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Spectrum and vibrational predissociation of the HF dimer.
I. Bound and quasibound states

G. W. M. Vissers, G. C. Groenenboom, and A. van der Avoird®
Institute of Theoretical Chemistry, NSRIM Center, University of Nijmegen,
Toernooiveld, 6525 ED Nijmegen, The Netherlands

(Received 30 December 2002; accepted 2 April 2003

We present full six-dimensional calculations of the bound states of the HF dimer for total angular
momentumJ= 0,1 and of the quasibound states Jer 0 that correspond with vibrational excitation

of one of the HF monomers, either the donor or the acceptor in the hydrogen bond. Transition
frequencies and rotational constants were calculated for all four molecular symmetry blocks. A
contracted discrete variable representation basis was used for the dimer and monomer stretch
coordinatesR,r 5 ,rg; the generation of the monomer basis in the dimer potential leads to
significantly better convergence of the energies. We employed two different potential energy
surfaces: the SQSBDE potential of Quack and Suhm and the SO-3 potential of Klopper, Quack, and
Suhm. The frequencies calculated with the SO-3 potential agree very well with experimental data
and are significantly better than those from the SQSBDE potentia0@3 American Institute of
Physics. [DOI: 10.1063/1.1577111

I. INTRODUCTION have been performed on the SQSBDE surface, to allow for a
fair comparison between the new potential and an older, high

One of the most important interactions in nature is thequality potential.

hydrogen bond. Quantitative information about the dynamics In the accompanying pagéi(Paper 1), we report results

of hydrogen-bonded systems can be obtained by the study %ff 6D photodissociation calculations on vibrationally predis-

1-3
small mode| systems, such as (HF)(HCI),, and sociating states of the SO-3 surface. We have calculated pre-

4-8 -
(l_liqz.oh)zr'] J he pr¢§,<a|nt E)a(;:).er(‘j foocustis on th(.a HFt ?'mgr’dissociation lifetimes and rotational state distributions upon
which has been widely studied. ©n the experimental Sid€,, qitation of the donor or the acceptor stretch, and combina-
much work has been done to determine its structure and tu

i d ic9-14  vibrational di iai I "ffons of these with excitations in the dimer stretch or the
?e mgls_zoyna:jmlct ,t' \ll' rao:on? ¢ frz.'?sgcﬁog:ﬂm OI € dimer geared bend modes. From the calculated rotational
Imes, ™~ and rotational product state distrioutions.“ N giate distributions we have computed the theoretical photo-

the_ t:\eo;encal S'd?’ the leer :/TS ?Isg bleen Sgﬁg%%g n ﬁagment angular state distributions, which allows us to com-
variety ot ways, using quanturh vione t.ario me ’ pare with experimental data directly.

. . .. -31 . . .
four-dimensional rigid rotéf~3! and full six-dimensional This paper is organized as follows: Section Il will give

. -37 . .
(6D) bound state calculatiors, *"as well as vibrational pre- the Hamiltonian for this system and the basis set used, Sec.

H Fr H ,37-39
d'ssﬁlclﬂgotﬂ(::rlggg;zvﬁk several potential energy surface%l will deal with the details of the calculations. Results for
’ . oth PESs will be presented and discussed in Sec. IV.
(PESS have been used;*°~*%of which the BJKKL surfac® P

by Bunker et al. and the empirically adjusted SQSBDE

surfacé® by Quack and Suhm have been the most populalj." THEORY

Recently, Kloppeet al. published a new PES called SO3, The full-dimensional body fixedBF) nuclear motion
which is based on explicitly correlated second-order Mgller-Hamiltonian for a dimer consisting of monomeisand B
Plesset calculations, and which is adjusted to reproduce th&an be written as

experimental dissociation energy and monomer stretch fre- .

guencies. This potential has been used to describe the dimer H=Ho+Vi(R,ra.rg), @

interactions in Hg(HF), cluster§® and the HF trimef? but  whereV, is the interaction potential between the two mol-
so far no rigorous test of this potential for the dimer properecules. In the two-angle embedded frame of Fig. 1, the term
has beep published. . . |:|O is given by

In this paper we present the results of full dimensional
(6D) variational calculations on the SO-3 surface. We have . . . #21 #? P+i25—2j agJ
computed bound states for (HFwith both monomers in Ho=ha+hg— ﬂﬁﬁRjL T uRE @)
their vibrational ground state and total angular momentum R
J=0,1, as well as quasibound states where one of the monavhere u is the reduced mass of the dimér,is the total
mers is vibrationally excited, fat=0. The same calculations angular momentum operator, ang is the vector sum of the

monomer angular momentum operatdys and j5. The
dE|ectronic mail: avda@theochem.kun.nl monomer Hamiltoniany, X=A, B are given by
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FIG. 1. Jacobi coordinates of the HF dimex.andrg denote the intramo-
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|(jaig)iasK;IM)

_ \/(sz+ 1)(2jg+1)(23+1)

(J)
647° D

K CE,B,O)*

xS C(JA)(rA)C('B)(rB)(JAmA jema|jaeK), (5

mamp

where thecgz)(fx) denote Racah-normalized spherical har-
monical functions of the body fixed angles of mononxer

lecular distances arfd is the distance between the two centers of mass. Thewhich are coupled with a Clebsch—Gordan coefficient

vectorR coincides with the axis, and the angle betwe&andry is given
by 6y, for X=A,B. The torsional angle of monomet is denoted bypy .

72 1 &2 i2

oot
X 2,uxl‘xﬁr 2 mxr

25x12 +Vx(rx), 3
where uy denotes the reduced mass of monoéeandVy
are the monomer potentials.

A matrix representation of the total Hamiltonian was cal-

culated in a BF basis

Invave(jais)iasK;IM)=[n)[vAve)|(jais)iaeK:IM), (4)

(jama;isMgljagK). The Wigner rotation function
DG (a,8,0)* depends on the polar angléa, B) of the
intermolecular vectoR with respect to a space fixed frame.

The dimer stretch functions are given by, (R)
=9,(R)/R, where thép,(R) are eigenfunctions of a refer-
ence Hamiltonian,

2 2

If]ref= + Vref( R),

which will be specified further in the following. The eigen-
functions are obtained using a sinc-function discrete variable
representatiorQDVR)47 method. The monomer stretch basis
functions XUX(rX)=”)‘(UX(rX)/rX are obtained in the same

where |n)=¢,(R) denotes a dimer stretch basis function, way.

and|vAvB)=XvA(rA)XUB(rB) a product of monomer stretch
functions. The angular basis functions are given by

(N"vpvE(i Al B) i asK 3 IM[HoINv avs(jals)] ask;IM)

5 '

NI

5/ S

ig9% gl [5 0y!
gls”laslAB

UUA

Solo

2
2 CATR oW (AT D8yt 5

X[ Sr[I(I+1)+jap(japt 1) —2K?] = 8, K+1C

<UB|rB lve)is(is+1)d,; AUA

Using these basis functions, the matrix element$igf
are given by

BéKrK(En“F EUAJF GUB)+ 5n’n5K’K

2

+68,1, 8,y 5—(n'|R"2n)

UAU v UBZ

KCik— O K le_ABKCJ_K]]! (7

wheree, is thenth eigenvalue of the dimer stretch referenceTABLE I. Projection operatorg' for the irreps of PIC,,). E denotes the

Hamiltonian of Eq.(6), ande and e, , are the monomer

identity, P the exchange of the monomerg* spatial inversion,P*

*
stretch energ|es The kinetic energy is d|agonal in the angu|ar PE* =E*P. The dimer stretch functions are invariant under all symmetry

basis, except for the Coriolis coupling term€
=I(1+1)—K(K=1) that couple blocks with differeri.

However, this coupling is neglected, because it is absent faE* |vavg(jais)iasK;IM)

operations.

= (—1)ae"ugua(isja)iag— KiIM)
= (—1)atist ey wwg(jaje)iae— K;IM)

ﬁ)|vAvB(jAjB)jABK;JM>

J=0, and generally small in the HF dimer for low values of P*[vave(iaig)iagkiIM) = (=1)4veva(ieia)iaeKiIM)

J.%°

The interaction potentiaV, was expanded in angular
functions of the type of Eq5). Since the potential is invari-

Pha= -(E+ P+E*+P*)
Pha=3(E+P-E*—P*)
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ant under overall rotations of the system, it does not dependvoid this, the potential was damped in these repulsive re-
on « and B, and not explicitly on bothp, and ¢g, but only  gions by means of a tanh function up to a valyg,,:
on the difference angléb=¢g— 5. Only the terms with
J=K=0 appear in the expansion, so that the expansion [V, V=V,

Vot+ B Manf B(V-Vg)], V>V,

functions can be written as (11

L, Lg L

—(_ La+Lg+L
ALtoL(0a. 05, 4) = (—1)a"te ME(MA M, 0) I
A where B=[V . Vol ~ With this scheme, the damped po-

><C(MLA)(6A,O)C(_LB) (0g,d). (8) tgntiaIT/ is continuous around, up to the second deriva-
A A tive. Care was taken to use sufficiently high value¥gfind
The corresponding expansion coefficien[iLBL(R,rA,rB) Vmax, SO that the potential was affected only in regions with-
are then given by out physical meaning. The actual values used Wége
=140000 cm?, andV,=2V,. The expansion of the po-

_ (2La+1)(2Lg+1)(2L+1) tential was taken up tba,Lg<11.
CL LgL(RiTATB) 1672 : ATB . :
The dimer stretch basis functions were computed using a
sinc function DVR on a reference potential, which was ob-
XJ dcos&Af d coség tained by minimization of the potential in the monomer
stretch coordinates, while keeping the intermolecular dis-
tance fixed at the grid points and the angles at their equilib-
X f dp AL, (0,08, ) rium values in the dimer. An equally spaced grid of 42 points
in the range 4y,<R=<8a, was used for both potentials.
XV(R,Ia.Tg,0n,05., ). 9 The monomer stretch basis functions were obtained in a
Substitution of this expansion for the potential results in theSimilar way, but two different reference potentials were used.
following expression for the potential matrix elements: ~ The first one was the pure monomer potentf”, ob-
S, S tained by making a cut through the PES at very ldRgd he
(n"vpvg(jAip)iasK’:IMIViINUAvE(jais)] asK; IM) second was a dimer adapted potentifdm=[v{dm

) : -, , o +VvEm12 - where V@™ was obtained by minimizing the
=0kl (2] a+1)(2]a+1)(2]r+1)(2]g+1)(2jap+1 B ' A
ckl(2Iar DA+ 12+ D(2)st D(2last D) potential by varyingR, rg, 6, 0g, ande, while keeping a
fixed on the grid points. AnalogouslyY™ was obtained by

X (2japt 1)]1/2L;L (n"vavglCL,LpLNUave) minimization in all coordinates buts. The average of the
e two monomer potentials was taken in order to preserve the
o iatint it Lat e K ja La ia exchange symmetry in the dimer. For the SQSBDE potential
X(—1)aTieriastiatee 0O 0 O a grid of 20 equally spaced point between 1.0 andad.%as

applied, whereas for the SO-3 potential a grid of 22 points
je Le s|[jae L Jas between 1.0 and 3.4, was used.
0 0 0/\-K 0 K Convergence was reached with an angular basis set with
jaandjg up to ji®=13, a dimer stretch basis up 0"

ja La ia =6, and a monomer stretch basis with+vg=<2, which

x{ it Lg ist. (10) lead to a maximum basis size of approximately 22 000 func-
. ) tions for the K=0 states, and 38000 fdK=1. For the
Jas L Jas monomer ground states, the lowest eigenstates were calcu-

The basis was adapted to the Symmetry of the permutatiodated with a direct variant of the Davidson algor|tﬁﬁ?Th|S
inversion group PIC,,), also calledC,,(M).*® The labeling ~ Procedure was not feasible for the monomer stretch excited

of the irreducible representatioﬁmreps and the projection Sta.tes, hOWeVer, since these states lie in the middle of the
Operators for this group are given in Table I. Spectrum of the Hamiltonian in this basis. Therefore, we

used a three-step procedure in each symmetry block, where

in the first step the Hamiltonian was calculated in a basis
IIl. COMPUTATIONAL DETAILS with only thev o+ vg=<1 monomer stretch functions, leading

to a matrix with a dimension of half the total number of

All calculations were done on two different potential sur- primitive basis functionsi.e., ~11000). Eigenstates of this

faces, the SQSBDE potentiaby Quack and Suhm, and the matrix were calculated in an energy range of approximately
more recent SO-3 potentfalof Klopper, Quack, and Suhm. 3800—4500 cm? above the ground state using thec rou-
In the calculation of the expansion coefficients, | onthe  tine Fo2rckr which yielded approximately 500 eigenfunc-
radial grid points, the integration over the angular coordi-tions. These eigenfunctions were used as a new basis for the
nates [Eq. (9)] was performed by means of a Gauss—Hamiltonian, together with additional primitive basis func-
Legendre quadrature with 12 points fég, and a Gauss— tions with |vavg)=|02) and|20), resulting in a basis of ap-
Chebyshev quadrature with also 12 points érSince for  proximately 7600 functions. The eigenstates in this basis
certain grid points the potential becomes strongly repulsivewere calculated in the same energy range. Finally, the result-
one would need extremely high terms in the expansion. Tang eigenfunctions were again combined with {i& func-
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TABLE II. Eigenvalues of the monomer stretch ground state<(v,=0) of (HF), for total angular momen-
tumJ=0 andA; andB,; symmetry, using the dimer adapted monomer stretch basis. Values are givenlin cm
relative to the ground state of 1057.88 cm* for the SQSBDE potential and 1061.73 cm* for SO-3.(R),

AR (both inay) andB (in cm 1) are computed from the SO-3 wave functions.

r n V3VaVsVg SQSBDE SO-3 (R) AR B
A 1 0000 0.00 0.00 5.24 0.21 0.2205
2 0100 126.40 126.57 5.30 0.32 0.2166
3 0020 160.62 162.93 5.30 0.28 0.2157
4 0200 244.58 248.21 5.36 0.42 0.2132
5 0120 275.03 273.03 5.33 0.37 0.2147
6 0040 292.74 306.12 5.41 0.38 0.2086
7 0300 355.37 367.55 5.51 0.53 0.2041
8 0220 385.03 392.08 5.43 0.49 0.2089
9 0140 400.05 425.17 5.49 0.49 0.2045
10 0060 463.61 446.54 5.37 0.34 0.2114
12 1000 425.36 483.48 5.34 0.28 0.2126
B, 1 0011 380.56 423.05 5.29 0.22 0.2159
2 0111 493.97 546.33 5.43 0.38 0.2071
3 0031 574.80 605.04 5.30 0.24 0.2152
4 0211 598.93 658.98 5.59 0.51 0.1975
5 0131 679.82 723.97 5.46 0.42 0.2055
6 0311 696.33 760.94 5.76 0.61 0.1877
7 0051 784.59 814.21 5.34 0.31 0.2130
8 0231 773.79 832.27 5.61 0.55 0.1968
9 0411 790.51 857.20 5.81 0.66 0.1862
10 1011 846.26 911.07 5.44 0.31 0.2053

tions (yielding ~5500 functiong and the Hamiltonian ma- have also been added. The tables show the energy levels for
trix was diagonalized once more in the same energy rangeboth the SQSBDE and the SO-3 potentials calculated in the
dimer adapted monomer stretch basis. Also the expectation
IV. RESULTS AND DISCUSSION value and root mean square amplitude of the intermolecular
distanceR are given, as well as the rotational constént

The first ten energy levels of the HF dimer with both ™ )
monomers in their vibrational ground state are given for all~ {1/2#R%). These three values were calculated from the

four symmetry blocks in Tables Il and Il for total angular SO-3 wave functions. For thé=1, K=0 states too, ener-
momentumJ=0, and Table IV forJ=K=1. ForJ=0, the 9gies and wave functions were calculated. We found that the

antigeared bendi) fundamental and its tunneling partner difference between the resulting eigenvalues andJth@®

TABLE Ill. As in Table II, for A, andB, symmetry.

r n V3VaVsVg SQSBDE SO-3 (R) AR B
A, 1 0001 378.82 420.83 5.29 0.22 0.2160
2 0101 491.29 542.84 5.42 0.38 0.2080
3 0021 544.68 571.46 5.31 0.25 0.2148
4 0201 594.54 654.75 5.58 0.51 0.1982
5 0121 641.54 685.21 5.45 0.42 0.2059
6 0041 690.08 716.06 5.31 0.24 0.2145
7 0301 688.74 755.34 5.77 0.62 0.1875
8 0221 732.00 788.15 5.63 0.54 0.1955
9 0141 788.56 831.27 5.46 0.42 0.2055
10 0401 779.17 848.83 5.83 0.69 0.1850
B, 1 0010 0.44 0.59 5.24 0.21 0.2204
2 0110 127.37 129.69 5.32 0.33 0.2153
3 0030 168.08 170.12 5.30 0.27 0.2160
4 0210 246.23 254,51 5.43 0.45 0.2084
5 0130 289.14 299.55 5.40 0.41 0.2097
6 0050 339.22 341.49 5.30 0.27 0.2155
7 0310 357.49 373.04 5.58 0.55 0.1997
8 0230 402.60 421.29 5.54 0.53 0.2016
9 0150 455.61 468.55 5.42 0.41 0.2081
10 0410 463.59 482.02 5.60 0.57 0.1979
11 1010 440.36 486.13 5.49 0.49 0.2039
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TABLE IV. As in Tables Il and Ill, forJ=K=1.
r n V3VaVsVg SQSBDE SO-3 (R) AR B
A;,B; 1 0000 39.60 38.68 5.22 0.20 0.2221
2 0100 168.59 175.47 5.30 0.34 0.2169
3 0020 214.95 209.32 5.25 0.25 0.2200
4 0200 289.41 305.06 5.41 0.46 0.2100
5 0120 328.52 330.97 5.28 0.35 0.2184
6 0040 348.14 354.30 5.34 0.33 0.2134
7 0001 366.67 398.66 5.33 0.22 0.2130
8 0300 401.67 426.41 5.57 0.56 0.2003
9 0220 436.28 453.96 5.42 0.49 0.2096
10 0140 456.43 479.87 5.47 0.45 0.2056
A,,B, 1 0010 40.38 39.73 5.22 0.20 0.2220
2 0110 169.90 178.64 5.32 0.35 0.2154
3 0030 232.42 228.12 5.24 0.23 0.2202
4 0210 291.24 309.22 5.45 0.46 0.2075
5 0130 351.91 362.44 5.37 0.39 0.2124
6 0011 361.26 397.15 5.33 0.23 0.2131
7 0050 430.34 428.31 5.32 0.35 0.2156
8 0310 404.20 431.13 5.53 0.54 0.2022
9 0230 463.12 486.43 5.50 0.51 0.2039
10 0111 472.41 507.02 5.38 0.34 0.2102
energies was B to within 104 cm™ %, while the expectation
values and amplitudes & were virtually the same as for the 0.05
J=0 states. Therefore, these results are not shown here. 0.045|
The results in the monomer stretch basis from the free 0oal J=0,T=A,n=5
HF potential are not given, since we found that using the '
. . . .. 0.0351
dimer adapted functions gives a systematic improvement of
the energy. This effect is hardly noticeable on the SO-3 po- 0.03¢
tential, where the difference does not exceed®6ém 1, but ¥ 0.025
is much stronger on the SQSBDE potential where differences 0.02f
up to 0.4 cm?! occur. That the free monomer stretch func- 0.015}
tions are less than optimal for the SQSBDE potential has 0.01}
been shown before for the ground state by Mladenavid 0.0051
Lewerenz? . | ‘ | ‘ . .
The states are labeled with the standard set of quantum 4 45 5 55 6, 65 7 75 8
numbers ¢1v,v3v4v5v6), Which correspond to the “free- °
H” monomer stretch ¢,), “bound-H” monomer stretch 0.04
(v,), in-plane antigearedor cis) bend (v3), dimer stretch 0.035-
(v4), in-plane geare¢or trans) bend @5), and dimer torsion 1=0.r=A,n=6
(v¢) modes. Since interchange tunneling involves the same 0.03
coordinate as the geared bend vibration, Bhstates, which 0.025
are odd with respect to interchange, contain an extra node in
. . 021
the v tunneling path. Therefore, the grout state is la- = 00
beled(000010, and allB states have odds, whereas s is 0.015}
even for theA states. It follows that the geared bending ootk
fundamental is labelet®00020. '
Comparison of the SQSBDE results fé=0 with the 0.005¢
6D results of Zhangt al 3 shows that the energy levels are

generally similar. The difference of 0.55 crhin the disso-
ciation energy may be explained by the fact that Zhengl.

45 5 55 6.5 7 75 8
R ?ao)

used a monomer stretch basis obtained from the free HEIG. 2. Square modulus of the wave function as a functioR ofntegrated
over all other coordinates, calculated on the SO-3 potential. The upper panel

potential, combined with the fact that theV did not inCIUdeis the (000120 state, the lower th€000040 state. Both are for total angular

the va+tvg=2 functions. Indeed, we found a dissociation- momentumi=0.
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energy of 1057.46 cmt when the free monomer basis was basis of energy considerations. Similar situations occur for
used, much closer to their value of 1057.33¢m instance in the eighth and ninth states of the s@mérep,

The assignment of the quantum numbers to theas well as for their tunneling partners in tBg irrep.
states was done on the basis of nodal patterns in the wave An overview of the ground state energy splittings is
functions, combined with energy considerations. For thegiven in Table V. Most of the splittings from the new SO-3
SQSBDE bound states, the assignment of thestretch  potential are in far better agreement with the available spec-
quantum number was facilitated by the strong correspontroscopic data than those obtained from the SQSBDE poten-
dence between this quantum number and the expectatidigl. The SO-3 dissociation energy of 1061.73Cris well
value and root mean square amplitudeRpfan effect that is  within the error bars of the experimental number of 1062
much less pronounced on the SO-3 potential. An example ot 1 cm %, as obtained by Bohaet al** This should not
the weaker correspondence of with (R) on the SO-3 po- come as a surprise, since the SO-3 surface was refined to
tential can be seen in the fifth and sixti O states of thé\,  reproduce this numbéf.More interesting are the vibrational
irrep, where the higher stretch quantum number is assignefilequencies. Unfortunately, for the monomer stretch ground
to the fifth state, despite the fact that the expectation value atate modes in (HFE) the experimental data on the intermo-
R, as well as the amplitude, are smaller. A radial plot of thelecular frequencies are still scarce and rather uncertain, so
density (Fig. 2) does not give direct evidence for the given that comparison between the two potentials is difficult.
assignment either. Angular cuts through the wave functioriooking at the data that are available, one can see that the
are not very helpful, since they change very much vith performance of the PESs in this respect is rather alike, except
(see Fig. 3, so that this assignment can only be made on théor the vg (dimer torsion frequency. The most reliable com-
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TABLE V. Comparison of calculated ground state energy splittings with
experiment. Tunneling splittings between evey) @nd odd B) states with
respect to monomer exchange are denoted py)=E, —E; .

SQSBDE S0-3 Expt. Ref.
J=K=0
Do 1057.88 1061.73 1062 21
A(vo) 0.44 0.59 0.658690 11
Vs 425.36 483.48
A(vs) 15.01 2.65
Vs 126.40 126.57 ~125 25
Avy) 0.98 3.13 >2 25
2vs 160.62 162.93 ~161 54
A(2vs) 7.47 7.19
ve 378.82 420.83 ~419? 43
A(vg) 1.74 2.22
J=K=1
Vo 39.60 38.68 35.425 18
A(wo) 0.78 1.05 1.0643 12
va 168.59 175.47
A(vy) 1.30 3.17
25 214.95 209.32
A(2vs) 17.47 18.80
ve 366.67 398.66 399.79 55
A(vg) 5.41 1.51 1.63 55

parison in this mode is made for thé=1 state, since the
experimental assignment of theg; mode for K=0 is
tentative®® Looking at thisk =1,v4 excitation, we see that
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quantum, which is one higher for tliestate. We see that the
new potential reproduces with 0.59 charound 90% of the
ground state tunneling splitting of 0.66 ¢! Although
this 6D number is somewhat less than the-) D result of
Klopper et al,*®* who reported a tunneling splitting of
0.63cm %, it is still a significant improvement over the
SQSBDE potential, which only gives 67%. Also the tunnel-
ing splitting upony, excitation is consistent with the experi-
mental lower limit, whereas the SQSBDE result is not. Again
the most striking are the results for the tunneling splitting in
theK=1, vg-excited state: whereas the SO-3 splitting is only
7% too low, the SQSBDE result is more than a factor of 3
too high.

Results for the monomer stretch excited states are given
in Tables VI and VII. Several states in Tables VI and VII
have been marked with an asterisk to indicate a relatively
large mixing with vibrational ground state functions
(>5%). Again the result for the free monomer basis is not
shown, but since the choice of the monomer stretch basis has
a greater effect for the excited states, the difference in results
for the free monomer and dimer adapted basis sets are
greater than in the ground state. The effect now also shows
up for the SO-3 potential, with dimer adapted states that are
up to 0.3 cm! lower than the corresponding free monomer
states. It is still stronger on the SQSBDE potential, however,
where differences up to 2 cm occur.

The results for excited states Af andB, symmetry on

the SO-3 result differs by only 0.3%, whereas the SQSBDRhe SQSBDE surface may be compared with those of Wu

frequency is 8% off.

34 51
I, I

et a and those of Volobueet al>* on the same surface.

As another, more sensitive test we can compare the turlh general the results presented there are very similar to ours,

neling splittings between states of eveky, (@ndA,) and odd
(B, andB;) symmetry under monomer exchange. A tunnel-
ing pair is formed by a state &; symmetry and the corre-
sponding state oB, symmetry, or similarly between states
of A, andB; symmetry. Note that the quantum numbers of
the members of such a pair are equal, except for ithe

with typical differences around 0.5 crh.

For the stretch excited states, there are more experimen-
tal data available, thanks to the experiments of Pine and
co-workers®181% and those of Anderson, Davis, and
Nesbitt>?°3 A comparison of our results with these data is
given in Table VIIl. We see again that the SO-3 potential

TABLE VI. As in Table I, for the first monomer stretch excited states{v,=1).

r n V1 VpV3VaVsVlg SQSBDE SO-3 (R) AR B
A; 1 010000 3895.94 3867.09 521 0.22 0.2224
2 100000 3939.94 392917 5.26 0.29 0.2192
3 010100 4034.47 4000.50 5.27 0.32 0.2185
4 100100 4064.44 4043.22 5.28 0.27 0.2180
5 010020 4065.57 4056.93 5.29 0.32 0.2177
6 100020 4100.74 4096.22 5.29 0.28 0.2168
7 010200 4161.10 4128.40 5.43 0.49 0.2088
8 100200 4181.74 4161.48 5.30 0.36 0.2174
9 010120 4190.27 4182.62 5.39 0.43 0.2114
10 010040 4206.48 4196.85 5.37 0.36 0.2116
B, 1 010011 4283.72 4303.54 5.26 0.21 0.2184
2 100011 4312.41 4353.21 5.29 0.24 0.2165
3 010111 4405.38 4432.92 5.39 0.37 0.2104
4 100111 4424.15 4475.15 5.35 0.35 0.2132
5 010031 4464.58 4480.76 5.34 0.31 0.2133
6 100031 4490.17 4514.13 5.29 0.24 0.2164
7 010211 4515.92 4552.34 5.53 0.49 0.2015
8 100211 4527.67 4590.37 5.53 0.49 0.2017
9 010131 4566.05 4599.94 5.44 0.43 0.2071
10 100131 4596.07 4629.26 5.31 0.28 0.2152
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TABLE VII. As in Table I, for the first monomer stretch excited states tv,=1).

r n V1 VoV3VaVslg SQSBDE SO-3 (R) AR B
A, 1 010001 4283.33 4303.00 5.27 0.23 0.2176
2 100001 4312.91 4353.85 5.28 0.22 0.2172
3 010101 4404.58 4431.93 5.38 0.37 0.2109
4 100101 4425.12 4469.76 5.28 0.26 0.2171
5 010021 4459.39 4479.06 5.40 0.37 0.2093
6 100021 4496.68 4523.53 5.29 0.24 0.2163
7 010201 4514.25 455114 5.51 0.51 0.2037
8 100201 4529.57 4588.57 5.45 0.45 0.2073
9 010121 4561.29 4594.26 5.53 0.48 0.2014
10 100121 4600.35 4617.96 5.30 0.26 0.2158
B, 1 010010 3896.04 3867.26 5.21 0.21 0.2225
2 100010 3939.81 3929.01 5.22 0.21 0.2219
3 010110 4034.88 4001.39 5.31 0.36 0.2163
4 100110 4063.67 4045.44 5.28 0.27 0.2179
5 010030 4067.57 4055.56 5.28 0.32 0.2180
6 100030 4098.48 4094.15 5.29 0.29 0.2166
7 010210 4162.31 4130.62 5.37 0.42 0.2129
8 100210 4180.19 4168.44 5.30 0.37 0.2174
9 010130 4195.99 4181.23 5.38 0.42 0.2119
10 010050 4208.28 4200.10 5.35 0.36 0.2130

performs better than SQSBDE. The calculated donor stretcts even worse on SO-3, although not much would be
frequency of 3867.09 ciit and the acceptor stretch at interesting to measure the experimental tunneling splitting
3929.17 cm?! calculated with the SO-3 potential are in uponv,+ v, excitation, since the SO-3 splitting is more than
much closer agreement with the experimental values ofwice as large as the SQSBDE result.

3868.079 and 3930.903 crh than their SQSBDE counter-

parts. Also the SO-3 dimer stretch/(,+ v,) and geared V. CONCLUSIONS

bend (v, .+ vs) frequencies combined with excitation of ei-

ther the donor or the acceptor stretch are very good. The : . :
errors between the results on this potential and experime onal calculations of bound and quasibound states using the

are 3.5—16 times smaller than the corresponding errors of th QSBDE and SO-3 potential energy surfaces. Qur results_ on
SQSBDE frequencies. the SQSBDE surface are comparable to previous studies.

Also the tunneling splittings in these intramolecular The choice of t_he monomer stretch basis is of considerablg
stretch modes are better reproduced by the new potenti [nportancg. L.J.smg a dimer adap.ted monomer stretch ba§|s
This effect can also be seen in the+ v, combination band, gads to ;lgn|f|cantly lower energies in most cases. In addi-
but is less pronounced in states in which the geared bend fon, we find that although the energy gap betwegp-0
excited(in fact, the tunneling splitting in the, + 2v5 states andv.x=2 monomer ;tretch fu_nct|on 'S huge, these overtope
functions have to be included in the basis for a good descrip-
tion of the bound and quasibound states.
TABLE VIIl. Comparison of calculated excited state energy splittings with To our knowledge, no calculations on (HF)sing the
experiment. Tunneling splittings between eveéy) @nd odd B) states with ~ SO-3 potential have been published. We have made a side-
respect to monomer exchange are denoted by)=E, —E, . by-side comparison of this potential with the older SQSBDE
potential on thgquas) bound states calculated. We find that

We have investigated the HF dimer by means of varia-

SQSBDE SO-3 Expt. Ref. . . .
many of the interesting features of the dimer can be com-
V1 3939.94 3929.17  3930.903 18 puted with remarkable accuracy using the SO-3 potential.
A(V’;l) 38_9%_1931 3;271_59 ;:6'2_1579 1818 For the ground state, the dissociation energy is in perfect
A(»y) 0.09 0.18 0.233 18 agreement with experiment. Also the intermolecular vibra-
(vi+vy)—vy 124.50 127.76 129.237 52 tional frequencies agree well with the available experimental
A(vitwy) -0.77 —-1.38 —1.664 52 data, especially in the case of; excitation, where the
(vatvy) = v, 138.52 133.41 132,616 52 SQSBDE potential fails. Even the tunneling splittings, which
(V?J(r”zzyt))”j)vl 16%'211 16%%?5 o 5 are quite small, and very sensitive to the potential, are repro-
A(vy+2vs) 597 207 2739 52 duced very well by the SO-3 potential, much better than by
(vo+2v5)— vy 169.63 176.13 178.667 52 the older PES.
A(vy+2vs) 2.00 2.22 3.587 52 For the monomer stretch excited states, the difference
(v1+ve) =y 372.98 424.68 between SO-3 and SQSBDE is even more striking. Not only
(i(:i)”f)yz ;83'_53% :13?5(_3;1 are thev; and v, fundamental frequencies reproduced to
At ve) 0.39 0.54 within 2 cm™* (as opposed te-30 cmi ! for SQSBDE, also

the intermolecular frequencies built upon these intramolecu-
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lar excitations all agree to within 1 or 2 ¢mh. The tunneling

splittings in the excited states are not yet perfect, but arg,
certainly an improvement over the SQSBDE tunneling split-

tings, which are typically too low by a factor of 2.
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