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Electronic Absorption Spectra of HXeCl, HXeBr, HXel, and HXeCN in Xe Matrix
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The electronic UV absorption spectra of thermal reaction produetXét+Y (Y = ClI, Br, I, or CN) have

been measured in solid Xe at 12 K. The spectra are obtained after the annealing of an extensively irradiated
matrix doped with an HCI, HBr, HI, or HCN precursor. The spectral assignment is based on the correlation
between the UV spectra and the known infrared absorptions of these compounds. An analysis of the annealing
behavior of the UV absorptions due totXe—Y, Y/Xe and H/Xe yields a quantitative estimate that-20

30% of the photogenerated Y is converted te-Xe—Y. Present multireference configuration interaction
(MRCI) calculations provide strong support that the spectral observations are due t&ike X X transitions

of H—Xe—Y. The spectral width of the absorptions indicate that the transitions are from a bound ground
state to a repulsive excited state.

Introduction strong vibrational transitions are expected. Indeed, the existence
of these molecules relies entirely on the infrared (IR) observa-

G_royp VIIl, the noble gases (_Ng), forms the end of the tions. Although the electronic states ofg-Y have received
periodic table of the elements. Their electronic structures suggest, | 1acent theoretical interéstthe electronic absorption

chemical inertness and, mqleegL until Fhe 1960s, no noble gasspectra have not been reported. However, indirect evidence of
compounds were knowhQuite impressively, the existence of

: . exceptionally strong electronic transitions can be extracted from
covalent fluorides of both xenon and krypton were predicted P y g

. their efficient photodissociatioh.In this study, we present
as early as 1933 by PaulidgAt present, some tens of stable b y 3

. . _spectral data on the UV absorptions observed in HCI, HBr, HI,
neutral Xe and Kr compounds have been synthesized. Extendlngand HCN doped xenon matrices. The experiment relies on 193

the view to cover ipnic species incre_asg_s the number of known nm photolysis of the precursors and absorption measurement
noble gas containing compounds significantly. Moreover, the with a deuterium lamp imaged on a charge-coupled device
“glht?rtEOblﬁ gasgs, Ar., Ne\,Naﬂdk He, also polsses? a Chhetm'cakCCD) detector. Annealing of the photolyzed samples near 45
role in the charged Species. VVell-known examples of SUCh SToNgy ¢4 ses rather dramatic changes in the spectra, simultaneously
binding are the protonated noble gases Ngldnd t??r solvated with the decrease of the H/Xe absorption near 200thayery
forms, the proton bound nople 9as dlmerszNg o strong broad absorption feature appears in the 250-n&20

It has been known for quite some time that solid noble gas  range. On the basis of comparison with the IR measurements
matrices, besides providing an inert environment for isolating 4nq the predictions of multireference configuration interaction

cher_nical specie_s of inter_e_st, can be_ util_ized as ideal media for(MRCI) calculations, we suggest that these absorptions belong
studies of chemical reactivify! A fascinating outcome of such 5 the H-Xe—Y molecules.

studies is that in favorable circumstances the isolating “inert”
noble gas atpms show__enhanced react.ivity. An extensjve SerieSExperimental Section
of investigations by Reinen et al. starting from the mid 90's
has shown that the chemistry of noble gases is, in fact, much The gas samples were prepareail dnt Pyrex sample bulb
richer and diverse than originally expectetAn entire family connected to an all glass vacuum manifold evacuated o 3
of new noble gas containing molecules of a common form 107 mbar with a diffusion pump. Two capacitance manometers
H—Ng—Y has been characterized in straightforward experiments (MKS Instruments) were used to obtain accurate guest-to-host
based on UV photolysis of a HY precursors and subsequentratios. For all samples, this ratio was 1:1000 with an exception
thermal activation of the hydrogen atoms produced in the of HI/Xe, where the ratio was approximately 1:300. In the latter
photolysis. Y is typically an atom or a molecular group of case, it was difficult to obtain an accurate matrix ratio because
relatively high electron affinity and Ng is Kr or Xe. A rather  Hl is effectively adsorbed to the walls of the vacuum manifold.
peculiar exception of this rule is the xenon dihydride molecule, The xenon solids doped with HCI, HBr, HI, and HCN were
H—Xe—H, which is formed in xenon matrices doped with grown in a closed cycle cryostat (APD Cryogenics, Inc., DE
atomic hydrogen. Very recently, formation of the first neutral 202) with the lowest accessible temperature near 12 K. The
argon compound HAr—F was verified in a VUV photolyzed ~ temperature at the cryotip was measured with a silicon diode
HF/Ar matrix 10 and controlled with a Lake Shore 330 controller unit. The
The novel H-Ng—Y molecules possess significant charge Cryostat was connected to a stainless steel vacuum system
transfer character on their ground electronic surface, and thus,pumped with a turbomolecular pump neax3.0~ mbar. The
premixed gas mixture was admitted to the cryostat via a 1/16

*To whom correspondence should be addressed. E-mail: Henrik Kuntiu@ IN- Stainless steel capillary. The deposition rate was controlled
jyu.fi with a needle valve and a capacitance manometer. Typically,

10.1021/jp002141t CCC: $19.00 © 2000 American Chemical Society
Published on Web 10/04/2000



AS of HXeCl, HXeBr, HXel, and HXeCN in Xe Matrix J. Phys. Chem. A, Vol. 104, No. 42, 2008607

10—20 mbar was deposited from 1 dwolume and 350 mbar  Results

backing pressure in 10 min. To produce monomeric trapping ) ) ) )

of the precursor molecules, the Mg§ubstrate was held at 20 IR Observations. The relatively thin matrices grown for

K during deposition. After deposition, the sample was briefly Measurements in the UV do not provide high signal-to-noise

annealed at 45 K. Solid films grown under these conditions (S/N) ratios in the less sensitive mid-IR. However, for all of

showed some cracks and slight haziness after heating, whichthe samples, monomeric trapping of the precursor and, most

affected their optical quality. importantly, formation of the previously characterized strong
IR spectra of the matrix samples were recorded with a Nicolet H—Xe—Y absorptions was verified upon annealing the samples

Magna IR 760 FTIR spectrometer equipped with a HgCdTe near 45 K. The HCI monomer absorption is centered at 2858

detector and a KBr beam splitter. The Mgsubstrate limited ~ ¢M™* with a shoulder at 2856 cm. A very weak dimer

the transparent spectral ranget850 cnt. The outer cryostat ~ absorption was observed near 2818 ¢énAll absorptions due

windows in the IR measurements were Csl. The UV absorption to HCI were efficiently photobleached at 193 nm, and within

spectra were obtained with a spectrometer composed of a 30~ 1000 laser pulses (12 mJ cf), the photolysis was nearly

W deuterium source, a 15 cm spectrograph (Acton SP 150), complete. In accordance with the observations by Pettersson

and a CCD camera (Princeton Instruments). The exposure timeand co-workers? new absorptions at 1648 and 1166 ¢rdue

of the detector was controlled with an electrical shutter. The to H—Xe—Cl and H-Xe—H appeared upon annealing. These

cutoff of the quartz window of the CCD put a lower limit of ~ absorption features disappeared completely in 10 min photolysis

detection near 190 nm. Atomic lines of mercury were used for with an unfiltered B lamp or, alternatively, by few laser pulses

wavelength calibration. Background spectra were recorded at 193 nm. Subsequent annealing of the sample regenerated the

through the unphotolyzed samples. To keep the backgroundabsorptions nearly with their original intensities.

stable in the subsequent irradiation-annealing cycles, it was After preparation of a HBr/Xe matrix, characteristic IR

essential to carefully anneal the sample near 45 K prior to absorptions were observed at 2567 , 2532 , and 2509.cm

starting the photolysis. A 193 nm (ArF) excimer laser (Lambda Although practically no absorptions due to dimers or trimers

Physik Optex) with a pulse energy of-32 mJ was used to  were present immediately after deposition, annealing of the

photolyze the samples. matrix at 45 K caused weak dimer and trimer peaks to appear.
HCI and HBr of 99.8% purity were obtained from Messer After few hundred pulses at 193 nm, 100% of the precursor

Griesheim and Cambridge Isotope Laboratories, respectively.was dissociated. Upon annealing the sample at 45 K, new

HCN was synthesized in a vacuum line from KCN and sulfuric absorptions appeared at 1504, 1500, and 1487'cifhese

acid, dried with ROs, and trapped at liquid nitrogen temperature. absorptions have been previously ascribed to theXeBr

HI was synthesized from water, iodine, and red phosph®rus. molecule?® In a subsequent photolysis with an unfiltered D

Xenon (99.997%) was obtained from AGA. lamp these signals were photobleached in ca. 10 min and
recovered nearly with their original intensities upon a second
Computational Methods annealing cycle.

The IR measurement of a 1:300 HI/Xe matrix showed a
monomer absorption at 2215 cfhand a broad structureless
feature at 22082202 cntl. Additional absorptions at 2166,

The geometries of the HXe—Y ground-state molecules were
optimized by using the RCISD method with linear geometry
restriction. The RCISD method consists of spin restricted . .
Hartree-Fock (RHF) method with a subsequent configuration IZlBtI, and_2_146 crt belong tc|)_|:j|mer an(ﬂ 'Frlnlwers(.j I_Duehto thl?‘d
interaction treatment involving single and double substitutions )?W epolsmon t((ajmﬁerature_,b .WanWd? IS0 ated In the soll
(CISD) 4 Further calculations were performed at the optimized <€ Samples, and the contribution of dimers and trimers was

ground-state geometry for the ground state and the first excited¢latively small. However, the amount of dimers and trimers
state of A symmetry within theC,, point group. In this increased considerably when the sample was heated to 45 K.

treatment, the initial orbitals were first obtained with RHF and At 193 nm photolysis, the IR absorptions of HI disappeared

refined in a multi-configuration self-consistent field (MCSCF) Within some hundreds of laser pulses. Upon thermal cycling,
calculation employing the complete active space (CAS) orbit- 12-45-12 K, new thermally induced absorptions due to
als1s The active space included 8 electrons and 6 orbitals in H—Xe~| appeared at 1213, 1193, and 1187 ¢r## These
A, symmetry of Cy. No orbitals were frozen in the A absorpthns.can .be.bleac.hed by few hundred 193 nm Ia;er pulses
symmetry, whereas all Band B orbitals were frozen. Both ~ ©F 10 min. irradiation with unfllt_ered Plamp, and partially
states were calculated simultaneously by using the state averag'®9enerated after a new annealing cycle.
ing method. Finally, an internally contracted configuration  Under the present experimental conditions nearly perfect
interaction calculation (ICMRCI) with single and double excita- isolation of HCN was achieved. The only absorptions observed
tions was carried out based on the MCSCF orbital$he in the CH stretching region, 3276 and 3279 ¢mare due to
obtained energies were all subject to the multireference analogughe monome#? By annealing the sample to 45 K, weak dimer
of the Davidson's size-consistency correcttéithe ground and bands appeared at 3268 and 3191 &nn the UV photolysis,
excited dipole moments and Mulliken partial charges as well the dimer bands disappeared completely and enl80% of
as transition dipole moments were obtained by standard the monomer was left after 1500 pulses. The higher dissociation
methods'® efficiency of matrix isolated dimers and oligomers was recently
The basis set used for hydrogen was Dunning’s cc-p¥Dz, discussed by Bondybey et Z&l. Simultaneously, with the
whereas for Xe and the halogens (Cl, Br, and 1), we rely on the decrease of the precursor absorptions, a very weak 2049 cm
effective core potential (ECP) basis sets developed by the band of CN radic&f appeared. The S/N ratio was not sufficient
Stuttgart groug? This combination was chosen to obtain good for observation of HCN to HNC photoisomerization in the
balance between the hydrogen and halogen basis sets. Theresent thin matrices. Again, annealing of the photolyzed sample
geometry optimizations were performed with GAUSSIAN 98 reproduced the previously reported spectral changes, i.e., the
prograni! and the ICMRCI calculations with the MOLPRO appearance of new bands due te-¥e—CN, H—XeNC, and
2000 packag® on GNU/LINUX systems. H—Xe—H at 1624, 1851, and 1166 crh respectively® All



9508 J. Phys. Chem. A, Vol. 104, No. 42, 2000 Ahokas et al.

c) After D2 photolysis
(c) After D2 photolysis

After annealing at 45 K
(b)After annealing at 45 K ®) 2

W(a) After 193 nm photolysis

a)After 193 nm photolysis

Transmission / arb.
Transmission / Arb.

175 225 275 325 375 175 225 275 325 375

Wavelength / nm Wavelength / nm

Figure 1. UV absorption spectrum of a HCI/Xe 1:1000 matrix. The
absorptions observed after 193 nm photolysis are due to H/Xe (200
nm) and Cl/Xe (335 nm). The broad feature in the middle spectrum is
assigned to HXe—CIl molecule.

Figure 2. UV absorption spectrum of a HBr/Xe 1:1000 matrix. The
absorptions observed after 193 nm photolysis are due to H/Xe (200
nm) and Br/Xe (300 nm). The broad feature in the middle spectrum is
assigned to HXe—Br molecule.

these absorptions could be photobleached and partially regener-
ated in subsequent irradiation-annealing cycles.

UV Observations. Figure 1 shows UV absorption spectra
of an extensively photolyzed HCI/Xe matrix. The most promi-
nent absorptions are the sharp bands at 198 and 201 nm, which
can be assigned to the two lowest energy components of the
absorption progression of the caged H af@rithe broad 356 '
and 331 nm bands and the weaker features near 307 and 316
nm are identical to what is seen in the excitation spectra of the
triatomic Xe"CI~ exciplex emission in extensively irradiated
Cl, or HCI doped Xe solid$’ For comparison, th& < X and
D — X absorptions of XeCl in argon matrix are at 338 and 253
nm, respectively® With these numbers in mind the observed
231 nm absorption seems too much blue shifted to belong to
XeCl, and we leave this peak, and the one at 214 nm unassigned.
The most striking change in the spectrum upon annealing the
sample at 45 K is the nearly complete disappearance of the H/Xe Wavelength / nm
absorption and a simultaneous growth of a very strong, figure 3. UV absorption spectrum of a HI/Xe 1:300 matrix. The lower
structureless absorption centered at ca. 246 nm. The full width spectrum shows the I/Xe absorption after 193 nm photolysis. The
at half the maximum (fwhm) of this band is 65 nm, which difference spectrum shows the growth of a broad absorption feature
corresponds to 0.7 eV. Other changes in the spectrum are related300 nm) assigned to HXe—I.

to the XeCl absorptions, which decrease by ca. 28%. Irradiation 4t 280 nm corresponds very closely to the excitation spectrum
of the annealed sample with the full spectrum of al&mp or  of Xe,*|~ emission in solid X&’ Thus, we assign the 280 nm
with @ 193 nm laser caused complete disappearance of the 24§psorption system to charge transfer between Xe and atomic
nm band, full recovery of the Xe@-—X absorption and ca.  jodine. Because the charge transfer absorptions overlap strongly
20% recovery of the H/Xe absorptions (Figure 1). with the spectral region where the absorption due textd—|

As seen in Figure 2, the spectral observations in the is expected, a difference between UV spectra recorded after
photolyzed HBr doped Xe matrix are quite similar to the HCI/  photolysis and after subsequent annealing is presented in Figure
Xe case. The photolysis produced strong H/Xe absorptions and3. The main observations upon annealing at 45 K are the
a broad band centered at 308 nm. Comparison with the excitationdecrease of absorptions due to I/Xe and H/Xe, and appearance
spectra of Xg'Br~ emission in Br doped X& and the of a new broad feature centered at 315 nm. This absorption can
absorption spectrum of XeBr in Atyields a straightforward  pe efficiently bleached with a£Jamp and partially regenerated
assignment that this absorption, and its weaker blue shifted by annealing at 45 K. Before proceeding, it is important to note
satellites are due to thB < X system of XeBr. Again, we that the intensity of the H/Xe absorption in a photolyzed HI/
observe two unassigned absorptions near 220 and 230 nm. Byxe matrix was significantly weaker than in other samples
annealing the sample at 45 K, the H/Xe absorptions disappearednvolving different precursor molecules and, apparently, only a
and a broad structureless band was formed at 262 nm. Oncevery small amount of atomic hydrogen was available for
formed in annealing, this absorber is efficiently photolyzed with formation H-Xe—I upon annealing. Consequently, the broad
a Dy lamp or 193 nm laser. Simultaneously, partial recovery of |/Xe and H-Xe—| absorptions possess comparable intensities
the H/Xe absorptions is observed. and cannot be clearly separated from each other.

A photolyzed HI/Xe sample showed a prominent progression  Figure 4 displays the UV absorption spectra of a 1:1000 HCN/
of UV absorptions near 280 nm and very weak atomic hydrogen Xe matrix after 30% photolysis of the precursor. In accordance
absorptions at ca. 200 nm. The structure of the absorption systenwith the hydrogen halide samples, photolysis yields very strong

Signal increases
on annealing

Signal decreases
on annealing

ATransmission / Arb

Absorption spectrum
after 193 nm photolysis

175 225 275 325 375
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y y ' T v TABLE 1: Summary of the MRCI Results for the Ground

(c)After D, photolysis and First A; Excited State of H-Xe—Y Molecules®
'g compound Ag(H) Aq(Xe) Ad(Y) Dgnd Dexc E Trm
: )After annealing at 45 K HXeCl —-0.16 —-0.05 +0.21 6.8 2.4 241(250) 7.0
-2 HXeBr —-0.08 —-0.01 +0.09 6.2 39 262 7.5
é HXel —-0.01 +0.04 -0.03 56 52 288 8.1
E (@)After 193 nm photolysis aThe Aqg's are the Mulliken partial charge diferences between the

ground and excited stat®g,q is the ground-state dipole moment in
Debye, Dexc is the excited-state dipole momert, is the excitation
energy of the first excited state in nm, and Trm is the electric transition
dipole moment (Debye). Single reference CISD calculation of ref 11.

Discussion

Because the thermally induced UV absorptions do not show

) ) ) ) any vibrational structure, their assignment relies entirely on
175 225 275 325 375 comparison with the well-characterized IR absorptions of
Wavelength / nm H—Xe—Y,?326and the theoretical predictions of their electronic

Figure 4. UV absorption spectrum of a HCN/Xe 1:1000 matrix. The abs_orpt'on spec_tra. It has, indeed, been_shown in the present
absorptions observed after 193 nm photolysis are due to H/Xe (200 Series of experiments that upon annealing a photolyzed Xe
nm) and CN radical (400 nm). The broad feature in the middle spectrum matrix doped with HY (¥=CI, Br, I, or CN), besides a very
is assigned to HXe—CN molecule. intensev(Xe—H) absorption in the 1400 cm region, strong
structureless UV absorptions in the 25820 nm region are
H/Xe absorptions at 201 and 198 nm. In addition, strong bands observed. The perfect correlation between the IR and UV
at 400 and 369 nm appear. On the basis of previous absorptionabsorptions in subsequent photolysis and annealing cycles would
measurements by Bondybey et@lthese bands can be assigned indicate that both absorptions are due to the same chemical
to theB -— X transition of CN radical. In addition to these well-  species. The spectral width of the features in the UV suggest
defined bands, a diffusive absorption with maxima at 226 and that these transitions are from a bound ground state to a repulsive
242 nm develops in the photolysis. Again, annealing the sampleexcited state. Thus, the same transitions are most likely
at 45 K caused a nearly complete destruction of the H/Xe responsible for the rapid photodissociation observed in the
absorptions and growth of a broad band centered at 234 nm.previous experiment§:26As seen in Figures-13, the intensities
Simultaneously, the CN radical absorption is diminishecsby  of the thermally induced absorptions clearly exceed those of
20%. Subsequent irradiation at 193 nm reduces the 234 nm banche Cl/Xe, Br/Xe, and I/Xe exciplexes. This is consistent with
to its original intensity and recovers partially the H/Xe and CN our theoretical prediction of-78 D for the transition moments.

absorptions. These numbers should be compared with the2c@ obtained
Computational Results.All ground-state molecules HXe— for the halogen/Xe exciplexes by Dunning and Hay.
Y, where Y= ClI, Br, or |, were first optimized on their singlet Considering the spectral width of the UV absorptions, it may

ground state. The considered compounds are linear witKe1 be estimated that the transition moment should be even higher
and Xe-Y bond lengths varying as (1.68 A, 2.70 A), (1.70 A, than that of the H /Xe exciplex near 200 nm. We have recently
2.84 A), and (1.74 A, 3.05 A) for HXe—Cl, H—Xe—Br, and estimated that a hydrogen atom trapped as an octahedral
H—Xe—I, respectively. A vibrational analysis at the CISD level impurity in Xe would have a transition moment of 43b0On

was performed to verify that these configurations represent the basis of these arguments, and the fact that not all hydrogen
minima on the ground-state potential energy surfaces. For HXeland Y atoms react upon annealing to form the absorbing
and HXeBr, the obtained XeH stretching frequencies were H—Xe—Y species, it is clear that the-HXe—Y molecules do,
1637 and 1818 crit, respectively. For a reason that is unclear, indeed, possess UV absorptions of exceptional strength. Because
the two programs yielded different frequencies for HXeCl: 1907 the contribution of H-Xe—H on these spectra is not resolved,
cm! (GAUSSIAN), 1953 cmi! (MOLPRO). The great sensi-  and may be dependent on the initial precursor, it is not possible
tivity of the computed frequencies to basis set has previously to quantitatively compare the absorption strengths of various
been demonstrated for HXe* As the electron affinity of the H—Xe—Y compounds with each other. However, a clear trend
halogen decreases from Cl to |, the-Me bond length increases is that the absorption center shifts from 250 to 320 nm as the
and the positive partial charge on Xe decreases from 0.61 toelectron affinity of Y decreases. This observation suggests that
0.42. The hydrogen atom has a small positive partial charge in the strong UV absorption may involve a charge transfer process,
all compounds. Vertical excitation from the ground state to the where the halogen atom acts as a charge donor. The electron
first excited state of A symmetry {Z) yields a significant affinities of Cl and CN are almost identical and, in accordance
redistribution of charge density as shown in Table 1. This effect with this simple model, the absorptions are located ap-
is most pronouncing in HXe—Cl, in which the direction of proximately at the same wavelength.

the dipole moment is reversed upon electronic excitation. The  The relative number of HXe—Y molecules responsible for
ground-state molecules all exhibit large dipole moments, which the absorptions can be estimated from the reduction of Y upon
are then somewhat reduced in the first excited state. Theannealing. WhenY is a halogen atom, the Y/Xe exciplex absorp-
transition dipole moments between the ground and the excitedtion can be used as a probe. The amount of CN radicals can be
state are very large in all molecules as shown in the last columnmonitored from the B— X absorption of CN at 400 nm.

of Table 1. The overall trend is that the excitation energy Annealing a Xe matrix doped with H and Cl caused, in addition
decreases as the electron affinity of the halogen decreases. Foto appearance of the-HXe—ClI absorption, 28% reduction of

a description of the multidimensional surfaces for the ground the Cl/Xe exciplex absorption and a complete disappearance
and excited states of HXe—Cl, we refer to the single reference  of the absorption due to octahedrally trapped hydrogen atoms.
computational study of ref 11. If we assume that the initial photolysis produces H and Cl in



9510 J. Phys. Chem. A, Vol. 104, No. 42, 2000 Ahokas et al.

equal amounts, this means that 28% of atomic hydrogen presenthe strong UV absorptions to-HXe—Cl, H—Xe—Br, H—Xe—
reacts with Cl to produce HXe—Cl or HCI, whereas the |, and H-Xe—CN.

remaining 72% disappear via some other route. Possible

channels responsible for the disappearance would involve Acknowledgment. This study was funded by the Academy
trapping in substitutional lattice sites, formation ofMe—H, of Finland.
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