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We reexamine th&l = 3 valence excitations of (HEand their combinations with intermolecular vibrations
using a high-sensitivity germanium detector which collects the first overtone emission of fragment HF. We
use the specific vibrational product state production to assign the quantum numbers within a vibrational
polyad. The band previously assignedko= 1 of v1 + 2v, (J. Chem. Phys1994 100, 1) is shown to
originate fromK = 1 of 3v, + v. This assignment, based on photofragment HF vibrational state, is supported
by the observation of quenched hydrogen interchange tunneting= —0.6 GHz) and rapid vibrational
predissociation Avpg = 3.5(10) GHz] of this state. Th& = 1 band origin of the lower A level is
11537.047(6) cmt. The rotational constants for the two tunneling components are the same within
experimental error ) = 0.2182(2) cm®. The out-of-plane vibration frequencyy3+ ve — 3v, = 493.96(3)

cmL, is increased 25% from the ground state. The predissociation rate of this combination state is a factor
of three slower than that observed at,.3 The combination mode3 + v4 has band origins ofy, =

11 402.889(4) and 11 402.867(8) chand rotational constants &= 0.216 39(17) and 0.217 04(15) cin

for the two tunneling componentstAand B, respectively. The tunnel splittinggv; = vo(B*) — vo(A™) =
—0.021(8) cm. The frequency of, the intermolecular or hydrogen bond stretching vibration,8 v4 —

3v; = 129.36 cm?, is quite similar to that at;, suggesting only a minor dependence of the hydrogen bond
vibration on the free-HF bond length. The;3+ v, band has a predissociation linewidth of 2.5(2) GHz, one
order of magnitude larger than the 0.24(2) GHz of the pure overtenstdte. The coupling of this level to
the dark stateid + v4 + vs is suggested as the origin of the observed linewidth increase.

Introduction vibrations of the two HF subunits, i.e., thé= v; + 1, = 3
polyad. Studies in this region yield important information about
'the potential energy surface (PES) of the hydrogen bond, since
%he valence coordinates of both the proton donor and also the
specifically, of molecular complexes. The relative ease of its acceptor experience average extensions by up to 10% from the
P 0y, ) PIEXES. ; equilibrium value. In addition to the PES, the studies also probe

preparation and its spectral simplicity have permitted a broad . L . ; )
predissociation and hydrogen interchange tunneling dynamics

variety of detailed spectroscopic studied.hese spectroscopic . L ! .
studies have generally focused upon the structural and dynamica t higher vibrational energies, where the density of states has
ecome extremely high.

properties of the complex and are frequently discussed by mean
of an increasing|y Sophisticated multidimensional quantum The relation between dimeric behavior and the collisions of
dynamical treatment. While direct absorpfiamd optothermal hydrogen fluoride has not been a topic of emphasis of recent
measurements are providing massive information for lower researcif. It, however, is worth noting that, aN > 1,
vibrational levels, the ease of observing infrared laser-induced phenomena closely akin to-W vibrational energy transfer in
fluorescencéensures that increasingly energetic states of the the collision of HF¢) + HF(v') = HF(v + 1) + HF(v'—1)
ground electronic potential surface can be characterized in aappear in the spectra of (HF) The dimeric analogue of this
detailed manner. collisional process does not lead to line broadening by predis-
The hydrogen fluoride dimer may superficially appear as a sociation as it does in the analogue of HF(- No(v) =
simple hydrogen-bonded system; however, because it containgdF(v—1) + Na(v' + 1), found in the analysis of the photo-
two identical units, there are frequently bizarre behaviors. Itis fragmentation spectrum of MNF,” because of small energy
certainly a much more complicated system than ArHF giN release. The features in the (HEpectrum that are analogous
both of which have provided considerable insight into the nature to V—RT (vibration to rotation and translation) relaxation are
of hydrogen bonding. Despite six-dimensional (6D) quantum primarily the predissociation linewidths. That predissociation
dynamical calculations having been made for this prototypical of hydrogen-bonded complexes is interesting is readily seen
complex? it remains worthwhile to discuss features in terms of from its dependence upon valence bond excitation. In {HF)
simple physical constructs. In the present work we continue the ratio of linewidths in the:{,v2) = (0,3) band compared to
to emphasize excitations in the region of three quantum valencethose in (0,1) is 3@. In N,HF, the predissociation linewidth is
7.2 MHz atvye = 18 79 MHz atvye = 2,° and 580 MHz at
® Abstract published irAdvance ACS Abstract#ugust 1, 1997. vue = 3,9 respectively. Thus the rate of predissociation of the
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For many decades the hydrogen fluoride dimer has served

intermolecular interactions in general, and hydrogen bonding
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directly hydrogen-bonded HF unit appears to scale betwgen could be achieved without notable deterioration of frequency
and vy, The origin of this strong vibrational dependence is stability. With this new amplitude modulation (AM) scheme,
of interest. The obvious explanation is that the increase in the a laser linewidth of 10 MHz could be maintained. The narrow
rate of predissociation is a consequence of the rapid increasdaser bandwidth allows the predissociation lifetime of the
of level density with energy; however, we will show that this sharpest rovibrational features of the; dand to be precisely
explanation is unlikely. determined. The typical intracavity amplitude-modulated power
We have previoush-12 presented the data for the 11 600 is estimated at about 30 W, corresponding to an intensity of
11 500 cn1! absorption features of the hydrogen fluoride dimer, 10° W cm™2.
obtained by using an infrared laser-induced fluorescence In the present experiment, we monitor the first overtone
technique. The present work is primarily a reinvestigation of fluorescence of the HF fragments at«g) x 10° cm™1, with
the vibrational assignments in the energy region ofithe 3 the excitation of (HR) at (11-12) x 1®* cm~L. The fluores-
vibrational polyad. The vibrational assignments in the (HF) cence is collected outside the slit jet chamber usiidenses
spectrum have been based upon several characteristics of theand a liquid-nitrogen-cooled germanium detector (Applied
bands: (a) the stretching frequencies, (b) the transition intensi- Detector Corp.}; which has a noise-equivalent power of 16
ties, (c) the rotational structures, and (d) the predissociation WHz=2and a long wavelength cutoff of 1.6n. The ultrahigh
linewidths. Of the four bands observed, the narrowest linewidth sensitivity of the detector compensates for the low collection
is that in (3,0), FWHM= 240 MHz}3 corresponding to a efficiency (<0.001%) of total emission, due to the long radiative
predissociation time of 660 ps. This establishes that many lifetime (>3 ms) of HF stretchind® the small fraction of
features in the (HR)spectrum can be detected by monitoring overtone emission, and the high translational velocity (50*
the photofragmentation product HF emission. We shall exploit cm/s) of the supersonically expanded molecules. While the
the spectral character of this emission to aid the vibrational fluorescence is emitted at a frequency remote from the excita-
assignment of the (HE)excitation spectrum. tion, it was found that simple bandpass filtering is quite
Four bands were suggested as comprising\the 3 quartet inadequate when using AM. A considerable effort was thus
of (HF), in the frequency region between 11 000 and 11 500 expended to reduce scattered laser radiation. The laser is also
cm112 |n the earlier experiment$,the detection of fluores-  capable of being operated in frequency modulation mode, with
cence was achieved byusing a lead sulfide detector cooled toappreciable reduction in amplitude-modulated scattered radia-
240 K. This detector measures radiation near 35001cm tion. The modulation depth in FM is usually 300 MHz,
corresponding to thA» = —1 emission of HF monomer. Our less than a cavity mode spacing. FM is quite ineffective for
primary concern here is the vibrational assignment of the detecting broad features with linewidths greater than 1 GHz.
weakest component of the quartet at 11 537 tmlt was
assigned as thk = 1 — 0 subband of; + 2v,. In modeling Results and Analysis
the static and dynamical properties of the valence excitations
of (HF),,*° this assignment was quite discordant. In particular,

the feature is 50 crrt lower in frequency than expected on the .
basis of a coupled local oscillator model. Additionally, only S€CUrely assigned features at 11 043 &if8v,), 11273 cnt?

theK = 1 — 0 subband was observed, whereasKhe 0 — (3v1), and 11 552 cr‘n_l (21/1_ + vp) are reao_lily observed v_vith

0 subbands are the most intense for the other three members o“he Ge det?Ctoﬂ WhICh'gIVES thre_e_fold improvement in the
the quartet. Furthermore, the tunneling splittiny{) was S|gna[-to-p0|se (S/N) ratio. In addition to these three bands,
observed to be negligible, while thev, in the 21 + v, band  ombination bands ofi§ 4 ve (centered at 11 537 crf) and

is large. Modeling the tunneling led to the expectation that the 3v1 + v4 (centered at _1_1 402 crﬁ) are recorde_d with the
magnitude of the splittings in the, + 2v, and 21 + v, levels present frequency-stabilized amplitude modulation And=

would be quite similats as indeed the tunneling splittings are 2 fluorescence detection scheme. _

in the v, and v, levels. A. The K = 1 — 0 Subband of 3, + vs. The action
spectrum of the&K = 1 < 0 subband of 8, + v¢ is shown in
Figure 1. It should be noted that the central portion of this
spectrum is virtually identical to that of Figure 2 in ref 12. The
only difference is that the present spectrum is recorded by

by Av = —2 overtone transitions of HF photofragments. While détectingAv = —2 fluorescence and ef;iting with a laser
our earlier worki? using a lead sulfide detector, did not permit linewidth of 10 MHz, instead of detectingy = —1 and exciting

the vibrational states of the products to be analyzed, we will With @ 180 MHz laser linewidth as used previously. The
show that the additional detection b = —2 emission provides spectrum shows the characteristics of a perpendicular transition,

diagnostically valuable product state discrimination. In addition K =10, notably the two proTinent Qlt;ranches arising from
to this band, new features recorded around 11 402cmill t_he two tunn(_ahng components, Aand_BF. Due_to extensive
also be reported. The assignment of these two bands at 11 403ine broadening from efficient vibrational predissociation, the

and 11 537 cmt to the combinations of valence stretching with  ransitions of the weaker P and R branches could only be
the two low-frequency intermolecular vibrations, (van der observed with difficulty. A considerable effort has been

Waals stretch) ands (out-of-plane torsion), will be discussed. expended to obtain rotationally resolved structures within the
' R branches. The structured features in Figure 1 are assigned

to R(2) — R(7) of A~ — AT andR(1) — R(6) of B~ — B™.

Each of these branches is fit with a band origin and a rotational
The major features of the apparatus have been describedconstant,Besr, Using the standard slightly asymmetric prolate
previously!14 The substantive changes are the incorporation rotor energy expression, where we have incorporated the effects
of a highly stable amplitude-modulated argon ion laser (Coher- of asymmetry in theK = 1 level into Bey (the centrifugal
ent) for pumping the titanium sapphire crystal. By employing distortion is set at the ground state value 0k2107% cm™1).
an acoustooptic modulator (IntraAction Corff)up to 90% The fitting constants for the A<— A* R branch arev, =
modulation of the single-mode titanium sapphire laser power 11 537.047(5) cm! andBe = 0.21 616 (21) cmt. The fitting

We have reexamined the spectrum of the= 3 quartet of
(HF), previously reported? The previously observed and

This paper deals with the reexamination of the laser-induced
fluorescence of the 11 537 crhfeature using a high sensitivity
germanium detector, which is sensitive to radiation with energy
greater than 6300 cm. The radiation can only be produced

Experimental Section
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Figure 1. K = 1 — 0 subband of the8 + v mode of (HF). The 11400 11402 , 11404
spectrum was taken by detecting the first overtone fluorescence of HF FREQUENCY (em™!)

fragments by using a liquid-nitrogen-cooled Ge detector, with the Figure 2. K = 0— 0 subband of theid + v4 mode of (HF), taken
intracavity laser power of 30 W and a time constant of 3 s. The under the same experimental conditions as Figure 1. The sharp spikes,
prominent features are the two Q branches arising from hydrogen |abeled by asterisks, are the rovibrational lines of the Q branch of the
interchange tunneling between the two HF subunits. The simulated ArHF(3111)— (0100) hot band transition. The simulated spectrum
spectrum shown underneath is generated by using a temperature of 1shown underneath is generated by using a rotational temperature of 15
K, band origin of 11 537.047 cm (11 536.406 cm?), and rotational K, band origin of 11 402.867 cm (11 402.230 cmb), rotational

constant~(B + C,2) = 0.218 16 (0.218 23) cm, for the A~ — A* constant of 0.217 04 crh (0.216 39 cm?), centrifugal constant of 2
(B~ — B) transition. Common constants for both bands are asymmetry x 10-6 cm%, and Lorentzian width of 2.5 GHz for the'B— A* (A+
B—C = 0.008 cnt?, centrifugal constanb; = 2 x 10°% cm™1, and ~— B™) transition.

Lorentzian width of 3.5 GHz. The calculated locations of individual

lines are shown at the bottom of the figure. The assignments of the parallelK = 0 — O transition, characterized by the absence of

resolved features of the R branches are shown for the two bands.  Q branches and theB (x0.8 cnt1) gap between the R(0) and
P(2) lines in the spectrum. The assignment of the rovibrational

constants for the B— B* R branch ares, = 11536.406(7) |ines for the two tunneling states is verified by the intensity

cmt and Berr = 0.216 23(21) cm'. These constants fit the  ajternation in the transitions arising from even and dtidDue

measured lines within experimental uncertainty. The maximum to the specific nuclear spin statistics, the weights for even:odd
difference between observation and experiment is 0.008:cm ' are 10:6 (6:10) for the transitions originating from thé A

therefore we do not list the frequencies of these distinct features.(B+) |evel of theK = 0 ground vibrational state. Note also in
The final important parameter is the Lorentzian comporiént,  Figure 2 that the sharp features, labeled by asterisks, are
of the Voigt profile. Abestfitl' =3.54 1.0 GHz, isobtained  Q-pranch lines of the ArHF (311%)- (0100) hot band transition.
with broad error limits by visual comparison of several The three-fold improvement in S/N as well as enhanced laser
calculated spectra with the observed. The Doppler linewidth stapility by the present AM scheme enable us to observe these

of (HF)Z is constrained to 180 MHz, which is (3;‘?) times intrinsica"y weak transitions.
the linewidth observed for ArHF, 145 MHz. ArHF has a  The observe = 0 < O rovibrational lines are fitted with
negligibly small predissociation linewidti@0 kHz). the standard polynomial expansionl@ + 1) for a very slightly

From the band origins and the known inversion splitting of asymmetric prolate top:
the ground state the tunnel splitting in this stateAs =
—0.018(9) cmi. The two distinct Q branches are then fit with E,(J) = vy(v) + B(v)JJ + 1) — D(»)[IJ + 1)]2
the rotational constanB increased by 0.004 cr from their B
values obtained from the fit of the R branches. The value 0.004 whereB = (B + C)/2. By fixing the ground-state term values
cm1is the estimate for the asymmetry or | doubling of the 3 to those determined from microwave measureméntse
+ v state. This single parameter was adjusted to reproducemolecular constants at= 3 can readily be obtained. The fitted
the overall appearance of the Q branches. The stronger bandtonstants and calculated term values of the two tunneling
is the transition oA~ — A*, since the A level at the ground components are listed in Table 1, from which we obtaingd
vibrational state is significantly more«(L0%) thermally popu- = 11402.889(4) cm! and B = 0.216 39 (17) cmt for
lated than B at the jet temperature of 15 K. The weaker feature component A and vo = 11402.868(8) cm! and B =
is the transition B — B*. The threefold reduction in the  0.217 04(84) cm! for component B, respectively, with both
Lorentzian linewidth, 3.5 (10) GHz ofi3 + v compared to D’ andD" constrained to 2x 1076 cm™! in the fitting. The
10 GHz of 3,1 is considerably greater than that of the fitting is good to about+0.01 cnt?l, as expected from a
corresponding excitation by Anderset al® of v at v, = 1, linewidth of 0.09 cnt! and a S/N~ 10. Note that the upper
where a 25% reduction in the linewidth has been observed (250state, B, is 0.021 cm! lower than A", which is equivalent to
MHz vs 330 MHz). The band origin of the lowest component a tunneling splitting ofAv; = vg(B*) — vo(AT) = —0.021(8)
of v, + ve, K = 1, is v, = 11537.047(5) cm'. The cm ! for the 31 + v4 state. This can be compared to the
displacement of thesd + v¢ band origin from that of B, yields corresponding values of 19.747 24 GHz (0.658 69 Ynfor
ve = 493.96(3) cm! for the K = 1 level of the intermolecular  the ground stafeand —49.92 GHz 1.664 cnT?l) for K =0
out-of-plane bending frequency at = 3. of v1 + v4.1 The origin of this band is blue-shifted from that

B. The K =0+< 0 Subband of 3; + v4. The spectrum of of the pure overtone stater3at 11 273.501 cmt by 129.367
the K = 0 — 0 subband of 3, + v, is observed from 11405 cm™™.
cm1to 11 398 cm. A portion of the action spectrum centered The widths of the rovibrational lines shown in Figure 2 are
around 11 402 cmt is shown in Figure 2. This band is a determined by fitting to Voigt profiles with the constrained
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TABLE 1: Observed Term Values and Fitted Molecular
Constants (in cn?) of the 3v; + v4 K = 0 Subband of

(HF)2

J E(J,AY) E(J,B")

0 11 402.893(4) 11 402.870(2)
1 11 403.313¢8) 11 403.306(4)

2 11 404.186¢1) 11 404.175(5)

3 11 405.493(8) 11 405.465()

4 11 407.216(0) 11 407.220(12)

5 11 409.378(0) 11 409.390(13)

6 11 411.983(10) 11 411.990(10)

7 11 414.988¢13) 11 415.024(8)
o 11 402.889(4) 11 402.868(8)
B 0.216 39(17) 0.217 04(15)

aThe standard deviation in frequency measurement®ig07 cni?.
Numbers in parentheses are deviations (the observed minus th
calculated) in unit of the last digit.

—2000 2000

FREQUENCY (MHz)

Figure 3. Comparison of the typical line shapes of thg 8K = 0),

31 (K = 1), and 31 + v4 (K = 0) subbands of (HE) The circles are
the experimental data fitted to Voigt profiles with a Doppler width of
180 MHz. The Lorentzian components, from vibrational predissociation,
are determined to be 240(10) MHz for3(K = 0), 2.1(2) GHz for

31 (K = 1), and 2.5(2) GHz for & + v4 (K = 0). The sharp feature
(labeled by an asterisk), overlapped with the 3 v, (K = 0) line, is

the Q(3) of ArHF(3111)— (0100).

Doppler width of 180(10) MHz as stated earlier. The typical

result of the fitting is presented in Figure 3. The linewidths do
not vary appreciably with rotational level and are independent
of tunneling state. In contrast to the sharpness of the pure 3

K = 0 mode, the Lorentzian width of the’3+ v4 K = 0 mode

is 2.5(2) GHz, which is an order of magnitude larger than that
of the pure 3; overtone state. A typical line from the3K =

1 subband is also shown with a fitted Lorentzian component of

2.1(2)GHz, in excellent agreement with earlier measurerient.

Discussion

A. Band Assignments. We assign the features at 11 402
cm~1to 3v; + vy, the combination mode of the second overtone
free HF stretch (8;) with the intermolecular FF stretch ¢4).
The assignment is based on the energy difference pft3v,

— 3y = 129.368 cm,1! which is quite similar tov; + v4 —
vy = 127.573 cmi! at the fundamental. The average rotational

J. Phys. Chem. A, Vol. 101, No. 36, 199705

constant of the states™and B' is 0.2167 cm?, appreciably
smaller than 0.221 18 cm of the 3; state!’ Such an
elongation of the heavy atom distance is expected upon
excitation of the hydrogen bond stretching. The 2% reduction
in rotational constants observed a4 3- v4 is similar to that at
v1 + v4.t Hence, there is little reason to question this assignment.

Since v4 is the heavy atom or hydrogen bond stretching
motion, it might at first sight be expected that; + v4 — nvy
should be sensibly independent of the valence excitation or,
equivalently, the bond lengthening of the free HF, the proton
acceptor. This, however, is far from obvious. Our previous
studied! showed that th@® rotational constant of thev3 level
has increased by 2% from the value at the ground vibrational
level. Itis likely that most of this increase is a consequence of

cthe change ofy, the angle between the free-HF internuclear
axis and the FF line. From the large reduction (26%) in the
A rotational constari the value ofo has increased markedly
upon valence vibrational excitation. The constancy of the
frequency of the intermolecular stretching motion withithus
implies minor dependence of the hydrogen bond vibration upon
v1 excitation or, equivalently, the bond lengthening of the free
HF.

We consider now the vibrational assignment of the band at
11 537 cn1?, which had been assigned, previously, aguf)
= (1,2)12 That assignment was based on the assumption that
the four fundamental members of the= 3 vibrational polyad
would have the highest intensity in the 11 6a0L 500 cnt?
spectral region. There have been few guides for vibrational
intensities of the hydrogen fluoride dimer. We may note that
in the one theoretical effd that did consider overtone
vibrational intensities of this system, the predicted intensity
ratios within theN = 3 polyad scaled as (3,0):(2,1):(1,2):(0,3)
=1.12:0.09:0.39:0.12. Thus it appeared likely that all members
would have similar observability and there was little reason to
exclude any member of the polyad based on the predicted
intensities.

Discrimination between the four bands is possible by employ-
ing different detectors which are sensitive in specific energy
ranges. The virtue of the energy-specific detector in vibrational
laser induced fluorescence is that it allows some identification
of product vibrational states. In a sense it is the simplest (and
crudest) scheme for analysis of the fluorescence radiation. In
particular, upon excitation of the = 3 polyad of (HF), the
product HF should have Ng 2, where Np= v5 + v with a
andb denoting the two HF photofragments. We have noted
that the longest predissociation time fér= 3 is 0.66 ns; thus
all of the fluorescence observed is from HF photofragments.
The lead sulfide detector, having sensitivity to radiation with
energy greater than 3300 chwill always detect the excitation
process since both HFEE2) and HF¢=1) will emit radiation
in this region. The germanium detector, however, provides
photoproduct selectivity since it only detects radiation with
energy greater than 6400 cfa This requires at least one
dissociation pathway leading to the production of bER) for
detection.

It appears quite reasonable physically to argue that the
dissociation pathway of the = 3 polyad ¢1,v,) is dominated
by

(3,0): HF—HF — HF(v,=2) + HF(1,=0)
(2,1): HF—HF — HF(v,=2) + HF(1,=0)
(1,2): HF—HF — HF(v,=1) + HF(,=1)

(0,3): HF—HF — HF(1,=0) + HF(,=2)
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The pathway is simply stated as a unit loss of a vibrational =~ We point out that the three features;33v,, and 21 + v,
guantum from the proton donor unit, except for (3,0). We have as well as several soft mode combination bands built upon these
labeled the product HF units wita and b, since Miller and are readily observed by theixv = —2 emission, since all are
co-workerd® have shown for thé&l = 1 fundamental dyad that  readily detected by using the high-energy germanium detector.
the free HF subunit correlates to a low-rotation product, while This establishes that the predominant dissociation process in
the bonded HF constitutes a highly rotationally excited product. Vvibrational predissociation of (HE)ndeed iSAN = 1 atN =
Itis clear that the expected vibrational predissociation pathway 3. We note that the linewidth for thevdband is around 10
of (HF), atv; + 2, is to 2HF@=1), since the hydrogen-bonded GHz, which is 30 times as large as the 0.33 GHz observed at
proton-donating unit is known to show a more efficient the fundamental, vibration. The scaling isl'(nv2)/T'(v2)
vibrational predissociatio#:23 On the basis of this vibrational = n®. The origin of this rapid increase in predissociation rate
product analysis, the 11537 cfband, which is readily cannot balirectly due to the obvious increase in level density,
observed by using the germanium detector, should not besince the dissociation is dominated by thél = 1 channel.
assigned as originating from the + 2, state. Itis therefore ~ Thus theeffectve level density is sensibly independent N
highly likely that our earlier band assignm&nwvas incorrect. ~ This phenomenon appears to be general; for example;hN

The more appropriate assignment of this band is 1 of 3v, the predissociation linewidth scales a& Furthermore, it
+ v, appears that the complexity of the dipole spectra is relatively

Recently Anderson et al. presented a valuable, extensive studySlmllar atN =3 to thatatN = 1. This feature of similarity is

of the combination bands of the hydrogen fluoride dimer at the common in a number of complexes of hydrogen fluoride for

fundamental valence vibration. Of particular importance here which comparisons have been mdddt is, however, quite
. L ) P P different from that commonly observed in valence-bonded
is the combination bands, + v¢. They observed only & =

1 0 feature of this combination mode in absorption for both systgms. . .
(HF), and (DF} from their slit-jet-cooled systent®* The v It is characteristic of hydrogen fluoride complexes that a
K = 1 feature for (HF) is displaced 425.690 cT from thé considerable reduction in predissociation rate occurs upon

excitation of bending motions. Thev, exicitation of (HF)
shows this clearly. Ah = 1, excitation ofvg produces a 25%
reduction in the predissociation rateln the present work at

= 3, excitation ofvg results in a factor of 3 decrease. We note
that in NbHF aty = 3 there is an almost similar reduction upon
[1 bending excitation of 580 to 240 MHz. It appears that the
very facile predissociation observed in the= 3 level shows a

fit of these data yieldss(v2) = 399.79+ 23.17, + 2.7342 : o .
o 5 . . greater reduction upon concurrent excitation of the bending of
= 399.79(1+ 0.0579& + 0.0068392), for theK = 1 series. the HFE unit than ab = 1.

We note that a large frequency increase in intermolecular modes . .

upon valence excitation is not unusual in hydrogen bonded B.‘ (_:hanges in Potential Energy Surface upon _Valence

complexes. In the well-studied ArHF species, the analogous Excitation. ;I'he frequency of tlhm?l +Z4) ~ vy Series nlow

IT bending serie’ (¢v110) — (¢000) can also be fittedby the exists forn = 1 (127.'5762 cm_) andn =3 (129'.368 cm’).
Under the assumption of a linear variation with valence

quadratic form 64.925+ 4.68% + 0.445% = 64.925(1 + excitation, the extrapolated value at the ground state is 126.7
0.07216 + 0.0068%2?) Roughly these two systems differ in - ' + P . ground :
cm™! for the A" component. This value is in excellent

gfgdmg frequency and cross anharmonic constants by a faCtoragreement with the value of 126.4 chrfrom the dynamical

) o ) calculations of Zhangt al®> Since the tunneling splitting in
Thg present reassignment invites a more extensive search fokhe ry, + 1, series varies quite significantly with extrapola-
the missingvy + 2v; band. The other three members of e tjons ton = 0 are likely to contain appreciable uncertainties
= 3 quartet have all been found. Our phenomenological model (0.5 cnTY). For instance, if the extrapolation is instead done
proposed earlié? for the hydrogen interchange tunneling by using theaverageof the two tunneling doublets for eaci
suggested that the band should be centered near 11 480 cm the extrapolated value at= 0 is 127.7 cm?, which may be
accompanied by a large tunneling splitting &fy = +0.39 compared to the calculated 126.6 ¢thior the average. The
cm1, essentially indentical to the tunnel splitting of the, 2- origin of this discrepancy is the large doubling of 1.664&m
vz band. The model relied upon a modest mechanical coupling at v; + v,. Table 2 gives the presently measured tunneling
of the local high-frequency oscillators within the hydrogen splittings atn = 1 and 3. As noted, the magnitude and sign of
fluoride dimer. That the local oscillators are coupled is the doublings vary quite considerably among the four states at
essentially the basis for WV energy transfer in hydrogen N=1. It appears useful to attempt some elementary modeling
fluoride collision$ of the type HF{) + HF(0) < HF(v-1) + to account for the large doubling as well as the enhanced
HF(1). Previousl¥? we have extensively searched the predicted predissociation observed at thesg + v4 levels.
region using the lead sulfide detector but found no notable oyr modeling of thenv; + v4 levels follows closely the
features that could be assigned to the HF dimer. This failure phenomenological model set out eadfefor the dependence
in detection could come from the same origin as the unobserv- of hydrogen interchange tunneling upon valence excitation. We
ability of the pure 2, band’ due to lifetime broadening by  assume a minimal set of interacting levels and attempt to fit
rapid vibrational predissociation. A reasonable expectation for tunneling splittings as well as predissociation linewidths. The
the upper limit of the linewidth of this band is 10 GHz, which  predissociation rate of a state in which only is excited is
is that of 3,. From our previous estimation of band intensi- taken as a phenomenological parameter. The rate of predisso-
ties!? the unobservability suggests that thet 2v, combination ciation of a state withr; excitation is determined by the extent
band has an absorption intensity at least 1 order of magnitudeof mixing with v,. In particular, we consider that the valence
smaller than 3, or 3vo. Improvement of detection sensitivity — excitations ofy; and v, are mechanically coupled, thus cor-
and/or extensive signal averaging appears to be a requirementupting the pure local mode description. The magnitude and
for observation of this exceedingly weak transition. sign of the coupling constant, as well as its dependence upon

band origin ofv,, K = 0. Under the present reassignment of
the 11 537 cm! band to 3, + v, the displacement afs K =

1 from 3v, is 493.9 cmL.1! This assignment requires a strong
dependence ofg upon v, excitation; the frequency increases
slightly nonlinearly from 399.787 cmt of v, = 0 (ref 25),
425.690 cm! of v, = 1 to 493.96 cm?! of v, = 3. The best



11 537 cn1! Band of Hydrogen Fluoride J. Phys. Chem. A, Vol. 101, No. 36, 1995707

TABLE 2: Comparison of Hydrogen Interchange Tunneling Splittings (in cm™?) and Vibrational Predissociation Broadenings
(in MHz) between Measurements and Calculations of (HR)at K = 0

this model observatiofs
mode AES AveP Avd Avps Av® Avd Avpd
v+ vs 33 46.76 —2.27 19 (A", 5 (B") 46.591 -2.739 20 (A), 45(B")
v+ vy 15 457 —-2.20 40 (A, 15 (BN 7.640 —1.664 25 (A), 40 (BY)
v+ vs -11 —10.24 3.29 —4.090 3.587 270 (AB")
Vot vy —37 —50.37 1.19 —50.141 300 (A,B*)
v+ vy —0.021 2500 (A,B")

aReference 1 and this workThe frequencies are given in terms of the displacement from the average of the fourstaeamput zero-order
energies? The tunneling splittings are defined a3 = vo(B) — vo(A™). € The calculated predissociation linewidths are listed as the fractional
composition of thev, states times 300 MHZ.The vibrational predissociation broadenings of the two tunneling statesnd B'.

v1 andvs,, have previously been fitted. In the present modeling Of considerable interest to us is the nature of the predisso-
of the combination states, we also include the interaction ciation broadening of the levels associated withithescilla-
betweenv, andvs (geared bend), since these two modes are tions. We note that at bothl = 1 andN = 3 for the pure

quite close in frequency and are certainly cougleinally we overtone states, the ratio of predissociation ratevefto nv, is
assume that the hydrogen interchange tunneling is more facileroughly 30-50. We have suggested previou8lythat the
in vs = 1 than it is atvs = 0, since the coordinate ofs is predissociation of; = 1 is predominantly due to the mechanical

regarded as the tunnel path. These assumptions have essentiallyoupling of two idealized local mode oscillators in the actual
been made by maf§who have examined the hydrogen fluoride spectroscopic states. The predissociation rate is then simply
dimer. The model then requires three new parameters. Thethe fractional character of, in the state multiplied by the
tunneling splitting in the’s =1 level is calculated by Zhangt predissociation rate of,. In the present instance, we repeat
al.> as 7.48 cm! and 0.44 cm?, for vs = 0. [Their notation these arguments and list the predicted predissociation rates of
(vavausve)?® is E(0030)— E(0020) forvs = 1.] The uncertainty the four combination bands in Table 2. We find an appreciable
in using the value 7.48 cm for the s = 1 tunneling doubling difference between the tunnel pairs of thecomponent. The

is difficult for us to estimate. It appears unlikely that simple agreement between our calculations and the measurements of
scaling by the ratio of the observed valuevgt= 0 of 0.66 the Nesbhitt groupare frankly disappointing for this quantity.
cm~1to the calculated 0.44 cnhwould produce a more realistic  These predictions of the predissociation are not sensitive to
value forvs = 1. We adopt a value ohv; = 8 cnrl at vs = minor changes in the coupling constafis.

1.The tunneling splitting in our uncoupled = 1 is taken to It is worth comparing these results with the explicit calcula-
be identical to that of the ground state, namely, 0.66°cm  tions of Wu et af using a 6Dab initio potential. Thesab
Physically this would appear to be a reasonable one-dimensionalinitio based calculations produce a smaller ratio for the tunneling
picture sincev, is the intermolecular stretching vibration, a doubling ofv,4 to vs at N = 1 than our model. In all cases the
motion that is quite different than the angular motions associated signs of the doublings are in agreement. Their predissociation
with the donor-acceptor interchange. These choises have beenlifetimes, while different than our results, are similar in showing
discussed at length here since there are no experimental valuegelatively poor agreement with the observed variations.

at the ground valence excitation. We have discussed at length theandvs levels atN = 1 to

We model the s + va, v1 + vs, v2 + va, v2 + v5) quartet lay a foundation for the discussion of these soft mode oscilla-
with two (left and right) interchanged isoenergetic forms, giving tions at theN = 3 levels. In particular we wish to examine the
an 8 x 8 energy matrix. The, andvs frequencies and the  large change in predissociation linewidths of 3K = 1) and
tunneling splittings of all the combination modes have been well 3y; + v, (K = 0) due to interactions with nearby combination
determined by Anderson, Davis and Nesbiffable 2 presents  levels of 3, specifically 3, + vs (K = 1) and 3, + v4 + vs
a comparison of this model with their results. In the modeling, (K = 0), respectively. A comparison of the linewidths of these

we have chosen the interaction constant betweesnd vs to bands with that of 3; (K = 0) is given in Figure 3. While the
belss= —20 cntl. The interaction between andv; remains dependence ofs upon the level of valence excitation is not
12 = —11 cnTL1> We also assume that there is a small yet determined, the dependencevpbn v; has been estimated
coupling betweem; + v, andv, + vs as well as betweem + earlier to be 2.7-cmt blue shifted fromy; = 0 to 3. We note
vs andv, + va, Ad1a25= A1524= —2 cnTl, due to soft mode that the shift ofv4 uponu, excitation is larger, since ™ = 1

valence mode interactions. The other coupling elements arethe difference is knowhto be 5 cntl. Assuming a linear
set to zero. The initial unperturbed frequencies are roughly dependence of; on v, the observed frequencies of 126.7dm
adjusted to give the final frequency set. While the effort is atv, = 0 and 132.616 cmit at v, = 1 provide the estimater3
clearly parametric and the results cannot be regarded as giving+ v4 — 3v, = 143 cnt!. From the change ins of 19 cnT! at
a quantitative fit, the qualtitative trends of the tunneling splittings v, = 1, given by Nesbitt and co-worketdinear extrapolation
observed in theyy + va, v1 + vs, v2 + v4, v2 + v5) quartet of suggests & + vs — 3v, = 216 cnt?, and thus 3; + v4 + vs
(HF), are reasonably matched. Note that the symmetry of the = 11043+ 143 + 216 = 11402 cml. The difference in
levels is properly given in Table 2. We have not attempted a energies betweenvg+ v4 (K = 0) observed at 11 402.9 crth
refinement of the constants used as well as the input energiesand our above estimate o3+ v4 + vs (K = 0) is extremely
to optimize the tunneling splittings of the levels and their small. Thus it is not surprising that thev3+ v, band is
distribution, since the purpose of this modeling was to show appreciably broadened relative to the 240 MHz linewidth of

that a reasonable choice afiy = 8 cnr! for the “pure” vs 3v1 (K = 0) because of this near-resonance coupling. Using
level allows reasonable estimates for the tunneling splittings of the above estimatey3 + vs — 3v, = 216 cn1? places 3, +
all members of thewy + va, v1 + vs, v2 + v4, v2 + v5) quartet, vs at 11259 cmi! compared to the observed location af 3K

without recourse to changes in the barrier with valence excita- = 0) at 11 273.50 cmt. We assume that the coupling element
tion. between 3; and 3/, + vs is identical to that betweenv3+ v,
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and 3» + v4 + vs and also that the line broadening imy3and
3v1 + v4 are due solely to this mixing. Since a small shift of
the location of 3, + vs is ignorable, we obtain the coupling
element [15(240/10000%f = 0.6 cnT!. Using this value for
the coupling element we determine the separation between 3
+ vq and 35 + v4 + vs5 to be 1.4 cm?, which is 0.5 cm?
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coupling constants other than by the overall scaling with square root of
reduced mass. Since the coordinateifias been assumed to be the tunnel
path, we also put an enhanced tunneling doubling in that vibrationally
excited state. The (DE)Xunneling splittings measured by Daws al.2*
however, show little correlation with our calculations other than in overall
magnitude. In particular, the observed result that the relatively well isolated
statev; + v4 has a large tunneling doubling is not readily explained. The
predictions of predissociation exhibit minor variation within the
vibrational manifold, in accord with observations.



