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Spectrum and vibrational predissociation of the HF dimer.
II. Photodissociation cross sections and product state distributions

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 study vibrational predissociation of the HF dimer both by a full coupled channels treatment as
well as in the Fermi golden rule approximation. Photodissociation cross sections, linewidths, and
rotational state distributions are computed for excitations from the ground state with rotational
quantum numberd=1, K=0 to monomer stretch excited states with K= 0, both for even and

odd permutation symmetry. The resonances investigated include excitation of the hydrogen bond
donor and acceptor stretches, as well as combinations of one of these modes with the dimer stretch
and dimer geared-bending modes. We find that dissociation is sufficiently slow for the Fermi golden
rule approximation to be valid. The resonance positions and line strengths are compared with
quasibound state calculations. The agreement with experimental data is fairly good for the
photofragment angular distributions that were determined from the rotational state distributions, less
good for some of the linewidths. Since we carefully checked that the results are converged with
respect to the number of vibrational and rotational channels included, the remaining discrepancies
are almost certainly due to small deficiencies in the SO-3 potential used in the calculatid?3030
American Institute of Physics[DOI: 10.1063/1.1577112

I. INTRODUCTION calculated photodissociation cross sections and rotational
- N state distributions upon excitation of the donor or the accep-

E>§0|tat|on of the y|brat|onal mode of one of the MONO- 11 stretch, and combinations of these with excitations in the
Mers 'n.(HF)Z result_s n staFes that lie well above the dlsso'dimer stretch or dimer geared bend mode. From the cross
ciation limit of the dimer. Since these states are rather longz, ions we obtained lifetimes for the resonances investi-

lived, one can apprquate them.as bound states. This Wagsated. From the calculated rotational state distributions we
the approach taken in the preceding pépilaereaftgr called  joiormined the photofragment angular distributibin$:??
Faper ) _andt;oi (HFLf this rdesults n a ?Et ?rf] V|brat|_0naItNO calculations were done on dissociation into scattering
requencies that are in good agreement with experimen as!tates with highed, since experimentally it is shown that for

data. However, fqr a t_)et_ter description of the system On%iven K the lifetimes and product state distributions are in-
should treat the dissociation process. dependent o0f, 121316

Much experimental effort has gone into the study of vi- = g0 gigsociation is relatively slow for the HF dimer,

brational predissociation of the HF dimer, resulting in Me35ye also calculated lifetimes and rotational state distributions

fsurementts of The dprfqtlsioﬂgyﬁq_rl:nim?tﬁ’ andt Ff[hOIO-f using a FGR expression. All calculations were done for both
ragment angular distributions: e first computation of "2 4 04d permutation symmetry.

the vibrational predissociation of the HF dimer was done by

Halberstadet al,'” who performed a three-dimensional cal-

culation in the Fermi golden rulé&~GR) approximation, in Il. THEORY

which one of the molecules was treated as an atom and the

monomer bond length of the other molecule was kept fixed.  The dimer stretch and angular basis functions that were

Later calculations by Zhanet al®~?°extended this to four- used are described in Paper I. The monomer stretch basis

dimensional FGR calculations in which both monomer bondiunctions in Paper | are eigenfunctions of a rotation-

lengths were kept fixed. The only full-dimension@ix-  independent reference Hamiltonian, and the total basis is a

dimensiongl calculations to date have been reported bydirect product of the angular basis, the dimer stretch and the

Zhang, Wu, and Zhant},who calculated vibrational predis- monomer stretch bases. In photodissociation calculations,

sociation lifetimes for the HF—DF complex using a time- matching the total wave function against plane waves re-

dependent golden rule approach. quires a basis of fragment eigenfunctions. Hence, in order to
In this paper we present the results of full-dimensionalobtain the correct boundary conditions for this system, we

coupled channels calculations on the vibrational predissociaaow choose monomer stretch functiogs ; (rx), X=A,B

tion of (HF), for excitations from theJ=1, K=0 ground  that are eigenfunctions of the total monomer Hamiltonian

state to monomer stretch excited states withK=0. We

h L Ix V(rx) (6]
x=" 5 7 2xt 5+t Vx(rx),

aE|ectronic mail: avda@theochem.kun.nl 2px r5 ary 2puxr x
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whereuy is the reduced mass of the monomer, &yds the  over-end angular momentum quantum numbeFhis space
monomer potential. The associated eigenvalues are denotéiged basis is related to the body fixed basis in which the
ase,j, . Note that these functions are no longer solely de-calculations were performed, via a unitary transformation:
pendent on the vibrational quantum number, but also on
the rotational quantum numbegy .

In the same way as in Paper |, the Hamiltonian is split
into two partsA=Hy+V,(R,r5,r'g), WhereV, is the inter-

lvave(jaig)iasl JJM>SF:; [vavs(jaig)iasK;IM)

. . - i . 2l+1 _
action potential and Whe'ndo'contalns the monomer Hamil- % 2J—+1<J K|jasK;10).  (5)
tonians and the dimer kinetic energy operator:

~ & h? 1 92 32+]iB—ZIAB'J The expansion of the scattering wave functions can then be

Ho=hathe =5 RoReRT —2.r7 written as
The R dependence of the wave function is represented ona _—
grid in the photodissociation calculations instead of beingszKA)IAJBJABI(R,rA,rB): > Roiflalslas (R
expanded in a dimer stretch basis. Thanks to the use of AN Ua’slalBlag
monomer eigenfunctions in the monomer stretch basis, the ing!’

expression for th&R-dependent matrix elements 6[0 be-

BN AN AR I SE
comes simpler: Xlvavg(iaig)iagl ;5 IMY™,  (6)

(Vavg(i Al 8) i asK ' ;IM|Folvave(iais)iasK;IM) where theJ label on the expansion coefficients is omitted.
B The upper indices of thé"fJB,J.AF',., ., label the different
= 5u’AvA5uév35j’AjA5jéjséj’ABjAB UalslalBlAB

solutions to the Schdinger equation for energ¥ =7 w,
whereas the lower indices label the basis functions. The so-
lutions are not labeled with , andvg, because in the dis-
sociating function only channels with,=vg=0 are open.
The photodissociation boundary conditions for laRyeead

2

h
€ +e€ +m[\](\]+l)

><{6K’K NN vgip

2
+inslinet 1)_2K2]} - WWK/,KHC'+ kCik

IaB

inigiagl
o el (R
+5K’,K*1CJABKCJK] , €) a’slalBlaB
W_here the Coriolis coupling tem@l—K are defined in Paper I. = o7 [le\v.’gi,;i’Bl’(R) 5U,A06Ué05j,AjAaj|,3jBéj,ABjABél’l
Since the effect of these terms is very small for low values of ™
J, they are ignored in the calculations, so thitis diagonal U rir *
" Uojoginial (RISygusiiing’ 00iaigiag @

in K. The matrix elements of the potential in the body fixed

basis are the same as in Paper |, except that the radial part no ) ) ) )
longer contains an integral ov&, and has become depen- whereS is the scattering matri¥ The flux normalized out-

dent on the monomer rotational quantum numbers. Hence tHINg  waves v, ,.;,;.i(R) ~and incoming waves
factor (n'vavg|cL, L INvave) should be replaced by Us,ugi,igi(R) @re given by

(valavgigleL,Llvaiavsis)-

The partial integral photodissociation cross section for a ] MkvAvBiAjB 1
" S . . v (R =i I adec - ¢ )(k . R), (8
transition from an initia(bound state|i) to a scattering state vavBlalg 4 I \Poavgiaig

with monomer rotational quantum number, (jg) in the

coupled channel&CC) calculations can be written ES ko
. UaUBlale (2)
TO o (Diaigiag Uy wgiaigl(R)= =1\ ————Rh7(k, i R)
O-J(i)js(w)z-z _|<||e.”|l//gM)JA]BJAB>|2, (4) AvBlalB A AvBIAlB
iagM Cé€g .
=Uyuginigl (R (9)

wheree is a unit vector in the direction of the electric field of
the laser beam, ard is the transition dipole moment opera- oo andh(?) are spherical Hankel functions of the first

tor of the system. Since the resonances investigated are VelY 4 second kin& respectively, and where the wave num-
narrow, the dissociating states have a well-defihgdantum bersk are ,defined as ’

number. In this paper we only look at excitations from the vavslale

J=1, K=0 ground state td=0 dissociating states. There-

fore, theJ label on the cross section will henceforth be omit- \/ZM(E_ €opin vaJB)

ted. To be able to write the energy normalized scattering vAvBiAlE K2 ' (10

wave function sz;A)jAijAB' in terms of analytically known
functions, it is expanded here in a space fixed basis Just as the potential, the components of the dipole mo-
lvavs(jaie)iasl;d M)SF, where we have introduced the end- ment are expanded in terms of angular basis functions
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fim= ZLk di, tk(RiF AL TE) DS, B,0)* f (i el gl ) eIAey | 2 E. (16)

Lalg JA]BJAB'

Sincel is very small compared te, , we can reduce this to
L L ro
X 2 CyP(0a,4nCy (05, bo)

MaMg ficeg ficeg
S= J'a'mt(w)dwz f. (17)
X<LAMALBM B|Lk> (11) er wr
Using this expansion, the matrix elementsigf in the body  The dissociation process is slow for this system, so that the
fixed basis become linewidth can also be calculated directly in a Fermi golden
St it A L rule (FGR) approximation:
(VAvB(jaip)iAsK ;3" M| il v avB(jai ) ABK:; IM)
P S . . _ B |
=[iallis1liAsllI i allie]lincll9] r=> T,= > |<¢b|vlo|w( v A2
ialB jaigiaglM
RO BN L SN (18
X(_1)1A+JB+JAB—M . . . . .
-M" m M whereV g is the vibrational coupling potential between ex-

cited wat+vg=1) and ground statev(,=vg=0) functions.
)2 [L](—1)"ta-te+L This coupling potential consists of(vsvg|V,|vave)

X2

-K" k K =(10/V,|00) and (01V,|00) matrix elements. The quasi-
ar . . bound staté,) in these calculations is an eigenstate of the
X(ual avelgldL,Lgidvaiaveis) Hamiltonian in a basis without the ground state monomer
it La it Lg ] i L] stretch functions. The scattering wave function, which is cal-
( ATA A)( B "B B)( AB AB) culated at the energy dijy), is in this approximation ex-
0 o o/io 0 O0/i-K' k K panded in a basis with ground state stretch functions only.
iv La a For the CC calculations, the angular state distribution is

obtained by taking the fractions of the partial cross sections
. . X . .
xy lg Le e, (120  with respect to the total cross section, and is calculated at the

e L ias resonance energy:

where[l]=2l+1. Since the transition dipole moment of oj,igl@r)

the HF molecule is large, we only include the effect of the ~ Piais™ o w,) (19)
transition dipole moments of the monomers in the expansion,

so that the coefficients can be approximate& by A similar expression involvind’; Als andI’ was used in the

FGR calculations. From these angular state distributions, the
theoretical angular distributions were reconstructed, using
the program that Bohaet al'®??used to fit an angular state
(13 SRS : .
distribution to their experimental data.
Assuming the integral over these coefficients to be indepen-
dent of the monomer rotational quantum number, we get

A, gtk(RT AL TB) = spr(r a) 61,161 1061,

+ une(r) 8,000,101 1 -

(VA AVBIBldL, iklvAl AVBI B) Ill. COMPUTATIONAL DETAILS
=(1| el 0Y8, 08, 0[5, 15, 061 1L 00 Since we found in Paper | that the SO-3 potential energy
(Hparrl 023,508 ol 801805001 10011 surface by Kloppeet al?’ is of very high quality when com-
+8, 000,101,000 ;101 . ]- (14)  puting (quasjbound states, this is the potential with which
ot ) . all calculations were performed.
The total cross section®(w) is obtained by summing The coupled channels calculations were performed in a

the partial cross sections over gllandjg . In the neighbor-  pasis withj x@=j8®=13 andv s +vg=<2, leading to a total
hood of a resonance; *(w) takes the form of a Lorentzian of 3150 channels, of which between 175 and 232 channels
r/2 were open in the investigated energy range. In the Fermi
5 5, (15  golden rule calculations, basis sets with the same vibrational
(0=w)™+(T72) basis and y*=13 and 16 were used, where the latter basis
centered around the resonance frequencywherel is the  contained approximately 5500 channels in total. All calcula-
full width at half maximum(FWHM) of the line, andf is a  tions were done in the helicity decoupled approximation, ne-
proportionality constant. The linewidihis inversely propor-  glecting Coriolis coupling off-diagonal iK.
tional to the lifetimer of the system]I'=1/7r, so that by The scattering wave function was propagated outwards
calculating the cross section at a number of frequenciessing the renormalized Numer&\propagator, on an equally
around a certain resonance, and fitting these to a Lorentziasspaced grid of 263 points in the range 2-ad8which was
function, we obtain the lifetime of the system for this par- tested to be sufficient to converge the calculated properties.
ticular resonance. The fit can also be used in calculating th&he integral was built up in parallel to the propagation, using
line strengthS for the transition, which is given by a method similar to that described by Gada al?® In the

o w)=f
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TABLE |I. Vibrational predissociation linewidths for (HE)Xin MHz). Val- TABLE II. Peak positionE, =% w, of the resonances from quasibound state
ues are obtained from coupled chann@&@€) and Fermi golden ruléFGR) calculations(QBS), and coupled channels calculatio(@C) on the SO-3
calculations, in a basis with, +vg<2 andj,,jg<ja~, and for even 4;) potential. All values are in cm, relative to theA; ground state of

and odd B,) scattering states with respect to monomer exchange. The ex—1061.73 cm L.
perimental linewidths are from Ref. 13.

A B2
cc FGR FGR
jre=13 13 16 Expt. QBS cc QBS cc
A, vy 3929.17 3929.22 3929.01 3929.03
v 4.00 4.31 6.35 6.4 Vit v, 4056.93 4056.92 4055.56 4055.55
v+, 15.73 17.03 18.15 25 v+ vg 4096.22 4096.21 4094.15 4094.14
v+ vs 12.83 14.28 14.00 20 vy 3867.09 3867.15 3867.26 3867.32
v, 42.81 50.77 43.60 330 Vot vy 4000.50 4000.51 4001.39 4001.40
vyt v 7779 00.23 8225 vyt vg 4043.22 4043.23 4045.44 4045.45
vyt vg 48.08 53.65 47.75 270
B2
" 13;: 13(;-%11 ﬁ-g 4%5 of the predissociating state involvésee Paper)} which is a
Vit vy, . . . . .
vt v 5.0 3.99 11.95 45 good approximation of the true resonance energy.
v, 37.41 4454 47.85 330
vot vy 63.34 74.60 7333 300 IV. RESULTS AND DISCUSSION
vyt vg 36.78 41.26 46.52 270

The results of the calculations of the linewidths are
given in Table I. Shown there are the FWHM linewidths
obtained by coupled channels calculations in a basis with
propagation we used the body fixed basis; the unitary trang-,,jg=<13, and golden rule calculations in the same basis, as
formation to the space fixed badigq. (5)] was not per- well as in a basis withj5,jg<16. The resonances studied
formed until the matching. involve excitation of the acceptor stretch;j or donor

The FGR calculations would normally be performed atstretch (,), and combinations of one of these modes with
the energy of the quasibound state used. However, we fourah excitation in the dimer stretch/f) or dimer geared bend
that this approximation is not a very good one, especially in(vs) mode. All calculations have been done for scattering
the calculation of the angular distributions. Since thestates of evenA;) and odd B,) symmetry with respect to
(va,vg)=(0,0) channels are left out of the basis in the cal-exchange, see Paper | for details on the symmetry labeling.
culation of this quasibound state, the computed eigenvaluéd/e see that the calculated linewidths from FGR and CC
will generally be too low. In some cases this led to situationscalculations agree reasonably well with each other, indicat-
where channels of high internal energy were closed in théng that the golden rule approximation is valid for the reso-
FGR approximation, simply because the energy at which theances under investigation. Furthermore, we find from the
calculation was performed was too low. Therefore, the FGRFGR calculations that increasing the rotational basis from
calculations have been made at the quasibound state energl{?*=13 to 16 does not lead to a significant change in the

TABLE Ill. Overview of the most important contributions to the fragment rotational state distributions for
scattering states ok; symmetry. Values are percentages, and are taken from FGR calculation with rotational
basis up tg {**=jg™=16. The last two lines show the distributigim %) of the excess energy over fragment
rotational E,,) and translational energyE(..,J -

(ia-is) vy vty V1t vs V2 vty vyt s
(7,5 0.35 0.89 1.37 3.79 5.75 0.42
9,3 1.87 4.14 5.42 1.15 2.58 3.16
8,5 5.81 10.37 8.17 3.95 4.63 4.61
9, 9 4.09 11.62 6.00 14.68 13.38 2.64
(8, 6 9.91 7.17 5.71 8.38 8.60 12.88
(10, 2 1.07 0.56 3.26 7.59 9.68 0.98
9,5 14.15 10.00 11.43 5.18 5.74 24.95
(10,3 5.09 1.28 1.30 4.23 2.23 2.61
8,7 7.20 5.30 3.54 2.48 2.62 3.72
(10, 4 9.26 6.97 10.48 8.06 11.94 9.59
(11,0 0.35 0.29 0.13 10.11 2.52 0.26
9, 6 8.43 3.59 11.75 9.21 4.23 6.06
(11,1 6.39 8.39 1.89 2.86 2.18 3.02
(11, 2 1.87 4.84 5.96 4.50 0.51 4.99
(10,95 10.75 3.62 571 0.00 3.95 4.76
E /ot 85.67 79.23 80.29 85.13 78.88 82.13
Eqane 14.33 20.77 19.71 14.87 21.12 17.87
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TABLE IV. As in Table Ill, for scattering states @, symmetry.

(Jasie) vy Vit vy vyt us v Vot vy Vot vy
9,3 0.26 0.24 0.23 3.49 5.96 0.54
9, 9 5.05 7.29 1.03 2.89 3.23 4.23
(10, 1 1.31 1.64 0.28 6.70 7.94 0.62
(8, 6 5.25 6.42 1.09 1.75 3.73 1.39
(10, 2 8.24 5.86 1.28 23.82 21.91 1.37
9,95 5.78 16.57 20.30 1.92 3.40 3.29
(10, 3 10.97 10.78 7.76 4.79 11.69 10.28
(10, 49 14.84 8.62 18.24 13.24 6.32 2.57
(11,0 0.20 0.09 0.36 14.93 3.19 0.25
(9, 6 15.45 14.97 17.75 8.16 6.76 7.10
(11,1 1.54 0.57 2.25 1.28 4.59 11.48
(11, 2 9.70 2.87 6.42 9.09 2.83 25.40
(10, 5 8.93 491 3.43 0.00 531 5.21
(11, 3 0.00 1.49 8.74 0.00 2.15 10.81
9,7 0.00 4.50 7.20 0.00 0.00 10.55

E ot 88.21 83.35 87.03 88.56 82.68 90.33
Eians 11.79 16.65 12.97 11.44 17.32 9.67

linewidths. The experimental linewidths are reproduced reaeontributions to the rotational state distributions for all cal-
sonably well for thev, scattering states &; symmetry. The culated scattering states. Also the distribution of the excess
much larger linewidths of the, states are not reproduced energy over fragment rotation and translation is given. The
quite so well, although also the calculated line widthsifgr  values in Tables Il and IV are the results of the FGR calcu-
excited states are larger than their counterparts. The ex- lations in the large j({**=16) rotational basis, since we be-
perimental trend of increase in linewidth of thg states lieve these numbers to be the most accurate. The amount of
when going from even to odd exchange symmetry is noexcess energy that goes into fragment rotation ranges from
found in the calculations. 79% to 90%. Furthermore, Tables Il and IV show that there
The positions of the resonances, obtained from theexist large variations in the rotational state distributions for
Lorentzian fit of the CC cross section, are given in Table Il.the different transitions. This is illustrated in Figs. 1 and 2,
For comparison, the energy levels from the quasibound state@here the rotational state distribution is plotted for the
(QBY calculations of Paper | are also given. The corresponandv, resonances of odd permutation symmetry. We see that
dence between the two sets of numbers is very good: thiéhe v, distribution is sharply peaked with very strong contri-
positions of resonances in the continuum agree to withirbutions from the(10,2, (10,4, and (11,0 channels. Other
0.06 cmi ! with the bound state levels, indicating that disso-channels dominate in the, resonance, in which the contri-
ciation is indeed slow. butions are also distributed more equally.
Tables Ill and IV give an overview of the most important For some of the calculated scattering states, angular dis-
tributions have been reconstructed from the calculated rota-
tional state distributions, to allow for a direct comparison

|
0.2F - 0.25+- (10,2) : =
2 96) |
3 0.15- 1of) 1 02F | 1
<] |
o 1
(10,3) ! z - 0):
11,2) 3 0
0.1F i S 0.15F 2t 1
(102) ({® g (1offy !
©.4)[(9.8)
8.8 |
L ®5) 4 0.1 1,2 o
0.05 @ g) )
(10,1))
s , s S | I l | (10,3) i
% 500 1000 1500 2000 2500 3000 00 63 0.4
Rotational energy (cm™) (ﬂS)
; istributi - . ‘ . " ol .
FIG. 1 Rotational statg_dls_trlbutlon oflK,I')=(1,0B,)—(0,0B,) »; ' o5 s e ey Soin 555 %
transition. Each probability is drawn at the energy of the corresponding Rotational energy (cm™")
channel eigenvalue. The dashed line denotes the total amount of kinetic
energy available. FIG. 2. As in Fig. 1, for (1,8,)—(0,0B,) v, transition.
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with the experimental results obtained by Miller and
co-workerst>?2 These states are the acceptor stretek) (

these modes with dimer stretcl,) and geared bendvf)
excitation, all ofB, symmetry. The results are shown in Figs.
3—6. As can be seen in Figs. 3—6, the positions of the dif
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FIG. 5. Angular distribution of the (1,B;)—(0,0B,) v+ v, transition.
The experimental data are from Ref. 22.

QBS and CC calculations, where the latter were obtained by
_ SHES integrating the Lorentzian line shape of the resondmses
and donor stretchiy,) excited states, and combinations of Eq. (17)]. An experimental vali® of 0.0388 ea, was used
for the HF monomer transition dipole momeit| iy 0).

The agreement between the results of both calculations

is again very good. The relatively large differences between

ferent maxima in the angular distributions are reproduce(bBS and CC line strengths of thg resonance oA\, sym-
rather well by the calculations. The effect of the increase i’}netry and thev,+ v, state ofB,

rotational basis fromj 5

m

ax X symmetry are probably
=13 to 16, which was only done gypjained by the fact that the contribution of=vg=0

for the FGR calculations, is in most cases not very large. The,nctions in these calculated quasibound excited states is
two main effects of this increase can be seen in Figs. 3 and ‘i"arge(see Papen)! Despite the agreement between CC and
where it causes two more peaks to appear which are not veygg calculations, we were unable to reproduce the experi-

noticeable in thej}*=13 results. Although the calculated \aontal difference in line strength.

peak positions agree reasonably well with the experimental

data, the intensities sometimes do not, most notably at smal

angles, where the intensity is very sensitive to the rotational

state distribution.

bands associated with the and v5 vibrations in combina-
tion with donor or acceptor stretch, Bohac and Mlfeéndi-
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FIG. 4. Angular distribution of the (1,B;)—(0,0B,) v, transition. The
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. CONCLUSION

Photodissociation of the HF dimer has been studied in a
In their paper on the measurement of infrared spectra fogeries of full coupled channels calculation, as well as in a
Fermi golden rule approximation. We have calculated line-

widths, rotational state distributions, and line strengths for
cated there was a large difference in intensity between theeveral transitions involving the excitation of the donor or

even and odd tunneling components. We have thereforgcceptor stretch, and for combinations of these excitations
listed in Table V the calculated line strengths, both fromwith the dimer stretching and geared bend modes. For four of
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FIG. 6. Angular distribution of the (1,B4)—(0,0B,) v,+ v5 transition.
The experimental data are from Ref. 22.
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