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FTIR absorption spectra of water-containing ethene:Ar matrices, with compositions of ethene up to 1:10
ethene:Ar, have been recorded. Systematically increasing the concentration of ethene reveals features in the
spectra consistent with the known 1:1 ethene:water complex, which subsequently disappear on further increase
in ethene concentration. At high concentrations of ethene, new features are observed at 3669 and3585 cm
which are red-shifted with respect to matrix-isolatgdandv; O—H stretching modes of water and the 1:1
ethene:water complex. These shifts are consistent with-&l interaction of a 2:1 ethene:water complex of

the form (GH4++-H—0O—H---C;H,). The analogous ({D4).H,O complex shows little shifting from positions
associated with (gH4),H,0, while the (GH4).D,0 isotopomer shows large shifts to 2722.3 and 2617.2'cm

having identicalvs(H,0)/v3(D20) and v1(H,0)v1(D2O) values when compared with monomeric water
isotopomers. Features at 3626.1 and 2666.2'are also observed and are attributed teHg,HDO. DFT
calculations at the B3LYP/6-311G(d,p) level for each isotopomer are presented, and the predicted vibrational
frequencies are directly compared with experimental values. The interaction energy for the formation of the
2:1 ethene:water complex from the 1:1 ethene:water complex is also presented.

Introduction varies with the strength of hydrogen bonding interaction. In
. . o . contrast, as a hydrogen bond acceptor (or lone pair donor), there

The chemistry of the water molecule is quite diverse, OWing g || 4 trend corresponding to the strength of the interaction

to the relatively high electron density of the O atom and the i, the complex partner; however, the shifts of the positions

high pfolf;rity of thefGH bondiin the moleculel. Thle combti]na- of the vibrational modes of water are much less significait£
tion of these two Tactors makes water a molecule which can 45 cnt?), and, depending on the specific case, either blue or

act as a hydrogen_ bond donpr, hydrogen bond acceptor, or.oq shifts can be observéd.
sometimes both with appropriate complementary molecules.
Thus, understanding the intermolecular interactions of water with
other molecules is of critical importance in appreciating fully
the chemistry of water.

Complexes involving water acting as a hydrogen bond donor
to thes-bond of various different unsaturated hydrocarbons have
been observed by infrared spectroscopy in inert gas matrices
: ) . L on several occasioris?12-14 The simplest water complex with

The Interaction Qf water with hydrocarbons containing an unsaturated hydrocarbon is that of water with ethene, a
electrons is of particular interest. The nature of such systemsSystem which has been explored numerous times computa-
serves as an important prototype for understanding similar tionally,15-19 and experimentallj:1222iEngdahl and Nelander
molecular interactions in biological systems, wherein both water reporte,d the first infrared spectrum of the complex in an argon
andzr systems are simultaneously abundant. Since the infraredmatrix and estimated both its structure and binding en&Fy:.
spectra of water and the water dimer in inert gas matrices e interaction of water with unsaturated hydrocarbons, the
well-known > complexes of these water species with other oonera trend is for water to align the polar-6 bond toward
molecules can be studied by observing changes in correspondin he center of the €C bond. Cooperative effects contribute to
infrared spectra. Specifically, the positions of th@ndvz O—H the lengthening and polarization of the-® bonds involved
stretching ba_nds ir_1 the in_fr_ared spectrum of water are sensitivein water, as well as the €C bond of the hydrocarbon, with
to complexation W|th_add|t|o_n_al molecules, and shifts from the dditional contributions and considerations for substituents
fundamental absorpthn position of these bands have been use onded on the €C bond. The impact ofr---H complexation
as a means of observing hydrogeln-bonded complexes of Watelyt \water and an unsaturated hydrocarbon is 2-fold: First, the
both as a hydrogen bon_d dorior" and as a hydrogen bond oxygen atom in the water molecule is slightly more susceptible
acceptor through lone pairs on the oxygen afdrtiwhen water to further hydrogen bonding, and second the uncomplexed H
acts as a hydrogen bond donor, the positions obifteand red atom is slightly less acidic, both when compared to the
shifts _significan_tly_(_S(}ZOO cn’) and similarly thevs ba_nd corresponding atom in a “frée" water monomer. All studies
red shifts less S|gn|I|cantIy\(25 cnt?), while the_vz band shifts ... which involve complexation of the water molecule, beyond the
to blue (10-30 cn™). In each case, the magnitude of the shift . oomplexation, have examined further hydrogen bonding
- with the oxygen atom as an acceptor, and thus there are many
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isolation, which involves combinations of water, ethene, and 0.4
hydrogen chloridé. However, there have been no studies
exploring the further interaction of the uncomplexed H atom in
a binary water-hydrocarbon complex, and this work is the first /

example of the observation of such a complex. Specifically, E
we present infrared and computational evidence for the forma- 0.3
tion of the complex (€H4)2H-0, where ther cloud of each of
D
0.2

the two ethene molecules interacts with ant®bond of water.
C,H, H-OH

C,H, "H-O-H"C,H,

Furthermore, we propose a stepwise reaction scheme in which
the formation of the 2:1 ethene:water complex is formed by
the combination of the 1:1 ethene:water complex with ethene.

Absorbance

3800 3700 3600 3500 3100 3050

Experimental and Computational Details P
Unless otherwise specified, matrices formed in this work \ c
employed argon (99.995%, Matheson) as the matrix support gas. 01 -
(4000-400 cnr! infrared transparency) with the temperature I
of the window maintained at approximately 16K or lower during
helium refrigeration unit (APD Displex), in all experiments. | A*M A
Base pressures in the experimental region varied betweeh 10 0.0
over 1.5 h deposition times with deposition gas flow rates of p
0.5 standard cubic centimeters per minute (sccm), or ap- Wavenumber /cm
were collected over the region 400800 cnt! using a regions for argon matrices containing: (A)®tAr, 1:1000, (3 h
BOMEM Michelson MB-102 Fourier transform infrared (FTIR) ~ deposit) (B) ethene:Ar, 1:1000, (C) ethene:Ar, 1:100, (D) ethene:Ar,
: | . » denotes the absorption associated with nonrotating matrix-isolated water.
isolation apparatus. Gas mixtures were prepared on the basisrhis feature is used as the reference feature for determining complex-
include ethene, g, (C.P grade, Matheson), which contained
trace water as an impurity. In some experiments, this etheneExperimental Results
coil cooled in a methanol-slush bath held well below the freezing F Co_ncentratflon \(afrlatlo; Eﬁ)snments. Po_rtlorr:s é)f thde
point of water. The dried C.P. ethene had water levels similar ourier trans orm infrare ( .) spectrum In the-8 an .
O—H stretching region are given in Figure 1, for argon matrices
Sigma Aldrich). To confirm the presence of water in our . . .
identified spectra, additional water was added to some experi-The bottom spectrum (_Iabeled A). is the infrared absorption
spectrum of water (kD) in argon with no ethene present, for
perdeuterioethene (99.9% atom D, C/D/N Isotopes, Quebec, . . . . ;
o : : : are the only major absorptions in the-® stretching region.
Canada) and alsoD (99.5% atom D, Sigma/Aldrich) without Of these four bands, the band at 3731.1 ¢ifiabeled with *)
Density functional theory calculations were performed in e the remaining three correspond to known rovibrational
order to identify the molecules observed in our matrices. We |ines associated with the lowest states of a rotating water
calculation was performed using the 6-31G(d,p) basis set,  qonaining ethene at a concentration of 1:1000 ethene:Ar. Major
ensuring tighter convergence requirements due to the use ofjines occur in this spectrum in three separate groups: Group |-
know that a global minimum has been obtained in all cases, 1888.5, 1440.4, 947.5, and Group lIl: 3717.3, 3612.7, 959.3
several input geometries were used to explore this systemcmy-1(959.3 cntt not shown in figure). Group | appears as in
energy obtained by optimization of the input structures. For all molecules isolated in argdnThe features of Group Il cor-
species have been corrected for zero-point energy and alsosthene-waterr+-H complex’ In Figure 1, spectrum C is that
counterpoise method of Boys and Berndfdi. ethene:Ar. All of the previously mentioned vibrational mode
From the line spectra and relative intensity data generated absorptions, characteristic of ethene in Ar, grow in accordance
spectra were generated using the SWizard program, revisionsponding to higher-order ethene species (ethene dimer, trimer,
4.127 using the Lorentzian model. The half-bandwidthsy, |, etc.) also appear in this spectrdfAdditionally, it is obvious

Matrices were deposited on a KBr spectroscopic window

VA
deposition. Temperature was controlled using a closed-cycle
and 108 Torr. Unless otherwise specified, matrices were formed
proximately 1.2 mmol total gas deposited per hour. All spectra Figure 1. FTIR absorption spectra in the-@1 and G-H stretching
absorption spectrometer which was modified to house the matrix 1:50 and (E) ethene:Ar, 1:10. The peak marked with an asterisk (*)
of partial pressures using standard techniques. Reagents usegtion shifts.
was used only after freeze-drying the ethene using a copper
o those present when we employed U.H.P. ethene (99'99%’containing various concentrations of ethengHg} and water.
ments as noted in the text. For isotopic experiments we usedWhich the four lines at 3776.4. 3756.6, 3731.3. and 3711 f.cm
further purification. corresponds to the nonrotating matrix-isolated water monéther,
employed the B3LYP methé#>* using Gaussian 98. Each molecule? The spectrum labeled B is that of an argon matrix
diffuse (+) functions on the atoms. While it is not possible to 3776.1, 3756.5, 3730, 3711.0, Group3L11.2, 3082.5, 2995.9,
thoroughly. The structures reported below are those of lowest gpactrum A, at known wavenumber values attributed to water
frequencies was used to ensure final reported structures arenatrix2829 Finally, Group Ill have also been previously
corrected for basis set superposition error (BSSE) using the of an argon matrix containing ethene at a concentration of 1:100
by the Gaussian 98 program, the representations of the IRwith the 10-fold ethene concentration increase. Features corre-
were taken to be equal to 15 ctn in these spectra that the amount of background water increases
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ethene source (C.P. grade ethene) contained water as an
impurity. Nevertheless, the group of features corresponding to
the 1:1 ethene:water complex, observed at 3716.6, and 3612.4
along with the blue-shifted shoulder on themode of ethene 038 1
at 960.3 cm?!, are again present with increased intensity.
Another set of features are observed in the spectrum at 3689.2
(broad) and 1904.5 and have been tentatively assigned previ- Vo HOD
ously by Engdahl and Nelander asHz(H.O)..” For the 0.7 1
spectrum labeled D, the concentration of ethene in argon is 1:50.
At this concentration there is an almost complete absence of
nonrotating matrix-isolated water, although the 1:1 ethene:water
complex is present. Additionally, small growth is observed as
shoulders, shifting to the red, on the features near 3680 and NI RN
3600 cntl. Finally, in the spectrum labeled E, the ethene
concentration is further increased in the argon matrix to a ratio
of 1:10 ethene:Ar. The absorptions of uncomplexed matrix-
isolated water, and of the 1:1 ethene water complex are totally
absent from this spectrum. Two broad features, present as ““?t:z:g"
shoulders in 1:50 spectra, now appear strongly in theHO J U W
stretching region at 3669.8 (s), and 3585.4 (m) &mAs ' . ' ' ' ' .
described in further detail in the discussion below and with the 3800 3700 3600 3500 3400 3000 2800 2600
support of theoretical results presented in the following section,
modcs of & water molecule hycrogen-bonded through the two F9ure 2 FTIR absorpion specta in the-0f and G-HIO-D

) stretching regions for argon matrices prepared containing isotopomers
O—H bonds to ther-clouds of two different ethene molecules,  of ethene and water. The labeled features, andvo-o represent the
(i.e. (GH4)2H20) or GHy4:+*H—0O—H---C;Hy4). Note, for con- stretching of an HDO molecule in the 2:1 ethene:water complex.
venience of reference, we have preserved the nomenclature of
the v3 (asymmetric ©-H) andv; (symmetric O-H) stretches  (1o_4) and the G-D stretch ¢o-p) of an HDO molecule
of a water monomer, as our discussion (below) shows that thehydrogen bonded to two different ethene molecules (i.e.
water molecule in this complex behaves similarly to the water C,H,---H—0O—D---C3H,4). Similarly, the bands at 2722.3 and
monomer. 2617.2 cm! are assigned to the; andv, bands of QO that is

Since we note that the water in most samples was present adiydrogen bonded through its-@ bonds to ther-clouds of
a contaminant from the original precursors, we have also formed two different ethene molecules. (i.ezky:-*D—0—D-*-CoHy).
matrices of argon containing ethene (ethene:Ar 1:10) in which ~ Thermal Annealing Experiments. The earlier work of
the concentration of water has been augmented by directEngdahl and Nelander shows that a compleid4-H-0, called
inclusion of HO, or depleted by freezing out,B as ice. In the 1:1 ethene:water complex, appears in matrices when ethene
these control experiments, increasing the relative water con-and water are cocondensed at cryogenic temperatues.
centration increases the strength of the absorptions at 3669.8bservation of the 2:1 ethene:water under high concentration
and 3585.4 cm?, and correspondingly decreasing the water Of ethene, along with the absence of the observation of the 1:1
present in the sample has the effect of diminishing those samecomplex, suggests that the 2:1 complex is formed in a stepwise
features, implicating water directly in this species. fashion. Figure 3 shows portions of the infrared spectra in the
Isotopic Substitution Experiments. Figure 2 shows portions ~ O~H stretching region for argon matrices containing ethene,
of the O-H and G-H/O—D stretching regions of the infrared at a concentration of 1:50 (ethene:Ar) both before and after

spectrum of argon matrices containing isotopomers of water ang@nnealing to 30K. On deposition, features consistent with both

ethene. The bottom spectrum is that gHGAr containing HO, the 1:1 and 2:1 ethene:V\_/ater complexes appear, with the 1_:1

which has been described above. The middle spectrum is thattheéne:water complex being dominant. Annealing of the matrix

of an analogous water containing matrix formed with perdeu- t‘? 28K for 20 min allows the species isolated Inargon FO .SIOWIV.
diffuse, and the resultant spectrum shows an increase in intensity

terioethene €D4:Ar in a ratio of 1:10. In this spectrum, features f th . d iated with the 2-1 ethene:
appear with similar broad structure and relative intensity profiles of the two majors modes associated with the 2:1 ethene:water
complex, with a corresponding diminiution of the 1:1 complex.

at 3664.2 and 3578.0 crh shifted only slightly from the matrix . .

formed with GH4/H,O. The topmost spectrum is that of an T_hese_ changes are most clearly seenin the_ d|_fference spect_rum
argon matrix containing &4s (1:10 GHa:Ar) in which D,O given in Figure 3. Further annealing or irradiation of the matrix
has been included. Since®lis present as a background species, gives rise to no observable changes.
the equilibrium for H/D exchange of /H,0 ensures that this
sample must also contain some HDO which cannot be avoided
under our experimental setup. In this spectrum, four new features Calculations on the structure of the 2:1 ethene water complex
appear in the ©H and O-D stretching regions at 3626.1, were performed using the B3LYP mett88*2> with the
2722.3, 2666.2, and 2617.2 cf On the bases of hydrogen/  6-3114+G(d,p) basis set. Of the structures obtained, the optimized
deuterium exchange, relative intensity profiles and density structure having the lowest energy is shown in Figure 4. As
functional theory calculations (as discussed below), we have can be seen from the structure, each of theHObonds of the
assigned these four bands to the two isotopomers of the ethenewater molecule is hydrogen bonded to thecloud of an
water 2:1 hydrogen-bonded complex. The absorptions at 3626.1ethene molecule, thereby producing a structure of the fgfn (
and 2666.2 are assigned, respectively, as theHGstretch CoHyg)+-*H—0—H-++(2%-C;Hy). In the remainder of the text, this

1:10 C,H:Ar
with D,0/HOD

Vo0 HOD

with increasing ethene concentration, suggesting the original 0.9 ,mu

1:10 C,D:Ar

06 with H,0

Absorbance

il

0.5

0.4

Wavenumber /cm™’

Computational Results
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Tables 1 and 2. It is important to point out that the predicted
normal modes of vibration for the ethene:water 2:1 complex
show that the motion associated with water and ethene is
essentially preserved after complexation. That is to say, for water
modes, ethene motion is negligible upon vibration, and similarly,
for ethene modes, water motion is negligible upon vibration.
The effect of complexation is predicted to have a larger effect
on the vibrational modes of water than on the vibrational modes
difference associated with ethene. This effect can be seen by comparing
0.15 1 the shifts of absorption position of the free molecules to the
corresponding mode in the complexed molecules using Tables
1 and 2. A spectral representation of the calculated wavenumber
positions and relative intensities for water ang@Hg),H-0, in
the O—H stretching region of the infrared spectrum are given
with corresponding experimental infrared spectra in Figure 5.
anneal, 28K In these spectra, it can be seen that both the predicted shift in
0.05 - wavenumber position associated with complexation and the
relative intensity of the infrared signal match quite well. Similar
spectral representations of the calculated wavenumber positions
0.00 - deposit and infrared intensities for complexation of the isotopes of water,
HDO and DBO, are given along with the corresponding
experimental spectra as Figure 6.

1:10 ethene:Ar

Absorbance

0.10 -

3800 3750 3700 3650 3600 3550 3500
Wavenumber /cm™ Discussion

Figure 3. FTIR absorption spectra in the-@H stretching region for The results presented above suggest that we have infrared

argon matrices containing 1:50 ethene:Ar before and after annealing : : . _
to 28 K. The difference spectrum shows that the features attributed to spectroscopic evidence for the--H hydrogen-bonded ternary

1:1 ethene:water complex diminish, with the increase in features COMPIeX, GHa:--HOH---C;H,. Upon increasing the concentra-
attributed to the 2:1 ethene:water complex (shown in the top spectrum). tion of ethene in matrices comprised of pure argon (containing
The topmost spectrum is a deposition of 1:10 ethene:Ar, for comparison. water) through to 1:100 (ethene:Ar), there is a progression from

matrix-isolated water to the 1:Ir{--H) C;Hy---H—OH (absorp-
0,965‘;&,~ tions at 3716.6, 3612.7 and 959.3 thcomplex identified by
576 A
3 d 2.576

Engdahl and Nelandérn our work, further increases of ethene

concentration (through 1:50 ethene:Ar to 1:10 ethene:Ar) show

1.080 A the features attributed to the 1:1 ethene:water complex progress-
ing through a maximum, along with the appearance of two new
broad features at 3669.8 and 3585.4 énThese new features,

i o appearing with the increasing ethene concentration employed
Figure 4. Optimized geometry of the (€1s);H.0 complex. The angle i, this work, in combination with the disappearance of features
of the HOH bond in water is 105°3in this complex. The symmetry . . . .
of the molecule is € but is only very slightly distorted frorg,,. The attributed to the ,1'1 _ethene'water _complex, suggeSt that t,he 11
local symmetry of each of the constituent molecules, however, is €thene:HO species is consumed in the formation of a higher
preserved. order ethene:water complex. Although the 1:1 ethene:water

complex has sites which can either accept a lone pair, or donate
structure shall be referred to as,G),H-O, for convenience.  electron density to a proton, the excess of the slightly basic
The bond lengths of the species in the complex are given in ethene present would suggest further complexation at the
Figure 4, and in the complex the HOH bond angle of water is remaining available ©H bond of the 1.1 ethene:water complex.
105.3. For comparison, the bond lengths in “free” ethene Thus, features appearing concomitantly with the disappearance

calculated with this method and basis set are-HZ1.080 A of the 1:1 complex would be expected to belong to a complex
and C-C 1.320 A and for “free” water the ©H bond is 0.962 having the ratio ethene:water 2:1, as are seen in Figure 3.
A and HOH angle 10590 For both for water and ethene, the In further support of this assignment, we compare the water

local symmetry of the molecule in the complex is preserved; molecule in the 1:1 ethene:water complex to matrix-isolated
however, the minimum energy structure obtained I&s water. Thevs band of HO shifts from 3731 to 3717 cm (Av
symmetry overall. It is likely that the true complex h@s, = —14 cntl), and thev; mode of water at 3638 cm shifts to
symmetry, but the potential for rotation of ethene around the 3612 cnt! (APZ = —26 cnT?). The magnitude of these shifts
hydrogen bond is very shallow such that other lower symmetry suggests that the water molecule is acting as a proton donor in
configurations are virtually identical in energy. Since the the observed compleXThe positions measured for the complex
differences in these complexes are slight, they would be in our experiments represent red-shifts of 62 ¢rfor the v3
qualitatively similar species spectroscopically in the infrared and 52.6 cm? for the v, with respect to the free water. These
region. This last consideration may be the reason the infraredshifts are further to the red than the 1:1 complex by 48 and 26
spectra obtained experimentally have such breadth associate¢m™, respectively, which suggests the water molecule in the
with absorption, as the distribution of similar rotamers would 2:1 complex is acting as a proton donor through bothHD
be essentially statistical. bonds. Given the excess of ethene present in the matrix at 1:10
The unscaled vibrational wavenumber positions and relative ethene:Ar, it seems likely that the free proton in the 1:1 complex
infrared intensities of the 2:1 ethene:water complex, along with is coordinated with ther-cloud of a second ethene molecule,
corresponding isotopomers and precursors, are presented iforming a complex of the form (§4),H-0.
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TABLE 1: Unscaled Vibrational Wavenumber Positions Calculated Using B3LYP/6-313+G(d,p) for &+--H Bonded Complex of
Water with Ethene (C,H,) and Perdeuterioethene (GD4)?

CoHs (CaHa)2H-0 H,0 (C:D2)2H20 C.Ds4
14.7 12.4
16.5 13.7
19.2 17.6
55 (0.02) 47.7 (0.01)
55.6 47.8 (0.01)
69.2 55.7 (0.02)
75.7 (0.04) 64.2
98 95.1
128.7 97.5
301.2 (0.32) 294.7 (0.34)
318.5 (0.36) 317.5 (0.36)
321.2 320.7
836.2 601.2
835 (0.01) 836.3 601.3 600.2 (0.01)
986.3 747 (0.39) 738.3 (1.66.9
974.7 (1.0116.9 987 (0.64) 749.5 (0.03)
987.1 (0.04) 752.9
977 990.1 (0.05) 753.1 749
1064.3 814.3
1057.9 1064.6 814.9 808.4
1239.8 1001.2
1238.1 1240.1 1001.5 1000.3
1377.3 1010.1
1377.6 1377.8 1010.3 1009.2

1471.9 (0.09)

1473.5 (0.01)
1473.8 (0.05)

1091.6 (0.01)
1091.8 (0.03)

1090.4 (0.09)

1614.5 (0.05) 1603.1 (1.67.1) 1562.2
1679.4 1562.5 1567.2

1683.9 1679.8 1614.4 (0.07)
3123.6 (0.01) 2256.3 (0.01)

3122.1 (0.15) 3124 (0.05) 2256.6 (0.02) 2255.1 (0.12)
3137.2 2321.7

3136.7 3137.3 2321.8 2322.4
3197.3 2383.7

3193.8 3197.4 2383.8 2380.9

3222.1(0.21)

3224.9 (0.01)
3225.1 (0.08)
3766.5 (0.16)

3816.2 (0.15)

2400.5 (0.01)
2400.6 (0.04)
3766.5 (0.16)

2398.8 (0.20)

3859 (1.0354.6 3921.4 (0.85) 3859 (1.854.9

aThe numbers in parentheses represent the predicted relative infrared intensity of the mode, and where absent the predicted intensity is zero. For
the most intense mode of each complex, the absolute intensity (/kmhnilalso provided in the parentheses as the italicized number.

Isotopic Substitution. For a more detailed identification of  are found respectively in the-€H and O-D stretching regions.
this species, isotopic substitution of both the water and etheneThe presence of these modes suggests HDO is present, the
molecules was performed. In the matrix formed containing 1:10 absorption positions of which are red-shifted from matrix-
C.D4:Ar with H,0, the positions of the new complex barely isolated HDO. Similar to the comparison above fojCHand
shift with the change in ethene composition. This suggests thatD,0, we assign these features to the analagous compjek)e
the water molecule is perturbed only by some weak interaction HDO. In HDO, the stretching vibrational modes associated with
with the ethene molecule, consistent with the idea of arHO O—H and O-D motions are decoupled as a result of the
bond hydrogen-bonded to thecloud of ethene. In the spectrum  difference in nuclear mass. Thus each-I® or O—D bond
of 1:10 GH4:Ar containing DO and HDO, the features present absorbs essentially as if it were an independent oscillator. It is
in Ar/C,H4 matrices containing O are absent and are replaced worth noting that, if the motion of the nuclei in the analagous
by four new features at: 3626.1, 2722.3, 2666.2, and 2617.2H,0 or D,O cases were similarly decoupled, the respective
cm~1. Of these features, the two at 2722.3 and 2617 cane positions for vibrational absorption would be approximately (
both in the G-D stretching region and have the same relative + v,)/2. For free HDO, the/o-ny andvo-p) absorptions occur
intensity profile and breadth as the features observed at 3669.8at 3687.3 and 2709.5 crh!2 Decoupling free HO and O
and 3585.4 cmt in Ar/C,H4 matrices containing 0. The ratio in noncomplexed water gives,8: (v3+v1)/2 = (3731+3638)/2
of the positions 3669/2722 and 3585/2617 are 1.348 and 1.370,= 3684 cm! and for DyO: (2770+2657)/2= 2713 cn1.1?
respectively. For noncomplexed® and DO in argon matrices,  These values agree very well with the experimental positions
the corresponding ratio of the; band isv3(H20)/v3(D20) = observed for free HDO in an Ar matrix. If this approach is
3733/2770= 1.348 and for the’; band,v;(H20)/v1(D,0) = carried through for KO and DO in the observed complex, we
3638/2657 1.370. Thus, owing to the striking agreement upon compare {s+v1)/2, for complexed HO (i.e. (GH4):H20):

H/D substitution, it would appear that the features observed at (3669.8+3585.4)/2= 3627.6 cn! and for complexed BD (i.e.
2722.3 and 2617.2 cm are the analagous andv; modes of (C2oH4)2D20): (2722.3-2617.2)/2= 2669.7 cm! to the ob-
the (GH4)2D20 species. served values for the tentative A&),HDO (at 3626.1 and

The features observed at 3626.1 and 2666.2 in the Ar matrix 2666.2). By this procedure, we see that in both cases the
formed containing eH4/D,O/HDO show similar intensities and  comparative modes agree to within three or fewer wavenumbers,
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TABLE 2: Unscaled Vibrational Wavenumber Positions
Calculated Using B3LYP/6-31#-G(d,p) for &---H Bonded
Complex of the Major Isotopomers of Water with Ethene?

D;0 (CaH4)2Dz0 HOD (GH2).HDO

14.6 14.6
16.4 16.5
18.9 19
54.8 (0.03) 54.9 (0.04)
55.2 55.4
68.1 68.6
72.6 (0.06) 74.3 (0.06)
95.1 96.5
128.1 128.4
223.8 (0.23) 230.4 (0.16)
229.5 254.2 (0.33)
233.1(0.3) 319.7 (0.29)
836.2 836.2
836.3 836.3
986.1 986.2
986.8 987 (0.8)
987 (1.0,224.5 987 (0.3)
990.1 990.1 (0.08)
1064.2 1064.2
1064.6 1064.6

1173.3 (1.035.6 1179.9 (0.06) 1239.8
1239.8 1240.1
1240.1 1377.3
1377.3 1377.7
1377.8 1405.2 (1.059.3 1416.8 (0.13)

2750.9 (0.19)
2873.9 (0.99)

aThe numbers in parentheses represent the predicted relative infrare
intensity of the mode, and where absent the predicted intensity is zero.
For the most intense mode of each complex, the absolute intensity (/km
mol™?) is also provided in the parentheses as the italicized number.

1473.5 (0.02)
1473.8 (0.08)
1679.4
1679.8

2715.6 (0.15)

2828.8 (0.88)
3123.6 (0.02)
3124 (0.07)
3137.2
3137.3
3197.3
3197.4
3224.9 (0.02)
3225.1(0.12)

2810.4 (0.3)

3870.9 (0.62)

1473.5 (0.02)
1473.8 (0.08)
1679.4

1679.8

2770.6 (0.46)
3123.6 (0.02)

3124 (0.07)
3137.2

3137.3

3197.3

3197.4

3224.9 (0.02)
3225.1(0.12)

3814.4 (1220.9
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Figure 5. Comparison of experimental and unscaled predicted infrared
spectra for HO and (GH4).H.O. The lower two spectra are experi-
mental, and correspond to the bottom ordinate axis. Asterisk denotes
thev; O—H stretching mode of nonrotating water isolated in an argon
matrix. The upper two spectra have been synthesized using B3LYP/
6-311+G(d,p), broadened to simulate typical experimental bandwidths.
The two ordinate axes have been chosen to align thél Gtretching
wavenumber of KD, for clarity.

Comparing the data presented in Tables 1 and 2, the shift in
wavenumber positions for modes that primarily involve the
otion of ethene molecules is typically only-5 cm™! from
he position of the free ethene monomer. Since the concentration
of ethene in our matrices is quite large, for cases where we
observe the 2:1 complex, the broadening of the features
associated with the ethene precursor is much too large to allow

as was the case for free HDO. These calculations support eactor observation of a 5 cnr! shift. Thus, in our experiments,

of the assignments for the molecules as water containing specieshe only features observable for the 2:1 complex are those
which are perturbed, mostly likely through complexation, and associated with water, as the-® stretching region is free from
given the relatively high concentration of ethene, it seems the interfering absorptions due to ethene. As well, the calculated
most likely complexation partner. Thus, we confidently assign shifts in wavenumber positions associated with water on
the absorption positions listed above to stretching modes of complexation are comparatively large, on the order of@0

O—H and O-D bonds in water species of the form: 5tG),H.0O,

(CoH4)2D-0, and (GH,4)HDO.

Computational Support. To further confirm this assignment,
we have performed calculations using B3LYP/6-313-

cm~1 (see Table 3). Specifically, for the mode of water, the
predicted (unscaled) red shift is 62.4 chand for thev; band,

the predicted (unscaled) red shift is 50 @min our experiments,

the measured shifts in wavenumber position of water modes is

(d,p)2®-25 The lowest-energy optimized structure, verified 62 cnt?! for the v3 and 52.6 cm?! for the v, bands upon
through frequency analysis as a relative minimum, is representedcomplexation, compared from the experimental positions for

in Figure 4. Each of the ©H bonds is hydrogen bonded to the

uncomplexed water. It is also interesting to note that the position

n-cloud of an ethene molecule, an extension of the work of thev, mode is predicted to shift only 11 cry however, as

presented by Engdahl and NelandeCalculations were per-

a result of complexation this mode is predicted to change from

formed on each of the free monomers, as well as the suspectedhe most intense mode observed, to the weakest of the three
complexes, to obtain the associated shifts in infrared vibrational normal modes of water.

wavenumber positions. As a summary, the wavenumber posi-
tions calculated for D, GHa, (CoHg)2H20, and relevant

For D,O, upon complexation, an analogous red shift is
predicted by calculation for the two €D stretching modes.

isotopomers are given in Tables 1 and 2. In many cases, uponFor thevs O—D stretching mode a shift of 45.1 cri and for

complexation there are new features in the range of-20D
cm™1, unfortunately, these features are below the 400cm

the v, O—D stretching mode, a shift of 35.3 crhis predicted
upon complexation to form (§4),D,0. As with H0, thev,

cutoff of our experimental apparatus. Thus, we are unable to mode of QO is predicted to shift only 6 cmd, and upon
use these modes for identification in this work.

complexation this mode becomes a very weak absorber when
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Figure 6. Comparison of experimental and unscaled predicted infrared
spectra for RO and HDO and the corresponding complexegD-0

and (GH4)HDO. The lowest two spectra are experimental, and
correspond to the bottom ordinate axis. Asterisk denotesii@-D
stretching mode of nonrotating,D isolated in argon. The top three
spectra have been synthesized using B3LYP/6+33(,p), broadened

to simulate typical experimental bandwidths. The two ordinate axes
have been chosen to align the-O stretching wavenumber of O,

for clarity.

TABLE 3: Observed and Calculated Wavenumber Shifts of
Stretching Vibrational Mode Absorptions Associated with
Water in Isotopomers of (CH4),H,O

Avy (flem™?) Avz(flem™?)
expt calcd expt calcd
(CoHa)2H0 —53 —50.0 —62 —62.4
(C2H4)2D20 —40 —35.3 —48 —45.1
(CoH4).HDO? —43 —39.8 —61 —56.5
CoH4H0P —26 —37.0 —14 —22.0

2 For this moleculey; refers tovo-y andv; refers tovo-p. ° Shift
values for GH4H,O are also given for comparison. Data taken from
ref 7.

considering relative intensities. Experimentally, theand v,
modes of RO are observed to shift 48 and 40 threspec-
tively. Finally, for HDO complexed with two ethene molecules,
there is a similar analogous shift predicted upon complexation.
The shifts of the &-H and O-D wavenumber positions are
predicted to be respectively 56.5 and 39.8¢nwith the major
absorptions predicted as the-® and O-D stretches. Once
again, thev, mode is predicted to shift only 11 criy with
significant reduction in relative intensity. For the-® stretch-
ing mode, a shift of 61.2 cnt is observed for the ©H mode
we associate with (§14),HDO, and a shift of 43.3 cni is
observed for the shift of the ©D mode of HDO. Figures 5

J. Phys. Chem. A, Vol. 109, No. 42, 2008505

to 2:1 ethene:water complexes of the formKig),H-O,
(C2H4)2D20, and (QH4)2HDO.

It is interesting to note that the shifts predicted by B3LYP/
6-311+G(d,p) calculations for the 1:1 ethene:water complex in
which the O-H bond of water is linearly bonded to thecloud
of ethene show significant deviation from the corresponding
experimental shifts. In light of the excellent agreement obtained
for all three of the isotopomers of the 2:1 ethene:waterH
complex, this discrepancy is unexpected. These results suggest
that the structure of the 1:1 complex in the matrix may deviate
from the experimental gas-phase strucré&,upon which our
calculation of the 1:1 ethene:water complex shifts given in Table
3 are based.

Formation and Characteristics of the (GH4).H,O Com-
plex. Since the spectroscopy of the water molecule is otherwise
preserved, the water molecule in the 2:1 complex appears as if
it were an isolated water molecule, experiencing a weak
“centrosymmetric” perturbation about each of the i@ bonds
by the z-cloud of the olefin. If such a supposition were true,
then, isotopic substitution of the;84 molecules in the complex
for C;D4 should have little effect on the €H stretching
wavenumber positions associated with the observed complex.
In fact, the calculated ©H wavenumber predictions for the
analogous 2:1 €D, H,O complex show only slight shifts
associated with ©H stretching modes of water compared from
those calculated for (f14).H20, similar to the very small shifts
which can be observed experimentally in Figure 2. As with
C,H4, comparing the ¢D, modes in (GD4)2H20 to those of
“free” C,D4 shows almost no change in position, which further
suggests that theJ@ molecule is only weakly interacting with
the surrounding ethene molecules, in an interaction such as a
m+--H hydrogen bond.

Finally, it is worthwhile recalling that the formation of the
2:1 complex appears upon increasing the concentration of ethene
in argon, as described above. This behavior suggests that the
1:1 ethene complex behaves, as might be expected, as an
intermediate species in the formation obkG),H-O. Using the
optimized structures generated by the B3LYP calculations, it
is possible to calculate the stepwise energetics associated with
the formation of (GH4)2H2O.

C,H,+ H,O0— C,H,**HOH AE=—8.8kJmol*

C,H,+ HOH + C,H, —
C,H, +-*HOH --- C,H, AE=—3.4kJmol*

In both cases, these interaction energies have been corrected
for zero point energy differences and have also been corrected
for basis set superposition error (BSSE) using the counterpoise
method of Boys and Bernaréfi.As an estimation of the quality
of these calculations for determining interaction energies of this
type of complex, we have also calculated the counterpoise
corrected interaction energy of the water dimer with the B3LYP
method and the 6-311G(d,p) basis set For the water dimer,
we obtain an interaction energy for the reaction:

H,O + H,0—HOH--:OH, AE= —-14.8kJ mol*

In this case, the agreement of the theoretical prediction with

and 6 summarize the comparison between calculated infraredthe experimental value of13.44 2.1 kJ mot? for the water

spectra and experimental infrared spectra for fre® kand its
isotopomers) and the 2:1 ethengHcomplex. As the shifts
upon complexation match very well for the predicted wave-

dimer? provides support for the use of this method and basis
set to reliably estimate the interaction energies of the ethene
waterszr complexes. Furthermore, the interaction energy associ-

number positions, we feel confident in assigning these featuresated with the formation of the 1:1 ethene:water complex is
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