predictions reported here on the complex formation between
water and CQwill be comparatively discussed with other EDA
CO,-complexes for which the base has af ®gdonating atom
(such as alcohols). A second issue will concern the influence
of the CQ—CO, and three-bodies interaction processes on
structural and vibrational spectroscopic features of, C@m-
plexes with water including at least two G@olecules.

In this study, the calculated structure of the 1:1 complex is

confirms that generally the, andv; stretches of C@are found

to be weakly perturbed (shifts, intensities) by interactions with
water and CQ@ neighbors. This result was already shown for
EDA CO, complexes formed with other %plonors such as
alcohols and spdonor classe%,'? leading us to conclude that
the OC stretches of CGG&hould not be suitable probes to provide
unambiguously specific spectral signatures due to the EDA
complex formation. The typical spectral signature due to
cooperative ©H interactions between water and €@
structure 12 is mainly observed from significant IR intensity
variations and frequency shifts of tegandv; modes of water.
Incidentally, thev, bending mode of water only exhibits slight
shifts toward higher frequencies accompanied by weak IR
intensity enhancement. Let us emphasize that the frequency
shifts of stretching and bending modes calculated here for the

found rather consistent with that predicted in previous theoretical timer are in fair agreement with those measured for water highly
works, despite the relative dispersion on the binding energy gijuted in SC CQ as a function of densit} This means that

evaluation due to the size and the quality of basis sets used inyis kind of cooperative ©H interaction takes place in SC GO

the literaturet:2 At the MP2/aug-cc-pV(D,T)Z levels, the most
stable structure A of the 1:1 complex is found plan@x (
symmetry) and mainly stabilized by EDA interactions. In this
equilibrium structure A, the symmetry axis of water exhibits a
slight tilt angle¢ (ranging from 12 to 19) as compared to the
T-shaped structure (first transition state). However, no stable

hydrogen-bonded structure has been found at this computationa

level.

The splitting of thev, mode of CQ is strongly correlated
with its arrangement in the complex. Clearly, the strongest
perturbation due to EDA interactions is always experienced by
the bending motion in the plane formed by £&nhd the O--C
intermolecular bond. This involves a significant shift of thé
mode toward lower wavenumbers together with an enhancemen
of the IR intensity by about a factor of 1.7. The? mode
associated with the out-of-plane bending motion is shifted

Finally, we conclude from our ab initio vibrational analysis
that CQ complexes formed with water exhibit spectral signa-
tures (frequency shifts and intensity variations) similar to those
obtained of other spdonors. More precisely, the, bending
mode of CQ is strongly affected by interactions with water,
whereas the CO stretches are more weakly perturbed. OH
Etretches of water suffer small frequency shifts and slight IR
and Raman intensity variations by EDA interactions. Neverthe-
less, because water can play the role of Lewis base and acid as
well, the existence (with ©-C interactions) of secondary-©H
interactions can introduce more pronounced spectral features
associated with specific structures involving hydrogen bonding
(structure 12).

t

Acknowledgment. We gratefully acknowledge the support
provided by the IDRIS computer center of the CNRS (Institut

toward higher wavenumbers with an almost unchanged intensity | Daveloppement et des Ressources en Informatique Scienti-

as compared to that of “free” GOThis leads to a frequency
splitting Av, of 12.1 cnt. This finding is utterly similar to
results obtained from other EDA G@omplexes formed with
sp>-donor such as methanol and ethahelen if the frequency
splitting is found to be greater at values of 16.4 and 17.1%¢m
respectively (binding energies 6f2.95 and—2.97 kcal/mol).
Underlying no hydrogen-bonding character due te--B©
interactions, the calculated ratig(v1)/1r(v3) of the IR intensity
of the stretches of water is only found to be about-116.

For 1:2 complexes, the most stable structure 12 is formed
with an additional C@from a residual structure A of the dimer.
This second neighbor reinforces the interaction energy of the
primary water-CO, pair by —0.3 kcal/mol. The arrangement

between water and this second neighbor results from a subtle

competition between EDA interaction of the primary water

fique, Orsay) and the MASTER of the ENSPCB (Universite
de Bordeaux I, Talence) for allocating computing time and
providing facilities.

References and Notes

(1) Kieninger, M.; Ventura, O. NJ. Mol. Struct. (THEOCHEM}.997,
390 157.

(2) Sadlej, J.; Mazurek, Rl. Mol. Struct. (THEOCHEM)995 337,
129.

(3) Block, P. A;; Marshall, M. D.; Pedersen, L. G.; Miller, R. E.

Chem. Phys1992 96, 7321.

(4) Tso, T. L.; Lee, E. K. CJ. Phys. Chem1985 89, 1612.

(5) Fredin, L.; Nelander, B.; Ribbegard, Ghem. Scr1984 7, 72.

(6) Peterson, K. I.; Klemperer, W. Chem. Phys1984 80, 2439.

(7) Ford, T. A. InMolecular Interactions Schneider, S., Ed.; John
Wiley & Sons Ltd.: New York, 1997; p 181.



3256 J. Phys. Chem. A, Vol. 109, No. 14, 2005 Danten et al.

(8) Danten, Y.; Tassaing, T.; Besnard, 34.Phys. Chem. 2002 106,
11831.

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.;
(9) Clarke, M. J.; Harrison, K. L.; Johnston, K. P.; Howdle, S. M. Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,

Am. Chem. Sod 997 119, 6399. D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
(10) Meredith, J. C.; Johnston, K. P.; Seminario, J. M.; Kazarian, S.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,

Eckert, C. A.J. Phys. Chem. A996 100 10387. I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
(11) Dobrowaolski, J. C.; Jamroz, M. H. Mol. Struct.1992 275 211. Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
(12) Jamroz, M. H.; Dobrowolski, J. C.; Bajdor, K.; Borowiak, M. A.  W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

J. Mol. Struct.1995 349, 9. M.; Replogle, E. S.; Pople, J. Aaussian 99Gaussian, Inc.: Pittsburgh,
(13) Lalanne, P.; Tassaing, T.; Danten, Y.; Cansell, F.; Besnard, M. PA, 1998.

“CO2—Solute interactions study by vibrational spectroscopy”; The 7th (26) Moller, C.; Plesset, M. S2hys. Re. 1934 46, 618.

Meeting on Supercritical Fluids: Particle design-Materials and natural (27) Dunning, T. HJ. Chem. Phys1989 90, 551.

products processing; Antibes, France, 2000. (28) Wilson, A. K.; Mourik, T. V.; Dunning, T. HJ. Mol. Struct.1996

(14) Lalanne, P. Ph.D. Thesis, UnivefsBerdeaux I, France, 2001.

(15) Tassaing, T.; Oparin, R.; Danten, Y.; Besnard, MSupercrit.
Fluids 2005 33, 85.

(16) Danten, Y.; Tassaing, T.; Besnard, 0.Mol. Lig. 2005 117, 49.

(17) Oparin, R.; Tassaing, T.; Danten, Y.; Besnard, JMChem. Phys.
2004 120, 10691.

(18) Lalanne, P.; Tassaing, T.; Danten, Y.; Cansell, F.; Tucker, S. C,;

Besnard, M.J. Phys. Chem. 2004 108 2617.

(19) Kazarian, S. G.; Vincent, M. F.; Bright, F. V.; Liotta, C. L.; Eckert,

C. A.J. Am. Chem. S0d.996 118 1729.

(20) Blatchford, M. A.; Ravenendran, P.; Wallen, JSAm. Chem. Soc.
2002 124, 14818.

(21) Walsh, J. M.; lkonomou, G. D.; Donohue, M. Bluid Phase
Equilib. 1987, 33, 295.

(22) Ravenendran, P.; Wallen, 5.Am. Chem. So2002 124, 12590.

(23) Cox, A. J.; Ford, T. A.; Glasser, L. Mol. Struct.1994 312, 101.

388, 339.

(29) Tatewaki, H.; Huzinaga, 9. Comput. Chenil98Q 3, 205.

(30) Kendall, R. A.; Dunning, T. H.; Harrison, R. J. Chem. Phys.
1992 96, 6796.

(31) Boys, S. F.; Bernardi, AVlol. Phys.197Q 19, 553.

(32) Mierzwicki, K.; Latajka, Z.Chem. Phys. Let003 380, 654.

(33) Valiron, P.; Mayer, IChem. Phys. Lettl997 46.

(34) Tury, L.; Dannenberg, J. J. Phys. Chem1993 97, 2488.

(35) White, J. C.; Davidson, E. R. Chem. Phys199Q 93, 8029.

(36) Sadlej, J.; Makarewicz, J.; Chalasinski, 5.Chem. Phys1998
109 3919.

(37) lllies, A. J.; Kee, M. L. M.; Schlegel, H. Bl. Phys. Cheml987,
91, 3489.

(38) Nesbitt, D. JChem. Re. 1988 88, 843.

(39) Jucks, K. W.; Huang, Z. S.; Miller, R. E.; Lafferty, W.J.Chem.
Phys.1987, 86, 4341.

(24) Wilson, E. B.; Decius, J. C.; Cross, P. C. McGraw-Hill: New York,
1955.

(40) Tsuzuki, S.; Klopper, W.; Lhi, H. P.J. Chem. Phys1999 111,
3846.

(25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, (41) Weida, M. J.; Nesbit, D. J. Chem. Phys1996 105 10210.
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,; (42) Jmsson, B.; Karlstim, G.; Wennerstnm, H. Chem. Phys. Lett.
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. 1975 30, 58.



