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Vibrational overtones and rotational structure of HCI in rare gas matrices
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The rotational structure in the vibrational transitions from0 tov =1, 2, 3, 4 of H°Cl and H'CI

is studied in Xe, Kr, and Ar matrices with high spectral resolution. A consistent set of rotational
constantsB, for the vibrational level$ =0 to 4 is derivedB, decreases with the tightness of the
cage from 9.78 cmt in Xe to 8.83 cm? in Ar for HCI (gas phase 10.44 ciy. The values for

B, to B, decrease linearly with due to the vibration-rotation-coupling constanthich increases
from 0.37 cm tin Xe to 0.479 cm®in Ar (gas 0.30Baccording to the cage tightness. The splitting
of the R(1) transition which originates from the hindering of rotation is analyzed in Xe using the
Toq—T1, and Tog—E4 transition energies. A comparison with force field calculations yields a
dominant contribution of the sixth spherical harmo}frﬁ:1 of the octahedral matrix potential. The

modulation of the potential takes a value K§/B=17 which corresponds to a barrier for the
rotation of 160 cm™. The splitting increases with the vibrational levelhich can be interpreted
as a weak admixture of th\cé“Alg spherical harmonic. A large isotope effect and a reduction of the

T1u—Aqq transition energy R(0)-transition] beyond the crystal field value are attributed to an
eccentric rotation with a displacement of the center-of-mass of the order of 0.05 A. The vibrational
energiesw, show an opposite trend with matrix atom size and decrease with polarizability from
2970 cm tin Arto 2945.4 cm in Xe (gas 2989.9 cm') while the anharmonicitys.x,, of the free
molecule lies close to the Kr value and thus between that of Ar and Xe20@2 American Institute

of Physics. [DOI: 10.1063/1.1475752

I. INTRODUCTION causes a deviation of the center-of-mass from the center of

Hydrogen compounds belong to the few classes of moI:[he site. This center of interaction which in Ar is 0.1-0.4 A
art from the center-of-mass is considered to be the center

ecules which show rotation in the condensed phase. Halhaﬁf ati fh lecule. Th i tation-t lati
stated already in 1973 in his comprehensive review that hy9 rotation ot the molecuie. The resulting rotation-transiation

drogen chloride is the most thoroughly investigated stablé:?upling (RTC) prgdicts the experimentally available ener-
molecule in solid matricesThe prominentR(0) andP(1) gies and separations between HRe0), R(1), andP(1)

lines in the vibrational spectra indicate the rotation of theP@nds. However, to explain the experimentally observed ad-

molecule. The splitting of these lines which is determined byAitional splitting of theR(1) line, crystal field contributions
the rotational constant of the molecule was used to analyz8!SC had to be mvokeJdThe_ strong dependence of the rota-
the coupling of rotational and vibrational modes to the rareiional linewidth on the matrix temperat_ﬁrsuggests astrong
gas lattices. The fcc lattice of the surrounding noble gas atcoupling between the rotational motion and local phonon
oms induces a potential field of octahedral symmetry for thanodes. The RTC-model was used to calculate the decay of
molecule in a substitutional site. It has been shown that suckibrational modes to librational mod$.The severe dis-

a potentia| can be described by a Comp|ete series O(frepancies to the experimental vibrational |Ifet|ﬁ'l%3V|th
Laguerre—polynomialé/ﬂ YA Y,‘i , Yf\ Lo with Agg orders of magnitude to high relaxation rates were reduced by
1 1 1 1

including intramolecular anharmonicftygnd by treating the
jrotational motion quantum mechanically.

The orientation of the H atom with respect to the lattice
influences its exit probability in photochemical experiments.

constan for HCI in matrices led to inconsistencies in com- A time dependent modeling of the process in a density ma-

parison with the available experimental rotational structure al™ te_chmque re\./ealec_l a strong (iontrlbutlon of thfé_lg
that timel spherical harmonic be&dé’ﬁlg andYAlg to the HCI-matrix-

The asymmetric charge distribution in the HCI-moleculepotential’° A dominantY,‘i1g contribution was found also in a

9
symmetry? Devonshiré has already in 1935 solved the prob-
lem of the rotation for a linear molecule in an octahedral
field using only theYﬁlg—term to describe the potentiaThe

derived barriers for rotatioi,/B in units of the rotational
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close coupled wave packet approach by deriving rotationaTABLE I. Efficiency » of the UV/VIS-dyes and the Raman-shifter used in
wave functions of HCI/DCI in argoht this work vs wavelength.
On the experimental side the vibrational overtones excit-

) s k h Dye-laser Raman-shifter

ing directly the vibrational levels =2 (Ref. 7) and 3(Ref.

8) have been studied. The spectra were recorded by detectify® A 7 Order A 7

the fluorescence from the vibrational-v —1 decay while bcwm 652 nm 29% 3 3.47 0.3%

scanning the excitation wavelength. These experiments dé&tyryl7 717 nm 20% 2 177 5%

livered a very fascinating nonradiative relaxation kinetic. Y19 801 nm 17% 1 12 10%
Styryl14 930 nm 10%

Splittings of some rotational lines were observed. However,
the evaluation was focused on the matrix influence on theéall dyes dissolved in propylencarbonate.
vibrational frequency and anharmonicity. We extend the

overtone spectroscopy up to the=4 vibrational level. A

systematic analysis of th(0) andP(1) splittings versus The HCI concentration and the composition with respect

vipratiopal level yield;B values Wit.h high accuracy. A sig- to monomers and dimers were probed in absorption by the
nificant isotope effept is observed in the matrix in contrast tq‘undamental vibration transition with a FTIR spectrometer
the gas phase. With thB values the energy of the pure from Bruker (IFS 55 Equino¥, which provides a resolution

V|brat_|onal transition Q-branch and the rotat|_0n-V|brat|on- of 0.5 cni* and an accuracy of 0.01 ¢rh The IR beam was
coupling constantr are also determined. Giradet and Co-¢

workers investigated in a series of papers the interaction Ofocused by & combination of two 90° parabolic mirrofs (
. . S . =300 andf =400 mm and a plane mirror onto the sample.
dopantst>1® Besides the identification of di- and m P P

) ; . . The reflected beam was imaged by another 90° parabolic
1317 also the manifestation of interactions between ) y P

polymers, S mirror (f=100) on the LN cooled MCT detector.
separated HCI molecules resulting in the appearance of the The concept for the spectroscopy of the 0 tov =2, 3

Q-branch is demonstrated in Refs. 12 and 15. Theranch 4 transitions employs a tunable dye laser with a Raman

|fs forl:l)_lldcc:en flor thle freer:]Iy rotat;ntg mo:ecultg aqd 'rt].oggm%telstshifter to scan the different wavelength regions of the over-
rom molecules whose rotational motion 1S Nindered. Ly, noq and to monitor the fluorescence intensity of the

will be shown that th&-branch can therefore not be used for _ 1 IR emission as a measure for the absorption probability.

atdertwatl(_)n oprrec:ls;B_ valu;rs. F'”"’?"ﬁ’ t?ﬁ roteT_tt|tqnaI fml‘nti The main problem in this experiment is the strongly decreas-
structure in a A€ matrix and especially the spiting o eing absorption cross section of the higher overtones. For

‘ézz I?\fllgR(ll) blrapcﬂ are prs_sentedea%fzzl, 2,and 3. 4o oaq phase we estimate from the transition stréfigtid
rystal field calculations according to Ref. 2 Using a poteNyy,q jinewidti?® values ofo (in cm2) decreasing from 1.5

tial set up by the spherical harmonldfé\lg and YAlg have % 10-18 for 1-0 to 3.9¢10-2 for 2-0 and 3.X 10~ 22
been carried out for comparison with the experimental datagor 3. 0.

They show that thé’ilg function is the major contribution in Adye laser(FL 2002, Lambda Physjkwas pumped with
the interaction potential in agreement with the predictions ila Nd:YAG laser(Quantel, Brillian} at 10 Hz and a pulse
Ref. 11. energy of 150 mJ via a telescope. The optimized pump optics
The above-mentioned isotope effect can be related to thieads to efficienciegTable ) which exceed the literature

rotation of the center-of-mass around the center of interacvalue$® in general and provides an increased lifetime of the
tion. Therefore this contribution tB can be determined di- dyes. The wavelength reading of the dye laser was calibrated
rectly and compared with the crystal field effects. Accordingoptogalvanically (OCl,s from LAS) with Ne gas lines in-
to studies for CO in Ar done by MariZthe eccentric motion  cluding the correction for air pressufe-0.2 nm. Thus we
may lead to a displacement of the surrounding matrix atomsobtained an accuracy of 0.1 ¢fh The Raman shiftetRS

75, Lambda Physikwith a length of 940 mm containing a

quartz capillary of 0.7 mm inner diameter was operated be-
1. EXPERIMENT tween 5 and 15 bars of HThe dye laser light was focused

via two plane mirrors and &=300 mm BK7 lens into the

The HCI doped rare gas films were condensed in arentrance of the capillary. The overall efficiency was opti-

ultrahigh vacuum chamber on a gold coated copper substrataized concerning imaging, Hpressure, and combination of
which was cooled by a closed cycle refrigerator to temperadye/Raman ordefTable |). It may be surprising that shorter
tures around 13 K. Optically clear samples with a thicknessvavelength dyes together with higher Raman orders were
of typically 0.5 mm were grown within 30 min. The thick- used to generate the longer wavelength IR light. However,
ness was monitored by interference fringes and the growtkthe higher efficiency of the dye and of the Raman process at
rate was controlled by the gas pressure. The gases withorter pump wavelength compensates for the loss in gain
nominal purities of HCIl: 99.9990%, Ar: 99.99990%, Kr: with higher order. The Raman orders were finally separated
99.996%, and Xe: 99.998% from Linde were premixed with-by a Pellin—Broca prism and imaged byf & 500 lens onto
out further purification in a stainless steel UHV chamber.the sample. The fluorescence was collected with a,Gais
The chamber was passivated first with a HCI to rare gas rati¢f =25 mm, diameter 1 in.inside the sample chamber and
of 1:100 and then flushed twice with the desired mixturefocused after passing a Mgwindow by a second CgHens
After that the HCI concentration in the chamber remains un-on a LN, cooled InSb detector. Including the back-reflection
changed for weeks. from the Au substrate a collection efficiency of 13% was
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FIG. 1. FTIR absorption spectra=0 to v=1 with isotope splitting of | i i i i
R(0) and P(1) bands and additional crystal field splitting of tiR¢1) i
branch. TheQq(0,0) lines originate from molecules whose rotational mo- 1 -+ - —
tion is distorted and the stars indicate transitions in aggregates. Samplt | P) i Pty P |
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achieved. Straylight and thermal radiation were blocked by
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the Ge window of the detector and a bandpass filter for th%e 2. Overview on thi(0) andP(L) region in the excitation spectra of
. 2. verview | | XCI I

Av=1 fluorescence_(3.4 /_j‘m<}‘<4'2 '“m) which was the overtone excitations=0 tov =2, 3, and 4 in Xe, Kr, and Ar detected

mounted on the cooling shield of the detector. Thus a deteéGy the Ay=1 Iuminescence. Concentration 1:700, temperature 13 K,

tivity D* of 8 X 10'* was reached. The time trace from eachsample thickness 0.5 mm.

laser pulse was recorded after amplification b$ it0a digi-

tal scope and stored on a personal computer for data process- . .
ing. lines in our spectra. The higher resolution and the better

absolute accuracy due to the calibration procedure leads to
more precise spectral constants in all of the following tables.
For the 0 to 2 and 3 transitions we agree within the previous
larger error margins with the values of Young and Mdbre,
for the 0—4 transition no previous values are available. The
which are doublets due to the’¥€l and H'Cl isotope split-  line shapes in Fig. 2 are not instrument limited and the ques-
ting. These lines, together with the rotation-fr@g(0,0)  tion arises if they are homogeneous or if there is inhomoge-
lines in between will be investigated first with respect to theneous broadenintf. We attempted several hole burning ex-
rotational constants and second to derive the pure vibrationgderiments in the wings, without observing an effect. Thus we
energies. Finally the rotational fine structure at higher enerfound no indication for inhomogeneous contributions.
gies indicated byR(1) will be treated especially for xenon A
matrices. The lines at lower energies which are marked by"
stars originate from dimers and larger aggregates and are The R(0) line corresponds to a transition frod=0 in
well known from concentration studiés?~*They do not the ground vibrational level td=1 in the excited vibrational
show up in the excitation spectra of the overtone fluorestevel v. The energetic separation betweEn0 andJ=1 in
cence obviously due to a low radiative quantum efficiency ofv is 2B,. P(1) starts fromJ=1 in the ground vibrational
these aggregates and are therefore not considered in the fédvel which lies B, aboveJ=0 and ends inJ=0 of the
lowing. vibrational levelv. Thus the separation of all pairs B{0)
Figure 2 presents a collection of the overtone fluoresand P(1) bands in Figs. 1 and 2 is given byBg+2B, .
cence excitation spectra for the transitians 0 to 2, 3, and  Usually only thev =0 to 1 transitions of Fig. 1 are available
4 in the three rare gas matrices Xe, Kr, and Ar in the regiorand one would use the rotation free liQg(0,0) to distin-
of the R(0) and P(1) transitions. The comparison of the guish betweer8, andB; because the separation@(0,0)
isotope splittings of th&k(0) transition in Fig. 1 with those andP(1) should yield B,. The Q(0,0) lines appear only
in Fig. 2 illustrates the higher spectral resolution of 0.1¢m very weakly in the overtone spectra of Fig. 2. Nevertheless
in the excitation spectra. A similar comparison with previousone could think to use theB values from Fig. 1 to deter-
data (for example Fig. 2 in Ref. Bshows better resolved mine 2B, by subtracting it from théx(1) andP(1) separa-

Ill. RESULTS

An overview on the £-0 absorption in the FTIR spectra
is shown in Fig. 1 with the centrdR(0) and P(1) lines,

Rotational constants
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FIG. 3. lllustration of nonsystematic dependenc@pbn v for H¥*Cl in Kr
if the Qo(0,0) line from Fig. 1 is used to determiigy . (b) Extrapolation of
the R(0)—P(1) splitting from Fig. 2 which corresponds tBg+ 2B, and
enables the correct derivation Bf,. (c) Linear dependence &, onv for
all matrices and both isotopes wiy, from Fig. 3b) yielding vibration-
rotation constanta andB,, [Eg. (1) and Table I1. (d) Birge—Spooner plot of
the differenceAG(v)=G(v)—G(v—1) of the vibrational energies vs
+1/2 according to Eq(3) for H*Cl. (e) Like (d) for H¥’Cl. Same symbols
for the matrices are used {@)—(e).

tions of Figs. 1 and 2. Using this method one obtains tBg 2
values which are displayed in Fig(a3 for v=0 to 4 and

H35Cl in Kr, as an example. The initial increase in energy
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TABLE Il. Rotational constant8, in cm™* for H*Cl and H’Cl in Ar, Kr,

and Xe, according to Fig.(8) are compared to the gas phase and to Ref. 1.
The vibration-rotation coupling constaatand the rotational constant of the
equilibrium separatiol, are derived with Eq(1). The fit uncertainty for
corresponds to 0.01 cm and forB, to 0.03 cm.

Argon Krypton Xenon Gas phade
H®CI H¥Cl H¥®CI H¥Cl H®CI H¥Cl H3Cl H3¥Cl
(Bo+By)/2° 8.7 8.7 8.9
Bo 8.83 8.71 922 9.09 979 9.68 1044 10.38
B, 8.33 824 881 869 945 932 10.14 10.12
B, 785 7.72 8.40 8.27 9.02 8.92 9.83 9.82
B, 736 727 797 7.81 869 853 953
B4 6.90 759 746 834 8.25 9.23 ---
a 0.479 0.479 041 041 037 0.34 0303 0.28
Be 9.054 895 942 930 9.97 9.85 10.59 10.3

“References 23 and 36.
PReference 1.

The failure for the evaluation oB, by using the
Qq(0,0) line can be traced to the origin of this line. For a
pure vibrational transition of the freely rotating molecule this
line is strictly forbidden. It appears in spectra of matrices
doped with molecules which experience an anisotropic inter-
action, for example with other HCl molecufés®® or
codoped with M.?* Thus theQq(0,0) line belongs to mol-
ecules whose rotational motion is additionally hindered by
these interactions and therefore it cannot be used to evaluate
the R(0) andP(1) branches of molecules in an undistorted
surrounding. Therefore we adopted Qg(0,0) notation of
Girardet and co-worket$°to indicate that this line origi-
nates not from the rotation of undistorted molecules. The
comparison in Fig. &) with the gas phase shows a system-
atic decrease oB, from the free molecules over Xe to Kr
and with the strongest decrease in Ar. Assuming that HCI is
placed in a substitutional site then the decreasB, otorre-
lates inversely with the lattice constant or directly with the
tightness of the site. This trend will be attributed in the dis-
cussion indeed to a stronger hindering of the rotation in
tighter cages. Another feature is the hardly visible rotational
isotope effect in the gas phase and its significantly stronger
appearance in all matrices for all values. Table Il mani-
fests this effect quantitatively in the different isotope split-

from 2B, to 2B, is in contrast to any expectation. The an- yjngs of theRr(0) andP(1) lines, which in turn will lead to

harmonicity in the HCI potential leads to an increase in theyifrarent R(0)—P(1) separations and thus differeBj val-
average HCI bond length, thus to an increase in the momenfos The rotational isotope effect of the free molecules re-

of inertia and a decrease inB2 with v. For the nonrigid
rotator a linear decrease according to

B,=Be—a(v+3) (1)

is expected® With the overtone spectra of Fig. 2 we can

resolve this discrepancy. In Fig(t8 we plot theR(0)—-P(1)
separation as By+ 2B, versusv for v=1 to 4 and we ex-
trapolate tay =0. The ordinate at =0 yields 4B,. Subtract-
ing this 2B, value from theR(0)—P(1) separation yields
now indeed the expected linear dependencB,obnv as it
is demonstrated in Fig.(8) for the full set of matrices and
both isotopes. From thB, values collected in Table Il also
B. and «a according to Eq(1) are derived.

TABLE Ill. Isotope splitting of theR(0) andP(1) bands in Figs. 1 and 2
compared with the isotope splitting in the gas phase.

Argon Krypton Xenon Gas phade
Transition R(0) P(1) R(0) P(1) R(0) P(1)
10 200 165 220 170 205 153 2.01
20 413 360 421 370 378 3.62 4.00
3«0 580 536 591 533 582 561 5.83
40° 7.50 750 7.0 7.35 7.00

“Reference 23.
PDue to the lower S—N ratio of the spectra error in this case 0.3'cm
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TABLE IV. Values for the pure vibrational transition energi@¢v) from v=0 tov=1, 2, 3, and 4 with the
calculated matrix shif\ v, w, and weX, according to Eq(3) in cm™%, error margins are 0.6 and 0.2 ch

respectively.

Argon Krypton Xenon Gas phase
Transition H3*CI H3"CI H3¥Cl H¥Cl H3Cl H¥CI HCl
0—1 2871.25 2868.74 2855.28 2853.33 2839.06 2837.25 2885.90
Av —14.66 —30.62 —46.88
0—2 5638.41 5634.04 5604.91 5600.96 5570.78 5566.88 5668.05
Av —29.65 -63.14 —-97.27
0—3 8304.75 8298.98 8251.22 8245.64 8194.88 8188.99 8346.98
Av —42.23 —95.76 —152.1
0—4 10869.15 10861.74 10794.43 10787.18 10710.08 10702.30 10923.11
Av —53.97 —128.68 —213.03
We 2970.62 2970.01 2958.49 2956.37 2947.36 2945.36 2988.9
WeXe 51.1 50.9 52.0 51.9 54.0 54.0 52.1

sults from different moments of inertia. The ratio of tBe C. Crystal field splitting of  R(1)

values should scale with” according 6’ In the R(0) andP(1) lines only rotational state3=0
Busse  Andscl and 1 are involved. The next higher rotational state2
= =p?, (2 shows up in theR(1) line which corresponds to a transition
Brerer  prstc from J=1 in the vibrational ground state td=2 in the
wherep? represents the ratio of the reduced magsds the ~ Vibrational statew=1, 2, and 3. TheR(1) transition is lo-
free moleculep amounts to 0.999 24 corresponding to acated on the high energy side B{0) and according to the
change inB of 0.15% or about 0.015 cit. In the matrices assignment in Fig. 1 it is split into two bands by the crystal

the B values of the heavier isotope lie systematically aboufi€ld- The splitting increases from Xe to Kr in accordance
0.15 cm * lower. The systematic behavifFig. 3(@), Table  With the stronger reduction of the rotational constants in the

I1] gives credibility. This about one order of magnitude largertighter cage(Table 1). Figure 4 presents this rotational fine
rotational isotope effect in the matrices yields an additionaftructure in Xe for the &-0 FTIR absorption spectrum to-
clue in the discussion on the coupling of the rotation of thedether with the 2-0 and 3-0 fluorescence excitation spec-

matrix cage.

B. Vibrational transitions energies

The spectra in Fig. 2 contain the rovibronic transition
energies. With the rotational constar@g of Table Il it is
now possible to extract the pure vibrational energies which
are listed in Table 1V. The vibrational energi€{v) for a
Morse potential follow according 9

G(v)=we(v+3)— wXe(v+3)°. ()

The vibrational energies), as well as the anharmonicities
weXe Can be derived from ordinate and slope in a Birge—
Spooner plot ofAG(v)=G(v)—G(v—1) versusv +1/2.
The graphs shown in Figs(® and 3e) for the two isotopes
and the three matrices are linear within experimental accu- -
racy and the resultingy, and wcx, values are included in 6 5% 50 45 40 35 3 2 20
Table IV. The matrix shiftsAv are all to the red and the Distance from Q(0,0) in cm”’
trend is contrary to that of the rotational constaris: in-
creases from Ar to Xe. The trend iv is also reflected in the FIG. 4. Rotational structureircles in the region of thék(1) branch for the

| d obvi lvitd t | ith the si fth vibrational excitation to the levels=1, 2, 3 in xenon at a temperature of 13
we Values a_n 0 VIOUSY ! oes not scale W_' _e Siz€ OT NG \yith a concentration of 1:700 and a sample thickness of 0.5 mm. Energy
cage but with the polarizability of the matridv increases relative to the pure vibrational transitio@(0,0) calculated by using,
also withv. However this behavior is more complex becausefrom Fig. 3b). Deconvolution in Lorentzians yields the dotted high energy
it originates from the matrix shifts ab, and wXe. WX, iS wing of R(0) and two doublets | and [shadedl Energy difference between
and Il corresponds ta v, in Table V and yields thd,,—E, splitting in

larger than the gas phase value in Xe but smaller for Ar. Théig. 5(b) while the energy of band | mindR(0) plus B, yields theT »y—E,

quantity seems tO reflect a competitiop between the influencgansition A1) in Fig. 5b). The further dashed contributions to the decon-
of the polarizability and of the cage size. volution are not analyzed.
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TABLE V. Energies in cm? of the doublets | and Il of Fig. 4. The energy differente, corresponds to the
crystal field splitting ofJ=2 andAl is given byl—R(0)+2B, (see text The isotope splittings\ vis,; are
compared with those dR(0).

I I R(0)
H%CI H%CI H35CI H%CI Av, Al H35CI HCI

0—1 2870.33  2867.48  2883.65  2880.9 13.32 3390  2857.8 2855.75
Avigor 2.85 2.75 2.05

0—2 5600.1 5595.6 5616.65  5612.95 16.55  32.60 5588.56  5584.78
Avigo; 45 3.7 3.78

0—3 8222.6 8216.3 8244.3 8238.8 21.7 31.53 821225  8206.43
Avigor 6.3 5.5 5.82

tra on an expanded scale. The energy onxtaeis is taken pretation in the modélleading to a reduction of the rota-
relative to the rotation free lin€(0,0). The strongR(0) tional constant by<0.2 cm 1. However, we arrive, even for
doublet would be centered at smaller energies and is visiblthe weakly interacting xenon matrix where the changBgn
only by its decaying high energy wing. In each of the ratheror B, is only 0.6—0.8 cri! (Table II), at a crystal field split-
complex experimental spectfaircles two prominent dou- ting of 13—22 cm? (Table V). Therefore we cannot follow
blets (shadedl indicated by | and Il can be identified. The the predominant RTC treatment in Ref. 1 and we analyze the
fitting procedure with Lorentzians yields the same intensitycrystal field effects first.

ratio in the doublet | as that of the two isotope components in

the R(0) line and also the same splitting. The linewidth

FWHM of 2.5-3 cm™ in the doublet | is the same in all A Crystal field effects in rotational structure

spectra and it exceeds that of 2 ¢hin the R(0) line only )

slightly. In addition a counterpart with the same properties is | n€ free threefold degenerafe=1 state remains fully
obtained by fitting. It is marked by I in Fig. éshadegl The ~ dégenerate in fcc or hcp symmefyo splitting ofR(0) and
doublet Il is prominent for the 2:0 transition. It shifts to the P(1)] while the free sixfold degenerate=2 state should
blue and decreases in intensity for higher vibrational levelsSPlit into 2 lines in fcc and into 3 lines in hcp symmetryhe
The bands | and Il are attributed to tRé1) transitions of ~twofold spliting of R(1) (I and Il in Fig. 4 demonstrates
the two isotopes according to the correlations vig() and ~ that the HCl molecule sees the cubic symmetry of the fcc
the systematic trend indicated by the lines in Fig. 4. Thej_attlce of the matn).( and no local hgp contribution has to be
separation of | and Il corresponds to a crystal field splittingi"Voked. The rotational wave function fd=0 of HCI has
Av, of the J=2 level. The energy positions of the bands | A1g, and theJ=1 wave function ha§,, symmetry. They
and Il together withA v, are collected in Table V and the "€main degenerate in an environment o_f octar_led_ral symme-
rotational isotope splittingd v, are compared with those Y- On the other hand thé=2 wave function splits into two

of the R(0) lines. The remaining contributions to the decom-States WithTy, and E; symmetry in a fec environment.
position of the experimental spectra into Lorentzians aréjevon;hwé has calculated the energiB#B of the rotational
shown as dotted lines for tH(0) wing and as dashed lines states in units of th(_a rotauongl constdhtversus Fhe height
for the rest. The dashed contributions are broader and @ thf scaled potentidd,/B using the lowest cubic harmon-
correlation toR(0) or R(1) bands can be recognized. They ics Y* of fo'urth order tp dgscrlpe thg potential. Therefore the
belong presumably to phonon side bands of the vibrationaf/€ctrostatic energy, is given in this case by

transitions and are not considered here further. 1

V,=K,| P§(cos )+ 1—68Pﬁ(cos 6)cos 4p (4)
and is shown in Fig. ®). The value of B, in Xe from Table

The survey in Ref. 1 uses th(0)—P(1) separation as |l taken in units ofB, from the gas phase corresponds to the
a starting point for the comparison between experiment ané,,—T,, or (J=0—1) transition of Fig. §a). The energy
theory and concedes reasonable agreement. However we @t of the next higher transitiorR(1) going from J=1
rive at significantly different experimental values as it is il- (T,,-symmetry to J=2 (E; symmetry can be calculated by
lustrated in the comparison in Table Il. The rotational con-subtracting from the energy of band | the energyR{D)
stantsBy andB; in xenon are much larger and closer to the (Table V) and adding the energy o2 from Table Il. The
gas phase values compared to the previous data whereas f@lues Al =1—R(0)+ 2B, are presented in Table V. The
Ar our mean value oB, and B; lies below the previous obtained values have to be scaled vBhfrom the gas phase
result. Our new results also contain more information due tdTable II), too. Finally, theT,,—E4 splitting of J=2 corre-
the availability of the values foB,, B3, andB, and the sponds toAv. in Table V after scaling byB,. We entered
systematic behavior gives credibility. Furthermore, the crysthe diagram of Fig. &) with these scaled energies. However,
tal field splittingA v, was considered to be small and of the it is not possible to find a value of the barrier heigtit/B
order of 3 cm* for DCI. The resulting crystal field barrier of which is consistent within reasonable limits with the three
—10 cm ! was treated as a weak perturbation for the inter-conditions.

IV. DISCUSSION
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tric motion reduces B, in addition to the crystal field effects
discussed here. The crystal field effect alone would corre-
spond to a somewhat largeB2 which would shift the cor-
rectKg/B in the direction ofAl andAv.. TheT,, and the

Aq4 branches are rather parallel and approach each other
very slowly with increasindg/B. Therefore this transition

is not very sensitive td&g and a minor additional contribu-
tion may lead to a large shift.

TheT,,—E4 (Al) and theT,g—Eg4 (Av.) separations on
the other hand change much more rapidly WifYB and are
better suited to determine the barrier height. The three values
. . N . . of Al are well centered oKg/B=17 with a very weak trend
40 30 20 -10 O 10 20 30 40 of an increase fronw =1 to v =3. The mean value foA v,

K, in units of B corresponds to the sankg;/B. However, the trend frone
=1 (Kg/B=13) tov=3 (Kg/B=20) is more pronounced.
The anharmonicity of the intramolecular HCI potential
(Table IV) leads to an expansion of the molecule, also evi-
dent froma [Eq. (3), Table Il]. Therefore the rotating mol-
ecule interacts more strongly with the cage and a systematic
increase 0Kg/B with v can be expected. However, the dif-
ferent ranges oKg/B values arising fromAl andA v, can
originate also from some contributions \&f,. Beyelef has
treated the solutions for a superposition\Gf and Vg, but,
for a too coarse variation of the relative weights and for a
different normalization. Therefore we repeated the calcula-
tions for a continuous variation of the strengthkof andKg
in the same normalization. Now we show in Fig. 6 the po-

12

vV,/B

40 30 -20 -10 0 10 20 30 40 )
K, in units of B tential sheets for

FIG. 5. (a) Electrostatic energy/, vs the barrier heighK, in units of the V=K4V4+KgVs (6)

rotational constanB according to Eq(4). (b) Vg vs K¢ dependence from . .
Eq. (5). The optimalK ¢ /B values for the experimentaly, andAl energies ~ ONCE More In units oB for the three branches df=0 (Ay,),

(from Fig. 4 are shown for the three vibrational transitions-0, 2, 3~ J=1 (T,,) states andl=2 which is split in the substrates
together with B, from Table III. All value_s are normalized to the rotational ng and Eg- In analogy to Fig. 5 we search for the combi-
constant of the gas phase. For the assignment, see text. nations ofk , andK g values for which the energy differences
between the sheets correspond to the experimental transition
energies. Theé\,,—T, transitions are not considered due to
the same reason as in the pig case. TheT ,4—Eg4 transi-
tions lead to one set of three lines=1, 2, and 3 in Fig. 7

Sand these for theT ,g—E4 transition to another one. The
crossings for the sameyield the searched solutions. Inspec-

This observation is consistent with calculations for the
potential field of the HCI molecule in matrices which indi-
cate strong contributions of the next higher harmonic
Y6101 The electrostatic energys for this term follows ac-

cording td° tion of the solutions which are marked by dotted horizontal
V=K 3( V2P geos— V14P%), (5 lines shows that thigs/B values fall again in a range of 13
to 23, whereas thK,/B values are much smaller covering a
with range of 0—3. Thus it is confirmed that tNg term domi-
18 nates by far the interacting potential and that the barrier
chos: \ /—l 2 cos ¢)><Y°, height has to be of the order of B, . TheV, contribution
8- 6! may give an interesting indication that the symmetry of the
14 potential field is rather sensitive to the size of the molecule.
Pgms: \/mz cosg ¢)><Yg. We see that the trend &g with v is reversed andg de-

creases from 23 to 13 in going from the smaller extension in
The energyg/B versusKg/B is displayed in Fig. &). The  v=1 to the larger one im=3.
experimental results are much more consistent with\Mge The reduction inKg however is compensated ki,
diagram. The three observed scaled ener@iedicated by  which increases from 0 to 3 in going from=1 tov=3. The
2B,, Al, andAv.) are shown at the optimd{s/B values reason can be the structure of the first and second shell of
for the fundamental(=0—1) and the two overtonesy( cage atoms. The structure scheme in Fifp) &hows the
=0—2 and 3. TheKg/B values are distributed over a range definition of the anglesp and 6 for the orientation of the
of 15-23. Some systematic trends can be read from Fignolecules in the substitutional site. In addition, the num-
5(b). All three A,4—T,, transitions lie closely together bered positions 1 to 12 of the cage atoms in the first shell are
aroundKg/B~22. In Sec. IV B we will show that the eccen- indicated. The angular plot of thég potential in Fig. 8b)
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FIG. 7. The strong symbols follow the energy differences between the lower
sheet in Fig. @) and the two upper sheets in Fig(cbwhich are chosen

l

2r \“\“\\\\\\\\\\l J=1 according to the normalizefiv, andAl in analogy to the one-dimensional
\\\\\\\\\\\\\\ plot Fig. 5. The crossings deliver the pairskof/B andK, /B values con-
-6 F \\\\\\ sistent with experimental ,,—T,,, and T,,—E transition energies. Three

sets of lines due to the=0—1 (dashedl v =0—2 (solid) and thev=0
40 —3 (dotted vibrational transition are obtained and the thkegvalues are
marked by weak dotted horizontal lines.

Kgin B 20 40 40 Ref. 24 with 170 cm?® for Kr and 280 cm? for Ne come
closer to our data. Theoretical values span a broad range
from 800 cm ! for Ar (Refs. 6 and 9to 60 cm * for Ar.%?5
The rather low values in Refs. 25 and 26 may be related to

A
i

0 TR . .
m’,jjf,.%”‘{,’““‘“{‘\‘\'{{\{t\% the HCI-Ar potential use@’?® These calculations reproduce
NN o )
\“\\\\\\\\\\\\\\\\\\\\\\\§§ the vibrational energy of the fundamental transition much
i \\\\\\\§§§ J=0 better than that of the first overtone. It may be an indication
\\\\\\\ that the potential is less accurate at larger elongations which
46 are relevant for the rotational barriers.
-40 B. Contributions form eccentric motion
K4 inB ) ) )
Kq in B 20 040 Until now we focused our attention on the most promi-

nent effect which originates from the hindering of the rota-
FIG. 6. Two-dimensional plot of the electrostatic ene¥y8 vsK,/B and  tion by the barriers in the crystal field and which accounts for
Ke/B according to Eq.(6) with (&) J=0 (Ag-symmetry; (b) J=1  the larger part of the reduction of the rotational constant at
(Ty-symmetry; and(c) J=2 (Tzg andEg-symmetry. least in Xe. However, further contributions originating, espe-

cially from the separatioma between the center-of-mass and

the center of interaction may well be present especially in Kr
illustrates the repulsive maxima if the molecule points t0gnq Ar, where the crystal field effects were not analyzed. The
these 12 cage atoms. The different signKorandKe (Fig.  resulting eccentric rotation leads itself to an increase in the
7), yields for theV, potential in Fig. &) repulsive maxima  moment of inertia namel, and it causes a pseudorotation of
just for the positions of the second shell of cage atoms. If wgpe cag®® with I, and a RTC contributiohwith 15. A mol-
accept the trend that the combined poteridalepends om  gcyle with a total mash! which rotates around an axis sepa-

then we can conclude that HCI in the higher vibrational aieq pya from the center-of-mass experiences an additional
states interacts already slightly with the noble gas atoms of,oment of inertia of

the second shell. Their repulsive behavior is expressed by the 5
potential V, with Yilg symmetry. However, further experi- l;=MXxa". ()

mental confirmation may be necessary because we have tlisstimates ofa differ considerably. For Ar values between
problem of additional contributions tB, discussed in Sec. 0.1-0.4 A(Refs. 1, 9, and 12are discussed and the most
IV B. accepted one lies around 0.1 A. For Xe a smaller value
Apart from these detailed symmetry considerations weseems plausible due to the larger substitutional cage size. If
obtain for an averag&y/B~17 a barrier height of 160 we takea=0.05 A for a first estimate then we arrive lat
cm L It is more than one order of magnitude larger than the=0.15x 10" %’ kg n? which corresponds to an increase by
values considered in Ref. 1 which is expected according t&% relative to the gas phase value df=2.697
the very different new experimental data. The values fromx 104" kg n? and a similar decrease in the rotational con-



9372 J. Chem. Phys., Vol. 116, No. 21, 1 June 2002 Berghof et al.

c) d) , 'l
»
o 775 A 'l * ll 0\\
'l_,’-ll’l’ ‘ \\\ y// '
6 - IO 6 ’”’ i I il 7
gg ""I ' "Il IIll II ":3M\ 8163 Jlill';"l l,""/\/li”";u’ ' 411”"L'IIII"‘;\’\4'::§
3L el T '.\ RN 3t N
i:":""a :;... " II’,,,%‘\,,[Il"%:\’i“:'.f“g‘\\kw\\\\\\%\\ "Il' ' ',tl l” , \l:.'::\‘\\\\\\\\\\
or &’#’.’n’,’: " NN t‘““ it or \I’l i "\‘\ % l :
R R \ ; '
S \ N
0.6 L~ \\s\'t"lml’g”, -0.6
i’ 4
6 6
0 0
0 25 57 ) 25 730
a) b)
-4.82
L '.,»*,\\\\\ W SN
L \ \\ \\ \\\\
-4.84 ‘
+ \\ \‘\\\
4.86
-4. + \‘\ \ N \\\\\\\\\\\\\\ \\\\\\\\\\;\\\\ \
-4.88
o \\\“\ \\
6
0

FIG. 8. (a) Scheme of angular coordinatés¢ and numbered positions of the first shell of matrix atoms around the substitutional embedded HCI in the noble
gas fcc lattice(b) Plot of Vg vs 6 and ¢ according to Eq(5) with the maxima at the positions of the cage atofes.Like (b) for V, and Eq.(4). (d)
HCl-potential determined by a DIM-calculation using the H—Xe pair potential of Toennies and Rehg31) and Xe—Cl potentials of Aquilangt al. (Ref.

29).

stantB,. The average difference dd, in Xe to the gas molecule calculationDIM) with remarkable accuray:?®
phase for H°Cl amounts to a reduction by0.8 cmi *or 8%  We tried to extend the calculations to higher overtones and to
according to Table Il. The reduction Bf, by the crystal field other matrices in adopting the program within a collabora-
in the T,,—A,4 transition in Fig. §b) for Kg/B=17[consis-  tion. However, a problem with the available pair potentials
tent with theR(1) branch splitting yields a reduction by has been recognized. For Ar it was possible to use the angle
4%. Thus thel; contribution together with the crystal field dependent HCI-Ar potentials of Huts6h?® These are not
effect results in a reduction by 9% in reasonable agreemenivailable for Kr and Xe. To be consistent, we used for all
with the observation of 8% in view of the crude estimate.three matrices a combination of Cl-rare gas potentials of
The eccentric motion causes also an isotope effect and th@qunantlzg 30 and H-rare gas potentials of Toennies and
changeAl, in Eq. (7) for H**Cl to H’Cl is obtained by Tang in analogy to previous calculation&:3*A compari-
AM=2. The derived isotope effect results in 0.03 €M gon of our result with those using the Aquilanti poteniidls
which goes |n. the right dlregtlon. However, it is smaller thangpowed a severe discrepancy in the three-dimensional poten-
the observed isotope effect in Xe of 0.11 chiTable I). For iq energy surface. The symmetry was the same, but for
the pure crystal field model it is not expected that the 'SOtOP%xample the barrier for rotation amounted in our case to 800
effect should differ from the gas phase at all. Therefore the, - 1 whereas the published value with the angular depen-
isotope effect and the, contribution toB, strongly suggest o potentlal is 60 cm'.2° Allowing for a pseudorotation of

an additional contribution by the eccentrlc motion. To o matrix atoms by optimizing the geometry with the steep-
achieve a more quantitative agreement, and to disentang t descent method reduced the barrier to 450'cAplot of

alsol, andl; contributions, it will be necessary to treat the the calculated angular distribution of the potential is shown
crystal field and RTC contributions in a more advanced self n Ei
ig. 8(d) The potential is in agreement with the predomi-

consistent way. nant YAlg symmetry according to the similarity with Fig.

8(b). Nevertheless, we consider the discrepancy as too large

to attempt a reliable calculation of vibrational energies in Xe
It has already been mentioned that the fundamental viand Kr matrices. It should be kept in mind that the calcula-

brational energy in Ar was reproduced by a diatomic-in-tion with the Hutson potential in Ar was also less convincing

C. Vibrational energies
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