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Bound energy levels and properties of the’B}-HF complex were obtained from full three-dimensional
(3D) calculations, with the use of the ab initio computed diabatic potential surfaces from the preceding paper
and the inclusion of spinorbit coupling. For a better understanding of the dynamics of this complex we also
computed a 2D model in which the HF bond lengtias frozen at the vibrationally averaged valugand

r; and a 2+ 1D model in which the 3D potentials were averaged overntle= 0 andvyr = 1 vibrational
wave functions of free HF. Also 1D calculations were made in which bethd the C+HF distanceR were
frozen. The complex is found to have the linear hydrogen bondedtHElstructure, with ground-state quantum
numbers) = 3/, for the overall angular momentum ap@| = %, for its projection on the intermolecular axis

R. The binding energy i®g = 432.25 cm? for vy = 0 andDy = 497.21 cm* for v = 1. Bending modes
with |Q| = Y/, and |Q| = %, are split by the RennefTeller effect, since the electronic ground state is a
degeneratéll state. A series of intermoleculaR) stretch modes was identified. Rotational constants and
e—f parity splittings were extracted from the levels computedifer 1/, to /. The computed red shift of the

HF stretch frequency of 64.96 crhand the®*Cl—3"Cl isotope shift of 0.033 cnt are in good agreement
with the values of 68.77 and 0.035 chobtained from the recent experiment of Merritt et &hys. Chem.
Chem. Phys2005 7, 67), after correction for the effect of the He nanodroplet matrix in which they were
measured.

1. Introduction the properties of these two complexes are actually quite different.
The theory in the previous papé#d® concerns two internal
degrees of freedom; the HX bond length was frozen. Here, we
perform full three-dimensional calculations with the Jacobi
vectorsR, the vector that points from the CI nucleus to the
center-of-mass of HF, and the vector that points from the H

to the F nucleus, as dynamical variables. The internal coordinates
varied areR, the length ofR, r the HF bond length, and, the
angle between andR. The Hamiltonian in a body-fixed (BF)
frame with itsz-axis alongR andr in the xzplane is

The important role of van der Waals complexes occurring in
the entrance and exit valleys of chemical reactions has been
demonstrated on several exampie.The complex CRP)—

HF that occurs in the entrance channel of the reactiot EIF

— F + HCl was recently prepared in helium nanodroplets and
studied by high-resolution infrared laser spectroscofe
preceding papéidescribes the ab initio calculation and analytic
representation of the full & 3 matrix of diabatic potentials
required to compute the bound states of this complex with the
inclusion of the nonadiabatic Renn€Feller coupling. The

- ~ 2 ~ AN G2
diabatic electronic states of the complex correlate with’he o _py —h* P - [Ta +Tsl" = 20 +Tg)d +J N
ground state of the Cl atom. In the present paper we use these HF 2u\sR 8R2I\ 2 R?
potential surfaces, and include the sporbit coupling on the . AB
CI(3P) atom, to actually compute the-€HF bound states. All AL-S + Z|/1,;4'D\/ff,’)u(R, r,o) dul (1)
of the three internal degrees of freedom of-ElF were included gt ‘

in the calculations, but we also made one- and two-dimensional
model calculations in order to elucidate the underlying dynamics.
We discuss the bound state properties, and compare our
theoretical results with the spectroscopic data, to verify that the 5y i 2
potential surfaces from ref 8 are indeed accurate. . —h® 9° r4+ -8 S+ Ve (r) )

T 2ugr o our

whereuag is the reduced mass of the complex-EIF. The
HF monomer Hamiltonian is

2. Bound State Calculations

The method to compute the bound states of open-shellatom @Ndus is the HF diatom reduced mass. The diatom potential
closed-shell diatom complexes of this type originates in work VHr(r) was obtained from the spectroscopic data of Lonardo
by Alexande? and by Dubernet and Hutsdh!! It is outlined and Dougla¥ by the RydbergKlein—Rees (RKR) proce-
in detail in ref 12. Reference 13 (see also the errafugives dure®~1% The operatord andsS represent the orbital and spin
results for the complex GIP)—HCI, which is similar to the ~ angular momenta of the CR) atom, respectively, and the

CI(P)—HF complex considered here. Still, as we show below, afomic quantum numbers ate= 1 andS = */5. The operator
ja = A + Srepresents the total electronic angular momentum

T Part of the special issue “John C. Light Festschrift". of the Cl atom, whilg is the rotational angular momentum of
* E-mail: A.vanderAvoird@theochem.ru.nl. the diatom, and is the total angular momentum of the complex.
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The splitting between the spirorbit states of the Cl atom is
Dso = E(®P12) — E(%P32) = 882.4 cnil. We assume that the
spin—orbit coupling in the open-shell CR) atom is not affected
by the relatively weak interaction with the HF molecule, so that
we may use the atomic spiorbit parameteA = —(2/3)Dso

as a constant in eq 1. The>3 3 matrix of diabatic potentials
V% (Rrr,6) that couple the diabatic statguOwith projection

M
u=—1,0, 1 on thez-axis was computed and described in ref

8. These interaction potentials are represented by the expansion

VO (Rr.0) = chs,,w,uw.m R @)

whereC; n(0,0) are Racah normalized spherical harmonics and
the expansion coefficientéé)”"”(R,r) are given as functions of

R and r by the reproducing kernel Hilbert space (RKHS)
method? see ref 8.

The basis to represent and diagonalize the Hamiltonian of
eq 1 was the same as used for-EICl in ref 13, except that
we also need a basis for the coordinetg e now. This basis
InC= ¢n(r) consists of contracted sin®VR functions?! with
contraction coefficients chosen such that the functippér)
are eigenfunctions witfs = 0 of a reference HamiltoniaHyr
+ Vexrdr). The additional potentiaVex:r) is a scaled cut of
the diabatic CHHF potentialV 1(Rr,0) with 6 andR fixed at
their equilibrium value®)e = 0° andR. = 6.217ay. Its scaling
factor of 0.7 was optimized by minimization of the ground-
state energy of the €HF complex in three-dimensional
calculations. This is similar to the procedure used for the
generation of the radial bagissC= yn.(R), where we used the
isotropic component’*R ) of the diabatic G+HF poten-
tial Vo o(Rre,0) in the reference Hamiltonian. The HF bond
length was fixed at the monomer equilibrium vahge= 1.7328
a. Here, because the radial-adHF potential is much shallower
than the HF potential, we added a te¥x{R) linear inR in
order to include the effect of continuum wave functions in the
bound state basis. Also the slope of 175 éfa, of this linear
term is optimized by minimization of the ground-state energy
of the CHHF complex.

Because of the large spirorbit coupling in the CRP) atom
it is most convenient for the interpretation of the results to use
a coupled atomic basis set

iA®AB= 129 ja0al= Y 1AulSotl, ;'S oliawal (4)
u,o

for which the spir-orbit termA-S = (ja2 — 12 — $)/2 in the
Hamiltonian is diagonal. The expressi@hu;Solja,walis a
Clebsch-Gordan coefficient. Sinée= 1 andS= 1/,, one finds
thatjA = 1/2 and3/2.

The complete BF basis has the following form

INRNJ A @ ps 50,2, MIO=

2J + 1jvz.
1R T O[] la0a D, 0.0 DRalefd) (5)

where Yjg ,5(0,0) are spherical harmonics, arﬁlﬁ)’g(a,ﬂ,qb)*

are symmetric rotor functions. The Euler angles,((¢)
determine the orientation of the BF frame with respect to a
space-fixed laboratory frame. The overall normalization factor
differs from the normalization constant of {2 1)/87%2 of

the symmetric rotor functions by a factor otf2/2. This factor

is the normalization constant of the spherical harmonics
Yis,ws(6,0) with the azimuthal angle fixed at the value of zero.
The components of angular momentum on thez&ixis obey
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the relationQ = wa + wp. They are approximate quantum
numbers. Exact quantum numbers 3r&1, and the parityp of

the states of the complex under inversion. A parity-adapted basis
has the form

IR ps @ s @, 2,0, M=
2_1/2[|nR'nr!jA’wAljB*(’UB’Q"J’MEH—
p(— 1)/1_JAH|nRynra ja—waijp—we,—R,IMI (6)

We remind the reader thaty, andQ2 adopt half-integer values
only, so they cannot be equal to zero and the normalization
factor of 1A/2 in eq 6 holds for all basis functions. In the
sequel we use the spectroscopic parity defined syp(— 1)°~S.
States withe = 1 ande = — 1 are labeled e and f, respectively.

In addition to the full 3D-calculations we also made one-
dimensional (1D) and two-dimensional (2D and+2 1D)
calculations. The 1D calculations were performed by fixing
atre = 1.7328a, = 0.9170 A and fixingR for a series oR
values ranging from 2.5 to 5.0 A. For the HF rotational constant
we choseB,—o = 20.5598 cm?. These calculations were mainly
intended to better understand the hindered internal rotation of
the HF monomer and the coupling of the diabatic electronic
states.

The 2D calculations were made with the basis
INROia,wajB,ws,R2,J,MLlwhile ther coordinate was frozen either
at the HF equilibrium value. = 0.9170 A, or at one of the
vibrationally averaged valuesi[§ = 0.9326 A orfi[j = 0.9649
A, depending on the HF vibrational statgr = 0 or vyr = 1
that we wish to consider. In the 2D calculations with= re
andr = ro, we used the HF rotational constaBy = 20.5598
cm~1, while B; = 19.7855 cm' was taken in the 2D calculation
with r = ry. In the treatment called 2 1D we averaged the
full 3D diabatic potentials over the vibrational wave functions
of HF with e = 0 anduye = 1. This is equivalent to the use
of the full 3D basis withn, restricted to the values = 0 orn;

1, with the condition that the basisAfunctionBrEI are
eigenfunctions of the bare HF Hamiltonidtye. That is, the
potentialVex:{r) added in the generation of the contracted sinc
DVR basis|n,Cimust be omitted here. The 1D calculations were
made with the basi§a,wa,js,ws,2,J,ML

The 3D bound states were obtained from a full diagonalization
of the Hamiltonian matrix fod = 1/, and®,. The basigngis
included withn3® = 13, the basisnr(s included withn™ =
6, and the quantum numbégg in the angular basis has a
maximum value of 13. Convergence tests have shown that the
increase ohy® from 13 to 14 gives a lowering of the relevant
energy levels smaller than 1®cm?, the increase off"™
from 6 to 7 a lowering of less than 1®cm™, and the increase
of jg® from 13 to 14 also a lowering of less than~2@m1.

The same valugl® = 13 was used in the 1D, 2D, andt21D
calculations and thR basis in the 2D and 2 1D calculations
was truncated atf™ = 13 as well. Full 3D calculations faF
values higher thafl, were not performed because they are quite
expensive, but the 2D and -2 1D calculations were carried
out for J values up td/>.

3. Results and Discussion

3.1. Diabatic and Adiabatic Potentials Including Spin-
Orbit Coupling. For a better understanding of the bound states
of the CIEP)—HF complex, it is useful to consider diabatic and
adiabatic energy surfaces including the large sjirbit cou-
pling. Diabatic stategawalincluding spin-orbit coupling are
defined which correlate to the atomic statggvall= |(19-
jawaof eq 4. The corresponding diabatic potentMlS, ,;a.wa-
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Figure 1. Diabatic potential energy surfaces for Bf—HCl including
spin—orbit coupling forja = %,. Energy (in cm?) relative to the ground
Cl (3Py)y) state.

(Rr,0) = Jaw'alV + Hsojawalare the matrix elements of
the operator

V+Hgo= ZM,}L'D\/XT?M(RJ,@) QAul +ALS  (7)
Wi

The spinr-orbit term is constant and diagonal in this basis. The
two diagonal potential¥j, wajaea With ja = 3/, that correlate
with the 2P3;; ground state of the Cl atom are plotted in Figure
1, parts a and b. The diabatic potential for| = %/ is similar

to the diabatVy 1, see Figure 6 of ref 8, and it has the same
minima for the linear structures with = 0° and § = 18C°.
The diabat folwa| = ¥, qualitatively resembles thé, o diabat

in Figure 5 of ref 8, but has an even shallower minimum near
0 = 13C°. Adiabatic potentials are obtained by diagonalization

Fishchuk et al.
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Figure 2. Lowest adiabatic potential energy surface for’BJ-HCI
including spin-orbit coupling. Energy (in crm) relative to the ground
Cl (3P3)) state.
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Figure 3. Bound levels from 1D calculations with fixédfandr = re,
as functions oR. Closed lines correspond fo= %/, and dashed lines
toJ= 3/2.
of the 6 x 6 matrix with the spir-orbit coupling included
diabats, or alternatively, by the diagonalization of a complex
valued 3x 3 matrix?? The lowest adiabatic potential including
spin—orbit coupling plotted in Figure 2 is not very different
from the lowest adiaba¥/1(A") without spin-orbit coupling,
see Figure 2 of ref 8, but the local minimum for a nonlinear
geometry is almost absent now. This situation is very different
from the CHHCI caset314where the|jwa| = Y- diabat has a
pronounced minimum at the T-shaped geometry and the lowest
adiabat with spir-orbit coupling included has two minima of
nearly equal depth & = 0° and9~90°. We will show below
that this has important consequences for the characteristics of
these complexes.

3.2. 1D Calculations.The 1D calculations were made fBr
values ranging from 2.5 to 5.5 A in steps of 0.05 A witfixed
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TABLE 1: Results from Different Models: Binding
Energies Dy (parity e, J = 3/,) and D, and Equilibrium
DistancesRe
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bound states are localized near a single linear equilibrium
geometry of CHHF.

vr=0 vr=1

3.3. 2D Calculations Let us first discuss how well the models
2D and 2+ 1D agree with the full 3D results. An overview of

model Do (cm™) De(cm™) Re(A) Do(cm™) De(cm™) Re(A) the Do values from different models is given in Table 1, together

2D (r=re 405.44 676.50 3.2897

with the relevanD. andR. values. We observe in the 2D results

2D (r=r,) 42120 699.65 32866 461.06 75195 3.2782 jth ry andry, and from the comparison of these results with

2+ 1D 429.55 713,59 3.2795 493.10 801.70 3.2568

3D 432.25 678.50 3.2891 497.21

those of 2D calculations at= re, that a change of the (fixed)
value ofr has a large effect on both. and Do. This is not

a Relative toD. of free HF;re has increased from 0.9170 to 0.9199 surprising, given the strong increase of the well depgin the

A, and the intermolecular contribution is 680.77 ©m

at the HF equilibrium bond length, = 0.9170 A. They result

in the energies curves plotted in Figure 3 for= 1/, and?/, .
The lowest curve corresponds do= 3/,. The second lowest
curve hasl = /,, and nearly coincides with the secodd- 3/,
curve. This already indicates th&2| is a nearly good quantum
number, with the lowest curve corresponding®j = 3/, and

the next two curves tqQ| = Y, . The very small energy
difference between thg2| = 1/, curves ford = 1/, andJ = 9/,

is from the end-over-end rotation of the complex. In contrast

3D potential wherr is increased; see Table 2 of ref 8. There is
also a substantial difference between the results from the models
2D and 2+ 1D. ltis clear from Table 1 that model 2 1D
gives results that are much closer to the full 3D results than
model 2D. Actually, the difference between modet 2D and

the 3D calculations is considerably smaller than the difference
among the models 2 1D and 2D. A similar conclusion was
reached by Jeziorska et 4lin a study on the more weakly
bound closed-shell ArtHF complex, but the deviations between
the different models 2D and 2 1D and the 3D model are

with the CHHCI casé3 14 all minima occur for approximately ~ much more pronounced for €HF.

the same value d® ~ 3.3 A. This value oRiis close to theR. Table 2 lists the rovibronic levels far= Y5, 3/5, 5, and’/>,
value of the linear GFHF minimum in the lowest diabat with ~ from model 2+ 1D, with the 3D potentials averaged over the
ja = |wal = %> , which is also the minimum in the lowest v = 0 wave functions of HF. Table 3 contains the parity
adiabat. We will see below that this indicates that all the lower splittings between the levels of e and f symmetry.|®5 is a

TABLE 2: Lowest Bound States of e Parity, from the 2+ 1D Model with vy = 02

|wal |ws| Up Us J=1, J=3, J="5 J="7,
|Q| =
3, 1 1 0 —261.2337 {-263.0226) —260.9376 {-262.7259) —260.4049 —259.6355
3/, 1 1 1 —193.9466 {-195.3645) —193.6699 {-195.0871) —193.1682 —192.4415
Y, 0 —146.0861 {-146.5588) —145.8456 {-146.3161) —145.3637 —144.6392
1Y, 1 0 —140.4824 141.2333) —140.1671 ¢140.9175) —139.6034 —138.7914
2 —134.6425 {-135.6009) —134.4187 {-135.3801) —133.9762 —133.3156
Y, 0 —102.4815 {-102.8389) —102.3325 {-102.6983) —101.9737 —101.4022
Yy 1 1 —90.3787 90.9079) —90.0246 90.5513) —89.4388 —88.6213
3 —87.1604 (-87.8795) —86.9726 (-87.6937) —86.5798 —85.9828
Yy 1 0 —70.0935 (70.9383) —69.5540 70.3971) —68.7850 —67.7878
Y, 0 —65.6496 (-65.9835) —65.4943 (-65.8312) —65.1290 —64.5523
1Y, 0 —62.1719 (63.0668) —62.1463 (63.0393) —61.8657 —61.3282
—50.2016 50.7026) —49.9841 (-50.4858) —49.5866 —49.0086
1Y, 1 2 —46.3278 (-46.7253) —46.0665 (-46.4621) —45.5836 —44.8792
Q| =3,
3/, 0 0 0 —429.5538 {-432.2490) —428.9598 —428.1283
3/, 0 0 1 —348.2344 {-350.5154) —347.6666 —346.8716
3/, 0 0 2 —276.2444 (-278.1656) —275.7030 —274.9451
3/, 0 0 3 —213.1933 {-214.7899) —212.6801 —211.9617
3, 0 0 4 —159.3109 {-160.6016) —158.8231 —158.1405
—151.3275 {152.4041) —150.7683 —149.9869
3/, 0 0 5 —113.6856 {-114.7123) —113.2327 —112.5990
—100.6460 £101.3913) —100.0702 —99.2949
3/, 0 0 6 —75.8692 (-76.6765) —75.4514 —74.8672
Y, 1 —71.5921 (72.5423) —71.0805 —70.3682
—55.3705 (55.9905) —54.8277 —54.0774
3/, 0 0 7 —42.8889 (-43.6463) —42.4824 —41.9132
1Y, 2 0 —40.2745 (40.8528) —39.6167 —38.7076
Q| =%
3, 1 1 0 —221.7005 —220.8855
3/, 1 1 1 —155.7650 —154.9945
3/, 1 1 2 —99.9218 —99.1501
3/, 1 1 3 —55.2584 —54.5886
—45.7152 —44.9850
3/, 1 1 4 —18.2666 —17.6568
—2.3564 —1.6270
Q="
3/, 2 0 —38.2758

a2 Energies in cm! relative to the energy of ClPs;) and HF¢ = 0). The numbers in parentheses are from 3D calculations. Quantum numbers

vs and vy, refer to the intermolecular stretch and bend.
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TABLE 3: Parity Splittings AE = E;f — E¢ in cm™1, for vy = 0

Fishchuk et al.

|wal |ws| Up Vs =1, =3, J="%, =T,
Q=1
3/, 1 1 0 0.1182(0.1174) 0.2363 (0.2349) 0.3544 0.4723
Yy 1 1 1 0.1217 (0.1208) 0.2433 (0.2414) 0.3648 0.4860
1, 0 0.2372 (0.2292 0.4714 (0.4558) 0.7000 0.9202
Y, 1 0 0.1150 (0.1122) 0.2291 (0.2233) 0.3413 0.4505
2 0.2115 (0.2211) 0.4246 (0.4443) 0.6413 0.8635
1, 0 0.3108 (0.3093) 0.6077 (0.5905) 0.8812 1.1282
1, 1 1 —0.0150 (0.0214) —0.0316 (0.0445) —0.0515 —0.0765
3 0.2428 (0.2497) 0.4876 (0.5016) 0.7366 0.9921
1, 1 0 —0.3863 (-0.3882) —0.7706 (0.7746) —1.1510 —1.5250
1, 0 0.3126 (0.3172) 0.6216 (0.6305) 0.9237 1.2159
Y, 0 0.7050 (0.7033) 1.4052 (1.4024) 2.0954 2.7698
0.1056 (0.1085) 0.2123 (0.2180) 0.3210 0.4323
1, 1 2 0.1411 (0.1364) 0.2810 (0.2717) 0.4184 0.5523
Q| =2,
3/, 0 0 0 0.0000 (0.0000) 0.0000 0.0000
3/, 0 0 1 0.0000 (0.0000) 0.0000 0.0000
3/, 0 0 2 0.0000 (0.0000) 0.0000 0.0000
3/, 0 0 3 0.0000 (0.0000) 0.0000 0.0000
3/, 0 0 4 0.0000 (0.0000) 0.0001 0.0003
0.0018 (0.0016) 0.0073 0.0180
3/, 0 0 5 0.0000 (0.0000) 0.0001 0.0004
0.0131 (0.0274) 0.0423 0.2069
3/, 0 0 6 0.0001 (0.0001) 0.0003 0.0006
Y, 1 0.0045 (0.0045) 0.0175 0.0429
0.0011 (0.0010) 0.0044 0.0113
3/, 0 0 7 0.0001 (0.0001) 0.0004 0.0012
1, 2 0 0.0005 (0.0005) 0.0020 0.0047

nearly good quantum number the energy levels in Table 2 are HCI,1314 the corresponding curve has a minimum at a much
sorted according to theiQ| values. Values in the same row smaller value ofR, indicative of a T-shaped structure. Figure
for increasingd > |Q| clearly correspond to end-over-end 4e shows the first benestretch combination state of €HF
rotational progressions of the same internal state. The ap-With vy =1 andwvs = 1. The next state withQ| = %/, , shown
proximate quantum numbe}®a| and|wg| were obtained from in Figure 4f is delocalized and does not have any well-defined
an analysis of the wave functions. They are assigned only bend or stretch quantum numbers.

when the value indicated for each quantum number has a The parity splittingg; — E. of the |Q| = Y/, levels in Table
probability of at least 60%. The bending and intermolecu®r (3 increases linearly with + %/, , as is customary in linear open-
stretch quantum numbers, and vs of the complex were shell triatomic molecule%! In our calculations, it originates from
determined from contour plots of the density distributions as Off-diagonal Coriolis coupling terms in the Hamiltonian of eq

shown in Figure 4 and are based on counting the nodes in thesel containing the shift operatos. and J- that couple basis
plots. functions withQ = + /,. Also the fact that the splitting is
In Table 2, one can see that the ground state of the complexSmaller by several orders of magnitude for il = %/, levels
with energyE, = —429.55 cmit hasJ = %, and|Q| = ¥, and is commonly observed in such systems. It can be understood

X e g
is dominated by the diabatic state with= |wa] = ¥ . The from the fact that functions wit = + 3, can only be coupled

bend mode is not excited angs = 0. In Figure 4a, one observes indirectly.

that this ground state is localized near the global minimum in The_IeveIs obtained from the 2 1D mode_-l with the 3D
theja = |wal = 3> diabat at the linear CIHF structure; see potentials averaged over the= 1 wave functions of HF are

Figure 1a. In similar plots, we could verify that the series of shown in Table 4, and the corresponding parity splittings are

higher levels in Table 2 with the same electronic and angular sg%wlne)l(nir;l'tar\]télj 9:56-;23vdlzﬁirstr;tte(::3;?&??;3?;;2%2;0n
guantum numbers as the ground state and increasing values of oMP

: . will be discussed in the next section.
vs correspond to a clear intermolecular stretch progression up 34 3D Calculati d Spect ic p tiesTh
to vs = 7 inclusive. Figure 4b is the plot fak = 1; plots of the o ajcuiations and spectroscopic Fropéertiesi e

levels with higherss are not shown. Figure 4c shows one of numbers given in parentheses in Tables 2 and 3 are from full

. . : 3D calculations. One observes that the levels and splittings from
the higher states for which no approximate quantum numbers - . -
3 . . . the 2+ 1D model agree quite well with the 3D results: not
other than/Q| = 3/, could be assigned. It is delocalized over a

. . only theDg values but also the excited bound levels. The same
wide range of the bending angée observation holds for the calculated levels of-EIF with the

In contrast with the CFHCI complex;**4where the lowest  HF stretch vibration excited; see Tables 4 and 5. It was not
levels with |Q| = Y/ correspond to a T-shaped “isomer”, the hard to recognize the levels that correspondije= 1 in the
levels for|Q| = ¥/, in CI—HF are clearly bend fundamenta 3D calculations, because thge = 1 character is conserved to
= 1 excited levels of a linear complex; see Figure 4d. The a large extent in the GIHF complex. Also, the expectation
quantum numbefwg| = 1 represents the vibrational angular value ofr over the 3D wave functions has not increased much
momentum of this bend mode. Also Figure 3 confirms this with respect to free HF: it is 0.9358 and 0.9693 A in thg
picture; the lowest curve witd = |Q| = Y/, has nearly the

= 0 andvpyr = 1 states, respectively, while the corresponding
same radial minimum as the ground state, whereas fer Cl values for free HF are 0.9326 and 0.9649 A. Hence, the reaction
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Figure 4. Density distributions from the 2- 1D model forvye = 0. Th
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ey are obtained by integration of the absolute squared wave functions

over the electronic coordinates and overall rotation angigd«) of the complex. The corresponding energies and quantum numbers are given in

Table 2.

Cl + HF — HCI + F has not started yet. This is probably a
consequence of the fact that this reaction is endothermic an
has a high activation energy barrier.

Starting from the ground level with= %/, and|Q| = 3, we
could identify an intermolecular stretch progression with
guantum numbers up t@ = 7. A fit of this progression to the
usual formula with anharmonic corrections

E(v) =E,+ we(vs + %) - wexe(vs + %)2 + wge(us + %)3 ®)

after first removing the parity splittings by averaging the

denergies over the states of parities e and f yields the spectro-
scopic parameters listed in Table 6. We saw already in Table 1
thatDg is considerably increased when the HF stretch is excited,
vpr = 0 — 1. We see now that also the intermolecular stretch
frequency increases, from 91.0 to 97.1 @mSimilar, but
shorter, stretch progressions are found for the bend excited levels
with |Q| = ¥, and |Q] = %,. The bend mode itself will be
addressed in section 3.5, where we discuss the Refiredler
effects.
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TABLE 4: Lowest Bound States of e Parity, from the 2+ 1D Model with yyr = 12

|wal |ws| Vi Vs =1, =3, =5, =7,
1 =1,
3/, 1 1 0 —305.8188 {-308.5402) —305.5139 {-308.3727) —304.9686 —304.1831
3/, 1 1 1 —232.4841 234.7224) —232.1962 {-234.4997) —231.6791 —230.9329
3/, 1 1 2 —170.4741 ¢172.0316) —170.2090 171.8991) —169.7228 —169.0156
1, 0 —165.5586 {-166.8322) —165.1738 {-166.4457) —164.5458 —163.6746
1, 0 —154.0743 £154.6339) —153.9330 -154.5768) —153.5441 —152.9078
3 —119.4185 {120.4937) —119.1892 -120.2641) —118.7414 —118.0739
1, 1 —110.2662 111.1106) —109.8728 {-110.7170) —109.2488 —108.3946
1, 0 —106.3365 {-106.9718) —106.2070 {-106.8453) —105.8475 —105.2580
1, 1 0 —91.0916 92.1430) —90.5518 (91.6021) —89.7726 —88.7543
1, 0 0 —81.8935 (-82.9889) —81.8508 (-82.9468) —81.5426 —80.9668
1, 0 —78.9523 (-79.6258) —78.7759 (79.4489) —78.3993 —77.8227
1, —66.2106 {-66.8504) —65.9903 {-66.5896) —65.5909 —65.0174
1Y, 1 2 —61.6129 (62.2231) —61.3668 (61.9793) —60.8961 —60.2010
1R =3,
3/, 0 0 0 —493.1007 £497.2113) —492.4973 —491.6529
3/, 0 0 1 —405.5453 {-409.0480) —404.9666 —404.1565
3/, 0 0 2 —327.5110 -330.4497) —326.9571 —326.1817
3/, 0 0 3 —258.3686 {-260.8759) —257.8409 —257.1024
3/, 0 0 4 —198.0680 {-200.1500) —197.5686 —196.8697
0 —176.5718 {-178.2383) —175.9863 —175.1670
3/, 0 0 5 —146.2354 {-147.9346) —145.7679 —145.1137
1 —121.0808 {-122.2300) —120.5353 —119.7743
3/, 0 0 6 —102.4315 -103.7320) —101.9986 —101.3927
1, 1 —91.4749 (92.5790) —90.9556 —90.2317
—72.5949 (73.5255) —72.0923 —71.3903
3/, 0 0 7 —65.8273 (-66.8902) —65.3668 —64.7105
1Y, 2 0 —58.6923 (-59.3994) —58.0356 —57.1183
|| =5/,
3/, 1 1 0 —264.5033 —263.6748
3/, 1 1 1 —192.9310 —192.1439
3/, 1 1 2 —131.5474 —130.8035
3/, 1 1 3 —80.7108 —80.0022
1, 2 —66.7180 —65.4614
3/, 1 1 4 —38.7966 —38.1467
—20.5068 —19.7705
Q=T
3/, 2 0 —66.7107

aEnergies are given in cm relative to the energy of GlPsz) and HF ¢ = 1). The numbers in parentheses are from 3D calculations.

From the series of levels computed fbe= Y/, to 7/, with the The red shift of the stretch frequency of the donor HF molecule
2 + 1D model one can extract a rotational constBrand a in the dimer is 93.26 cmt in the gas phase and 99.39 chin
distortion constanD by a fit to the linear molecule expression He clusters, the corresponding shifts of the acceptor HF
molecule are 30.45 and 33.48 chLinear interpolation of the
EQ) =E,+B[JJ+1)— Q% - DI+ 1) — Q%% (9) frequency shiftAv between these values with the formula

. . . o . | |
Again, we first removed the parity splittings by averaging the AvES e = AVEE L ccceptort (AVESHE = AVEESRE acceptol X

energies over the states of parities e dndhe values are Ap93S — Ap93S

included in Table 6. The rotational constdhincreases from HF—HFdonor HPZHF accepter (10)
0.1188 to 0.1207 cnt when the HF stretch is excited, in AV = AVEESter acceptor
agreement with the finding that the complex is more strongly

bound and has a smallBg value forvye = 1 than forope = 0. and the CHHF red shift of 73.69 cm! measured in He gives

The amount by which the HF stretch frequency in the-Cl  an estimate of the matrix shiffyeluster — Aypgasfor Cl—HF of
HF complex is red-shifted from the free HF value of 3961.2 4.92 cntl. Use of the values measured for the HENCN
cm™1is shown in Table 7. The results refer to the levels of e dimer®would produce a similar matrix shift. With the inclusion
parity, but the results for f parity are practically the same. The of this estimated matrix effect the experimental red shift in gas-
value from the 2D model is substantially lower than the full phase CFHF is 68.77 cm?, in quite good agreement with our
3D value of 64.96 cmt, but the 2+ 1D model underestimates  best 3D calculated value of 64.96 cin
the 3D value by only 1.41 cmt. Apparently, the origin of the Actually, all lines in the experimental spectrum are doublets,
red shift is not so much the dynamical coupling between the caused by the fact that for Cl two isotop@%| and37Cl, exist
HF stretch mode and the intermolecular modes, but rather thein natural abundances of about 3 to 1. All the lines assigned to
fact that the C+HHF binding energyDg is much larger forne S'CI—HF are lower in frequency by 0.038 cththan the lines
= 1 than foruyr = 0. This red shift was measured by Merritt due to3CI—HF. With a similar correction for the He matrix
et al’ for CI-HF prepared in cold He nanoclusters. The effect as applied to the red shift, we estimate the isotope shift
experimental value is 73.69 cth We may correct this value  in the gas phase to be 0.035 ¢ Harmonic ab initio
for the He matrix effect by using the red shifts of HAF, calculation$ completely failed to reproduce this isotope effect;
which were observed both in the gas phase and in He cli8ters. they gave a shift smaller than 10cm™1. We performed all
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TABLE 5: Parity Splittings AE = E;f — Egin cm™1, for vy = 1
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\a)AI stl Vp Vs J:llz J:3/2 J:5/2 J:7/2
1Q| =1,
3, 1 1 0 0.1113 (0.1253) 0.2225 (0.3771) 0.3336 0.4447
3/, 1 1 1 0.1120(0.1072) 0.2241 (0.2993) 0.3360 0.4478
3/, 1 1 2 0.1332{0.0367) 0.2662 (0.2717) 0.3988 0.5306
Y, 0 —0.0403 (-0.0404) —0.0809 (-0.0832) —0.1219 —0.1637
Y, 0 0.4602 (0.4651) 0.9202 (1.0069) 1.3802 1.8401
3 0.1920 (0.1826) 0.3816 (0.3789) 0.5665 0.7442
Y, 1 —0.0949 (-0.0939) —0.1898 (-0.1878) —0.2849 —0.3801
Y, 0 0.4318 (0.4355) 0.8638 (0.8752) 1.2962 1.7289
Y, 1 0 —0.3579 (-0.3589) —0.7100 (0.7137) —1.0430 —1.5136
Y, 0 0 0.6995 (0.7015) 1.3910 (1.3955) 2.0652 2.7098
Y, 0 0.2487 (0.2425) 0.4989 (0.4875) 0.7531 1.0183
Y, 0.0991 (0.1041) 0.2485 (0.1969) 0.3982 0.5725
Y, 1 2 0.1791 (0.1836) 0.3568 (0.4048) 0.5321 0.7045
Q| =%,
3/, 0 0 0 0.0000 (0.0000) 0.0000 0.0000
3/, 0 0 1 0.0000 (0.0001) 0.0000 0.0000
3/, 0 0 2 0.0000 (0.0535) 0.0000 0.0000
3/, 0 0 3 0.0000 (0.0200) 0.0000 0.0000
3/, 0 0 4 0.0000 (0.0000) 0.0000 0.0000
0 0.0003 (0.0270) 0.0013 0.0032
3/, 0 0 5 0.0000 (0.0012) 0.0002 0.0000
1 0.0020 (0.0010) 0.0080 0.0201
3/, 0 0 6 0.0001 (0.0001) 0.0003 0.0009
Y, 1 —0.0004 (0.0011) —0.0098 0.1333
0.0008 (0.0394) 0.0032 0.0080
3/, 0 0 7 —0.0499 (0.0086) —0.0991 —0.1718
Y, 2 0 0.0011 (0.0013) 0.0040 0.0093

TABLE 6: Spectroscopic Parameters in cnt?!

2+1D model 3D model
vE=0 =1 vE=0 =1
Intermolecular Stretch
Ee —473.8288 —540.4420 —476.7455 —544.9095
We 90.9507 97.1494 91.4096 97.8866
wXe  4.8697 4.9075 4.8963 4.9697
WeYe 0.0433 0.0501 0.0443 0.0537
Rotational Constants
Eo —429.7320 —493.2816
B 0.1188 0.1207
D 9.4x 1077 8.5x 1077

TABLE 7: Red Shift of HF Stretch Frequency, with Respect
to Free HF Value of 3961.23 cm?

red shift STCI—-35Cl isotope shift
AE (vir=1-0) (cm™) (cm™)
harmonic calculations 93/79 <104
MP2/CCSD(TY
2D model 39.86 0.019
241D model 63.55 0.032
3D calculations 64.96 0.033
experiment 73.69 (68.7A 0.038 (0.03%)

aValues in parentheses corrected for He matrix shift, see text.

our calculations for both masses of Cl. Our full 3D model gave
a %’CI-37Cl isotope shift of 0.033 cml, in good agreement
with experiment. As the red shift itself is mainly caused by the
increase oDy with the excitation of the HF stretch, the origin
of this isotope effect on the red shift is mostly the fact that the
intermolecular zero-point energy containedDg is lower for
8'CI—HF than for3>CI—HF.

The experimental spectrunalso produced a value for the
rotational constantB = 0.055 cnm? for 35CI—HF in He clusters.
Our ground-state calculated value i8: = 0.119 cntl. The
factor of 2.16 is a He cluster effect; a factor ef 2is commonly
observed for this effect.

3.5. Renner—Teller Effects. It was already mentioned above
and in ref 8 that linear CtHF is a very typical RennerTeller

system’ of case 1&8 because (in the absence of sporbit
coupling) it has a 2-fold degenerate electronic ground state of
IT symmetry and the bending potential is nearly quadratic in
the bend angle. To characterize such systems it is customary
following Rennet’ to introduce the quantum numbi€r which
corresponds to the sum of the electronic orbital angular
momentumA and the vibrational angular momentunof the
bending mode of a linear triatomic system. In our treatment,
which includes the full range of anglésthe relevant electronic
angular momentum quantum numbepiswith the values: =

+ 1 in the diabatic states that dominate the ground-state wave
function localized near the linear €HF minimum. The
vibrational angular momenturhis given by wg. Hence, the
Renner-Teller quantum numbeK is given byK = u + ws,
which can also be written &§ = Q — £ = wa + wg — Z,
where X = 41/, is the component of the spi® on the
intermoleculaz-axisR. The quantum number that is commonly
denoted byP corresponds t& in our case. The ground state
with |Q| = 3/, corresponds tdK| = 1; i.e., in the Renner
Teller notatior?® it can be written a8S"Kp = ?I1g. The same
term symbol holds for the accompanying intermolecular stretch
progression withvs ranging from 0 to 7. Most interesting are
the bend excited states withy, = 1 and vibrational angular
momentumwg = + 1. They give rise to a bend fundamental
with |Q| = ¥, denoted by?>;,, and a bend fundamental with
|Q| = 5, denoted by?Asj,. Both these bend modes are indeed
observed, see Table 2, with accompanying bestdetch
combination progressions ranging frag= 0 to 1 for the’Z, ),
levels and fromvs = 0 to 4 for the?As, levels. The fundamental
bend frequency for th&y, levels is 429.55-260.94= 168.62
cm~! and the first excitation frequency of tH&s, levels is
428.96-221.70= 207.26 cm™. For the levels that correspond
to vye = 1, theZZ1, bend frequency is 493.4805.51= 187.59
cm~1 and the?As;; bend frequency is 492.5@64.50= 227.99
cm™L. These numbers are from thet21D calculations, because
the 3D results forQ2| = 5/, are not available. The value for the
231> levels from 3D calculations is not very different, however.
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We may compare our set of levels to the energy level diagram ground-state quantum numbeds= 3/, and |Q| = 3, and
of a2IT triatomic linear molecule shown in Herzberg's bd8k,  correlating with the’Ps, ground state of the Cl atom. The bend
Figure 8 of section I.2. This diagram correlates the energy levels fundamental withy, = 1 and vibrational angular momentum
obtained from a full calculation with the levels obtained when wg = =+ 1, interacting with the electronfiI ground state with
either the RennerfTeller interaction or the spirorbit coupling u =+ 1, produces levels with2| = 1/, and|Q| = %, that are
is set to zero. Herzberg's “full” treatment includes the bending split: the RennerTeller effect. A series of intermoleculaR)
mode only and it defines the Rennre€Feller interaction param-  stretch modes was identified and fitted to a Dunham expansion,
etere as the ratio of the harmonic force constants of the coupling both for the ground state and for the levels with the HF stretch
or difference potentiaV/; —; = [V(A"") — V1(A")]/2 at the linear mode excited. From the levels computed Jor= 1/, to 7/, we

geometry and the diagonal or sum potentigl} 2= V31(A") + extracted rotational and distortion constants, as well a6 e
V(A"). The corresponding set of levels from our calculation is parity splittings. The CFHF bond, withDo = 432.25 cm? for
listed in Table 2. Note that the bend quantum numlgen our vur = 0 andDg = 497.21 cm! for vyr = 1, is considerably

notation, is denoted a% in Herzberg's figure. In Herzberg’'s  strengthened when the HF stretch is excited. The computed red
figure the levels of the sam&| with the larger|P| are higher shift of the HF stretch frequency of 64.96 chand the®*Cl—

than the levels with smallgP|, whereas in our case the levels 37Cl isotope shift of 0.033 cmt are in good agreement with
with the largerP| are lower. The reason for this reversed order the values of 68.77 and 0.035 chobtained from the recent

is that our spir-orbit constantA has a negative value, while  experiment of Merritt et al.after correction for the effect of
Herzberg’s is positive. In that sense, the-EIF results may the He nanodroplet matrix in which they were measured.

be compared with the level pattern of another Reniialler .

system, He-HF*, calculated in our group earlr(see Figures Acknowledgment. '_I'he authors wish to th_ank Dr_. P. E: S.
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