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ABSTRACT: 

We report on the complex of a noble-gas hydride HXeOH with carbon monoxide. This species is 

prepared via the annealing-induced H + Xe + OH···CO reaction in a xenon matrix, the OH···CO 

complexes being produced by VUV photolysis of the H2O···CO complexes. The H–Xe stretching 

mode of the HXeOH···CO complex absorbs at 1590.3 cm−1 and it is blue-shifted by 12.7 cm−1 from 

the H–Xe stretching band of HXeOH monomer. The observed blue shift indicates the stabilization 

of the H−Xe bond upon complexation, which is characteristic of complexes of noble-gas hydrides. 

The HXeOH···CO species is the first complex of a noble-gas hydride with carbon monoxide and 

the second observed complex of HXeOH. Based on the MP2/aug-cc-pVTZ-PP calculations, the 

experimental complex is assigned to the structure, where the carbon atom of CO interacts with the 

oxygen atom of HXeOH.  
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INTRODUCTION 

Experimental noble-gas chemistry was ignited by the discovery of xenon hexafluoroplatinate by 

Neil Bartlett in 1962.1 A large number of noble-gas compounds were reported later.2-5 Matrix 

isolation technique has played an important role from the beginning of noble-gas chemistry.6,7 One 

interesting part of these studies is constituted by noble-gas hydrides with the general formula HNgY 

where Ng is a noble-gas atom and Y is an electronegative atom or fragment.4,8,9 These exotic 

molecules are characterized by a charge-transfer character (HNg)+Y– and a strong H–Ng stretching 

absorption. About 30 noble-gas hydrides have been reported to date, including an argon molecule 

HArF,10,11 an organic krypton molecule HKrCCH,12 and the most recent additions to this family 

HKrCCCl, HXeCCCl, and C6H5CCXeH.13,14 Importantly for the present work, HXeOH was 

prepared by insertion of a xenon atom into water.15 Noble-gas hydrides are usually prepared in low-

temperature solid matrices by photolysis (or radiolysis) of the HY precursor and subsequent 

annealing to mobilize the hydrogen atoms and promote the H + Ng + Y reaction. In some cases, 

these molecules appear directly after UV photolysis of HY/Ng matrices.10,16,17 

Matrix isolation is a powerful tool to study non-covalent interactions, in particular, those involving 

noble-gas hydrides.18,19 Due to the relatively weak bonding and large dipole moments, the HNgY 

molecules can be strongly affected by the interaction with other species. As an interesting feature, 

these complexes are usually characterized by blue shifts of the H–Ng stretching mode, which means 

stabilization of the H–Ng chemical bond. For example, the H−Xe stretching mode of the 

HXeOH···H2O and HXeBr···HBr complexes in a xenon matrix exhibits large shifts of +103 and up 

to ca. +150 cm−1 from that of the corresponding monomers, respectively.20,21 The largest shift (ca. 

+300 cm–1) has been reported for the HKrCl···HCl complex in a krypton matrix.22 On the other 

hand, there are examples of the weaker complexes with relatively small shifts, such as the 

HXeBr···N2 (+11.5 and +16 cm–1) and HXeCCH···HCCH (from +19 to +28 cm–1) complexes 
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studied in a xenon matrix.23,24 The number of computational works on complexes of noble-gas 

hydrides is substantial (see, for example, Refs. 25–39).  

The aim of this work is to prepare and identify the HXeOH···CO complex, the first complex 

between a noble-gas hydride and carbon monoxide. The preparation of HXeY···CO complexes is 

not an easy task. In the general procedure, one has to start from the HY···CO complex in a matrix 

and photolyze it to produce the Y···CO complex. The obstacle here is the probable reaction of 

carbon monoxide with the Y radical (OH in the present case). However, we have recently 

demonstrated that the OH···CO complex can be prepared and stabilized at low temperatures in 

noble-gas matrices, particularly in a xenon matrix.40 The approach is based on a two-step photolysis 

of a HCOOH/Ng matrix: first with UV light to produce the H2O···CO complexes and then with 

VUV light to generate the OH···CO complexes (in general, together with hydrocarboxyl radicals, 

HOCO). It has been found that the units of the OH···CO complex react at about 30 K and produce 

trans-HOCO. This reaction is a problem for the present target because thermal mobility of 

hydrogen atoms in a xenon matrix mainly occurs above 35 K.41,42 However, there is a chance that 

some hydrogen atoms can still react with the Xe-OH···CO centers before decomposition of the 

OH···CO complexes. In this work, the largest amount of the OH···CO complexes is achieved by 

direct deposition of H2O/CO/Xe matrices and VUV photolysis (without the use of formic acid). The 

experiments are supported by quantum chemical calculations at the MP2/aug-cc-pVTZ-PP level of 

theory. 

 

EXPERIMENTAL DETAILS AND RESULTS 

Experimental details The HCOOH/Xe, H2O/CO/Xe, and H2O/Xe mixtures were made in a glass 

bulb by using standard manometric procedures. HCOOH (Merck, >98%) was degassed by several 

freeze-pump-thaw cycles. Xenon (Linde, 99.999%) and carbon monoxide (AGA, 99.95%) were 
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used as purchased. Distilled water was deionized prior the sample preparation. Since formic acid 

and water are easily adsorbed on glass surfaces, the bulb was passivated with these vapors by 

several fill-keep-evacuate cycles prior to the mixture preparation. The matrices were deposited onto 

a CsI window cooled by a closed-cycle helium cryostat (RDK-408D2, SHI). The best results were 

obtained for deposition of matrices at 30 K. The HCOOH/Xe matrices were photolyzed at 4.3 K by 

250-nm light (10 Hz, ∼5 mJ cm−2) of an optical parametric oscillator (OPO, Sunlite, Continuum). 

After UV photodecomposition of formic acid, the matrices were exposed to VUV light (130–170 

nm) of a Kr lamp (Opthos) using electric power of ~30 W. The H2O/CO/Xe and H2O/Xe matrices 

were photolyzed only by the VUV light. The IR absorption spectra in the 4000–600 cm−1 range 

were measured at 4.3 K with an FTIR spectrometer (Vertex 80, Bruker) using 1 cm–1 resolution and 

500 scans. 
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Figure 1. FTIR spectra showing (a) the H2O···CO complexes prepared by 250-nm photolysis and 

annealing at 45 K of a HCOOH/Xe (1/1000) matrix; (b) the H2O···CO complexes prepared by co-

deposition of H2O and CO in excess of xenon (H2O/CO/Xe = 1/1/1000); (c) a reference spectrum of 

a H2O/Xe (1/1000) matrix (without CO). The water dimer band is marked in spectrum c by D.  

 

Experimental results UV photolysis of formic acid in noble-gas matrices leads to large amounts of 

the H2O···CO complexes.43 H2O and CO monomers and CO2 (possibly complexed with H2) are also 

produced in some amounts. In a xenon matrix, the H2O···CO complexes obtained by 250-nm 

photolysis of formic acid mainly have the structure HOH···OC where a hydrogen atom of water 

interacts with the oxygen atom of carbon monoxide (spectrum a in Figure 1). In this structure, the 

CO stretching mode is red-shifted from that of CO monomer (2133.0 cm−1). Annealing of the 

photolyzed matrix at 45 K increases the amount of the second structure HOH···CO where a 

hydrogen atom of water interacts with the carbon atom of carbon monoxide; however, the 

HOH···OC structure still dominates. In the HOH···CO structure, the CO stretching mode is blue-

shifted from that of CO monomer. To recall, after photolysis of formic acid in neon, argon, and 

krypton matrices, the HOH···CO structure dominates, which is in contrast to a xenon matrix, and 

this difference is unclear. 

Deposition of an H2O/CO/Xe mixture also produces the H2O···CO complexes in a xenon matrix, in 

addition to H2O and CO monomers (spectrum b in Figure 1). Interestingly, the HOH···CO structure 

dominates in this case, in contrast to the situation with UV photolysis of formic acid. The strongest 

bands of the H2O···CO complex prepared by these two methods are given in Table 1. These results 

are in a reasonable agreement with the calculations:43 ν(CO) and ν2(H2O) are higher for the 

HOH···CO structure whereas the water stretching frequencies are higher for the HOH···OC 
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structure. Spectrum c in Figure 1 shows a reference spectrum of a H2O/Xe matrix mainly with water 

monomers. 

  

Table 1. Main bands (frequencies in cm−1) of the H2O···CO complex observed in a xenon matrix 

after UV photolysis of formic acid and annealing at 45 K versus co-deposition of H2O and CO. 

Mode Photolysis of HCOOH 

HOH···OC 

Co-deposition of H2O and CO 

HOH···CO 

ν3(H2O) 3716.5 

3715.0 

3712.9 

3710.3 

ν1(H2O) 3628.9 

3623.1 

3616.2 

ν(CO) 2127.5 2140.9 

ν2(H2O) 

 

1588.1 

1585.6 

1610.6 
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Figure 2. Difference FTIR spectra showing the results of VUV photolysis of (a) UV-photolyzed 

and annealed HCOOH/Xe matrix (spectrum a in Figure 1); (b) H2O/CO/Xe matrix (spectrum b in 

Figure 1); (c) H2O/Xe matrix (spectrum c in Figure 1).  

 

VUV light decomposes water molecules in a xenon matrix. VUV photolysis of the H2O···CO 

complex can produce the OH···CO complex and trans-HOCO radical.40 For the H2O···CO complex 

prepared from formic acid (spectrum a in Figure 2), the amount of the OH···CO complex (with 

bands at 3520.0 and 2145.0 cm−1) is rather small whereas trans-HOCO (with a characteristic band 

at 1834.4 cm−1) is produced in substantial amounts.40 For VUV photolysis of the co-deposited 

H2O/CO/Xe matrix, the amount of the OH···CO complex substantially increases (spectrum b in 

Figure 2), whereas the formation of trans-HOCO becomes less efficient. These results confirm our 
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8 

 

recent hypothesis that the OH···CO complex is produced preferentially from the HOH···CO 

structure rather than from the HOH···OC structure.40 The amounts of CO monomers and CO2 

(possibly complexed with H2) increase upon VUV photolysis in both cases. The OH···CO bands are 

evidently absent after photolysis of the H2O/Xe matrix (spectrum c in Figure 2). In this case, the 

OH radical (3531.2 cm−1) and the OH···H2O complex (3402 cm−1) are observed, originating from 

photolysis of water monomers and dimers, respectively.20 In all these matrices, the progression of 

the (XeHXe)+ bands with the main component at 730.5 cm−1 appears after VUV photolysis.44  

 

Figure 3. Difference FTIR spectra showing the results of annealing at 45 K of VUV-photolyzed (a) 

UV-photolyzed and annealed HCOOH/Xe matrix (spectrum a in Figure 2); (b) H2O/CO/Xe matrix 

(spectrum b in Figure 2); (c) H2O/Xe matrix (spectrum c in Figure 2). The intensities of the HXeOH 

bands are equalized for better presentation using the multiplication factors shown for spectra a and 

c. The bands of monomeric water are marked in trace a with dots. The 1590.3 cm−1 band assigned to 
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9 

 

the HXeOH···CO complex is marked with an asterisk. The negative band at 1588.1 cm−1 seen in 

spectrum a belongs to the H2O···CO complex (Table 1). 

 

VUV photolysis of water produces hydrogen atoms in the matrix. In solid xenon, hydrogen atoms 

are thermally mobilized above ~35 K.41,42 The mobile hydrogen atoms participate in different 

reactions. In matrices containing CO and H2O, the formation of HCO (2442.4, 1856.6, and 1076.2 

cm−1) and HCO···H2O (3710.4, 3707.5, 2516.4, 2510.7, 1850.0, 1847.6, 1092.8, and 1090.8 cm−1) 

is observed.40,45 In matrices containing residual HCOOH, trace amounts of trans-H2COOH are 

found after annealing (959.6 and 957.8 cm−1) due to the HCOOH + H reaction.46 In addition, the 

H−Xe stretching bands of a number of noble-gas hydrides appear in all three types of matrices: 

HXeOH (1577.6 cm−1),15 HXeO (1466.1 cm−1),47 HXeOXeH (1379.7 cm−1),48 and HXeH (1165.9 

and 1180.6 cm−1).49 Annealing at 35–45 K efficiently decomposes the OH···CO complex, 

producing trans-HOCO, in agreement with the previous data.40 In the matrices containing (prior 

annealing) the OH···CO complexes (spectra a and b in Figure 3), annealing produces a relatively 

weak band at 1590.3 cm−1. This band is blue-shifted by 12.7 cm−1 from the H–Xe stretching band of 

HXeOH monomer, and it is assigned in this work to the H–Xe stretching mode of the HXeOH···CO 

complex. This band is absent after photolysis and annealing of H2O/Xe matrices (spectrum c in 

Figure 3). Other absorptions of the HXeOH···CO complex are not observed due to their relative 

weakness. As seen in Figure 3, some redistribution of intensities of the water monomer bands 

occurs upon annealing. 
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Figure 4. Difference FTIR spectra showing the results of 254-nm irradiation of VUV-photolyzed 

and annealed at 45 K (a) UV-photolyzed and annealed HCOOH/Xe matrix (spectrum a in Figure 3); 

(b) H2O/CO/Xe matrix (spectrum b in Figure 3); (c) H2O/Xe matrix (spectrum c in Figure 3). 

Spectrum d shows the results of 254-nm irradiation of a VUV-photolyzed and annealed at 27 K 

H2O/CO/Xe matrix (similar to spectrum b in Figure 3). The intensities of the HXeOH bands are 

equalized for better presentation using the multiplication factors shown for spectra a, c, and d. 

Spectrum c presents decomposition of a half of HXeOH prepared by annealing (spectrum c in 

Figure 3). The bands of monomeric water are marked in trace a with dots. The band assigned to the 

HXeOH···CO complex is marked with an asterisk. 
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Noble-gas hydrides are photolabile species and their photodecomposition helps the identification of 

relatively weak bands of their complexes.20–22,50,51 In the present work, a low-pressure mercury 

lamp (254 nm) was used to decompose the noble-gas hydrides. For matrices containing both H2O 

and CO, the 1590.3 cm−1 band of the HXeOH···CO complex decreases in intensity synchronously 

with the band of HXeOH monomer (spectra a and b in Figure 4). For the H2O/Xe matrix, this band 

does not appear in the decomposition spectrum (spectrum c in Figure 4). Other xenon hydrides 

(HXeO, HXeOXeH, and HXeH) are also decomposed by 254-nm light with different efficiencies. 

As seen in Figure 4, some redistribution of intensities of the water monomer bands occurs at low 

temperature (even in the dark), and this redistribution is opposite to that produced by annealing 

(Figure 3). Spectrum d represents the result of 254-nm irradiation of a H2O/CO/Xe matrix annealed 

at 27 K (after VUV photolysis). In this case, the bands of HXeOH and HXeOH···CO have similar 

intensities but they are substantially weaker than after annealing at 45 K. 

 

COMPUTATIONAL DETAILS AND RESULTS 

Computational details All ab initio calculations in this work were performed in the framework of 

GAUSSIAN electronic structure program.52 Electron correlation was considered via Møller-Plesset 

perturbation theory to second order (MP2).53,54 For xenon, the relativistic effective core potential 

aug-cc-pVTZ-PP basis set55 was used as retrieved from the EMSL Basis Set Exchange database.56 

For oxygen, carbon, and hydrogen, the Dunning augmented triple-zeta basis set aug-cc-pVTZ was 

used.57,58 

The Mulliken charges, natural population analysis,59 as well as anharmonic vibrational frequencies 

and intensities computed according to the method of Barone,60,61 were all acquired as implemented 

in the GAUSSIAN.  
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The interaction energy was obtained as a difference of the total energy between the complex and the 

monomers at an infinite distance, where the monomer wavefunctions were derived in the dimer 

centered basis set. This approach corresponds to the counterpoise correction proposed by Boys and 

Bernardi aimed to minimize the basis set superposition error (BSSE).62 

Computational results The calculations predict six structures of the HXeOH···CO complex (see 

Figure 5 and Table 2). The atomic partial charges, harmonic spectra, and harmonic and anharmonic 

shifts are given in Tables 3, 4, and 5, respectively. The atomic coordinates and the full anharmonic 

spectra of the monomers and complex structures are presented in the Supplementary Material. 

In two structures (I and II), carbon monoxide interacts with the hydrogen atom of the OH group of 

HXeOH via the carbon and oxygen atoms, respectively (hydrogen bond lengths of 2.39 and 2.16 

Å). Structure I is significantly stronger than structure II (interaction energies –5.17 and –3.19 kJ 

mol−1 after BSSE correction). The H–Xe stretching mode of these two structures is red-shifted 

(harmonic shift –23.3 and –7.4 cm−1), which is an unusual case for complexes of noble-gas 

hydrides, where a blue-shift of this mode is the normal effect.18 Previously, the HArF···P2 and 

HXeBr···Xe (one structure) complexes have been predicted to have red shifts of the H–Ng 

stretching mode.26,63 The red shifts of the H–Xe stretching mode in structures I and II are connected 

with the decrease of the positive charge on the HXe group (NPA: by 0.008 and 0.001 elementary 

charges). The absolute values of the anharmonic shifts are smaller as in fact, for all obtained 

structures. 

In two structures (III and IV), carbon monoxide interacts with the oxygen atom of the OH group of 

HXeOH via the carbon and oxygen atoms, respectively (van der Waals bond lengths of 2.87 and 

3.02 Å). Structure III is stronger than structure IV (interaction energies –9.20 and –6.75 kJ mol−1 

after BSSE correction), and these two structures show the strongest interaction among the found 

ones. The H−Xe stretching mode of these two structures shows small blue shifts (harmonic shifts 
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+9.8 and +7.5 cm−1), which is the normal effect for complexes of HNgY molecules. The blue shifts 

of the H−Xe stretching mode in these structures are connected with the increase of the positive 

charge on the HXe group (NPA: both by 0.010 elementary charges).  

In two structures (V and VI), carbon monoxide interacts with the hydrogen atom of the HXe group 

via the carbon and oxygen atoms, respectively (hydrogen bond lengths of 2.84 and 2.77 Å). These 

two structures show the weakest interaction among the found ones (interaction energies –2.66 and 

−1.00 kJ mol−1 after BSSE correction). The H−Xe stretching mode of these two structures shows 

moderate blue shift (+41.8 and +24.2 cm−1), in a general agreement with the increase of the positive 

charge on the HXe group (NPA: by 0.011 and 0.009).  

 

Figure 5. Calculated structures of the HXeOH···CO complex. The intermolecular distances are also 

given.
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Table 2. Distances (in Å), angles (in degrees) and relative and interaction energies (in km mol–1) of the monomers and complex structures at the 

MP2/aug-cc-pVTZ-PP level of theory.  

 Monomers I II III IV V VI 

r(H-Xe) 1.696 1.701 1.698 1.693 1.694 1.689 1.693 

r(Xe-O) 2.184 2.179 2.183 2.196 2.191 2.194 2.185 

r(O-H)  0.968 0.969 0.968 0.968 0.968 0.967 0.967 

r(C-O)  1.139 1.138 1.140 1.139 1.140 1.138 1.139 

r(intermol.)  - 2.392 2.611 2.870 3.025 2.840 2.770 

ϕH-Xe-O  176.7 176.8 176.9 177.4 177.1 176.7 176.7 

ϕXe-O-H  109.7 108.8 108.5 109.1 109.2 110.3 110.1 

ϕ(intermol.) - O-H···C  

159.9 

O-H···O  

137.6 

Xe-O···C  

88.8 

Xe-O···O  

82.5 

Xe-H···C  

179.6 

Xe-H···O  

179.5 

 - H···C-O  

155.7 

H···O-C  

145.9 

O···C-O  

102.6 

O···O-C  

82.3 

H···C-O 

178.60 

H···O-C 

178.71 

E(rel.)a - +2.83 +5.53 0.0 +2.57 +5.66 +7.49 

EBSSE
b - –5.17 –3.19 –9.20 –6.75 –2.66 –1.00 
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aRelative total energy compared to the most stable complex structure III. The values are corrected by the zero point energy differences between 

the monomer and complex species.  

bBSSE-corrected interaction energies.   
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Table 3. Atomic partial charges (in elementary chargers) calculated by the Mulliken population analysis (Mul) and natural population analysis 

(NPA) of the monomers and complex structures at the MP2/aug-cc-pVTZ-PP level of theory using the MP2 electron density. The dipole 

moments (DM, in D) are also given.  

 q(H) q(Xe) q(O) q(H) q(C) q(O) DM 

 Mul NPA Mul NPA Mul NPA Mul NPA Mul NPA Mul NPA  

Monomers –0.20 –0.08 +0.81 +0.75 –0.80 –1.11 +0.19 +0.44 +0.02 +0.44 –0.02 –0.44 HXeOH: 3.59 

CO: 0.25 

I –0.21 –0.09 +0.82 +0.75 –0.84 –1.11 +0.25 +0.45 +0.06 +0.43 –0.09 –0.43 3.17 

II –0.20 –0.08 +0.80 +0.75 –0.82 –1.10 +0.22 +0.44 –0.08 +0.46 +0.08 –0.46 3.55 

III –0.19 –0.07 +0.82 +0.75 –0.79 –1.12 +0.17 +0.44 +0.06 +0.43 –0.07 –0.43 3.49 

IV –0.19 –0.07 +0.81 +0.75 –0.79 –1.12 +0.17 +0.44 +0.01 +0.47 –0.01 –0.47 3.92 

V –0.27 –0.06 +0.93 +0.74 –0.81 –1.12 +0.19 +0.44 +0.06 +0.43 –0.08 –0.43 4.41 

VI –0.30 –0.07 +0.93 +0.75 –0.81 –1.12 +0.19 +0.44 –0.02 +0.45 +0.01 –0.45 3.62 
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Table 4. Harmonic vibrational frequencies (in cm–1) and infrared intensities (in parenthesis, in km mol–1) of the monomers and complex 

structures at the MP2/aug-cc-pVTZ-PP level of theory. 

 Monomers I II III IV V VI 

OH str.  3791.3 (56) 3776.0 (213) 3796.6 (59) 3786.9 (54) 3790.3 (54) 3795.3 (52) 3795.1 (55) 

CO str. 2110.0 (36) 2117.9 (44) 2104.3 (50) 2116.1 (38) 2106.8 (40) 2112.9 (46) 2106.9 (53) 

HXe str. 1862.3 (958) 1839.0 (1082) 1855.0 (952) 1872.1 (925) 1869.8 (916) 1904.2 (647) 1886.5 (844) 

H-O-Xe bend. 809.6 (3) 858.6 (0) 815.5 (9) 803.6 (1) 809.7 (2) 802.8 (3) 808.1 (3) 

H-Xe-O bend. 638.6 (0) 641.1 (0) 638.1 (0) 634.6 (0) 636.8 (0) 661.1 (0) 653.3 (0) 

H-Xe-O bend. 583.3 (7) 606.4 (9) 586.9 (6) 578.8 (8) 583.7 (7) 588.8 (9) 588.8 (9) 

XeO str. 447.4 (152) 453.2 (157) 447.9 (150) 439.2 (150) 442.7 (150) 441.1 (176) 446.9 (172) 

 - 312.5 (55) 126.2 (68) 138.5 (2) 136.6 (94) 43.4 (1) 37.2 (0) 

Intermolecular - 106.8 (1) 68.1 (2) 110.7 (90) 103.8 (3) 39.5 (1) 27.5 (0) 

modes - 51.9 (0) 37.4 (1) 82.2 (6) 71.1 (3) 39.1 (2) 27.4 (1) 

 - 31.8 (2) 24.1 (2) 62.1 (4) 48.01 (2) 22.5 (0) 17.0 (0) 

 - 5.3 (6) 11.3 (9) 56.2 (6) 31.7 (1) 21.5 (5) 16.8 (6) 
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Table 5. Harmonic and anharmonic vibrational shifts (in cm–1) upon complexation of the monomers and complex structures at the MP2/aug-cc-

pVTZ-PP level of theory. 

Mode I II III IV V VI 

Harm. Anharm. Harm. Anharm. Harm.  Anharm. Harm. Anharm.  Harm. Anharm. Harm.  Anharm. 

OH str. –15.3 –4.6 +5.3 –3.6 –4.4 –5.1 –1.0 –2.8 +4.0 –13.5 +3.8 –12.3 

CO str. +8.0 +3.3 –5.7 +0.7 +6.1 +3.0 –3.2 –5.7 +2.9 +36.7 –3.1 +50.4 

HXe str. –23.3 –6.6 –7.4 –0.8 +9.8 +7.4 +7.5 +4.5 +41.8 +25.6 +24.2 +15.6 

H-O-Xe bend. +48.9 –11.9 +5.9 –8.8 –6.0 –15.4 +0.1 –4.0 –6.9 –7.6 –1.6 +1.6 

H-Xe-O bend. +2.5 –17.2 –0.5 –22.8 –4.0 –37.0 –1.8 –27.3 +22.6 +1.6 +14.7 +3.8 

H-Xe-O bend. +23.0 +6.9 +3.6 –13.5 –4.5 –16.3 +0.4 –16.3 +5.5 –3.7 +5.5 +1.5 

XeO str. +5.8 +2.4 +0.6 –3.8 –8.2 –6.9 –4.6 –6.9 –6.3 +7.3 –0.4 +13.3 
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CONCLUDING DISCUSSION 

In the present work, we have identified a complex of a noble-gas hydride HXeOH with carbon 

monoxide. This species is prepared by the annealing-induced reaction of mobile H atoms with the 

OH···CO complexes in a xenon matrix. The OH···CO complexes are produced by VUV photolysis 

of the H2O···CO complexes, preferably with the HOH···CO structure rather than with the 

HOH···OC structure. The H2O···CO complexes can be made by UV photolysis of formic acid in a 

xenon matrix or by direct deposition of a H2O/CO/Xe mixture. The known noble-has hydrides 

HXeOH, HXeO, HXeOXeH, and HXeH in the monomeric forms are also observed after annealing. 

The H–Xe stretching mode of the HXeOH···CO complex absorbs at 1590.3 cm−1 and it is blue-

shifted by 12.7 cm−1 from the H–Xe stretching band of HXeOH monomer. The observed blue shift 

indicates the stabilization of the H−Xe bond upon complexation, which is characteristic of 

complexes of noble-gas hydrides.18 The HXeOH···CO species is the first complex of a noble-gas 

hydride with carbon monoxide and the second complex of an interesting species HXeOH (after the 

HXeOH···H2O complex).20 The spectral effect of CO on HXeOH is similar to that of N2 on HXeY 

(Y = Cl and Br).23 

Now, we discuss the structural assignment of the experimental complex based on the ab initio 

calculations. It is clear that it cannot have structures I and II with the red-shifted H–Xe stretching 

modes. Indeed, no H–Xe stretching bands with red shifts are observed in the experimental spectra. 

Structures V and VI are also improbable to be formed in experiment because they have very weak 

interaction and significantly larger changes of the H–Xe stretching frequency (harmonic shifts 

+41.8 and +24.2 cm−1) than the experimental value (+12.7 cm−1). Moreover, these structures are 

formed from the OH and CO fragments locating in neighboring cages but not from the OH···CO 

complexes. On the other hand, structures III and IV are both suitable for the experimental complex. 

We propose that structure III is the most probable candidate for the experimental species. The 

HXeOH···CO complex is formed from the OH···CO complex, in which the hydrogen atom 

Page 19 of 29

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



20 

 

interacts with the carbon atom. In this situation, structure I probably forms first upon annealing and 

then reorganizes to a more stable structure. It is plausible that this reorganization leads to the most 

stable structure III. The calculated shift of the H–Xe stretching mode of structure III is slightly 

closer to the experimental value (9.8 vs. 12.7 cm−1) than that of structure IV (7.5 cm−1) even though 

it is not a strong argument.  

The mechanism of the formation of the HXeOH···CO complex is not straightforward because of the 

decomposition of the OH···CO complex above 30 K (producing HOCO). In fact, this 

decomposition explains why after annealing at 45 K, the amount of the HXeOH···CO complexes is 

much smaller than the amount of the HXeOH monomers, whereas the amounts of the OH···CO 

complexes and OH monomers before annealing are comparable. Three mechanisms can be 

suggested for the HXeOH···CO formation. First, some part of hydrogen atoms locate after 

photolysis in the vicinity of the OH···CO complexes, and these atoms can locally move and form 

the HXeOH···CO complexes at temperatures below 30 K. This local process is indicated by 

formation of the HXeOH···CO complexes and HXeOH monomers after annealing at 27 K 

(spectrum d in Figure 4). It is remarkable that the amounts of the HXeOH···CO complexes and 

HXeOH monomers are comparable after this “low-temperature” annealing. Second, a small part of 

the OH···CO complexes can be still present in the matrix above 35 K, which increases the amount 

of the HXeOH···CO complexes. At the higher temperatures, the formation of HXeOH monomers is 

more efficient than that of the HXeOH···CO complexes. Third, the thermal mobility of CO 

molecules can also lead to the HXeOH···CO complexes due to their attachment to HXeOH 

monomers. To recall, the formation of the complexes of some noble-gas hydrides with acetylene 

occurs due to thermal mobilization of acetylene.24,50  
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Supplementary Material. Calculated coordinates and anharmonic spectra of the HXeOH and CO 

monomers and of the structures of the HXeOH···CO complex. 
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