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The vy, v1 + vo!, andv; + 2v,° rovibrational spectra oi*Kr:H”°Br and®Kr:H®Br are reported using high-
frequency wavelength modulation near-infrared diode-laser continuous-wave (cw) supersonic-jet spectroscopy.
This information has been combined with previously recorded results from a ground-state microwave analysis
and used to determine a scaled and shifted morphed potential that is based on the transformation of an ab
initio potential in a nonlinear least-squares fit to the available experimental data. The morphed potential is
consistent with a collinear KrBrH global minimum structure witlR., = 3.88 A that is 23+ 3 cni™* more

stable than the minimum associated with the collinearKMBr isomeric form, which haf®., = 4.27 A.

Thus, the Kr:HBr system has a ground-vibrational-state isomeric structure that differs from the global minimum
energy structure, a result that is similar to that found in the Ar:HBr dimer.

Introduction HBr atomic arrangement. The complex has subsequently been
the subject of further theoretical consideration in the predictions
of Bulanin and Bulyche¥ and an application of Watson’s
method for structural determination in weakly bound complexes

In a recent set of investigations that involved potential
morphing of the dimer Ar:HBr, it has been proposed that the

arrangement of atoms in the ground-vibrational-state isomeric by Kisiel® However. we know of no further exoerimental studies
structure of the dimer (ArHBr) is different from its collinear y ) ’ P

isomeric A—BrH global minimum energy structufe Thus, that would give additional perspectives on these studies.
this complex is an example of a restricted number of molecular  In this study, we use the potential morphing method to obtain
species for which the isomeric structure in the ground state hasan interaction potential for Kr:HBr. Potential morphing is a
been demonstrated to be different from that at its global procedure for combining a variety of experimental data with
minimum. This structural change has been attributed to zero- theoretical models to obtain such potentii&! The basic idea
point energy effects that are associated with anharmonic largeis to compute a complete interaction potential for the system at
amplitude vibrations in weakly bound molecular species. In some level of theory. The potential then provides a functional
particular, in the Ar:HBr complex, this observation can be form that can be used to represent the true interaction potential.
reconciled with zero-point effec_ts tha_lt are associated yvi;h the parameters are introduced to modify this potential through
shallower portion of the potential minimum characteristic of - g¢jing. shifting, and dilation that combine to form what is called
the hydrogen-bound (HB). Isomer, re'ag"’e. t(.) that of the van the morphing transformation. The parameters are determined
_de_r Waals (vdW) Af_.BrH isomeric form: Similar character-. in a nonlinear least-squares fit of quantities predicted from the
istics have been claimed for the molecular complexes He:Cl . : h .
and (H0)s.34 The question arises as to whether the number of morphed potent_lal to the corresp_ongllng available experlment_al
edata. In the region of the potential interrogated by the experi-

molecular species that have such structural characteristics ar h ol b v d taénithe oth
restricted and represent curiosities, or are more ubiquitous in MENtS. the potential can be accurately determinéathe other

nature. More specifically, will this effect be observed if the more "€gions of the interaction potential, the ab initio potential

easily polarizable Kr atom is substituted for the Ar atom in the Provides a means of interpolation and extrapolation. This
Ar:HBr dimer? approach has been previously used to determine two- and three-

Kr:HBr is a complex that has been the subject of previous dimensional intermolecular potentials such as that studied

microwave investigations under the isolated conditions of a here-*1%* We also note that one can start with potentials
pulsed supersonic-jet expansion, and also several theoreticaFomputed at somewnhat different levels of theory and yield
calculation$# The initial pulsed-nozzle Fourier transform morphed potentials of very similar quality.

(FT)—microwave spectroscopic stUidgtefinitively established In this work, we now report the analysis of the vy + v,
an Ry value of 4.2573 A with an angle co’ ([6o$63?) = andwv; + 2v,0 rovibrational spectra of th#&#Kr:H7°Br and®*Kr:
38.03 (defined asUKr—(center of mass of BrhH). The H8Br isotopomers, recorded using high-frequency wavelength

consensus orf] these S'FUdfies has been (tjhar: thi gr?ugdl's'[at%odulation near-infrared diode-laser continuous-wave (cw)
structure is the isomeric form KiHBr, and that the globa supersonic-jet spectroscofié These data are then combined

mgcl)rrgl:ir:allqﬁflssstilmal.ltiaé‘ncoll::ﬂigggtzTﬁ?i?lZLO;Té:Sea(r;f:x(toi?swe with the previously recorded ground-state microwave deta
g ’ determine a morphed potentid®!l We then compare the

= 43311 A from his H4 potential, corresponding to the-Kr morphed potential of Kr:HBr with the results of previous
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Experimental Section based on the Hilbert space reproducing kernel (HSRK) of Ho
and Rabit28 The approach is very similar to the method we

The supersonic-jet spectra of theg v1 + 2v;°, andvy + vyt . i . . ;
P 1o SP g 2 Ll used in our earlier study of the three-dimensional potential of

bands of Kr:HBr were recorded using a tunable infrared diode-

S ' .
laser cw supersonic slit-jet spectrometer with an InSb detector. Ar:HBr -~ In that earlier study, we used a smoothed version of
The spectrometer has been discussed in detail elsewhére. the HSRK. In those potentials, we found weak oscillations in

Briefly, a 11— VI lead salt diode laser was acquired from Laser he potential that resulted from the smoothing. Thus, in the
Analytics, Inc., Boston, MA, and was centered at 3.229but current. ap.pllcanon, we have removed the smoothing, i.e., set
could be tuned to cover the frequency range of 253712 cn? the switching range\x to zero.

in single frequency. This spectrometer was capable of operating The rovibrational states were then computed using the
with an applied source modulation up to 500 kHz, up to 1 MHz variational method that was previously described in de-
with second-derivative detection and giving an instrumental tajl 11229.30|n this approach, the HBr stretching motion is
resolution of 30 MHz or less. The spectrometer has been shownagdiabatically separated from the bending and stretching motion
to have an _u_Itimate sensitivity that is c_onsistent with an of the complex. Thus, at each valueRfnd6, the energy of
equivalent minimum absorbance of 2 parts irf @Obetter. The  the H-Br(u) stretching staté,,(R ) is determined. This energy
supersonic-jet expansion was formed from a gaseous reservoilhen hecomes the potential for the determination of the bending
that typically consisted of 1% HBr in krypton as the carrier gas anqg stretching motion of the complex. The intermolecular
with a reservoir pressure that was sustained at-2.00° Pa. rovibrational wave function is computed using a space-fixed
The supersonic-jet expansion was formed through a 12.7-Cm-game with the radial function expanded in a distributed Gaussian

ang slit with a width of 25:m and all spectra rgcprded With. 4 pasis set and the angular function expanded in a coupled angular
single pass of the laser beam through the cw slit-jet expafSion. basis set. The distributed Gaussian basis set consisted of 50

i 86Ky 82
The krypton gas consists of naturally occurriigr, K, r, functions evenly distributed frolR = 3 Ato R= 7 A. The

83Kr, 7Kr, and 78Kr isotopes with respective abundances of naular basis set contained an expansion of the rotational wav
56.90%, 17.37%, 11.56%, 11.55%, 2.27%, and 0.35%, 2nduiarbasis Setcontainedan expansion ot e rotationarwave
function of the HBr monomer, using states ugdex= 14. All

Bromine occurs with the corresponding abundances®Bf . - i
(50.537%) and®!Br (49.463%). The observed spectrum of possible end-over-end rotational states were included that were
Kr:HBr thus consists of a complex isotopic distribution of Cconsistent with this value ofmax and the value of the total
isotopomers that are characteristic of these different isotopic 2hgular momentum of a given state. The rovibrational states
distributions. For the purposes of the current combined experi- &€ computed in two steps. First, a vibrational self-consistent
mental and theoretical investigation, we report the assignmentfield (VSCF) calculation is performed in which the angular state
of the®4Kr:H7%Br and®Kr:H8!Br isotopomers, which represent IS computed in an angular potential obtained from the full
the two most abundant isotopic species and dominate theintermolecular potential by averaging over the ground radial
observed spectra. vibrational state, and the radial state is obtained from a one-
The transition frequencies in the spectrum of Kr:HBr complex dimensional vibrational calculation where the potential is
were calibrated to an estimated absolute accuracy of 0.002 cm obtained from the full intermolecular potential by averaging over
or better, using standard frequencies of a simultaneously the bending state. The VSCF equations are solved iteratively.

recorded spectrum of JD.2 The converged VSCF bending and stretching wave functions
_ _ are then combined in a direct product basis set, which is used
Theoretical Calculations in a vibrational configuration interaction (VCI) calculation for

We have also studied the KH79Br complex using ab initio the final rovibrational states. In the morphing procedure
methods combined with potential morphing, so that we can discussed below, the derivatives of the rovibrational eigenvalues

extract a global potential energy surfdédo study this system, ~ With respect to the morphing parameters are used. These

we have computed the interaction energy on a three-dimensionaderivatives are computed using the Hellmaifieynman theo-

gnd of pointsl The interaction energy was Computed at six values rem. The rotational constants used for the diatomic molecules

of the H-Br bond length with the values afevenly spaced, in the complex were taken to be the same as for the isolated

starting withr = 1.2144 A and ending with=1.7144 A. Note ~ molecules: 8.351061 cmfor3: H"*Br(v = 0), 8.119 cm* fors2

that this includes the equilibrium valtfeof re = 1.4144 A. H™Br(v = 1), and 4.2481936 cm for3! D"*Br(v = 0).

Flfteen values of the distance between the Kr and Br atoms are The ab initio potentia|yab ini[iO(Ryelr)y is morphed using the

considered:R = 2.0, 3.0, 3.4, 3.6, 3.8, 4.0, 4.2, 4.4, 4.6, 4.8, {ransformation

5.0, 5.2, 6.0, 8.0, and 10.0 A. In addition, 10 evenly spaced

values of the anglé (H—Br—Kr) were considered, starting at

0 = 0° and endiﬂg v(vith9 = 18())°. Thus, the total numbergof Vinorphed RO.1) = S1(6,1)Vap initid S(0,1)(R — Re) +

points calculated wak! = 900. At each geometry, the energy 1+ S(0.))R:.0.1] (1)

was computed using second-order MgH@lesset perturbation

theory (MP2), using the triplé- form of the augmented

correlation consistent basis sets (aug-cexpMof Dunning and

co-workers?324 Except where noted, all electronic structure Y

calculations did not correlate the 1s, 2s, 2p, 3s, or 3p orbitals e

on the Kr and Br atoms. The interaction gnergies V\I?ere then Su(0r) = an,i,JPi(COSG) 1- exp(—,B . ) ()

corrected for the basis set superposition error (BSSE) using the & €

counterpoise (CP) method of Boys and Bern&tdtlectronic

structure calculations were performed using the Gau&sian We note that all of the morphing parameté&g;; are numbers

MOLPRQO electronic structure packages. without units. In the present studR= was assumed to be 4.0
The computed interaction energies were fitted to an analytical A and 8 was assumed to be 1.0. The values of the morphing

form, using a three-dimensional interpolation function that was parameters were obtained by a regularized nonlinear least-

where
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squares optimization. In the regularized procedure, the function , [~ "~~~ i
that is minimized is P Ro R
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tion parametergy are the uncertainties in either the observed ‘ l .
or computed values, and th@ﬂu are the values of the
morphing parameters that correspond to no morphing (i.e., P L v P —n s
Cloo=1C00= 1, and all others are zero). We note that all Wavenumoe (om )
calculated quantitie®©®° are obtained by finite difference, as  Figure 1. Segment of the assigné¥(J) and R(J) branch transitions
described in our earlier studyMinimizing F then yields a  of the H=Br(v) stretching fundamental in th€Kr:H™Br and *Kr:
potential that simultaneously improves the agreement betweenH™Br isotopomers.
the experimental and calculated observables and keeps theelatively congested, because of the presence of different
morphed potential close to the original ab initio potential. The naturally occurring isotopomers of Kr and Br. This latter effect,
quality of the fit of the experimental data can then be and the limited populations in the supersonic expansion that
characterized by the root-mean-square deviation from the gre due to the relatively larger frequencies26 cn?) of the
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where O are the experimentally observed quantiti€§™® -5
are the corresponding calculated quantitjess the regulariza-

experimental data: low-frequency intermolecular states in this complex, are factors
that combine so that it was not possible for us to assign hot
1 M[OP* = ofC,) || ¥ bands associated with low-frequency intermolecular vibrations
G(y) = —Z (4) in Kr:HBr. This spectrum lacks a&Q(J) branch and has
ME Oy characteristics of & <— X band with pronounceB(J) andR(J)

] transitions that can readily be assigned on the basis of
In eq 4, the value o6 is dependent on the value pfbecause  comparison with combination differences generated from ground-
the morphing parametefS,,;; are dependent implicitly ory state molecular parameters determined using pulsed-nozzle FT

through the minimization oF that is giVen in eq 3. Note that microwave Spectroscopy_ The Obsermd) andR(J) transitions
G(y = «) is the deviation from the experimental data of the \ere fitted using the expression

observables predicted from the ab initio potential energy surface

(i.e., the unmorphed surface). v=v,+[BJIJ +1)— DI + 1) -
There is a direct connection between the type of available U N2 2

experimental data and the morphing parameters that can be [B"J"(3" +1) = Dy J""(I" + 1) (5)

determined. Rotation constants are most sensitive {CH#e g rotational assignment can be rapidly confirmed by deter-
morphing parameters, which shift the potential. Distortion ining |ower-state-combination differences for these transitions
constants are sensitive to the curvature of the potential in theand comparing them with the corresponding values based on
radial direction, which is controlled by the overall scaling the microwave analyses of tHér—H7%Br and 8Kr—H8Br

parameter<C,;; and the radial dilation paramete@s,;. The isotopomers reported previoudlifhe spectra of the isotopomers

values of[P,(cos 0)[] the energy difference between theKr were recorded from 2553 cri to 2560 cntl and transition

HBr and Kr—BrH vibrational states, and the frequency of the frequencies associated wiP(4) to P(59), R(2) to R(53) for

bending mode are sensitive to the overall scaling parametersy, o i r— 798y isotopomer, and witP(2) to P(53), R(2) to R(38)

Cujij. _ . for the Kr—H8Br isotopomer were recorded and their frequen-
We have also estimated the uncertainty in the morphed .o5 measured. In fitting these transitions to the expression given

po:en:@a: tbyﬂ(]:onsid?tringf E[Ee fs_tenjit_ivitythof the values of r:he in eq 5, the ground state is fixed to the previously and precisely
potential fo the quafty of the 1I. Lsing the same approach as aermined values dip and DY that are available from pulsed-

Enat :n otEJrrnprer\]/_lous v:orpé}t#erccr)]mp?rtletc:]uncetrterl]ltri\tllesb r(;:'v[\)lresr:artlrt} nozzle FT microwave spectroscopy. The resulting fits are given
€ root-mean-square ditterence € potential between e, rapie 1. The quoted uncertainties of all experimentally

Oz:?rrllzeetgrsvglrueeor?rtlﬁetggungjre gff t:]réecgr?fti(ejgtrl]?:le Vr\’:ei;?] \tlcifhdetermined molecular parameters given in this paper represent
P y 9 statistical uncertainties of the fitted data. Absolute frequency

— .2 ; ;
A?,fz - ijn'33 The values 9f the potential used in thg UNCer- accuracies of the band origins are estimékead be +0.001
tainty estimate were relative to the value at the minimum in -1

the HB structure. Thus, we have fixed the uncertainty at the Intérestingly, ther; band origins in thé4Kr:H7Br and®Kr:

HB structure to be zero. H81Br isotopomers are red-shifted by 1.5491(13) and 1.5491-
(13) cnT! from the band origins of the respectiveBr and
H81Br monomeric isotopomers. This indicates that the excited-
A segment of thé>(11) toR(2) branches of the rovibrationally ~ vibrational-state dissociation energy of this complex is slightly

resolved spectrum af; in the 84Kr:H7®Br isotopomer, and the  stronger than that of the corresponding ground-state complex.
P(3) to R(9) branches of/; of the 84Kr:H8!Br isotopomer, are A similar effect has been observed for tf&Ar—7°8rH and
shown in Figure 1. The quadrupole substructure associated with*°Ar—81BrH isotopomers, where the corresponding red shifts
these transitions has collapsed and is not resolved in thewere 1.46111(30) and 1.46174(29) Th respectivelyt In
presented spectrum. It is pertinent to note that this spectrum iscontrast, the corresponding AHBr complexes were blue-

Results
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TABLE 1: Rovibrational Constants Obtained from the U [T v CKeHBr
Infrared Analysis of Kr:HBr R -Sese | R
constant  (0BD)2 (10°0) (111%0) (12°0) 05 R4
84Kr:H"9Br Isotopomer m, e i _— ia
v, (cm1) b 2557.17899(6) 2589.73736(8) 2593.00129(9) " Fm_ R23'
B,(x 102 2.28234 2.25873(2) 2.34941(2) 2.51351(3) 5 ‘ ‘ \
cmY) =
DY (x 10-7 0.866366 0.8631(2) 0.5673(13) 2.139(2) [l | ‘ j
Jém ( i ﬁ‘ thM rll"'dlu ldm'lll'”u Wi l||| .1|| 'u“"r||H .|{|I Hf“
o(cm™ 0.0002 0.0003 0.0003
84Kr:H81Br Isotopomer (
v, (cm )b 2556.79705(8) 2589.35427(10) 2592.50450(7) gl | R-|a |
B,(x 102 2.25364 2.23036(3) 2.32031(2) 2.48357(2) - |'I
cm)
DY (x 107 0.842783 0.8377(38)  0.5864(10) 2.101(2) |'

m-1 T T T T T T T T :
c ) 259045 250050 2690.55 250060 2590.65 250070 2590.75 250080  2590.85

o(cm™Y) 0.0003 0.0004 0.0002 Woverumber (']
aMicrowave data from ref 5° Fitted band origin frequency uncer-  Figure 3. Segment of the assigné®{J) branch of the combination
tainty; absolute accuracy i80.001 cn1t. band v, + v} associated with th&*r:H7®Br and 84Kr:H8!Br isoto-
— = pomers; the intense and saturated transition is that assignedR{lthe
g . il Gl transition of the H'Br monomeric isotopomer.
p1g P
04 P13 ' TABLE 2: Value of the Optimized Morphing Parameters
i e P20 i . and Statistical Uncertainties
z gl P ' A | I "l (o) Caij Cgvivi o
3 | ‘ | ( (1,0,0) (1.0 1.0 not optimized
2 | ] '{. : .i r“ (1,1,0) 0.220 0.0 0.011
g Ll o ‘ I ]|||| e “ il ‘ (1.2.0) ~0.179 0.0 0.010
g, ML |'|H ”i IW i I II‘ h .”ﬂ fh' | | (1,3,0) ~0.229 0.0 0.017
AL |” || I‘ ' ‘ \ I |u (1,4,0) 0.291 0.0 0.031
‘ r l\ 'H I | | | l' ‘w (1,0,1) —0.309 0.0 0.037
i H | \ ‘ (2,0,0) 1.389 1.0 0.019
‘ | J (2,1,0) —0.457 0.0 0.020
. (3,0,0) 0.0125 0.0 0.0011
. . . : : — (3,1,0) —0.0044 0.0 0.0019
2592.75 2592 .80 259285 25582.90 259295 2503.00 2553.05 (3'0’1) _0098 00 0014
Wonvenumbear [erm)
Figure 2. Partial scan recorded for tH&J) branches 0i/1+2v2 in We then morphed the ab initio potential as discussed

84Kr:H™Br and 84Kr:H8Br, illustrating the prominentP(J) head
associated with thé&Kr:H"®Br isotopomer. Only higiP(J) lines are
labeled following the turn-around frequency.

previously by combining the rovibrational data obtained in this
study and the microwave data of Keenan €t Ak discussed
previously, this is a nonlinear least-squares fit. Thus, there is
shifted 0.33665(11) and 0.33970(12) chior the "9Br and®'Br always the possibility that a given set of parameters may not
isotopomers, respectively, with a corresponding decrease of theyield the globally best fit and that there are fits of similar quality
dissociation energy of the isotopomers in the excited vibrational that have somewhat differing values of the parameters or

states’* differing choices of morphing parameters. For any given fit, it
A segment of the>(J) branch that corresponds to the + is possible to add more morphing parameters that would improve

2v3 vibrational band fromP(11) to P(22) in the 84Kr:H7%Br the fit. However, as more parameters are added to the morphing

isotopomer is shown in Figure 2. Transitions fr@f#) to P(42) transformation, the parameters become highly correlated, which

and fromR(9) to R(23) for the Kr:H®Br isotopomer, and from leads to large statistical uncertainties in the optimized parameters
P(11) to P(44) and fromR(3) to R(19) for the 8Kr:H8Br and large uncertainties in the resulting morphed potential. Our
isotopomer, were recorded and measured. Such spectra are alsgoal was to find a set of morphing parameters that yielded a
characteristic oE—X vibrational bands and were similarly fitted  good fit of the experimental spectroscopic constants and had
to thev; bands using the expression in eq 5. The ground-state statistically significant values of the morphing parameters. For
constants are fixed at their ground-state values, as derived fromthe purposes of this study, we searched for a set of parameters
microwave pulsed-nozzle FT microwave spectroscopy, and where the statistical uncertainty of each parameter was less than

resulting fits are also given in Table 1. half the value of the parameter. The morphing parameters were
Figure 3 shows a segment of the of the + vé band obtained using a three-stage procedure. First, we fitted the
illustrating transitions fronR(12) to R(18) for the®Kr:H7%Br experimental data for the energy differencé,(cos 0)[] and
isotopomer, and fromR(18) to R(23) for the 8Kr:H®Br rotational constants using the parameters that scale the depth
isopotomer. Such spectra were characteristicldf-& transition of the potential Cy1;;) and shift the potential in the radial
with an intenseQ(J) branch and prominenP(J) and R(J) direction Csj;). In the second stage, we fit all of the data,
branches. Transitions froR(4) to P(27) and fromR(1) to R(45) including the distortion constants. In the final stage, we verified
were recorded for the KrH"®Br isotopomer, and fron(3) to that additional morphing parameters would not be determined
P(20) and fromR(1) to R(52) for the Kr—H?&Br isotopomer. with statistical significance. In particular, we found that the

The spectra were fitted with an expression that was similar to parameter€; s o Cz.2.0 andCs 2 ocould not be determined with
eq 5, but with the addition of the excited-state terms to include statistical significance. In Table 2, we give the final morphing
the vibrational angular momentum quantum numbgr The parameters that yielded the best fit of the experimental data.
results of the fits are also given in Table 1. Note that we have not optimized the value @fy o because
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TABLE 3: Correlation Matrix of the Morphing Parameters ( Cq,)
(ouinj) (1,1,0) (1,2,0) (1,3,0) (1,4,0) (1,0,1) (2,0,0) (2,1,0) (3,0,0) (3,1,0) (3,0,1)
(1,1,0) 1.00
(1,2,0) —0.93 1.00
(1,3,0) —0.99 0.88 1.00
(1,4,0) 0.98 —0.98 —0.95 1.00
(1,0,1) —0.10 0.23 0.09 -0.17 1.00
(2,0,0) —-0.21 0.40 0.08 —0.26 0.40 1.00
(2,1,0) —0.16 —0.07 0.29 —0.09 —0.26 —0.90 1.00
(3,0,0) —0.57 0.61 0.54 —0.57 0.73 0.45 -0.17 1.00
(3,1,0) 0.87 —0.88 —0.81 0.86 —0.36 —0.48 0.11 —0.83 1.00
(3,0,1) —0.20 0.09 0.19 —-0.14 —0.95 —0.27 0.24 —0.55 0.08 1.00
TABLE 4: Predicted Spectroscopic Constants fromVap iniioc = Vmorphed (¥ = © ) and Vimorphed (¥ = 10@
Experiment Uncertainty

Vab initio Vinorphed value reference(s) value néte
84Kr—H7°Br(00°0) By (x 10~2cm?) 2.236 2.285 2.282 Keenanet’al. 0.002 approximation
84Kr—H"Br(00°0) D; (x 10~ 7cm™?) 0.666 0.809 0.866 Keenan et?al. 0.01 systematic
84Kr—H7°Br(00°0) [Px(cosH) 0 0.551 0.432 0.428 Keenanet’al. 0.01 systematic
84Kr—H7°Br(00°0) Dy (x 1079) 4.1 13.1 14.2 Keenanetal. 0.5 statistical
84Kr—D7°Br(00°0) By (x 102cm™) 2.221 2.253 2.254 Keenan et?al.  0.002 approximation
84Kr—D"°Br(00°0) Dy (x 10~7cm™) 0.609 0.753 0.731 Keenan et’al.  0.007 systematic
84Kr—D7°Br(00°0) [Px(cos )] 0.696 0.656 0.600 Keenan et’al.  0.02 systematic
84Kr—D7°Br(00°0) Dy (x 1079) 3.1 9.7 9.5 Keenan et al. 0.6 statistical
[B4Kr—H7°Br(10°0) — 8*Kr—H7°Br(00°0)] — —4.79 —-1.74 —-1.74 present study 0.01 approximation

H7Br(v1) (cm™)

84Kr—H7"°Br(10°0) By (x 10~2cm™?) 2.221 2.256 2.259 present stidy  0.002 approximation
84Kr—H"°Br(10°0) D; (x 10~7cm™) 0.63 0.80 0.86 present stuidy  0.03 systematic
84Kr—H"Br(11%0) — 84Kr—H"Br (100) (cnT?) 45.24 32.55 32.56 present stidy  0.03 approximation
84Kr—H"°Br(11!0) B (x 1072cm?) 2.283 2.352 2.349 present stidy  0.002 approximation
84Kr—H"Br(11'0) D, (x 10~ 7cm?) 0.93 0.73 0.57 present sttidy  0.03 systematic
84Kr—79BrH(12°0) — 84Kr—H7"°Br (10°0) (cnT?) 29.02 35.82 35.82 present stidy  0.04 approximation
84Kr—"9BrH(12°0) By (x 102cm™?) 2.495 2514 2514 present stidy  0.002 approximation
84Kr—"9BrH(12°0) D; (x 10~7cm™?) -1.5 2.3 2.1 present stutly 0.1 systematic
G 127.1 2.4

a Also given are the experimental data used in the fit with the estimated uncertainties in either the experimental data or in the calculation and the
root-mean-square deviations from the experimental data of the two sets of predicted cohSeafEable 1¢ The uncertainties used in the nonlinear
least-squares procedure came from three sources: approximation (estimated uncertainties due to approximations in the calculation, usually taken
to be 1 part in 1000), statistical (estimated experimental statistical uncertainties), and systematic (estimated experimental uncettasystsrdagc
errors).

this parameter is an isotropic scaling factor that would not Br)—H. ¢ is defined such tha#’ = 0° corresponds to the HB
change the relative depths of the two potential minima, but only structure K-H—Br and#’ = 180° corresponds to the van der
control the average depth of the potential. Therefore, lacking Waals (vdW) structure KrBr—H. On the ab initio potential
any currently available experimental data that concern the (y = ), the HB structure ha®&,,, = 4.30 A andvint = —235
absolute well depth, we have not optimized this parameter. Thecm™?, and the vdW structure hai,,,, = 3.85 A andvint =
average well depth is thus constrained to be the same as that-213 cnt. Correspondingly, on the morphed potential=
determined in the pure ab initio calculation. The correlation 10), we found the HB minimum to be &, = 4.28 A with
matrix of the morphing parameters is given in Table 3. The V= —237 cnt! and the vdW minimum to be &, = 3.88
corresponding values of the observables computed using theA with Vit = —260 cnt?. Thus, the potential morphing changed
ab initio and morphed potentials are compared to the experi- the geometries by only a few hundredths of an angstrom;
mental data in Table 4. From Table 3, we see that the potentialhowever, there was a more substantial change in the energies,
scaling parameters are fairly correlated. As noted previously, with an almost 50 cmt reduction of the vdW minimum, relative
the values of these parameters are most strongly controlled byto the HB minimum, going from the ab initio to the morphed
the values ofP,(cos6)and the energy differencé¥r—H7°- potential.
Br(1110) — 8Kr—H"°Br(10°0) and®Kr—"°BrH(12°0) — 84Kr— In Figure 6, we give the probability density for the rovibra-
H79Br(10°0). Thus, there are four data points for four parameters. tional wave functions of four states of ti§é&r:H7°Br isotop-
However, the values diP,(cos 6)for the Kr—HBr and Kr— omer. We can see that the ground state’@@s fairly well-
DBr isomers and the value &fKr—H"Br(1110) — 8Kr—H"- localized in the HB well, and the state that corresponds to the
Br(10P0) are all giving information about the bending potential vdW structure Kr-BrH (02°0) is a very compact wave function
in the HB well and, thus, are not very independent, which leads in the vdW well with a small amount of probability in the HB
to the high correlation between the potential scaling parameters.well. Finally, the z-bending state (0D) is also primarily in
None of the other parameters are highly correlated. the HB well, although it has been shifted away from the=

The resulting interaction potentials are shown in Figure 4, 0 direction, because of the angular momentum about the
and the corresponding uncertainties are given in Figure 5. Theintermolecular axis.
plots are given in Jacobi coordinates for tEB&r:H7°Br The difference between the morphed and ab initio results for
isotopomer, wherd® is the distance from Kr to the center of the difference between the two minima can be analyzed in terms
mass of H°Br and#’ is the angléJKr—(center of mass of K- of the limited basis set and limited inclusion of correlation in
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Figure 4. Comparison of the ab initig/(= ) and morphedy = 10)
interaction potentials of Kr:HBr. For each potential, three different cuts
through the three-dimensional potential energy surface are ghén:
(R.O'r =r¢), VM(R,0' = 0°r), andV"(R,0' = 18C°,r). All contours
are given in units of cmt. Plots are given in Jacobi coordinates for
the 8Kr:H™Br isotopomer.6’ = 0° corresponds to the HB structure
Kr—H—Br and#' = 18 corresponds to the vdW KiBr—H structure.
Fory = w and®’ = 0°, R,,,, = 4.30 A andvi" = —235 cnt?; for y
= and®' = 180, R,;, = 3.85 A andvi" = —213 cn1?; for y = 10
and¢' = 0°, R,,,, = 4.28 A andvi" = —237 cnt%; and fory = 10 and
0" = 18¢°, R, = 3.88 A andv"™ = —260 cnr,
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the ab initio potential energy surface. We have examined how
this energy difference changes as the basis set and correlation
treatment improves. In Table 5, we give the results of additional
ab initio calculations where we have systematically improved
the basis set and extrapolated this to the complete basis set
(CBS) limit, using an exponential extrapolation of the fétm
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whereA is some computed property (i.®e or R), A is the R”(A)

estimated CB.S limit of that property, amds the c.)rder. of the . Figure 5. Estimate of the uncertainty in the morphed= 10) potential
aug-p\hZ basis set used. The functional form given in €q 6 i for the same three cuts of the three-dimensional potential energy surface
then used to fit the results of either tme= 2 ton = 5 as shown in Figure 4. All contours are given in units of énPlots
calculations or then = 3 ton = 5 calculations. We have also are given in Jacobi coordinates for tffi<r:H7°Br isotopomer.
considered the inclusion of additional correlation beyond that

included in the MP2 calculation using the single and double still quite large: 150.4 cmt for the HB structure and 112.3
excitation coupled cluster theory with perturbative treatment of cm~! for the vdW structure in the CCSD(T) calculations. One
triple excitations (CCSD(T)). All calculations were performed would need to go to extremely large basis sets before the BSSE
using the CP correction for the BSSE and with theBt bond is small compared to the energy differences that we have
length fixed at its equilibrium value of 1.4144 A. The energy considered her& In addition, we have also examined the
of the HB structure converges more rapidly with the size of the sensitivity of the energy difference between the two structures
basis set than does the energy of the vdW structure. Even withto the correlation of the core orbitals. We have computed the
the largest basis set used, aug-cc-pV5Z, the CP corrections are€CSD(T) energy using the aug-cc-pVQZ basis set and allowing

A=A, +Be "+ ce ™Y, (6)

w
o
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Figure 6. Probability density of the four lower rovibrational states of ##r:H"°Br isotopomer. Energies of these states and other spectroscopic
constants are given in Table 6. Plots are given in Jacobi coordinates f¥iihid "°Br isotopomer.

TABLE 5: Valuesof D, and R, Computed with the H—Br Bond Length Fixed atlts Experimental Value of 1.4144 A

Hydrogen-Bound van der Waals
calculatios R (A) De (cm™) R, (A) De (cm™}) De(HB) — De (vdW) (cnmd)

MP2n=2 4.47 166.0 3.98 149.1 16.9
MP2n=3 4.30 235.8 3.85 213.0 22.8
MP2n=4 4.25 264.8 3.76 259.3 55
MP2n=5 4.24 275.1 3.75 2735 15
MP2 CBS (3-5) 4.23 281.0 3.73 281.8 —-0.8

MP2 CBS (2-5) 4.23 281.5 3.72 284.9 -3.4

CCSD(T)n=2 4.55 132.5 4.08 105.9 26.5
CCSD(T)n=3 4.38 185.2 3.94 157.5 27.7
CCSD(T)n=4 4.34 206.3 3.85 193.4 12.9
CCSD(T)n=5 4.33 211.3 3.83 202.8 8.5
CCSD(T) CBS (3-5) 4.32 214.2 3.83 208.3 5.9
CCSD(T) CBS (2-5) 4.32 216.3 3.81 211.9 4.5
morphed ¢ = 10) 4.27 236.9 3.88 259.4 —-225

2 The value ofn indicates which aug-cc-p\Z basis set is used.

the 3s and 3p orbitals of Kr and Br to be correlated. Inclusion previously observed in calculations on the related AFH#d

of this additional correlation leads to a reduction of the vdw Ar:HCI®® systems, the energy in the vdW structure converges
well by 1.1 cni? relative to the HB well, when the optimized more slowly than does the energy in the HB structure, with
aug-cc-pVQZ CCSD(T) geometries given in Table 5 were used. respect to increasing basis set size. Thus, the remaining
Furthermore, we have considered the effect of adding a seconddifference may by due a poor CBS extrapolation based on basis
set of diffuse functions by performing a CCSD(T) calculation sets that are not large enough. A further possible source of
using the d-aug-cc-pVQZ basis % his leads to an additional ~ disagreement may be the neglect of relativistic effects in the
reduction of the vdW well of 4.8 crii, relative to the HB well. ~ present calculations.

Thus, combining the CBS CCSD(T) results in Table 5 and these  In Table 6, we give predictions obtained from the morphed
two estimates of remaining correlation and basis sets effectspotential for some transitions that have not yet been observed
leads to an ab initio estimate BE(HB) — Deg(vdW) = —1 cn1l, and values forfP1(cos #)for all states considered here. We
which is ~20 cnt?! above the value observed in the morphed can see that the values AE for the lower ¢; = 0) and upper
potential of Dg(HB) — De(vdW) = —23 4+ 3 cnrl As (v1 = 1) states are all within 1 cnt of each other. The values
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TABLE 6: Values of Selected Spectroscopic Constants Predicted from the Morphed Potential for th#Kr:H 7°Br Isotopomer

state AE? (cm™) Bo (x 1072 cm™?) D;(x 107 cm™?) P1(cosh)] P,(cos)]
(00°0) 0.00 2.285 0.809 0.741 0.432
(00°1) 23.36 2.246 1.043 0.679 0.385
(02°0) 36.17 2.509 1.758 —0.585 0.556
(01*0) 31.53 2.365 0.718 0.384 —0.100
(10°0) —1.7# 2.256 0.800 0.763 0.469
(1071) 23.08 2.229 1.112 0.688 0.397
(12°0) 35.82 2.514 2.261 —0.618 0.586
(110) 32.55 2.352 0.729 0.392 —0.094

A AE = E(vy, v}, v3) — E(v1, 0° 0).2In this case AE = [E(1, , 0) — E(0, @, 0)] — v(H™Br).

of [Py(cos @)Ofor the lower states are consistent with the value ofRis comparable to the sum of the van der Waals radii
probability densities shown in Figure 6. In particular, we can of Kr and Br3°

see that in the (0D) state the value diP;(cosf)Lis somewhat The comparison of the ab initio results and the morphed
smaller in magnitude than for the corresponding®(Gtate, potential in this study shows that the level of agreement is
which is a reflection of the fact that the @) state has some  somewhat worse than the3 cnt? difference found between
probability in both wells. Also, we can see the shift in probability ab initio and experimentally derived potentials in the Ar:HCI
away from the linear configuration in the (@) state in the  system for the difference in energy of the HB and vdW wells
small value oflP;(cos 8)[] which agrees with the position of in that systen® This would suggest that the ab initio techniques

the probability for this state, observed in Figure 6. commonly used to study intermolecular interactions may not
be as accurate for systems with heavier atoms, such as those in
Discussion the present study.

It has been an oft-held tenet of molecular structure that the ¢gncjusions
atomic arrangements for molecular species in the ground state
and at equilibrium have the same isomeric configuration. Indeed, We have recorded the infrared spectra of thev, + v%,
this has been widely assumed in procedures for estimatingandv; + 213 vibrations in84Kr:H7°Br and 84KrH81Br isotop-
equilibrium structures that have been experimentally determined omers and combined this with a previously recorded pulsed-
from spectroscopic daf8:3 In almost all instances, this nozzle Fourier transform (FT) microwave in a supersonic slit-
assumption is justifiable and leads to relatively small discrep- jet expansion. Such a combination of data thus makes available
ancies in equilibrium bond lengths and angles. However, for a experimental information that has been used as a basis for a
restricted number of molecular species, it is possible that the comparison with ab initio calculations and has been used to
previously discussed assumption is not valid. Weakly bound model the rovibrational tunneling dynamics®Kr:H"°Br. The
complexes that involve a low barrier that can also involve morphed potential energy surface obtained in this study has a
interconversions between nonequivalent isomeric states and larggylobal minimum at the van der Waals (vdW)-KBrH structure
amplitude anharmonic vibrations are candidates for which the but with a ground rovibrational state that is localized in the
discussed implicit assumption may not be justifietiin effect, minimum corresponding to the hydrogen-bound (HB)}-KiBr
zero-point energy effects can result in the ground state andstructure. The vdW structure was 233 cn ! lower in energy
equilibrium structures being significantly different. In an than the HB structure, which was indicative that the calculated
extensive recent study of Ar:HBr using morphing proceddéifes, energy difference between the HB and vdW potentials are
we observed that the ground vibrational state had theH8r statistically significant, given the estimated uncertainties of the
atomic arrangement, in contrast to the global energy minimum, experimental data used in the morphing procedure.
which had the Ar-BrH structure. This conclusion was consid-
ered significant, based on an unequivocal arrangement of the Acknowledgment. This material is based on work supported
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