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We have measured a complete survey of the rovibrational spectrum of gaseous hydrogen fluoride and its D-isotopomers under 
equilibrium conditions from the far infrared (low-frequency fundamentals of (HF),) to the visible (IV= 4 overtones of the HF 
stretching vibrations in (HF),) by interferometric Fourier transform spectroscopy. The data have been analyzed in terms of the 
tunneling splittings for the hydrogen bond rearrangements ( H(‘)-F...H(2)-F) F’ (F-H (‘)...F-H@)), which are highly mode spe- 
cific. Furthermore, narrow line structure is observed for the HF stretching fundamentals and overtones in (HF)x from N= 1 to 
N=4. These are found to be inconsistent with quasi-equilibrium (RRKM) theories of unimokular dissociation. Simplified 
coupled channel calculations by Halberstadt et al. predict lifetimes that are reasonably consistent with experiment. The results 
are discussed in terms of an adiabatic separation of the two high-frequency HF stretching modes and the four low-frequency 
modes in (HF)r. 

1. Introduction 

The dynamics of hydrogen bond formation and 
breaking is of fundamental importance for the under- 
standing of biophysical-chemical primary processes 
and of condensation and evaporation phenomena in 
hydrogen bonded liquids [ l-3 1. There is a surprising 
lack of knowledge of even the simplest dynamical 
processes such as the detailed kinetics of dimer for- 
mation as the first step in the condensation of hydro- 
gen bonded liquids or the reverse dissociation (evap- 
oration) process. Whereas water would be obviously 
one of the most important practical systems for in- 
vestigation [3], hydrogen fluoride is attractive for 
model studies because of its greater simplicity, still 
sharing all the important features with other proto- 
type hydrogen bonded systems. For the hydrogen 
fluoride dimer we can formulate the two kinetic pri- 
mary processes of the exchange of the hydrogen bridge 
proton: 

H(i) 
\ 

F . . . H@)_Fe F-H(‘) . . . F 

‘H(2) 
(1) 

and of the unimolecular dissociation of the hydrogen 
bond: 

(HF),@2HF. (2) 

The first is a typical isomerization reaction of a non- 
rigid molecule (an observable isotopomerisation, if 
there is isotope labeling). The second is a “vibra- 
tional predissociation” [ 4,5] or simple bond fission 
reaction on a single electronic potential surface [ 6 1. 
Both processes occur in a more complex fashion also 
in larger hydrogen bonded clusters. Energetically and 
dynamically the hydrogen bond is situated between 
simple van der Waals bonds [ 7 ] and ordinary chem- 
ical bonds. Obvious first questions concern thus the 
quantitative description of the processes ( 1) and (2) 
and, in particular, whether quasi-equilibrium statis- 
tical theories of unimolecular reaction might be ap- 
plicable [ 8 ] or whether highly nonequilibrium non- 
statistical behaviour is observed, perhaps including 
mode selective effects [ 9, lo]. These questions can be 
addressed by high-resolution molecular spectros- 
copy, which is the aim of the present investigation. 

Early work on the vibrational spectra of hydrogen 
fluoride vapour has been restricted to studies with- 
out rotational line resolution for the dimer or higher 
polymers sometimes in matrices [ l-3,1 l-201. By 
such studies some vibrational frequencies and the 
chemical equilibria [ 2 1,221 could be partially char- 
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acterized. Prior to our studies, rotational resolution 
had been achieved only in the pioneering microwave 
investigations [ 23-291 and in laser spectroscopy of 
the HF stretching fundamental vibrations of the di- 
mer [ 30-4 11. We have previously reported the far 
infrared rotational spectrum [ 42 ] and a first analysis 
of the low-frequency out of plane bending fundamen- 
tal [43,44]. Preliminary accounts of our investiga- 
tions of HF stretching overtone predissociation spec- 
tra have appeared [45,46]. In a more general 
spectroscopic context one may mention the claim of 
the observation of bending vibrational transitions in 
the trimer ( HF)3 [ 47 ] and the investigations of the 
symmetry group of nonrigid (HF)* [ 48-501. There 
have been numerous ab initio investigations of the 
ground state potential surface of the HF dimer [ 5 l- 
63 1. (This list is incomplete, for further references 
see these papers and refs. [ 1,26,44]. ) There has also 
been some discussion concerning the hydrogen bond 
dissociation energy of (HF)2 and (HF), 
[ 21,22,64,65], but this seems to be now well estab- 
lished at AHg=Dg = 12.7 kJ mol-’ [32,40]. A vari- 
ety of theoretical models and calculations of predis- 
sociation rates have appeared [ 66-781. Our 
experimental results provide evidence concerning the 
validity of these and others. 

2. Experimental 

All spectra have been recorded on our BOMEM 
DA.002 interferometric Fourier transform spectrom- 
eter system. The Michelson interferometer has a 
maximum mirror displacement of 1.25 m and corre- 
spondingly an optimum instrument function of width 
0.004 cm-’ (fwhm, apodized, 0.0024 cm-’ unapod- 
ized) and a resolving power S/AB> 1 06. Actual line- 
widths were usually governed by pressure broaden- 
ing. For the various spectral ranges a variety of optical 
components have been used as described previously 
[43,44,79,80]. We have used two types of long path 
thermostatted cells built in our laboratory. For safety 
reasons the inner cell diameter was restricted to 4 cm, 
in order to avoid handling too large quantities of HF. 
This implies certain optical losses. With the arrange- 
ment shown in fig. 1 the transmission was < 20°h with 
double pass through the cells (4 or 10 m optical path 
length, respectively). The cells were of steel (V2A or 

Fig. 1. Drawing of the optical setup (top view). ( 1) is the inter- 
ferometer (moving mirror perpendicular to the plane at circle 0) 
showing the transfer optics to an evacuated chamber (2) with 
mirrors S,, Sj, Sg, S8 (flat) and S,, S, +0.125 m). This is nor- 
mally the sample chamber but here it contains the transfer optics 
to the coolable cell (5), via flat mirror S4, reflection at Ss cf=2 
or 5 m ) . (6) are separately evacuated safety chambers. ( 3 ) and 
(7): windows, (4): flexible part, (8): detector. The cell length 
can be 2 m or 5 m, alternatively. 

AISI304 for the 2 m cell and V4A or AISI3 16 for the 
5 m cell, the latter showing substantially less corro- 
sion by HF). The cell windows were of CaFz or po- 
lyethylene in the mid-near IR or far IR respectively. 
The cells were totally separated from the interfer- 
ometer and optics by an evacuable safety chamber, 
from which in case of leaks HF could be removed and 
destroyed automatically by the reaction 2HF+ 
CaO-+CaFz+H20. The gas handling and vacuum 
system was made of stainless steel and monel (Ni/ 
Cu) and used stainless steel fittings (Swagelok) and 
teflon or viton gaskets. The cell windows were heated 
to room temperature and thermally isolated from the 
cell by teflon. The temperatures were measured with 
thermoelements in direct contact with the gas in the 
middle and at the ends of the cell. Over 4 m length 
there was no measureable T gradient in the 5 m cell 
(control to < 1 K), whereas near the windows tem- 
peratures rose by about 5 K. Pressures were mea- 
sured by MKS Baratron and Keller manometers, 
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which have been calibrated in our laboratory against 
a manometer calibrated by the Amt fur Messwesen, 
Bern. 

HF was obtained from Matheson and Merck 
(Darmstadt ). It contained some non-condensable, 
non-absorbing components (presumably air). We 
furthermore prepared samples of HF and DF in our 
laboratory by 

‘.‘HzSO, + CaF, --% 2’.‘HF+ CaSO, . 

There were generally no appreciable impurities. In a 
few cases some SiF4 could be detected, which pre- 
sumably was generated by reaction of HF with parts 
of the system which were not identified with cer- 
tainty. Equilibria were estimated using data from ref. 

[641 

HF+ (HF),,_, = (HF),, . 

We usually tried to work at temperatures and pres- 
sures optimizing both the mole fraction of ( HF)2 and 
limiting the effects of pressure broadening. Mole 
fractions in the range 0.01-0.05 can be achieved 
rather easily. The new dissociation energy 
Mz=12.740 kJ mol-’ for (HF), [40] would 
change the predicted equilibrium concentration 
somewhat, but large uncertainties remain anyway. 

3. Results 

3.1. Survey of the fundamental and overtone 
spectrum in (HF), and (DF),, 

Fig. 2 shows a summary of spectra of hydrogen 
fluoride between 2500 and 15000 cm- ‘. One can rec- 
ognize the rotational line structure from the mono- 
mer and from DF in natural abundance (perhaps 
slightly increased). For the higher overtones the R- 
branch band head becomes increasingly pronounced. 
Within the monomer line structure one finds the fine 
structure from dimer absorption, which looks like 
noise on that scale, but true noise is negligible in these 
spectra. Much more shifted to lower wavenumbers in 
each band one finds the continuous absorption from 
polymers with n> 2. Even at the highest resolution 
there is no fine structure visible in these bands under 
the conditions of our experiments. Because of the rel- 

T:?dLK 

5050 6550 8050 9550 

i/cm -1 

p= 700mbar tf 

9000 10500 12000 13500 15000 

i / cm-’ 

Fig. 2. Survey of the IR absorption spectrum of natural HF, 

(HF),. (a) 2500-8000 cm-‘, 26 mbar, IO m, 264 K, ALO. 
cm-‘, absorbance range O-5. (b) 4300-10000 cm-‘, 370 mbar, 
300 K, 4 m, AGO.3 cm-‘, absorbance range O-4. (c) 9000- 
lSOOOcm-‘, 7OOmbar, 3OOK, lOm,M=0.7cm-‘,absorbance 
range O-0.5. 
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atively large pressure broadening and severe hot band 
congestion this does not prove the absence of struc- 
ture. One notes a substantial intensity for these poly- 
mer absorptions. In the region of the fundamental the 
maximum is close to the one observed in the absorp- 
tion of liquid HF (3400 cm-’ ) but the double peak 
structure is characteristic of the vapour. Similar spec- 
tra are observed for HF/DF mixtures and for DF, as 
shown for the examples in fig. 3. Fig. 4 illustrates the 
pressure dependence of the spectrum, with an in- 
creasing mole fraction of the higher polymers asp in- 
creases. In the course of our investigations we have 
obtained some new results even on the well studied 
monomers, as for v= 3 and 4 of DF there seem to ex- 
ist no direct measurements, yet. A spectrum is shown 
in fig. 5, and table 1 summarizes the band origins ob- 
tained in the present work compared to earlier re- 

4300 5500 7000 8500 10000 

L/cm-l 

Fig. 3. Survey spectrum of HF isotopomers 4300-10000 cm-‘. 
(a) 515 mbar HF/DF (l/l ) mixture, 300 K, 10 m, A5=0.3 

cm ‘, absorbance range O-S. (b) 482 mbar DF (with HF im- 

purity), 300 K, 10 m, A5=0.3 cm-‘, absorbance range O-5. 

3100 3300 3500 3700 3900 

ii/cm-’ 

Fig. 4. Pressure dependence of the spectrum in the range of HF 

stretching fundamentals of (HF), at 264 K and pressures as in- 

dicated (I= 10 m, AZ=O.5 cm-‘, absorbance range O-5). 

I I I I 

8100 a225 a350 

ir /cm-l 

a475 8600 

Fig. 5. Spectrum of DF monomer (u=3), 482 mbar, 298 K, 10 

m, Ai=O.3 cm-‘, absorbance range O-4. 

suits, where available. We note that our new experi- 
mental results for DF improve significantly upon 
values predicted on the basis of Dunham parameters 
[81-851. 

The assignment of band centers for the dimer ab- 
sorptions is discussed in detail in the subsections 3.2 
and 3.3. For the purpose of best comparison with the 
monomer absorption the results are summarized here 
in table 2. For the overtones the results are crude es- 
timates (particularly for n v2 ), as a full analysis of the 
rotational structure was not possible. The compari- 
son with the monomer shows, nevertheless, that both 
n v, and nv2 in the dimer are shifted towards low 
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Table 1 
Band centers for vibrational bands of HF and DF 

0 I (cm-‘) Ref. 

HF DF 

1 3961.42290(25) 2906.6610(12) [81,821 
3961.4231(6) this work 

2 7750.7949( 15) 5721.815(5) 181,841 
7750.7938(6) this work 

3 11372.807(7) [831 
11372.783(2) 8447.3835(47) this work ‘) 

4 14831.627(7) [831 
14831.630(g) 11085.014(23) this work b, 

al DF, 8,=9.9876(2) cm-‘, D,=O.5521(16)xlO-’ cm-‘, 
H3=22.8(50)x10-9cm-‘,constrainedtoHr, [82]. 

b, DF, &=9.7065( 18) cm-‘, &=0.514(27)x 10-r cm-‘, 
H,= HO constrained; calibrations were performed with water 
lines and HF lines. 

Table 2 
HF stretching fundamentals and overtones for (HF)* 

v ti, (cm-‘) z& (cm-‘) Notes 

1 3930.7 3867.9 this work and ref. [ 3 11 
2 7700 + 20 7555f 15 estimate, this work 
3 11260 11060 estimate (section 3.3) 
4 14650 14400 estimate (section 3.3) 

wavenumbers from the monomer absorptions. In 
spite of the uncertainty of the band center estimates 
it must be emphasized that in all cases absorption 
features were identified that clearly belonged to 
(HF)* overtones. 

3.2. Rotational fine structure in the fundamentals 
and their associated combination and hot bands in 

VW, 

Table 3 summarizes the fundamentals of (HF), 
and their expected appearance depending on sym- 
metry selection rules. Of the predicted bands, three 
are now known with a rotational analysis ( vl, v2, vg). 
As (HF), is a near symmetric top, the coarse band 
structure can be characterized as either parallel ( II, 
AK, = 0) or perpendicular ( I, AK,= k 1) with re- 
spect to the near symmetry axis “a” (about F...H-F 
axis, the asymmetry parameter is K= - 0.9998 ). The 
rovibrational levels are split by tunneling (process 
( 1) ) by an amount which is small but detectable for 

most fundamentals. Only for the tunneling motion us 
it is large and we have given in table 3 the lower tun- 
neling component. For the A+ vibrations, the IR 
transitions connect the lower (upper) tunneling level 
in the vibrational ground state with the upper (lower) 
tunneling level in the excited state. For the B+ and 
A- vibrations in both states only the lower or the up- 
per tunneling levels combine, with further differ- 
ences of selection rules for the rotational levels 
(overall rovibronic selection rule A+ f-t A- and B+ c* 
B- ). The situation has been analyzed in detail by 
Hougen and Ohashi [ 501 for the relevant trans tun- 
neling path and discussed in ref. [ 441 in relation to 
our analysis of vg. For the HF stretching fundamen- 
tals one expects two transitions, one mainly perpen- 
dicular (“antisymmetric stretching” v, ) at high 
wavenumber, one dominantly parallel (“symmetric 
stretching” v2). Fig. 6 shows the survey of the HF 
stretching region, where one can very nicely identify 
the K= l-0 transition of the former in the central 
gap of the monomer absorption near 3963 cm-’ and 
the more complex features associated with the AK= 0 
transitions of v2 around 3868 cm-‘. Although not 
obvious at the scale shown in fig. 6 these bands are 
quite strong and have been largely analyzed at very 
high resolution [ 30-33 1. We have given a summary 
of these and also some new data in ref. [ 421. 

Fig. 7 provides a survey of Q branches for v,. RQo 
in fig. 7a has been presented before at very high res- 
olution by Pine and co-workers [ 30-331 under var- 
ious conditions. Under the conditions in fig. 7 its line 
widths are determined by pressure broadening (0.02 
cm-’ with instrumental bandwidth = 0.004 cm-‘, 
fwhm ). Compared to the ‘Q branches shown in figs. 
7b and 7c one notes a very small splitting in “Q,, 
( z 0.312 cm-’ ), which results in a smooth overall 
shape of the absorption, without easily visible tun- 
neling splitting in a low-resolution view of the band. 
This small apparent splitting remains true for the 
higher RQ,, branches. It is the result of two effects 
compensating each other: With increasing K, the tun- 
neling splitting of levels increases, whereas it de- 
creases for v, = 1 compared to u, = 0. Indeed, the tun- 
neling splitting for a level with v1= 0, K= n is always 
fairly close to the one of the level with v, = 1, K= n + 1, 

and thus the transitions for the two tunneling com- 
ponents are always close. For the ‘Q,, branches there 
is no such compensating effect and the splitting in the 
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Summary of vibrational transitions and selection rules 

Vibration 

v, (free) HF stretching 
v2 (bound) HF stretching 
u, symmetric bending 
vq F...F stretching 
v5 antisymmetric bending 

vg out of plane bending 

8) See ref. [44] for definitions of &, in M,. 

I-,, a) 

A’, B+ 
A’, A+ 
A’,A+ 
A’, A+ 
A’, A+ 

(B+) 
A”, A- 

Selection rule b, 

I,A&=fl,btype 
II, AL= 0, a we 
_L,A?&=kl,btype 
II, A&=0, a type 
I,AKO=kl,btype 

I,AK,=Ll,ctype 

vl (cm-‘) 

3931 d, 
3868 d’ 

510” 
ISOe’ 
216”’ 
161 f’ 
370 c’ 

b, Approximate symmetric top selection rule, only dominant component, in practice hybrids are expected. 
‘) Estimated band center, the K= 1+-O transition is at 400 cm-’ [44]. The quantum Monte Carlo (ab initio) result gives an anharmonic 

wavenumber of 399 cm-’ [ 1021, the harmonic ab initio wavenumber is 4 13 cm- ’ [ 5 11. 
d) Experiment, see table 2. =) Predicted [ 5 1 ] harmonic wave number. 
‘) Lower tunneling component predicted in ref. [ 53 1. 

I 
. v 

I- I I --L!dl 
3100 3LOO 3700 LOO0 4300 

ii/cm-’ 

I 
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i 

J 
I 

,I 

Fig. 6. Survey of HF stretching fundamental absorption in (HF).. 
One recognizes the centralRQo (between P and R of HF) of v, of 
(HF)2, weak but real peaks from ‘%J. (for instance vs at 4060) 
and vz around 3850 cm-’ (20 Torr, 265 K, 10 m, Ai7eO.5 cm-‘, 
absorbance range 0- 1.5 ) . 

bands rises in any easily visible manner from 0.85 to 
3.1 cm-’ (figs. 7b and 7~). The deep broad line in 
‘Q; is probably due to a perturbation (the sharp, very 
deep lines in the experimental spectra are due to un- 
compensated water lines). For ‘Q4 there is only one 
Q branch clearly visible (with very weak additional 
features at 3767.4 and above 3771 cm-‘). As dis- 
cussed before, also in the rotational spectrum, only 
the B+ tunneling level of K= 4 could be located [ 421. 
There is probably a complex perturbation occurring 
for the A+ (KC 4) level, which removes simple, sharp 

structures. This level is expected to be very close (377 
to 383 cm-‘?) to a band doublet observed in ref. [44] 
at 383.34 and 382.03 cm-’ and also close to the po- 
sition of vg (K=O) around 370 cm-‘. 

Fig. 8 shows the range of the expected RQ4 and “QS 
transitions. Here, too, only single sharp features at 
4084 and 4105 cm- ’ can be seen. For the Q branch 
at 4084 cm- ’ a partial rotational analysis was possi- 
ble, giving a band center at 4083 + 2 cm-‘, with error 
limits arising from uncertainties in the J assignment. 

For the rotational analyses of the various bands we 
have followed two approaches. In the first, each level 
with (v,, y, . . . . r,,,, K,) is taken as giving a separate 
vibration-tunneling-K, rotation subband with a hy- 
pothetical band origin at J= 0 (the lowest real level 
occurs for J= K,). These levels would be obtained in 
a theoretical rotation-vibration model calculation in 
several dimensions, for instance by variational meth- 
ods. The J dependence of energy levels is described 
by the usual term formulae 

- iDaT (&I +&dz~lJ~(J+ 1 J2 

+ (HyK+dmhvK)J3(J+ 1)3, (3) 

fi”K is the subband origin for a given K level in the 
vibrational-tunneling state v. l& (&K+ C,) /2 is 
the corresponding average rotational constant and DvK 

and H,K are centrifugal distortion constants. 
bvK= (&K-C&), duK and h, are asymmetry split- 
ting coefficients. The Kronecker 8, render asymme- 
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3963 3964 
a/cm-’ 

3965 3966 3893 
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p3 ’ - ’ 
P 1 P I- 

20 15 10 5 Q,- 102030 
- R3 
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3795 3800 3805 3810 3815 
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3894 3895 3896 

S/cm-’ 
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I I ” 1 I’ r I I I I I 
d 

L-LA1 
3765 3766 3767 3768 

J/cm-’ 

Fig. 7. Q branches of u, (HF)$ survey of the overall structures showing tunneling splitting (experimental and simulated spectra). (a) 

“Qo, 15 Torr, 251 K, 4 m, A5~0.004 cm-‘. (b) ‘Q,, conditions as (a). (c) ‘Q,, 50 mbar, 260 K, 10 m, AC=O.O12 cm-‘. (d) r’Q4, 

conditions as (c). 

408! 4086 4091 4096 4101 4106 

o/cm-’ 

Fig. 8. Spectrum showing peaks due to RQ4 and “QS in Y, of ( HF)2 
(see text, 50 mbar, 260 K, 10 m, Ai=O.O12 cm-‘). 

try splittings zero for K> 2. The upper signs in eq. 
(3) apply to levels with K,+K,=J, the lower to 
K,+ KC= J+ 1. There have been slight variants of this 
equation in use, which are not too important here. 
We have also omitted some higher terms in eq. (3 ) 
in several fits. Simulations have been shown in fig. 7. 
They include appropriate line shapes and are gener- 
ally quite successful with the term formula in eq. (3) 
or simplifications thereof (see also refs. [ 28,42-441). 
Using the band origins gVx from these evaluations 
one obtains the “experimental” term values shown in 
table 4. They contain the less trivial part of the vibra- 
tion-rotation-tunneling physics. 

In the second approach, one may now try to also 
describe the K dependence of term values by a simple 
term formula. Rigid rotor formulae are clearly inad- 
equate for this purpose. Pine et al. [ 3 1 ] have pro- 
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Table 4 
Summary of term values T( v, K,) for the ground state and excited stretching states ‘) (in cm-’ ) 

VI 02 K, I-,..=A+ Notes T,,.=B+ Notes 

0 0 0 O(504) a) 0.658690 b) 
0 0 1 35.425 b,c) 36.489 b,c ) 
0 0 2 116.133 c) 118.137 c) 
0 0 3 232.63 c) 236.47 c) 
0 0 4 (377.13) d) 386.7 1 c) 
1 0 0 3930.903 e,f ) 3931.118 e,f) 
1 0 1 3962.867 e,g) 3963.214 e,g) 
1 0 2 4038.984 e,h ) 4039.69 c,e,h ) 
1 0 3 4150.71 c,e ) 4152.10 c,e,f 1 
1 0 4 4292.93 c,e) 4296.26 c,e ) 

(4300.38) i) (4303.11) i) 
1 0 5 (4455.75) j) 4470 * 2 e,k ) 

(4464) j) 
(4490.06) i) (4495) i) 

1 0 6 (4625) j) (4664) g) 
(4721) i) (4642) j) 

0 1 0 3868.079 f,m) 3868.313 f,m) 
0 I 1 3900.211 f) 3900.553 f) 

a) Values in parentheses are estimated or predicted, all other values involve only directly measured wavenumbers and their sums or 
differences. The anharmonic zero point level has been calculated by quantum Monte Carlo methods using the new analytical potential 
of ref. [ 1021 and using ab intio points of ref. [ 5 11. 

b, Ref. 1281. ‘) Refs. [42,43]. 
d, Estimated using an ab initio tunneling splitting from ref. [ 531 and the experimental term value from ref. [ 421. Very weak features in 

‘Q, near 3774,377l and 3767.4 cm-’ would give 377,380, or 383 cm-’ for this term value. 
‘) This work. r) Ref. [ 3 11. 
B, Ref. [ 3 1 ] gives 3962.866 and 3963.216 cm-‘, respectively (consistent with our result). 
h, Ref. [ 3 1 ] gives 4039.122 and 4039.743 cm-‘, respectively (presumably less accurate than our result, see ref. [ 421). 
i, Estimate using Pad6 parameters from ref. [ 3 I]. 
j) Estimate using Pad6 parameters from present work (table 5). 
‘) Using an approximate experimental band center for RQ4 at 4083 f 2 cm-r, with error bars arising from uncertainties in Jassignments. 
*) Estimate of an approximate band center for “Qs at 4105 cm-’ and Pad6 approximation for the ground state (559 cm-‘). 
“‘The values are from ref. [ 311. Our less accurate data give 3868.078 and 3863.31 I cm-‘. 

posed the use of Padt approximants of the following 
form [86] 

SVK= (A-,K2+~,,K4+I?,K6+...) 

~(l+d,K~+...)-‘. (4) 

Table 5 summarizes the constants obtained here from 
the term values in table 4 for v=O and v1 = 1 and 
compares them to the results from a slightly more 
limited data set used in ref. [ 3 11. One finds substan- 
tial changes in the constants, as the data set is in- 
creased. This is some indication that the term for- 
mula (4), although much better than a rigid rotor 
term formula, still is of very limited validity. The 
changes are not due to slight changes in the terms, 

which also occur for values of Kc~ in the present 
work. We obtain with these data constants very sim- 
ilar, although not identical, to those of ref. [ 3 11, 
which we do not give here in order to avoid crowding 
in the table. Essentially, all of the changes arise from 
adding new terms with K=4. Table 4 amplifies this 
point by showing various predictions using the term 
formula in eq. (4) with different sets of constants. 
From the results shown in table 4 it is clear that ex- 
trapolations using such term formulae remain very 
uncertain, indeed. 

We conclude this section with some observations 
on hot bands and combination bands. Fig. 9 shows 
the range of the vI fundamental from 3969 to 3984 
cm- ‘. Compared to the simulation of the cold band 
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Spectroscopic constants defined in eq. (4) derived from experimental band origins in table 4 (all values in cm-‘) 

Level Notes A’ d d B 

v r ‘“II 

v=o A+ a) 41.121892 9.1274596 0.41847146 
v=o B+ a) 41.684675 9.5391842 0.42962804 

b) 43.003350 15.227814 0.622789 -0.086304 

v,= 1 A+ a) 35.942455 7.4653918 0.35806124 
b) 37.071122 13.185054 0.569933 13 -0.07451941 

v,= I B+ a) 36.190143 7.8 182865 0.37106881 
b) 37.095338 12.564842 0.54526069 -0.06333822 

‘) From ref. [ 3 1 ] using term values to K= 3. ‘) This work, using term values to K=4. 

I I,, I,,, I I,, I I I / I 

3969 3972 3975 3978 3981 3984 
o/cm-’ 

Fig. 9. Simulation of cold band in v, and experimental spectrum 
showing lines due to hot band (see text, 50 mbar, 260 K, 10 m, 
A?=O.OlZcm-‘). 

there are numerous additional lines. From an assign- 
ment of about twenty Q- and-R branch lines we could 
derive an estimate of a band center of 3971.5 ? 0.2 
cm- ‘. A tit of intensities suggests that the lower level 
falls probably in the range 100-200 cm-‘. One could 
thus have a hot band with either RQo of the hydrogen 
bond stretching vibration Y, or the tunneling vibra- 
tion ZJ~. The anharmonic shift would be +9 cm-‘, 
which is consistent with a model invoking strength- 
ening of the hydrogen bond upon excitation of Y, 
(both with the v4 and the v5 assignment). There re- 
mains an open question concerning the second tun- 
neling level, which might be further removed for the 
v5 assignment. There is a feature near 3975 cm-‘. A 
result, which remains independent of any assump- 
tions concerning the assignment is obtained from the 
line widths: These are found to be pressure broad- 

ened (0.04 cm-’ at resolution 0.0 12 fwhm), and thus 
not increased by predissociation broadening beyond 
this value. 

A similar result is also obtained for combination 
bands near 4270 cm-’ shown in fig. 10 (measured 

4215 6340 L590 b715 

I 

b 

1 I 

L2LO b270 4300 4330 
-1 

4360 
S/cm 

Fig 10. (a)Combinationbands4215_4715cm-’ (375mbarHF, 
298 K, 4 m, ti=O.O5 cm-‘). (b) Detail of (a). 
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widths 0.27 cm-’ at 375 mbar with a resolution of 
0.05 cm-‘, fwhm). Band heads are at 4268.63 and 
4293.02 cm-‘, separated by 338 and 362 cm-’ from 
QQO of v, or by 400 and 425 cm-’ from QQO of vz. 
The latter intervals are very close to the K= 160 and 
K= 2e 1 transitions of vg [ 441. Also vz + v3 might be 
considered. At present the assignment remains open 
but we shall retain the result of narrow linewidths for 
later discussion. It is interesting that there is also a 
broad combination or hot band near 4390 cm-‘, 
which looks like a polymer absorption, separated by 
almost 900 cm-’ from the main polymer peak. 

3.3. Rotationalfine structure in overtone and 
combination transitions of the HF stretching 
vibrations 

Fig. 11 shows a survey of the N= 2 overtone polyad 
range including the expected positions of overtones 
and combinations vi = 2, y = 2 (q = 1, v2 = 1). Addi- 
tional structure between the strong HF monomer ab- 
sorptions is clearly visible. Comparing to the funda- 
mental range (fig. 6) one might be tempted to assign 
immediately the peak at 7746 cm-’ between the P 
and R branches of the monomer band to RQo of 2 v, 
of the dimer and the more complex structures around 
7540 cm-’ to 2v2. The band near 7647 cm-’ might 
then even be v, + v2. In practice, the situation is much 
more complex. 

Figs. 12 and 13 show relevant parts of spectra of 
HF/DF mixtures and of DF. From this one can see 

7490.0 7640.0 7790.0 7940.0 

iVcm_’ 

Fig. 11. Survey spectrum of the 2v, and 2ur transitions in (HF), 
(see text, 370 mbar, 295 K, 4 m, ti=O.l cm-‘). 

I I I I 

7500 7575 7650 1125 7800 

6 / cm-’ 

l&L 
I 1 I I 

5537.5 5612.5 5687.5 5762.5 

b/cm -1 

5537.5 5612.5 5687,s 5762.5 

S/cm -1 

Fig. 12. Survey of the 2v, and 2~2 transitions in D-isotopomers 
of (HF),. (a) 7500-7840 cm-‘, 515 mbar HF/DF (l/l), 300 
K, lOm,ti=0.3cm-‘. (b)2u,and2u,of(DF),,thecentralQ 
branch being nicely visible between P and R branch of DF mon- 
omer (482 mbar, 300 K, 10 m, AkO.3 cm-‘, absorbance range 
0.45-l). (c)HF/DF(l/l)conditionsas(a)butrangeas(b). 

that the central band is a general feature, but that there 
are changes in detail. For (DF)2 the band is simple 
and located at 5722 cm-‘. For (HFDF) there is an 
almost unshifted band. Also, for (HFDF) a doublet 



7635.0 7647.5 

7730.0 7742.5 7755.0 7761.5 

wciri 

7575 7505 7595 7605 7615 

7632 7642 7652 
G/cm -1 

I/cm-’ 

5706 5716 5726 5736 
cl/cm-’ 

Fig. 13. Details from the spectra in figs. 1 I and 12 (see text for detailed discussions). (a) (HF)? (‘Q, near 7648 cm-‘, see text) 370 
mbar. 295 K, 4 m,AC=O.I cm-’ (upper line) and 140 mbar, 265 K, lOm,ti=0.025 cm-’ (lower line). (b) Rangeas (a) but including 
HF/DF ( l/I ) mixtures for the lower lines middle trace: 580 mbar, 300 K, 4 m, 0.1 cm-‘, low trace: 5 15 mbar, 300 K, 10 m, 0.3 cm-‘. 
(c) (HF)? (aQ,,?) conditions as (a). (d) HF/DF mixtures as (b) but range as (c). (e) HF range at 7600 cm-’ (conditions as (a)). 
(f) Range of 2v, (DF)? upper trace: 482 mbar DF, lower trace: 515 mbar HF/DF (conditions see fig. 12). 
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of bands at 7647 * 1 cm-’ seems to be replaced by a 
single upward shifted peak at 7648.0 cm-’ (the spec- 
trum shown corresponds to a mixture of isotopom- 
ers, of course ). A very careful search for a sum tran- 
sition (v, + v2) in (HFDF) did not reveal any 
structured absorption. An analysis of the structures 
must depend at present on these rather limited obser- 
vations. The doublet structure in ( HF)2 and its dis- 
appearance for (HFDF) may be associated with tun- 
neling split bands (cf. fig. 7 for the fundamental ). The 
absence of (vi + v2) in (HFDF) can be either due to 
very fast predissociation or weakness of the band. We 
assume the latter, also for ( HF)2, supported by the- 
oretical estimates of the strength of the combination 
band. For all other bands in our spectra, the widths 
are limited by pressure broadening, thus placing a 
bound to predissociation lifetimes in these overtone 
absorptions, as discussed in detail below. We were 

Table 6 

Q-branch structures assignable to 2~’ (all values in cm-‘) 

unable at present to obtain spectra at much lower 
pressures with rotational line resolution. Therefore J 
assignments cannot be used to define the lower states 
of absorption bands by ground state combination 
differences. Our analysis will thus rely on assignment 
of expected Q branches p,RQK.. of 2 vi. Tables 6 and 7 
summarize results from two possible assignments of 
five bands labelled A to E. These bands appear as split 
Q branches as shown. Because the vibrational sym- 
metry of 2v, is A+, the splitting observed in absorp- 
tion would be the sum of the tunneling splittings in 
the ground and excited vibrational states. The former 
are known and thus the latter can be calculated (table 
7). Only one difference frequency (B-E) corre- 
sponds to a known ground state term difference (200 
cm-’ between K= 3 and K= 1). This has been used 
for the assignment I. Unfortunately, band E falls in 
the range of complex v2 absorption and thus the as- 

A B C D E 

P 

l&+ 

F.&At 

assignment I 

assignment II 

7112.0 

7771.05 

7772.88 

"Q2 
RQI 

7746.8 

7746.25 

7747.35 

"QI 
RQCl 

7647.2 

7646.58 

7647.83 

PQI 
tPQ,)? 

7594.7 1546.5 

7593.69 complex 

7595.66 complex 

pQZ 'Q, 
? (h) 

Table 7 

K terms for 2 V, with two assignments (all values in cm- ’ ) 

K Assignment I Assignment II 

B FK A&.” J SK A&“” 

0 7683.1 a’ 0 b’ (0.19) c’ 7683.1 ” 0 b’ 0.19d’ 

(7717) 0 

1 7711.8 28.6 ZO 7741.1 63.9 0.44 

(30) 
2 7782.8 99.6 %O 7808.0 124.8 0.77 

(91) 
3 7889.1 205.9 ZO”’ 

” Band maxima were used for these values. Band centers may still be shifted by up to a few cm-‘. 
b’ The values in columns SK give the rotational contribution to the term value. 

” Consistent with 0, as it is not obtained from band centers but from band maxima. 

d’ If the assignment of 7647 to pQ, is omitted and QQo estimated at 7717 cm-’ one obtains the lower terms (in parentheses). 

” From the peak splitting one has formally - 0.2 cm- ’ (see footnote c). 
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signment is uncertain. Nevertheless, all other bands 
find a straightforward assignment with I. “QO is miss- 
ing, as it is predicted to fall at the position of the strong 
monomer line at 77 10 cm-‘. The prominent peak at 
7746 cm-’ would be “Q, and the band center near 
7680 cm- I. The sequence of K levels would be con- 
sistent with a further tightening up of the (HF), 
structure (smaller effective A constant) and other- 
wise similar in pattern to the ground and first excited 
state. A surprising consequence is an essentially zero 
tunneling splitting for all K levels in 2~~. This seems 
somewhat unlikely, although not impossible (0.19 for 
K= 0 is not inconsistent with “0” at this level, noting 
that the band centers have not been obtained by a 
rotational analysis and that even slightly negative 
values for the splittings occur). 

The second assignment II is attractive by analogy 
of “QO with the fundamental transition. However, all 
the other subbands have a difficult assignment. From 
“QO one would predict ‘Q2 at 7630 cm-‘, where there 
is weak, by no means convincing structure. On the 
other hand, the strong band at 7647 cm-’ could be 
assigned to ‘Q , , leading to a most unusual pattern for 
the K levels (table 7). Such a pattern would imply a 
shift of the levels K= 1, v, = 2 and perhaps K= 0, v, = 2 
by some interaction with another level. The band 
center would still be near 7680 cm-‘. Otherwise one 
might leave bands C and D unassigned (they cer- 

7529.0 7541.5 7554.0 
ii/C& 

tainly belong to ( HF)I, though), and estimate a band 
center at 77 17 cm-‘. A compromise estimate for the 
band origin of vi would be 7700 + 20 cm- ‘. The shift 
with respect to the HF monomer would be 5Ok 17 
cm-‘. Theoretical estimates by Liu and Dykstra [ 87 ] 
give 65 cm-’ for the shift and a local mode model 
calculation for vi on the potential surface of refs. 
[ 52,53,102 ] also predicts rather low wavenumbers for 
2v,, in agreement with assignment I (shift of 71 
cm- ’ ). The tunneling splittings will be discussed be- 
low in more detail. If band C were assigned as RQo, 
one would predict 2v, at 7620 cm-‘, which seems 
low. 

The situation for 2v2 is even more complex than 
for 28,. Fig. 14 shows details of spectra for ( HF)2, 
HF/DF and (DF)*. There is no doubt that the sharp 
structures are to be associated with the dimer, as es- 
timated from the partial pressure and temperature 
dependence and by comparison with the well under- 
stood fundamental. The detailed assignment is diffi- 
cult. Fig. 14b shows that doublet structures for ( HF)2 
become simple for HF/DF, suggesting again the 
interpretation as tunneling doublets. As discussed, 
some of the structure may be assigned to RQK” 
branches of 2v,. One would expect that QQO and QQ, 
of 2v2 are separated by more than 3.2 cm-’ (the value 
in the fundamental). Observed separations of 7 and 
4 cm-’ in fig. 14a correspond presumably to band 

7521 1542 1557 

b/cm -1 

'bl 
-I I I ’ c 

5550 5560 5570 

E/cm -1 

Fig. 14. Details of 2ul (2u,?) of (HF), and isotopomer spectra. (a) (HF)? conditions see fig. 13a (from ref. [45]). (b) (HF/DF) 
mixture conditions as fig. 13b. (c) (DF)? (upper trace) and mixture of HF/DF (lower trace), conditions see fig. 12. 
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heads in the P branch (already weakly visible in the 
fundamental), due to the tightening of the hydrogen 
bond with vibrational excitation. Assuming that a 
“typical” head is at 7542, separated by about 15 cm-’ 
from the center, the latter is estimated to be 7557 If: 15 
cm-‘. This is consistent with theoretical estimates 
(7562 cm-‘, with a 189 cm-’ shift from the mono- 
mer [87] or about 7550 cm-’ with a local mode 
model on the potential of refs. [52,53,102]). Our 
previous estimate of 7542 cm-’ is probably a low es- 
timate for the band center of v2 [ 45 1. If one is willing 
to accept an interpretation of the splitting of about 
0.5 cm-’ in the head at 7542 as a QQO splitting and 
ofabout 0.9 cm-’ in the band at 7535 cm-’ as a QQ1 
splitting, this would be consistent with a negligible 
tunneling splitting in the vibrationally excited state 
and a shift of QQ1 to low wavenumbers by 7 cm-‘, 
linear with v2 compared to the fundamental. 

A firm result from these spectra is consistently an 
observation of sharp, essentially pressure limited line 
structure (Afi(fwhm) ~0.1 to 0.16 cm-‘) for all 
isotopomers and observed bands. For (HF), the 
pressure broadening coefficient was determined to be 
about 13 cm- ‘/MPa and experimental pressures were 
around 10 kPa. This provides a bound on the life- 
times for predissociation k 50 ps. Spectra at much 
lower pressures or using quite different techniques 
would be needed to improve upon this analysis. 
Nevertheless, the present observations provide a first 
step also towards such experiments in defining spec- 
tral regions where sharp structure can be observed. 

This result is amplified (with even larger pressure 
broadening) by the observation of line structure for 
(HF), also in the N= 3 and N=4 polyads (i.e. 
N= Y, + V, = 3 and 4). Examples of spectra are shown 
in fig. 15. Pressure dependence, temperature depen- 
dence and isotopic variants all demonstrate that the 
observed line-like structures belong to (HF),. Al- 
though the structure not belonging to the monomer 
in fig. 15c is hardly above the noise level, it is repro- 
ducible and was shown not to arise from artifacts (say, 
from the wings in the strong monomer lines and 
apodization). An analysis of the structures was not 
even attempted, but the line widths provide again 
bounds for predissociation lifetimes. For the higher 
overtones our study is clearly exploratory and more 
work on these is needed. The N=4 region is easily 
accessible to laser spectroscopy, such as ICLAS [ 88 I 
or perhaps photoacoustic spectroscopy [ 891. 

9600 101 

b’ 

i/cm -1 

14400 14600 14800 15000 

i?cm-l 

Fig. 15. Higher overtones of the HF stretching vibrations in 
( HF)2. (a) Survey of the N= 3 polyad region including polymer 
absorption in (HF), 700 mbar HF, 295 K, 10 m, A&O.7 cm-’ 
(fromref. [46]). (b)Detailof (a)absorbancerange0.056-0.13. 
(c) N=4 polyad range (680 mbar, 300 K, 10 m, AiLO.7 cm-‘, 
absorbance range 0.02-O. 12). 

4. Discussion 

We shall provide in this section a discussion and 
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summary of the main results on how rearrangement 
tunneling and predissociation in ( HF)2 depends upon 
the excitation of various modes. We will use the con- 
ceptual framework of vibrationally adiabatic separa- 
tion of the low-frequency modes from high-fre- 
quency modes, which has been found useful in 
intramolecular vibrational redistribution and spec- 
troscopy [ 90-941 and unimolecular reaction kinet- 
ics (e.g. adiabatic channel model [ 6,8,95] ). A quan- 
titative theory is not attempted, at present. 

4.1. Mode selective tunneling splittings for 
rearrangement of the hydrogen bond 

Table 8 summarizes the known and estimated tun- 
neling splittings for ( HF)l as a function of the exci- 
tation of various modes: the tunneling mode us, the 
out of plane bending mode vg, the K, rotational mo- 
tion and the high-frequency stretching modes v1 and 
v2. Not surprisingly, rearrangement tunneling is pro- 
moted strongly by excitation of the tunneling mode 
vs. There is, however, also some enhancement of 
rearrangement when exciting the vg mode (out of 
plane bending at 400 cm-‘, close to the effective bar- 
rier for the tunneling motion). Also when exciting K, 
rotation tunneling is promoted (by a factor of more 
than five when putting ~200 cm-’ into this mo- 
tion). With respect to energy efficiency K, rotation is 
thus second to v5. This can be understood, if one notes 
that this rotational motion pushes the off axis H atom 
in the same direction as the tunneling mode v5. Also, 

excitation of vg loosens the hydrogen bond on the av- 
erage and thus facilitates tunneling. Nevertheless, 
rearrangement with excitation in these modes is still 
slow and follows a rather regular pattern, almost by 
simple combination of contributions, when compar- 
ing, for instance, K= 1 and K= 2 for v= 0 and &= 1. 
One may thus consider even these modes as adiabat- 
ically decoupled, with a modest change of the effec- 
tive tunneling potential when exciting K, or vg. The 
situation is even more striking for the stretching fun- 
damentals and overtones (v, and v2 excitation). Here 
one finds a decrease of the effective tunneling rates 
with vibrational excitation, as noted before [ 3 I-331. 
Our overtone results confirm this trend particularly 
for the more likely assignment I of section 3.3. In an 
adiabatic picture this corresponds to an increase of 
the effective barrier for the tunneling mode from 
about 300 cm-’ in v= 0 to about 400 cm-’ in vI = 1 
[ 3 I]. The situation is complicated, because for ( HF)2 
one has two close lying vibrationally adiabatic poten- 
tials for the fundamental range N= 1 ( vl = 1 and 
v2=l) andthreeforNc2 (v1=2,v2=2, v,=v2=l). 
Fraser [ 961 has recently discussed this situation in 
detail, favouring a mechanistic picture, where the de- 
crease of tunneling rates with v1 or v2 = 1 results from 
the difficulty in exchanging quanta between the two 
modes. Unfortunately, Fraser did not predict tunnel- 
ing splittings for v1 = 2. Another test for his assump- 
tion might be provided, if the combination tone 
vi = v2= 1 is analyzed, which was not yet possible. 
(The “vibrational exchange argument” will not hold 

Table 8 
(HF), tunneling splittings as a function of excitation of various modes and their combination with K. rotation 

A? (GHz) 

K=O K=l K=2 K=3 K=4 

Notes 

ground state 19.7410 31.9110 60.074 115 a) 
us=1 424 749 1259 1910 2613 b) 
vg=l 48.77 103.25 c) 
v,=l 6.5 10.49 21.1 41.1 100 d) 
I+=1 7.0 10.2 e) 
v,=2 <6 <6 <6 <6 f) 

= 5.6? %I3 223 k) 

a) Experiment see refs. [24,28,31,42]. b, Theory [52,53]. ‘) Experiment [43,44]. 
w Refs. [ 3 1,42 ] and this work. c, Ref. [ 3 11, also this work for K= 0. 
f, This work, with assignment I, section 3.3, still uncertain estimate. 
s) This work, with assignment II, section 3.3, less likely estimate. 



46 K. von Puttkamer, M. Quack /Spectrum and dynamics of (HF), 

here.) We still would think that an interpretation 
based on a change of effective adiabatic potential may 
be quite adequate [ 421. Such an interpretation pro- 
vides the right trends for the increase of barrier from 
U= 0 to u1 = 1 and vi = 2 just by zero-point energy ar- 
guments (particularly with assignment I ) and a strong 
decrease of tunneling splittings in U, = 2. Further in- 
direct evidence for a change of effective potentials 
comes from our measured shift of +9 cm-’ for the 
hot band of vi with a low-frequency mode (which is 
perhaps the tunneling mode us, see section 3.2) and 
from the isotope effect on the barrier [ 311. The 
interpretation in terms of a change of effective poten- 
tials is also consistent with a tightening up of the 
structure of the dimer as seen in the effective rota- 
tional constants of v,, v2 and 2v, (again assignment 
I, consistently). A prediction from this interpreta- 
tion would be an increased effective dissociation en- 
ergy in vi = 1 or 2 ( v2 = 1 or 2 ), as discussed in more 
detail below. We note that our discussion is in perfect 
agreement with the qualitative ideas put forward 
originally by Stepanov [ 41. One might be tempted to 
think that in this picture there should be a great dif- 
ference for the moies v, (ineffective) and v2 (bound 
HF, very effective in changing the potentials). For 
symmetry reasons, however, the situation is not quite 
as simple and one must treat all the various poten- 
tials in the N= v, + v2 polyads. The effective adiabatic 
potentials are coupled by a number of terms includ- 

ing Darling-Dennison and related resonances in the 
overtones. 

Whatever the detailed dynamical interpretation of 
the tunneling splittings may be, the very substantial 
mode selectivity shown by the results in table 8 has 
important implications for any discussion of hydro- 
gen bridge rearrangement processes in the (HF), 
molecule and perhaps even in hydrogen bonded liq- 
uids in general. Of particular interest would be a fur- 
ther systematic study of the other isotopomers in this 
context. 

4.2. Predissociation rates and comparison with 

RRKM theory or quasi-equilibrium theories of 

unimolecular reactions 

The unimolecular dissociation of ( HF)2 has many 
aspects of a prototype vibrational predissociation of 
hydrogen bound molecules. It can be readily dis- 

10000 7 

R/pm 

Fig. 16. Electronic potential (lowest function) and several adi- 
abatic channels (upper functions) as a function of the center of 
mass distance R of the monomer units in (HF), (see detailed 
discussion in the text). 

cussed in terms of vibrationally adiabatic channel 
potentials and resonance scattering theory [ 61. Fig. 
16 shows a semi-quantitative drawing of some adi- 
abatic channels relevant for the fundamental and 
overtone absorptions. The lowest function shows the 
pure electronic potential. The next potential is the 
lowest adiabatic channel, calculated approximately, 
following the procedure of ref. [ 95 ] with an interpo- 
lation parameter (Y= 1 A-‘. This effective potential 
supports bound states, the lowest one shown being 
the vibrational ground state. The energy zero of both 
the lowest channel and the electronic potential was 
taken at v=O for visualization, in reality they differ 
by the zero-point energy of 2HF. The next two chan- 
nels shown are the adiabatic channels with vI = 1 and 
v1 ~2. Of course, there are many further adiabatic 
channels, which are not shown. Only few of them are 
dynamically similar to the ones shown: vz= 1 and 
v, = 2, as well as v, = v2 = 1, which have been omitted. 
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The particularities of (HF), dissociation can be 
discussed in the following framework. The four low- 
frequency modes and rotation generate a background 
rovibrational density of states p’ (E, J). One might 
assume that statistical or quasi-equilibrium theories 
may perhaps hold for these, in the framework of the 
adiabatic channel model for the rate constant [ 6 ] : 

k( E, J) x w’ (Ey J, 
W (4 J) ’ 

where w’(E, J) is the number of open adiabatic 
channels of the low-frequency modes at energy E and 
angular momentum J (M, parity etc. ). Below the 
high-frequency channels v= 1 and v= 2 shown one has 

w’ (E, J) z W(E, J) 

and 

(ha) 

P’ (E, 4 =P(& 4 . (6b) 

Here p (E, J) and W( E, J) are the total density and 
number of open channels. The first question to be an- 
swered by the experiments concerns the validity of 
quasi-equilibrium statistical theories for the particu- 
lar, isolated levels seen in the spectra (as discussed 
below, this is to some extent contrary to the inten- 
tions of general statistical theory, but the question is 
of interest anyway). Generally, one would have to 
calculate the adiabatic channels and W(E, J) on a 
given potential for the dissociation of ( HF)2, the re- 
sult depending heavily upon the potential. In prac- 
tice, one can derive a simple estimate and a rigorous 
bound to the statistical k(E, J= 0) by a simple vibra- 
tional RRKM or RRK estimate: 

k(E) 
W+(E’) 

RRKM = 
h,(E) ’ 

(7) 

Here Pvib( E) is the vibrational density of states, and 
W + (E+ ) the number of levels of the transition state 
with available energy E+. In the classical RRK limit 
for a tight transition state one has with the number of 
vibrational degrees of freedom, S: 

k(E),,=(~~-‘~R,=(~~-l~~. (8) 

We use the frequency vRK of the reaction coordinate 
(the F...H-F stretching mode) and E,, the threshold 
energy, for the simple bond fission equal to AH:. 

Now k(Ehuw is an absolute low estimate of 

k(E)- with tight or semitight transition states. 
The latter may use scaling factors n x 0.7 for the fre- 
quencies in the transition state: 

v+= IQ-n(v,- Vana,) . (9) 

Furthermore, k(E)gf& provides a very low esti- 
mate of the correct statistical k(E, J= 0), eq. (5). 
Table 9 summarizes statistical rate constant esti- 
mates using these low bounds and some experimen- 
tal results. It is evident that the measured “rate con- 
stants” obtained from experimental predissociation 
widths r, or bounds thereof (r measured 3 r,) by 

kexp = 2xQ fwhm) /h , (loa) 

kp<kxp, (lob) 

in all cases are much smaller than the lowest estimate 
from statistical theory. This clearly disproves the va- 
lidity of RRKM theory for these isolated (HF), 
resonances. 

In the appreciation of this result one must note that 
the general statistical theory for statistical scattering 
lifetimes provides only an inequality for the average 
dissociation rate constant of scattering resonances 
(densityp(E, J)), namely [6], 

(k,,(E, J ,... ))-< w(E’J,‘*‘) 
hp(E, J, . ..) . 

(11) 

According to the discussion in refs. [ 6,971, in prin- 
ciple large deviations for individual resonances are 
possible. Therefore the long lifetimes of ( HF)2 reso- 
nances could be explained either as indicating a re- 
duction of the average rate constant following eq. 
( 11) or as a large, statistically insignificant fluctua- 
tion from the average for the specilic resonances ob- 
served in the spectra, or both. All these possibilities 
could be incorporated in a more general statistical 
theory [ lo]. The last two possibilities are most likely 
and in this context we plan to also measure the ther- 
mal rate constant for reaction (2)) which will pro- 
vide evidence on the average rate constant at modest 
energy. In any case, ordinary RRKM or quasiequili- 
brium theory (eq. (7) ) fails for the observed rates. 
It also fails to predict the clearly mode selective in- 
crease of dissociation rate upon excitation of v2, ob- 
served in the fundamental (table 9). Our results on 
the overtones at present show too much pressure 
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Table 9 

Rate constants for the unimolecular dissociation of (HF), 

Level 8) k/( lOI* s-‘) Notes 

(term) (cm-‘) 
k b) 

-.P kt k%‘h, k RRK 

(3850) 24 0.9 0.5 c) 
v,, K=O, A+ 4.0x 10-S d) 
u,, K=O, B+ 6.0x lO-5 d) 
v,,K=~,A+ 6.4x lO-5 d) 
v,, K= 1, B + 7.4x 10-5 d) 
v2, K=O, A+, B+ 0.002 d) 

(7600) 67 2.2 1.5 c) 

2v1,2v2 0.02 c) 

(11100) 105 3.3 2.2 c) 

3vI, 3~2 0.2 c) 

(14350) 139 4.2 2.6 c) 

4v,, 4~2 1 c) 

8) The term value for the calculation is a low estimate for the average experimental level (in cm-‘). One has k(E)w, k(E,ow)RRKM. 
w k_,= 2xcris calculated from the experimental linewidth P (fwhm, in cm-’ ) as measured. This provides a rigorous bound for predis- 

sociation kr, < &,. For the pressure broadened overtones the inequality holds in any case. 
=) Results from this work, “semitight” transition state with n = 0.7 in eq. (9 ), with a somewhat arbitrary set of frequencies, different 

from table 3. kRRK has been recalculated with the most recent data [ 1021, the difference-s being not important. 
d, Results from ref. [ 331, generally consistent with previous work [ 30,3 1,37-39 1. 

broadening to confirm this trend. Also our measure- 
ment of the isotope effect on linewidth in (DF)2 
overtone spectra provides bounds with very similar 
conclusions as for ( HF)2 and is thus not reproduced 
in detail, here (see the figures of spectra, which were 
taken at slightly reduced resolution). 

The failure of RRKM theory obviously raises the 
question of alternative treatments. In a simplified 
discussion of resonance scattering eq. ( 5 ) is just one 
limiting case of resonance lifetimes contained in the 
general model of Mies and Krauss [ 95,991 

k,(E,J)=(; L(E,J))/WJ) 9 (12a) 

r~=2xr,P,l(1+jxr,,P,)2 > (12.b) 

L=2xl ~,,12Pc2. (12c) 

The sum is extended over the dissociation channels 
a. The formal coupling width r, is calculated with 
the average (or constant) square coupling I ?‘,,I ’ of 
the coupled resonance state c to the continuum a, with 
density of states p.. Eq. (5) results from ( 12a) by 

replacing the formal transmission coefficient by its 
maximum value (0 < yahc < 1) . In the limiting case of 
very weak coupling r, one obtains the usual pertur- 
bative golden rule formula for the decay of an iso- 
lated resonance into separate continua (channels) a: 

(13) 

Even if this limit is satisfied, the calculated result 
clearly depends upon the dynamical model used to 
calculate the coupling I’,,. Very different predictions 
have thus resulted for predissociation lifetimes. These 
include very low early estimates with kx 5 x low3 s-i 
for y1 and 5x 10v2 s-’ for v2 (see ref. [67] but also 
the more recent references. [ 69,701) and simplified 
coupled channel calculations with the artificial chan- 
nel method giving about 6 x 1 OS s- ’ for v2 and 
1.1 x 1 Og s- ’ for 2 v2, roughly consistent with experi- 
ment [ 72,731. 

The observed low dissociation rates are consistent 
with a description of the (HF),-HF-stretching vi- 
brational predissociation in terms of an adiabatic 
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separation similar to predissociation on electroni- 
cally excited adiabatic states. In the theory of radia- 
tionless transitions [ 981 two limiting cases may be 
distinguished. The first case (i) would be direct pre- 
dissociation from an excited state in the upper poten- 
tials of fig. 16 to the continuum. The second (ii) has 
first transfer of excitation from the high-frequency 
modes to the low-frequency modes of the dimer (in- 
tramolecular vibrational redistribution similar to 
“internal conversion” in the electronic case, transi- 
tion from an upper potential in fig. 16 to a lower one). 
In this case the observed linewidths might be redis- 
tribution limited and the unimolecular dissociation 
might be still much slower (cf. inequality ( lob) ). If 
the dissociation after redistribution can be described 
by statistical theory, this latter possibility would not 
be realized, however. Thirdly (iii) there is an inter- 
mediate case with stepwise predissociation mediated 
by far off resonant states of low-frequency modes. 
This last case is similar to (ii ) but with a low density 
of intermediate levels from low-frequency modes. 

Fig. 17 shows some estimated densities of states that 
allow us to obtain some conclusions concerning the 
possible predissociation mechanisms. These densi- 
ties have been calculated using harmonic and Morse 
oscillators and including the K rotor by direct count 
[ 100,95 1. The tunneling splitting has been neglected 
and in order to include parity conservation one would 
have to divide the results in the figure by 2 [ 10 11. In 
the region of the fundamentals Y, and v2 the total 
density of states p (E, J) is less than about 100 states 
per cm-’ and thus the separation of states is large 
compared to the width of resonances. Except for un- 
usual “structured” densities this excludes mecha- 
nism (ii) of predissociation but leaves (i) and (iii) 
possible. In the regions of the higher overtones the 
density of levels rises but for J=O it is hardly ever 
high enough to allow for a change to mechanism (ii) 
with a second statistical step satisfying the condition 

1971 

TxU>>p(E, J)-’ . (14) 

For larger J and with pressure broadening conditions 
a change of mechanism might be more easily possi- 
ble. These estimates show also that measured line- 
widths in the fundamental and probably the first 
overtones will correspond to predissociation and not 

- J-0,2,20 
a_ 

5 4- 
2: - 

; w 3- 
u _ 
f. 
9 2 - 

l- 

o’ i/t I ’ ’ I ’ ” ’ ” ” ” ’ I 
Cl 5000 10000 15000 20000 

E/ (hc cm-’ 1 

5 llll,llrl,,,,,,I,,, 

- -MODELL A, J - 20 b 
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5 I I I, I I1 I, I I I I , I I I I 

--(DF)2 , J - 20 
C_ 
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E/ lhc crf’l 

Fig. 17. Densities of states p(E, J) of (HF), and (DF), esti- 
mated by direct count with simple rovibrational models. (a) Ro- 
tational dependence J= 0 lower, J= 2 middle, J= 20 upper fun0 
tion in (HF),. (b) Model dependence with two different sets of 
fundamentals estimated within current uncertainties, particu- 
larly at high energies there are further uncertainties from nomig- 
idity. (c) (DF),, J=20. 
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to intramolecular redistribution under isolated mol- 
ecule conditions. 

The present discussion also readily explains why 
there is still sharp line structure in the hot band and 
combination transitions of Y, or v2 observed in sec- 
tion 3.2. The energy of the corresponding excited 
states is below the dissociation limit of the upper ef- 
fective potential and thus the predissociation re- 
mains slow, similar (not necessarily identical) to v, 
or v2, following essentially the same mechanism. 

4.3. The adiabatic and crude adiabatic picture of 
rearrangement tunneling and predissociation 

The spectroscopic results and the related kinetic 
processes of rearrangement and predissociation can 
be understood in terms of two concepts, which are 
related but not identical, (i ) the crude adiabatic and 
(ii) the adiabatic separation of high-frequency from 
low-frequency modes. 

(i) In the crude adiabatic picture each HF unit I 
or II is characterized by its stretching quantum state 
vi or vu with associated average HF bond distances 
r,, and rUII. Taking these to be constant one obtains 
an effective potential in the remaining four internal 
degrees of freedom (q3, q4, q5, q6 as generalized 
coordinates) 

(15) 

The dynamical problem for the four low-frequency 
modes is thus four dimensional with fixed values of 
rvI and rvII given vi and yi and could be taken directly 
from an electronic potential function without further 
dynamical calculation. 

(ii) In the adiabatic picture one introduces in ad- 
dition an implicit dependence of rvI and rvII and the 
corresponding energies as a function of the coordi- 
nates q3, q4, q5, q6 in terms of the following approxi- 
mation scheme for the Hamiltonian and 
wavefunction 

A=fio+fi, ) (16) 

fro ‘En = E:, !J%, , (17) 

EL =&(4, r)LAq) . (18) 

The q are all the low-frequency coordinates q3...& and 
r the HF bond lengths (r, and rII). The gn are solu- 

tions of the “clamped q” Hamiltonian 

fi(q, r)@,(q, r) = v,(q)@,(q, r) . (19) 

These define effective potentials V,(q) for the com- 
bined stretching quantum states n = {pi, vii} = { ui, y}, 
where the former is an unsymmetrical combination 
of HF units, whereas the latter is essentially the com- 
bination of quantum numbers vi and v2 used for 
( HF)2. The complete solution is 

[Fqb+ I’,(q) lLn(q) =Ek&n(~) . (20) 

Tunneling can be calculated on these effective poten- 
tials by obtaining the Ez,,, and l,,,. Mills has dis- 
cussed diagonal non Born-Oppenheimer corrections 
[ 941. Predissociation will be mediated by off-diago- 
nal nonadiabatic corrections A, in eq. ( 16), which 
are perfectly similar to the vibrationally nonadi- 
abatic couplings discussed for vibrational redistri- 
bution [ 92,79 1. Whereas some aspects of ( HF)z dy- 
namics can be described by both the crude adiabatic 
and the adiabatic picture, the latter will be more ac- 
curate, in general. We note that the original ideas of 
Stepanov [4] concerning hydrogen bonds would be 
consistent with both pictures and thus would not dis- 
tinguish between them. We shall summarize some of 
our conclusions obtained in this conceptual 
framework. 

5. Conclusions and outlook 

(i) The HF stretching fundamentals and over- 
tones (to N= 4) show sharp, line-like structures which 
provide information on predissociation lifetimes and 
rearrangement tunneling processes. 

(ii) The rearrangement tunneling rates depend in 
a highly mode selective way upon the energy distri- 
bution over low- and high-frequency modes. The 
mode v5 promotes tunneling most effectively fol- 
lowed by K, rotation and out of plane bending vg. The 
(HF) stretching modes slow down rearrangement. 
This can be interpreted by an adiabatic separation of 
high- and low-frequency modes and effective vibra- 
tionally adiabatic potentials with increased barriers 
for rearrangement, although there are alternative 
descriptions. 

(iii) Several experimental observations are consis- 
tent with a tightening up of ( HF)2 and increased hy- 
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drogen bonding when exciting (HF) stretching vi- 
brations: (a) The trend of A and B rotational 
constants, (b) the hot band structure shifted 9 cm-’ 
to high wavenumbers compared to the v1 fundamen- 
tal, (c) the decreasing tunneling splittings upon vI and 

v2 excitation. 
A prediction from this conclusion would be an in- 

creased effective dissociation energy Do ( ol or v2 ) (cf. 
fig. 16 ), when increasing vi or v2. This prediction 
might be checked by considering predissociation 
widths of combination transitions near 5000 cm-‘, 
which should show a sharp transition from line-like 
to broad structure by a change of predissociation 
mechanism. The relevant bands are too weak for this 
prediction to have been checked, so far. 

(iv) The lifetimes inferred from the fundamental 
and overtone transitions of the (HF) stretching vi- 
brations are very long and inconsistent with even the 
most extreme, tight RRKM or RRK models for uni- 
molecular dissociation. This can be understood by a 
very weak non-adiabatic vibrational redistribution 
coupling between the high- and low-frequency modes 
in (HF),, as it has also been found already in a dif- 
ferent context for the high-frequency CH stretching 
mode in substituted acetylenes and other dynamical 
systems [ 90-921. Density of states arguments ex- 
clude, however, that the observed spectral linewidths 
correspond only to the initial “redistribution” or in- 
ternal conversion process for the fundamental and 
first overtones. Simplified coupled channel calcula- 
tions using the artificial channel method are reason- 
ably consistent with experiment [ 72-741. 

Our results contribute towards a better under- 
standing of the dynamics of hydrogen bonding in one 
of the most fundamental systems, perhaps the one 
most amenable to detailed theoretical understand- 
ing. Within the limitations inherent in the FTIR 
technique, the present data pave the way for a more 
detailed investigation of specific spectral regions by 
laser and molecular beam methods. The low-fre- 
quency rovibrational levels still need careful investi- 
gation. It also becomes increasingly clear that im- 
proved interaction potentials should be devised and 
vibrational variational calculations carried out in or- 
der to establish and understand the bound states with 
better accuracy. The theory of high vibrational states 
and predissociation rates will require simplified 
treatments, such as vibrationally adiabatic models. 

Work in these directions is in progress [ 1021. 
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