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Determination of bond dissociation energies by threshold ion-pair
production spectroscopy: An improved Dy,(HCI)
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A recently developed form of threshold ionization spectroscopy has been used to determine the bond
energy for HCI to spectroscopic accuracy @.8cmi !). This method is based on excitation

to highly vibrationally excited ion-pair states using single-photon transitions from the ground
state of HCI. These metastable Rydberg-like states were selectively detected using electric-
field induced dissociation. By systematically varying the electric fields involved, and scanning
the exciting photon energy, it was possible to determine the field-free energetic threshold
for H3®Cl+hyv—H"+3%Cl~. Using this energy, together with the known values of the ion-
ization potential of H and electron affinity of Cl, a new estimate for the dissociation energy of HCI
was obtained: Do(H¥*Cl)=35748.2-0.8cml. © 1998 American Institute of Physics.
[S0021-960608)02443-X]

It is sometimes possible to determine the dissociatiorample, Ref. L These laws do not necessitate that the cross-
energies of diatomic molecules to “spectroscopic” accuracysection for ion-pair formation be zero at threshold, since the
(x1cm1). For example, the energy required to split two departing bodies interact with the strong Coulomb force.
ground state Hlinto two hydrogen atom®,(H,) has been This situation is analogous to the relationship between
experimentally determined to a precision of better thanphotoionization and photodetachment, where photoionization
0.1cm L.! The methods available for determining precisecross-sections can be nonzero at threshold, whereas photode-
values of D, are based either on photoly’isr inference  tachment cross-sections must always be zero at thre&hold.
using bound-state spectroscopic data near the dissociation |n 1992, Prattet al® demonstrated that the energetic
threshold? However, for some molecules the b&j values  threshold for ion-pair formation in Hcould be accurately
are derived from thermochemical measurements. An exdetermined by observing the systematic lowering of the ion-
ample is HCI, where the oft-quoted value Bf(HCI) in  pair threshold induced by application of a dc electric field to
Huber and Herzbefgs based on a thermochemical measure-the photoexcitation region. In general, when a thermally
ment made by Rossini in 1932. populated sample is excited and the ion-pair yield is ob-

In a recent pap&we suggested a technique for the ac-served as a function of photon energy, several ion-pair
curate measurement @, based on determination of the tnresholds will be observed, corresponding to the different
energetic thresholds for photoion-pair formation. This wasymounts of initial excitatiortsee, for example, Fig. 6 of Ref.
verified in the case of § sinceDo(O,) is reasonably well  10) pratt et al® were able to avoid this complication by
known. The present study was undertaken with the goal ofising a two color multi-photon excitation through an inter-
measuring a dissociation or bond energy which was Iess prepegiate resonance, which allowed them to “pick” their ini-
cisely known —D(HCI). . _ tial energy exclusively. With the goal of generality, a scheme

~ Measurement of the energetic threshold for spliting &,,5 peen developed for discriminating against the detection
diatomic molecule into ion-paira+ g- (Where Aand B are ¢ yhe jon-pairs formed above the energetic thresfdltiis
atoms O_f the molecule AB?IIOWS one to d_etermlr_10 ifthe  Hilows the study of thermally populated samples with single-
appropriate electron affinityEA(B)] and ionization poten-  yn,0n excitation, and identification of different ion-pair for-
tial [IP(A)] of the relevant fragments are known: mation thresholds corresponding to differing amounts of ro-

Do(AB)=E+ g —IP(A)+EA(B). (1) tationgl excitation in th_e sample. We have dubbed this

’ technique: threshold ion-pair production spectroscopy
In the case of HCI, bothP(H) and EA(CI) are known to (TIPPS. It relies on the selective detection of excitation into
better than 1 cm?!, allowing Do(HCI) to be determined the infinite series of high- ion-pair states approaching ion-
from measurement dy+ . pair asymptotes, and is conceptually analogous to the

There is a specific advantage to the measurement aflectric-field ionization of higm Rydberg states used in
thresholds for ion-pair formation over neutral photolysis. Forboth pulsed-field ionization zero-kinetic-ener@®fFI-ZEKE)
photolysis into neutrals, Wigner's threshold ldwdictate  spectroscopy and mass analyzed threshold ionization spec-
that the cross-section must be zero at threskede, for ex-  troscopy(MATI )2 (see the discussion in Ref).6
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To discriminate against ion-pairs formed above thresh-
old, the molecules are excited with a pulsed light source.
Shortly following photoexcitatiof300 ng, an electric field
is applied to the excitation volume which removes free ion-
pairs from the region if they have been formed. This takes a
certain amount of time, after which a larger electric field of
opposite polarity to the first is applied. This field dissociates
a range of highs ion-pair states, and draws the resulting
fragments into a time-of-flight spectrometer, where they are
detected(see Fig. 1 in Ref. 6 This signal is recorded as a
function of excitation energy to produce TIPPS spectra. The
discrimination field also depletes a range of higlstates
below threshold. Later, it will be shown how this may be
exploited to determine the field-free ion-pair dissociation T T
threshold of HCI. 0 100 200 300 400

The first observation of photoion-pair formation in HCI VUV Energy - 116000 (cm™)

13 -
¥s§yTﬁgfa(§ir;23CtT1?; zlrocgsséngysg(?llceh(:t?ggTo:;ldgtr:csm FIG. 1. () Prompt ion-pair_ yield from H_CI.‘ An extraptio_n fielq of §O V/ecm
was pulsed on 0.2s following photoexcitation. No discrimination field was
as a function of photon energy, from the energetic thresholdsed. No attempt was made to ensure 100% collection efficiency for fast
at 14.4 eV to 16.3 eV. The structure in this spectrum wagi’- (b) TIPPS spectrum of HCI. The discrimination field was 2 V/cm,
then modeled theoretcally as an indiect process: Rydberffi>= 0 (% (9000 povercianen, The exiacion fld s o
states are excited, which then predissociate into ion-pairs. formation thresholds for each initial level have been superimposésee

In the present work, the approximately 14.4 eV photonsFig. 3 and text

used to study the threshold region were generated by four-

wave sum-frequency mixing in xendf;® in a modified  pendent of, the relative spacing of these peaks is given by
version of an apparatus described previod8lyFre-  the well known rotational constants of ground state HCI.
quency doubled light from one dye laser;J was tuned Thjs spacing has been superimposed on the figure. Also
to approximately match a two-photon resonance in Xeshown over the same energy range is the promptith
[2v,=80119.5cm'""]. Frequency doubled light from a yield recorded by pulsing on an extraction field Q& fol-
second dye laseng) was overlapped with the; beam, and  |owing photoexcitation and not using a discrimination field.
focused into a free jet of Xe. The desired harmonie; 2 This spectrum illustrates the difficulty in identifying the
+vy, was separated from the fundamentals and unwanteghresholds for photoion-pair formation unless some form of
harmonics using a monochromator, then refocused into thgiscrimination is used.
main experimental chamber. The final photon energy was The spectrum in Fig. 1 corresponds to one scan with a
varied by scanning,. The VUV beam crossed a pure HCI fixed discrimination field of 2 V/cm. Figure 2 illustrates the
beam at right angles. The HCI beam was expanded from a dffect of varying this field from 10.2 V/cm to 25 V/cm. As
mm diameter pulsed valve, with a backing pressure of 20 psixpected, increasing the discrimination field pushes the blue
and travelled 5.2 cm before intersection with the VUV beam.edge down in energy, since larger discrimination fields de-
The VUV energy was calibrated using the relationshipplete more of the higlh- ion-pair states. In analogy with the
vyuy =271+ v,. The values ofv; and v, were determined behavior observed with Rydberg states in ZEKE/MATI
by calibrating the fundamentals of the two dye lasers using
known optogalvanic transitions in uranium, observed using T —
the optogalvanic effect in a hollow cathode discharge I&tp. I =1 J=0
The grating drive mechanism in the dye lasers exhibited a L .
small periodic nonlinearity which was corrected for by col- 0.10
lecting etalon fringes together with the optogalvanic spectra.
The estimated accuracy of the calibration of the final VUV
energy is 0.2 cm?. To check the VUV energy calibration,
the position of an autoionizing resonance in Kr was mea-
sured near the HCI ion-pair formation threshold. The ob- L
served energy location agreed with the literature value %= ;[
(116 528.8-0.2 cm )1 to within the combined uncertain- -
ties of the determination (0.2 ¢m) and tabulated value. L
Figure 1 shows a TIPPS spectrum covering the energetic o[ . o o 1 0 v v v v v vy vty
thresholds for HCIK!S,0=0J)+hv—H"+CI~(19). 0 20 40 60 s 100 120
Each peak corresponds to the signal due to the electric field VUV Energy - 116200 (cm”)
I.nduced dIS'SOCI.atIOI’l Qf a range o.f unresolved hlghly ylbra_FIG. 2. TIPPS Spectra of HCI for two different discrimination fields. Con-
tionally excited ion-pair states excited from a unique inifial  yitions are identical to Fig. 1, except for the magnitude of the discrimination
level of HCI. Since the energetic ion-pair threshold is inde-field.
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energy than that for pure ¥CI.?* Thus, the extrapolated
J=0, threshold = 116288.4 +/- 2.3 cm™ 1 threshold is corrected by this amount, to give an isotopomer
] specific threshold. The error in this correction is unlikely to
be greater than 0.1 cm. Combining the uncertainties in the
extrapolation, photon energy calibration and isotopomer cor-
rection, the uncertainty in the field-free ion-pair formation
threshold is estimated to be 0.6¢ch Thus we have deter-
mined the minimum energy required to splitig! from its
ground electronic statd,=0, v =0 into the ion-pairs H and
%CI~ to be 116288.20.6cm ™.

The ionization potential of H is accurately knowhand
I ] the electron affinity of Cl has been measured by Trainham
60 b etal®® to be 29138.305cm! When IP(H)

% (V/em)') =109678.8cm!, EA(CI)=29138.3-0.5cm!, and
En+ 35c- =116 288.7-0.6 cni ! are substituted into Eq1),

FIG. 3. Extrapolation to determine the field-free ion-pair formation thresh-D (H33Cl) =35 748.2- 0.8 cm ! is obtained.
o!d. '_I'h_e pc_)sitio_ns of the blue edges of a ser_ies of spectra taken at different ~ ag mentioned, previous estimates Df(HCI) are ther-
discrimination fields are plotted as a function of the square root of the . . . .
discrimination field. Thel=1 data has been shifted up in energy by dhe mochemical in origin. KnOWIedge_Of the heat of formation of
=0, J=1 energy level difference in the HCI ground vibronic state. The HCI from H, and C} together withDy(H;) and Do(Cly)
extrapolated zero-field thresholds for the twtevels are labeled. allows the determination c[DO(HCI), Rossin? measured the
heat of formation of HCI at room temperature using flame

spectroscopg? one would expect the leading blue edge of calorimetry. This can be corrected to giveT the hypothetical

the peaks in the TIPPS spectrum to be shifted down from thgeat of formation at 0 Kfrom the elemeents in their standard

field-free dissociation threshold in proportion to the squareStates. The JANAF table&' quote AH{p(HCI) = —92.128

root of the discrimination field. In Fig. 3, the position of the *0-21 |§J mof ' (—7701+18cm ). Substituting the

blue edge of several TIPPS spectra have been plotted asJANAF** recommended valuesDo(H,)=36118.3cm*

function of the square root of the discrimination figid The ~ @ndDg(Clz)=19999.1cm* into:

data from thel=1 line have been shifted up in energy by the Do(HCl) =D o(H,) + %Do(Cb)—Aero(HCD )

J=0, J=1 splitting using the previously known spectro-

scopic constants.The data points fit reasonably well to a 9ives Do(HC)=35760+ 18cm *. The value ofDo(HCI)

straight line, allowing extrapolation to zero-field strength. N Huber and Herzberg is 35 759@6ﬁ1and said to be derived
This procedure for extrapolation has been tested by col-ToM Do(Hz), Do(Clz), andAH(HCI).”" Therefore it is

lecting MATI spectra of Argon at th&P,, ionization thresh- most likely that this is based on Rossini’'s heat of formation

old with different discrimination fields using the same and thus has a comparable errar{8cn *). The present

spectrometef* The extrapolated field-free ionization thresh- determination ofDo(H*Cl)=35748.2-0.8 cn * is within

old agrees with the literature value to within the combinedth€se error bars.

uncertainties. We have also applied this technique to the measurement
To improve the precision of the extrapolation it would ©f Do(HF),*** and hope to investigate bond energies of

be desirable to extend the points in Fig. 3 to lower discrimi-Polyatomics in the future.
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