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Transitions to overtone 2 and 2v5, and combinatiorv,+ v vibrations in jet-cooled kD* and

D,H™ molecular ions have been measured for the first time by high-resolution IR spectroscopy. The
source of these ions is a pulsed slit jet supersonic discharge, which allows for efficient generation,
rotational cooling, and high frequendit00 KH2 concentration modulation for detection via
sensitive lock-in detection methods. Isotopic substitution and high-resolution overtone spectroscopy
in this fundamental molecular ion permit a systematic, first principles investigation of Born—
Oppenheimer “breakdown” effects due to large amplitude vibrational motion as well as provide
rigorous tests of approximate theoretical methods beyond the Born—Oppenheimer level. The
observed overtone transitions are in remarkably good agreetrdhi cm ') with non-Born—
Oppenheimemb initio theoretical predictions, with small but systematic deviations fes,2v,

+wvg, and 2v5 excited states indicating directions for further improvement in such treatments.
Spectroscopic assignment and analysis of the isotopomeric transitions reveals strong Coriolis
mixing between near resonanv2and v,+ v vibrations in DH*. Population-independent line
intensity ratios for transitions from common lower states indicate excellent overall agreement with
theoretical predictions for JH*, but with statistically significant discrepancies noted fgiDH.

Finally, H,D* versus BH" isotopomer populations are analyzed as a function £fH) mixing

ratio and can be well described by steady state kinetics in the slit discharge expansi@002©
American Institute of Physics[DOI: 10.1063/1.1458244

I. INTRODUCTION significance. Indeed, §1 has already been detected in the
atmospheres of planété and discovered both in molecular

Protonated molecular hydrogensH is arguably the
yerogens guanty acloudé‘7 as well as the diffuse interstellar medi§m.

most fundamental molecular ion, playing a central role in A
wide range of chemistry, physics, and astrondmyt the As a consequence of such broad scientific interest, the

theoretical level, this simplest of polyatomic molecufes., H;" ion and Its Isotopomers have represented ongoing tar-
three H nuclei and two electronkas served as a benchmark 9ets of extensive experlmenta_l and thgoretlcal e%ﬂ?_
system for development of high accuraaly initio methods, ~ The laboratory spectrum of #1 ion was first measured in
especially as a prototype of treatment cé 2three-center 1980 by Oka’ followed by spectroscopic studies of
bonding. In addition to its fundamental theoretical chal-fundamental,”-**overtone;>*°and vibrational hot bands.It
lenges, the K" ion is also of significant experimental rel- is worth noting that even partially deuterated isotopomers of

evance, since it is readily formed via ion—molecule reactiorHs" can also be of astrophysical importance, despite the fact
of molecular hydrogen with ki, that the cosmic abundance of deuterium is generally ac-

cepted to be only=10"° of that of hydrogen. This is because
exothermicities of H/D exchange reactions are driven by
As a result, H" plays a key role in environments where zero-point vibrational effects, which therefore strongly favor
molecular hydrogen gas is ionized, specifically in moleculaD versus H atom incorporation. Particularly in cold interstel-
hydrogen dominated plasmas. Since hydrogen is by far thir regions, this can lead to greatly enhanced isotopic frac-
most abundant element in the universe, with molecular hytionation effects which has led to recent detectfasf ortho
drogen dominating in the cool regions, formation of'H H,D" via telescopes operating in the submillimeter region.
ions is therefore expected to be of ubiquitous astrophysicéarhis has in turn stimulated laboratory interest in these par-
tially deuterated molecule ions. For example, the fundamen-
dpermanent address: Institute of Applied Physics, Russian Academy of ScF—aI vibrational bands have also been observed and analyzed
ence, Nizhny Novgorod, Russia. for both H,D" ions>?*and D,H" ions?>?° Due to lower
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populations and weak transition strengths, however, it hathrust of this paper. Our approach can be simply stated. To
proven challenging to extend such isotopomer studies intsuccessfully obtain these spectra, slit jet discharge methods
the overtone region, despite the need for such efforts to guideave been modified to “synthesize” high densities of par-
astronomical observations. As the primary thrust of thistially deuterated molecular ions, in a jet-cooled configuration
work, overtone/combination band transitions for these parsuitable for direct absorption IR laser spectroscopy at the
tially deuterated isotopomers are reported for the first timeshot noise limit. State-of-the-art non-Born—Oppenheimer
using the high-resolution IR spectroscopy combined withtheoretical predictions are then used to expedite high-
concentration modulated slit discharge techniques to achiev@solution searches for overtone stretching/bending rovibra-
the requisite sensitivity levels. tional 2v,, 2v5, and v,+ v transitions in both KED* and

In addition to astrophysical importance, there are otheD,H". Measured line positions and intensities are then com-
compelling reasons for fundamental spectroscopic interest ipared with theoretical predictions, permitting a rigorous
these isotopomers. Though a reasonably accurate descriptiénaluation of such non-Born—Oppenheimer models at high
of two-electron bonding in k" and isotopomers is available internal energies and as a systematic function of isotopo-
from conventional electronic structure calculations, the levemeric composition.
of effort required to match experimental observation to spec-  The organization of this paper is as follows. Section I
troscopic accuracy is far from trivial. Specifically, large presents a brief description of the experimental apparatus,
amplitude motion of the H/D nuclei leads to considerablewith particular emphasis on the slit discharge source and
complications and challenges in the nuclear dynamics forecently implemented concentration modulation technique
this light three-atom system. Indeed, Tennyson andor study of jet-cooled ions. The spectroscopic results are
co-workeré”?® have clearly shown that a large contribution presented in Sec. IlI, followed by detailed comparison with
to error in theab initio determination of H" rotation—  theoretical predictions from non-Born—Oppenheimer model
vibration state energies arises from the breakdown of th&alculations. Section IV presents a spectroscopic assignment
fundamental Born_Oppenheimer approximaﬁon, ie., Suff|h|gh||ght|ng the Significant role of Coriolis interaction, fol-
ciently rapid electronic motion on the time scale of nuclearlowed in Sec. V by analysis of line intensities and ion state
displacements to justify the concept of a potential energypopulations. Section VI presents a steady state kinetic model
surface(PES. In fact, the magnitude of such effects fos H  that successfully accounts for observesDH versus QH”
and isotopomers is on the order of severaléneven for  ion concentrations as a function of,HD, mixing ratio,
fundamental vibration/rotation levels; this is already-i@ld ~ Which when coupled with nuclear spin conservation rules,
in excess of high-resolution Doppler limited spectroscopioorOVides a preliminary basis for interpretation of ortho ver-
uncertainties and predicted to increase further with overton8US para populations. Section VIl summarizes and concludes
excitation. The existence of such non-Born—Oppenheimeth€ Paper.
effects undermines the simple yet virtually universal picture
of nuclear dynamics occurring on a well defined, isotopically”- EXPERIMENT
invariant potential surface. Detailed overtone studies of The present studies have been performed with the
asymmetrically substituted isotopomers such a®Hand  near-IR high-resolution spectrometer and a pulsed, slit super-
D,H" are likely to prove especially enlightening, since thesesonic discharge souré&?? for which the concentration
ions require additional non-Born—Oppenheimer correctidons modulation technique has been recently implemeftdthe
that are absent in the more symmetrig'Hand D" narrow band(<1 MHz) infrared light is produced via cw

Exact rovibrational solution of k" and isotopomers as a nonlinear difference frequency mixing of visible, single
full five-particle system remains an unsolved challenge. Nevmode Ar* (488 or 514.5 nmand dye(R6G) lasers in a
ertheless, progress in these directions has been extremebmperature controlled LiNbQcrystaf* and split into refer-
promising based on approximate three particle variationaénce and signal beams. The IR power on the reference beam
calculations with suitably modified potentials and effectiveis monitored with a photovoltaic, liquid Ncooled InSb in-
non-Born—Oppenheimer kinetic energy terms in thefrared detector. The signal beam is multipassed 16 times via
Hamiltonian®® A twin track approach has been adopted, witha Herriot cell through the modulated 4 cm long slit jet super-
initial studies improvingab initio estimates of both the sonic discharge and then focused onto a matched InSb detec-
Born—Oppenheimer potential and the adiabatic correctiomor. The signal and reference beams are then subtracted to
using previously observed spectroscopic data and more reliminate common mode noise from Aidye laser fluctua-
cent studies modeling these using an entiraly initio  tions, resulting in a typical detection sensitivity of
procedure? Indeed, predictions based on tkib initio pro- 1076 Hz Y2 or ~10 * minimum absorbance in a 10 kHz
cedure now reproduce existing experimental data fof kb  detection bandwidth. This is already close to the shot noise
nearly spectroscopic levels of precisith,e., within a few  limit, but can be further improved by high frequency concen-
hundredths of a cimt. By virtue of the additional non-Born— tration modulation methods, as described below.
Oppenheimer terms in the Hamiltonian, a particularly strin-  The pulsed, slit supersonic discharge source can generate
gent test is provided by the asymmetrically substituted isosignificant densities (typicalty 10!%cm?) of supersonically
topomers, which to date have not been observed beyond thwoled molecular ion& By switching the current through
fundamental manifold. the discharge at 100 KHz, concentration modulation

This motivates the current high-resolution overtone studmethod3®3® can be employed to effectively discriminate
ies of the HD* and D,H" species, which form the central against absorption signals from precursor species present in
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4062.90 3982.75 intensities is approximately 2 A, with Dand H, mole frac-

-1 tions varied to achieve maximum production efficiency for
Wavenumber [cm™] either D" or D,H* ion. Figure 2 shows the populations of
FIG. 1. Examples of overtone ¢3) and combination bandig+vs) ab-  the lowest ortho and para states oftH and D,H™ ions as
sorption lines for HD* and DH™ ions. Strongest and weakest absorption @ function of the relative B partial pressure, measured for
lines are shown to demonstrate 88N dynamic range. Gaussian profiles four fundamental transitions. Note that absolute absorbances
are fitted through the experimental lines. are measured, which from calculated transition strengths per-
mits absolutepopulations of ions per quantum state to be
reported. Although we defer kinetic interpretation of these
orders of magnitude greater abundance. The implementatiacturves until later in the discussion section, the optimum con-
of lock-in detection at these high frequencies also provideslitions for production of HD* ions are achieved with about
additional noise discrimination, resulting in a detection sena 10% mixture of B in H,, while for production of DH*
sitivity of about 4x 10~ 7 Hz~ 2. In a 3 KHz detection band- ions the partial pressure of,[has to be increased to about
width, this corresponds te-2x 10 ° minimum absorbance 20%. In the previous studies of,B" or D,H" the optimum
per pulse, as previously demonstrated fof'Hons3® This  conditions for production of these ions were at somewhat
improvement in detection sensitivity proves to be crucial forhigher D, concentrations of approximately 20% for the
the present experiment, where absorbances belet®®  H,D* and 50% for the BH"' production?®? This observa-
are routinely measured. tion is qualitatively consistent with the significantly lower
Figure 1 shows sample data scans over isolated rovibraotational temperature$T,,~71(6) K] obtained in the
tional lines, demonstrating roughly the dynamic range of abpresent experiment compared to approximately 200 K and
sorbances an8/N ratios for the strongest and weakest tran-150 K in previous studies?° as will be discussed in more
sitions observed in D" and DH* ions. Note that peak detail in Sec. V. These data also permit relative populations
absorbances are on the ordex 20 ° for the weakest lines. of the jet-cooled nuclear spin manifolds to be determined
Center frequencies are obtained by least-squares fitting directly, as indicated by the excellent agreement between
Gaussian to the Doppler profiles. Relative frequencies arsuitably scaled versions of the ortho and para manifolds for
measured to better than0.0001 cm® by monitoring dye  both H,D* and DH" (see Fig. 2
laser transmission fringes through a stabilized Fabry—Perot Rotational temperatures @f,~71(6) K are character-
optical transfer cavity® to which the AF laser is servo loop ized from Boltzmann plots, as shown in Fig. 3. These are in
locked as well. Absolute frequency calibration is achieved byfact substantially higher than typically achieved in the slit jet
referencing spectfato the R(0) line of HF at 4000.98919 discharge T,,~10-30K), due to the use of a predomi-
cm 1, which is known to an accuracy better than 2 nantly H, expansion to maximize production of,B™ or
X104 em™L, D,H* ions. This avoids proton transfer loss to monatomic
The ions are formed in the discharge by adiabaticallycarrier gases such as Ar, although at the expense of less
co-expanding a mixture of deuterium and hydrogen at e&fficient rotational cooling with the light diatomic molecule
backing pressure of 300 Torr through the pulsed expansiodiluent.
slit (300 umXx 4 cm). The discharge current for optimum ion Theoretical calculations predict not only the line posi-
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" ] Oppenheimer effects. First of all, the so-called “adiabatic”
+ ® Ortho | or diagonal corrections to the Born—Oppenheimer potential
2H O Para surface are included, which yield

1 1
V(Q=Veo(Q)+ sAVAQ)+ AVRQ). @
1010 4 ]

< T,~=7106)K The AVS,{(Q) symmetric adiabatic term is the only nonva-
° nishing term for symmetricisotopomers(e.g., Dy*,Hs ™),
with a mass factor of £% 1=3,1/m;. Conversely, for
asymmetricallysubstituted ions such as,B" and H,D*,
there is an additional correction termyVA,(Q), with
(u™) " t=1/m,— 1/m,, wherem, andm, refer to the unique
versus doubly present H/D atoms, respectively.

However, modifying the potential surface with mass de-
pendent terms is not sufficient. In order to implement this
, , i , approximate non-Born—Oppenheimer model, the kinetic en-

0 50 100 150 200 250 ergy operator is also rewritten in a form that explicitly allows
Energy (E-E,)lk; [K] different masses for' rotationql and vib.ration_al motion. As
supported by detailed studies of diatomic non-Born—
FIG. 3. Boltzmann plots as a function of initial state internal energy for theOppenheimer effects for Hand H* by Bunker and
D,H" ion. Full circles correspond to ortho states and open circles to pargyloss#®4! the rotational masses in the kinetic energy opera-
itat:es?.1I(3g;thets of data can be well described by a rotational temperatu;ESr are taken to be the exatticlearmasses of the various H
o ' versus D isotopesi.e., excluding the electron massThe
effective vibrational mass for each isotope is similarly ob-
_ . . - _ tained from the Hand H," results of Mos§?*3which yield
tions for HD™ and DH" transitions, but also the line 1 yalues intermediate between a bare nucleus and full

strengths. The line intensity measurements presented beloyomic mass. Nonadiabatic effects are then incorporated by
confirm the reliability of these theoretical predictions, which solving for eigenvalues of this non-Born—Oppenheimer cor-

can thus b_e used to e'stlmaibsolutestate populatlo'ns from rected potential and kinetic energy operator Hamiltonian
measured integrated line absorbances. The experimental sta{@y, \ariational calculations. Numerical convergence of
populations so obtained are plotted as a function of the initia},ase calculations is better than 0.005 ¢pi.e., safely be-
state internal energy in Boltzmann plots. In Fig. 3, two Set§5q the limits due to either experiment uncertainty or re-
of populations for ortho stateSull circles) and para states  gjqya non-Born—Oppenheimer contributions unaccounted
(open circley are shown for the BH* ion, both fit to a for in the present model.
rotational temperature of 18) K. The excellent agreement The spectral search for overtone rovibrational transitions
in Boltzmann slopes suggests that the ion rotational temperas H/p substituted H* reveals 16 lines of BH* and 8 lines
tures achieve thermal equilibrium in spite of the large asym- H,D* ions [see Figs. é) and 4b)], greatly accelerated
metric rotor spacings and less efficient cooling in diatomicyy heqretical predictions. Indeed, all measured lines are
hydroge;n. This rotatiopal temperature is also in good agree ind near to the predicted positigeee Tables | and )
ment with the translational temperaté~61(5) K] mea-  gfactively eliminating long spectral searches for each ion
sured along the laser beam via high-resolution Doppler liney,;: sparse transitions extending oveB00 cni'™. The the-
width analysis. oretical calculations also yield transition strengths, which al-
low the scans to concentrate on lines with intensities pre-
dicted above experimental sensitivity limits. Attempts to
observe several transitions with intensities below these limits
Initial frequency and intensity predictions for these stud-yield negative results, confirming the qualitative reliability of
ies are based on the non-Born—Oppenheimer potentials dfie theoretical predictions. Figure 5 shows a sample scan
Dinelli et al,?® which had been refined using spectroscopyregion, which reveals two close transitions ofHD™ ion to-
data available at the time. Intensities were calculated usingether with the predicted positions indicated by the arrows.
the dipole surface of Rwseet al 3 During the analysis of the Each transition in the present data set has been scanned re-
present data, however, neab initio frequency predictions peatedly(3 to 9 times$ to confirm both relative frequencies
were made. Although a detailed description of these nonand intensities. Intensity data measured over multiple days of
Born—Oppenheimer calculations is addressed elsewifiere experimentation are normalized to multiple reference peaks.
the essential ideas can be quickly summarized. These calcu- Tables | and Il summarize the line positions fogHD
lations start with high accuracgb initio electronic structure and H,D™ ion, respectively. As the primary interest in these
efforts[ Vap initio( Q) ] augmented with relativistic corrections H,D* and D,H™ species relates to rigorous high-resolution
[Ve(Q)] to yield a state-of-the art Born—Oppenheimer tests of non-Born—Oppenheimer effects, we defer discussion
surface®® i.e., Vgo(Q)=Vapinitio(Q) + Vie(Q), which is  of the spectral assignment and analysis until later in the dis-
then further modified to model mass dependent non-Born-eussion and instead focus on comparison between theory and

Population N/(2J+1) [cm™]

10° o

Ill. RESULTS: NON-BORN-OPPENHEIMER EFFECTS
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including both symmetric and asymmetric “adiabatic” cor-
rections toV(Q) as well as explicit non-Born—Oppenheimer
kinetic energy operator terms.

The data indicate several interesting trends. First of all,
there is an overall remarkable level of agreement between
theory and experimental results, with maximal discrepancies
of only ~0.2 cm ! for the semiempirical and less than 0.1
cm 1 for theab initio predictions. In fact, the majority of the
predicted frequencies are within 0.04 chof the experi-
mental data. By way of example, sample data and theoretical
predictions are shown in Fig. 5 for two overtone transitions
in the 2v; manifold of D,H*, where the arrows below
(above the frequency axis refer to the semiempiri¢ab
initio) set of predictions, respectively. Indeed, the second set
of fully ab initio predictions shows roughly an additional
order of magnitude increase in accuracy, with a typical pre-
diction error of ~0.05 cm® and in line with previous
studies®® Although still significantly outside the range of ex-
perimental uncertainties=0.001 cm %), these results should
be compared with intrinsic non-Born—Oppenheimer correc-
tion terms on the order ofseveral cm®. This confirms that
the non-Born—Oppenheimer models employed are achieving
near spectroscopic levels of accuracy, even for overtone tran-
sitions in the asymmetrically substituted isotopomers.

Second, the deviations between semiempirical predic-
tions and experiment exhibit a systematic dependence on the
molecular vibrations involved. For J®", for example, the
deviations are all positivé~0.14 cm'}) for 2v,, negative

experiment. Also listed in Tables | and Il are the deviations(=—0.15 cm ?) for 2v5, and close to zer¢~=*0.021 cm?
between the experimentally measured line positions and th®r the combination band,+ v5. For D,H™, the non-Born—
spectral predictions reflecting semiempirical aall initio
treatment of non-Born—Oppenheimer effects. The secondnverted nature of the isotopically substituted D versus H
more accurate set of predictions is based on the use of thetoms. For example, the discrepancies are systematically
ultrahigh accuracyab initio+relativistic potential surface’,

Oppenheimer effects reverse, as might be expected from the

negative(~—0.04 cm'}) for 2v,. The corresponding non-

TABLE |. Observed),,, line positions and their deviationd=\¢;—Acqc from calculated values ;. for

D,H".
Wave numbefcm™]
Ortho/para Vibration Ik ko =K ki Nexp 52 5°
p 2v, 1o 1o 3846.786443) —0.040 ~0.023
0 20, 200111 3860.659630) ~0.039 ~0.017
0 20, 112 Ogo 3871.377813) —0.046 ~0.030
p 2v, 2,510, 3887.052(21) —0.039 -0.017
0 2vs 0oy 111 3993.51799) 0.207 —0.033
p 205 15— 1o 4066.15769) 0.204 ~0.046
p 205 Lor—110 4000.49408) 0.127 ~0.034
0 20, 200111 4047.84084) 0.130 0.002
o 20, 113-0gp 4062.88982) 0.083 ~0.044
p 20, 2101 4062.98375) 0.087 ~0.032
0 o+ v 124 3982.748041) ~0.075 ~0.003
p Vot vg Oop— Loy 4025.873414) ~0.075 ~0.023
0 Vot vg L1y 4069.85818) ~0.075 ~0.033
p Vot v 102, 4020.534227) 0.005 —0.040
p vyt v 2,150 4121.77579) 0.026 ~0.035
0 vyt v Log—20p 4021.23509) 0.050 ~0.042

Calculated line position .4 Using spectroscopically determined potentials.

P\ calc from ab initio calculations.
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TABLE II. Observed\,, line positions and their deviation8=\ ¢~y from calculated valued . for

H,D*.
Wave numbefcm™1]
Ortho/para Vibration 'k k3K ok, Nexp 52 5°
0 2v, 1140 4271.017411) 0142  —0.078
0 20, 10—1y, 4301.631617) 0138  —0.089
0 2v, 2511, 4352.35807) 0141  -0.071
o 20, 2111 4394.328811) 0129  —0.082
o 2, Ly 2, 4538.405424) ~0.149 0.034
(o] vyt vs o149 4422.71884) 0.021 0.013
0 vyt v 200111 4495.880911) ~0.007 0.037
P Vot Vs 113 0go 4512.566511) 0.016 0.013

&Calculated line position .4 Using spectroscopically determined potentials.
P\ calc from ab initio calculations.

Born—Oppenheimer effects forvg and v,+ v4 vibrations  IV. SPECTRAL ASSIGNMENT AND ANALYSIS:

are more difficult to infer, as the predictions are also influ-CORIOLIS INTERACTIONS

enced by strondC axis Coriolis coupling between the two

near resonant manifolds. However, if only transitions to the ~ Though a primary impetus for the present work has been
Coriolis unperturbed statéd’ /=0y and 1) are consid- an experimental test of theb initio non-Born—Oppenheimer
ered, deviations for 2; are éocnsistently positivé~+0.2 calculations, these spectra presented herein also reflect first

) ; + T
cm 1), whereas thes,+ v5 band yields discrepancies closer igh-resolution data on3®" and D;H™ in the overtone and
to zero(~ —0.075 cmY). These reflect vibrational and iso- combination band region. Due to large rotational constants

topic trends that are not completely accounted for in what ar@"d €fficient cooling in the slit jet discharge, the spectra are
effectively extrapolations of the fits of Dineliit a2 Con- ~ €xtremely sparse, with only the very lowest energigs
versely, theab initio predictions yield a significant improve- = 0,1, and a few=2 levels populated sufficiently to detect,
ment in precision modeling of non-Born—Oppenheimer in-and no |ntgrnal cpmblpatlon dlﬁgrences .for independent
teractions. Now the agreement between theory angPectroscopic conflrma.tlon of a given gs&gnment. Fu'rther-
experiment is improved t6=0.03-0.04 cm®, which cap- MOre, due to the exclusive presence of Ilght H'/D atoms in the
tures all rovibrationally non-Born—Oppenheimer effects at®NS: these ove_rtone/comblnatloq band vibrations correspond
nearly spectroscopic levels of accuracy. These results deni® large amplitude motion, which leads to anomalously
onstrate that theab initio calculations extrapolate to new Strong vibration/rotation mixing effects. On the other hand,
spectral regions much more reliably than results based offi€ theoretical predictions specify the two good quantum
high quality fits to previously observed spectra. The informa.NUmbers: rotational statd and nuclear spin symmetry
tion gained in these experiments will be used to further refindo"tho/para. Thus zero order assignment of these bands as
theoretical models of non-Born—Oppenheimer effééts. J k., rovibrational transitions is relatively straightforward
for less perturbed vibrational states such ag &f D,H™,
whose energy levels can therefore be adequately described as
0.04] a rigid asymmetric top. However, this situation _becomes

DaH* 2vs3 more complicated for the2 and v,+ v3; modes, which are
near resonant with each other and therefore exhibit strong
Coriolis mixing effects described below.

Both the HD™ and D,H™ ions belong to theC,, sym-
metry group and the three normal vibrational modes: a sym-
metric “breathing” modev,, a bending modes,, and an
asymmetric stretchrs, with symmetries oA, A;, andB,,
respectively. Thus by standard group theoretical analysis,
both the 2/, and 2v; overtone stategeachA;) can interact
with the v, + v3 combination band vibrationB,) via C-axis
Coriolis coupling, yielding selection rules &J=0, AK,
=odd, andAK.=even. This implies that @ and 1, states
: are unperturbed, whereas each of thg ), (211,21),

4062.8 and (25,215,250 states can form strongly Coriolis coupled
Wavenumber [em-'] pairs and triplets. To facilitate spectroscopic assignment of
e 5 An el sean over o lin esponding 1a 2 individual transitions in BH* and H,D™ ions, the mol-
o and zljfplem'traensiioicjn %"H‘i o Pl :C?Oizaoarr'ovss’tﬁ] gL, ecules are therefore approximated as rigid asymmetric tops

theoretical predictions based on semiempirical @bdinitio non-Born—  With C?OI’iOliS coupling irjc_luded via tW(_()Ol’ threg state per-
Oppenheimer model treatments, respectively. See text for more details. turbation theory. The rigid asymmetric top molecular con-

0.03]

0.02-

0.01+

Relative Absorbance [%]
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4150 1 4350 corresponding 25 Ei,,~E2,> E201)' This extensive degree
D2H+ Coriolis interaction of mixing makes an assignment 8 , quantum numbers
] only approximate, but these labels are nevertheless useful to
4100 1 2v, V,+v, 2v, [ 4300 characterize the predominant parentage in the zero order
Ortho Para Ortho Para Ortho Para states.
. For H,D* ion a similar analysis has been made, al-
4050 1 4250 — though with fewer transitions measured as a result of the
- é lower ion concentrations. Ther3 and v,+ v3 modes are
g 1 o again strongly Coriolis mixed; the magnitude of the coupling
O, 4000 | [ 4200 2 _ 5V .
~ ] ~ (y=40cm 1) is comparable to that observed in,iD",
Q 2 though with smaller effect due to a much larger difference in
B 1050 | 150 & band origins (Avy~140cm* versus 18 cm'). Only
@ : = ~10-30 cm* Coriolis shifts are observed, qualitatively pre-
w E serving the conventional asymmetric top energy level pat-
3900 - L 4100 W tern.
1 —a, V. LINE STRENGTHS AND STATE POPULATIONS
3850 A = T o F 4050 . .
1 oo Absorption based measurements also yield valuable
Toy,— R Caiaantions complementary information on lower state populations via
3800 | Experiment 4000 line intensities. Although experimental line strengths are

typically determined far less precisely than spectral line po-

FIG. 6. Predicted term values for,B": the zero order asymmetric top Sitions, repeated scans over transitions can be used to yield
energy levelgdashed linegare strongly pushetbolid heavy one-directional  relative line strengths to<10% accuracy. These relative
arrows by C-axis Coriolis coupling(solid light double-sided arrowsnto /0 tone versus fundamental line intensities can then be
excellent agreement with experimentally obser¢eédavy line$ and theo- . . . .
retically predicted term value@ight full lines) for 2v; and v+ v5 vibra- ~ cOMpared to theoretical calcu_la_n_ons_ and thereby provide in-
tions. For the 2, vibration, which is far off resonande=200 cn?) with dependent assessment of #ieinitio dipole moment surface
v,+v3, the experimental and theoretically predicted term values agree welft large amplitude vibrational displacement.

with simple zero-order asymmetric top predictions. Note the offset in fre- The measured integrated absorbance is given by
quency axis for 2, (left), and 2v; and v, + v (right).
A=No-I-1(wif), 4

where Ny is the molecule density in the region ard
stantsA, B, and C for overtone and combination vibrations =64 cm is the total absorption path length. The transition
can be estimated by linear extrapolation from factor I (wif) =SyXP; is a product of line strengtl$, and
lower state populatiofupper state populations are negligible
Xog vy vy = Xe-Zai(vi+1/2), 3 at these temperatures

whereX stands forA, B, andC; the equilibrium constanX, Qns Q

and coefficientsa; can be evaluated from the ground state Pi:Q—e_Ei KT, 5)
and the first excited state constants for each molecular ion R

and vibratior?*2® Zero order deperturbed energy levels for whereQyg is the nuclear spin weight factéQys=3 and 1
the Coriolis coupled states are then estimated from simpléor ortho and para states, respectively, isDH, and 6 and 3
rigid top formula and predicted band origins. The rotationalfor ortho and para states, respectively, ipHD), Q;=(2J
dependence of-axis coupling matrix elements is diagonal +1) is the rotational degeneracy, a@k is the rotational

in K and therefore~ yK. for a near oblate symmetric top, partition function. The exponential Boltzmann factor de-
wherey depends only on the vibrational states and therefor@ends on the rotational term ener@y and the rotational
is approximately the same for each Coriolis pair or triplet.temperaturel .. From substitution of (wj;) into Eq. (4),
With least-squares selection gfthis permits term values for the population of a given initial statslj=N, P; can be
each of the Coriolis coupled states to be predicted fronevaluated from the experimental absorbance and the theoreti-

simple 2<2 or 3x 3 matrix diagonalization. cally predicted line strengtBy:
The predictions for BH* are shown in Fig. 6 and fully A
support the Coriolis analysis presented above. The zero order N; =$. (6)
asymmetric top energy level&ashed lings are strongly
shifted by C-axis Coriolis coupling(arrows into excellent Figure 7 displays populations divided by the rotational

agreement with the experimentally observed and theoretidegeneracyN;/(2J+1) for various lower rotational states
cally predicted term value@ull lines). Note that the magni- evaluated from different overtone and fundamental rovibra-
tude of the coupling ¥~30 cm 1) is greater than the differ- tional transitions. The key point of this plot is that popula-
ence in band originsAv,~18 cm 1) and indeed “inverts”  tions inferred via transitions originating from teamelower

the zero order asymmetric top level structure in several nostate should obviously be identical; the degree of agreement
table instancege.g., in vy +v3, Bz ,>Ez,>E2, and in therefore reflects the accuracy with which theoretical calcu-
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lations predict the line strengt®,. One can also isolate and populations evaluated from combinatien+ v vibrational
test the rotational dependence of these rovibrational transtransitions are 40—60 %wer than the corresponding popu-
tions for a given vibrational state. Indeed, the rotational dedations evaluated from fundamentej transitions for BD™*
pendence of both experimental and theoretical line strengthisn in Fig. 7c). Conversely, populations evaluated from
is found to be in relatively good agreement20%) with  overtone 2, and 2v5 vibrational transitions for BH* [see
rigid asymmetric rotor calculatiorS.Figure 7 is therefore Fig. 7(d)] are approximately 30%igher than those evalu-
restricted to lower state populations evaluated from a serieated from fundamentat, transitions. It is worth noting that
of vibrational transitions, which in effect focuses on the ac-populations inferred from these overtone transitions are con-
curacy of the dipole moment derivative surface. sistent withv,+ v5 [see Fig. T)], and thus similar discrep-
Figure Ta) isolates several pairs of transitions from dif- ancies must also exist between fundamental and combination
ferent fundamental, and v vibrational transitions for the band vibrations in BH".
H,D* ion. In general, there is very good overall agreement  This level of disagreement is real and will be the subject
between rotational populations inferred from each pair. Thef furtherab initio studies. It is worth noting that the present
greater abundance of;land 1,4 levels with respect to the comparison is based on intensities derived from the less ac-
lower energy 3, level reflects the higher population oftho ~ curate semiempirical wave functions and dipole surfaces,
versuspara states caused by nuclear spin statistics, whichwhich have since been superced®diven that the semi-
will be discussed in more detail in the following section. empirical predictions for eigenfrequencies are still quite ac-
Similarly, Fig. 71b) demonstrates excellent agreement be-curate, the dipole surface would seem the more plausible
tween populations evaluated from different overtomg 8nd  source of such discrepancies. In this regard, the line strength
2v5, and combinatiorv,+ v3 vibrational transitions for the Sy of a given transition derives from the transition dipole
D,H™ ion. All populations agree within the experimental un- matrix element(W | u|¥;), which is conventionally repre-
certainty obtained from repeated measurements. This level gented by a Taylor series expansion of dipole moment deriva-
agreement provides good support for the high quality of bothives of u(Q):
the ab initio surface and dynamical calculations.
On the other hand, significant discrepancies are revealed
in populations obtained by comparison between fundamental 1/22 <9Q 07Q
versus combinatiorisee Fig. 7c)] and overtongsee Fig. )
7(d)] transitions for HD* and D,H™ ion, respectively. The +-ee (7)

#Q)=m(Qe) +E aQ
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TABLE Ill. lon—molecule reactions, enthalpies, and rate coefficients considered in a plasma chemistry model
for the slit expansion discharge ion source.

Reaction rate coefficient
10 cmd?t
Reaction enthalpAH? L ]

Reaction [em™] T[K] 300 71°
H,"+D,—D,H +H, (i) —-237 ky 10 11
Hy"+D,—H,D*+HD (i) -105 K, 2.6 35
D,H* +H,—H,D*+HD  (iii) 132 ks 5.7 2.4
D,H"+D,—D3"+HD  (iv) -106 Kq 5.2 8.7
H,D*+H,—Hs +HD (V) 163 ks 5.3 2.0
H,D* +D,—D,H +HD  (vi) 74 Ke 6.5 7.0
H,D* +D,—D3;"+H, (Vi) —-238 k, 35 7.0
D3 +Hy—D,H +HD  (viii) 164 kg 2.9 1.7
D,H" +H,—H;"+D,  (ix) 237 k_y 1.9 0.0
D;"+H,—»H,D*+D,  (X) 238 K_5 5.3 0.0

®Reaction enthalpies calculated using zero-point energies of Cérefy47 and of Huber and HerzberRef.
48).

PAIl the rate coefficients at 300 K from Ref. 46.

‘Rate coefficients for exoergic reactiofks , k,, k4, kg, andk,) at 71 K taken as reported at 80 K in Ref. 46,
strongly endothermic reaction ratds ; andk_;) set to zeroks fixed at theoretical valuéRef. 49, with ks
andkg least-squares fitted to the experimental date text for detai)s

In this approximation, vibrational intensities in the funda- account for the observed reversal with isotopic substitution.
mental bands are dominated by the lowes., first ordey  In any event, these results clearly reveal small but finite er-
partial derivatives with respect to each normal mode coordirors in higher order dipole surface derivatives, which would
nate. Intensities in overtone/combination bands are governeitierefore be a worthwhile target for further theoretical inves-
by both first and second order partial derivatives and aréigation.
therefore more sensitive to deviations in the shape of the
dipole moment surface farther from the origin. This providesY!- ION-MOLECULE REACTIONS AND ORTHO /PARA
at least a plausibility argument for why transition strengths,POPULAT'ON ANALYSIS
internally consistent among the fundamental vibratifig. These population data provide additional insights into
7(a)] and among the overtone and combination vibrationgon—molecule kinetics of jet-cooled species and ortho—para
[Fig. 7(b)], could nevertheless result in discrepancies beinterconversion dynamics in the discharge slit expansion.
tween the fundamental and the higher order vibrational exciFigure 2 shows the populations of the lowest ortho and para
tations. states of HD™ and D,H™ ions as a function of the fractional
As a second observation, the experimentally measureB®, concentration in the stagnation region. The populations
population (i.e., transition strenglhdiscrepancies occur in are all obtained from fundamental excitations on following
oppositedirections for BHD" and D,H* ions[see Figs. (&)  rotational transitions: 2<1;; (1o« 0qg) transition for
and 7d)]. For example, when normalized to the overtone anddrtho (parg H,D*, and 13+ 0qo (212 10y) transition for
combination bands, the, fundamental based populations ortho (para D,H". Although these measurements are per-
appear to be overestimated fosBi" and underestimated for formed to optimize the expansion conditions for a particular
D,H". Without an independent measure of these populaiSotopomeric ion, they also contain interesting information
tions, one cannot uniquely determine whether this is due t@bout low temperature ion—molecular chemistry in the dis-
an error in the fundamental or overtone/combination bangharge source, as described below.
transition strengths or both. However, a plausible model for ~ Since H dominates in the slit discharge source, the
this can be developed from a simple normal mode analysighain of ion—molecule reactions starts with molecular hydro-
Specifically, thev, vibration in D,H* corresponds predomi- 9en ionization to form ", which rapidly reacts with mo-
nantly to stretching of the “uniqueli.e., H) atom with only  lecular hydrogen to form &t , reaction(1). This is then fol-
minor extension of the “nonuniqueti.e., D-D) diatomic 'owed by subsequent reaction ofsH ions with D, to

+ +.
pair. Conversely, this mode description is qualitatively re-Produce BD™ and DH™:

versed in HD", for which v, largely reflects the symmetric H; +D,—D,H"+H,, (83
extension of the nonunique H—H atom pair with only mini- .
mal stretching of the unique D atom. Once account is taken —H,D"+HD. (8b)

of shifts in the center of mass, this provides a plausible exThese ion concentrations then evolve by a series of reactions
planation for the observed discrepancies in fundamental vewith H, and D, molecules, the previously measured rate data
sus overtone transition strengths and/or inferred populationgor which are summarized in Table Ill. Most generally stated,
For example, if dipole moment derivatives on the surface ar¢he overall scheme can be written in terms of eight forward/
overpredicted for radial extension of a single atom versudackward reactions representing each of the four {#hs,
symmetric stretching of the diatom pair, this would nicely H,D*, D,H", D;*) reacting with each of the two reagents
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(H,,D,), where each of the forward/backward reaction pairs Exp: ° D2|.'|+ N '
P ; : 50 4 Model: —— 71 K]
is rigorously constrained by detailed balance. However, the R H2D+ 300K
full set of reactions is more general than necessary for ours” e ©
case, since HD concentrations are extremely small in the;2 401 bt ® o T CTTDH
discharge, limited primarily by natural isotope abundance = > < T o~
and/or ion—molecular formation rates in the discharge. This g 3 | e o H,D" |
translates into 3 to 4 orders of magnitude loyeD] than ® NS ‘//‘/ L Y
[H,] or [D,] and therefore reactions consuming HD as re- g 20 S\ Aa ° o
agent can be safely neglected. Thus the set of eight relevar § v N * s D.H'
reaction pairs can be conveniently organized intm-HD Q /;/ '\ z \
producingreactions, 20y 1/
Ve H,D"
Hs* + Dy DoHY +H,, (i) 0 , , , ' , :
0 10 20 30 40 50 60 70
H,D*+ Dy« D" +H,, (vii) Po, (P +P, ) [%]
andHD producingreactions, FIG. 8. Total ortho/para jD* (triangles and DH* (circles ion concen-
trations as a function of relative,[xoncentration. Kinetic simulations of ion
H3+ + Dy H2D+ +HD, (i) concentrations using a steady state model, Eg. with rate coefficients
summarized in Table Il for 300 Kdashed lingsand 71 K(solid lineg are
D,H* +H,<sH,D" +HD, (i) ~ shown.
D,H" +D,+D3" +HD, (iv)
H,D* and D,H™" ions, respectively, with a maximum,Bl*
H,D* +H,—H;" +HD, (v)  concentration about 1.5 higher than the corresponding maxi-
mum in H,D* concentration.
H,D* + D, D,H" +HD, (vi) As the simplest kinetic analysis of this data, we explore
N N a steady state model to investigate this dependence of total
D3+ Hp+»D,H™ +HD, (Vi) p,H* and H,D* concentrations on Pmole fraction in the

. . . . . discharge region. Reaction rates for each of the ion—
where the numbering of equations is consistent with the rate ) . .
: o molecule reactions considered are obtained from the VT—
constant labels in Table Il[.Note that two additional rate . 26 1
I . . SIFT measurements of Giles al,™ which report rate coef-
processes are in included in Table Ill to consider revers

reaction pathways fofi) and (vii).] Consequently, we need ?ICIentS at temperatures of 80 K and 300(see Table II).

only two pairs of forward/reverse rate constants from the firsfr hese two temperature sets of rate constants are then used to

T . n v
set (k;,k_1,k,k_-) and the six forward rate constants from solve for relative ion concentrations o,B™ and H,D™ as a

the second setkp,ks,ky,ks, ke kg) to describe the kinetics function of D,/H, mole fraction, setting time derivatives of

3 . . all ion species to zero. The theoretical steady state results for
completely, where any pair of reaction rate constants is nec;

. . . : : 300 K are shown in Fig. 8 and clearly predict that maximum
essarily constrained by detailed balance considerations. n 4 . . .

: - H,DT and D,H™ ion production requires muchigher D,
Given the long-range nature of the proton transfer kinet- . .
. : , concentrations than experimentally observed at 71 K. Spe-
ics, these reactions proceed at close to Langevin rates angd. . + n .

. : . ; cifically, the predicted kD™ and D,H™ concentrations at
therefore quickly permit the ion concentrations to reach . o
. . 300 K peak forXp. ~0.35 and 0.50, respectively, which is in
steady state levels. For example, an ion—molecule reaction 2

with K~10"°-10 2 ¢ s~ has a 1¢ time of ~30—300 ns  '€éasonable agreement with values observed in previous
: NS e . “high temperature” studies at 200 K and 150%k?° Also

for typical reagent K concentrations in the slit jet expansion "9 np = - ‘

(~3x10' cm 3). As the HD* and D,H" ions are probed r_elevant is the significardecreasén +optlmal D inole frac-

by the IR laser multipass about 5 meie., ~5 us) down-  0NS (Xp,~0.17 and 0.33 for pD" and DH", respec-

stream from the valve orifice, the ions have undergei@— tively) suggested from the low temperature rate consténts

200 reaction cycles and thereby achiesteady stateondi-  Obtained in VT-SIFT experiment at 80 (§mitted from Fig.

tions prior to detection. “lon catalyzed conversion” of 8 for clarity). Indeed, such trends are in good qualitative

H,/D, into HD executes only one cycle perelfon—  agreement with the current experimental data at even lower

molecule lifetime, which therefore yields negligible build up temperature$71(6) K], which yield peak concentrations of

of product HD on the Sus time scale, both with respect to H,D" and D;H™ at correspondingly lower Pmole fractions

H, /D, as well as HD in natural abundance. TotgtH and ~ (Xp,~0.12 and 0.18

D,H" ion concentrations as a function of relative Bon- The differences between experimental data a6)7K

centration are obtained from the experimentally measurednd model predictions at 80 K suggest an appreciable tem-

populations in Fig. 2 by summing over all quantum statesperature dependence to the rates. To appreciate why, it is

based on a least-squares-fit Boltzmann temperature (@) 71 helpful to note that reactions only involve the H/D exchange

K (see Fig. 3. The experimental populations for,B* and and therefore the enthalpy change is determined solely by

D,H* are shown in Fig. 8. These total ion concentrationszero-point energy differences between reactants and prod-

peak at about 12% and 18% fractiona) Eoncentration for ucts. Incorporation of D atoms via fast proton exchange re-
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actions(i)—(ii), (iv), and(vi)—(vii) therefore reflect processes H,D* and D,H" in the slit jet to be determined. Based on
exoergic by~100-240 cm*, as summarized in Table Il (1) the experimental ortho/para ratios for these lowest states
using zero-point energies for the isotopomer r@d H,  and(2) a fitted Boltzmann rotational distribution at (Bl K,
HD, and D, reagent® Though small, these exoergicities are the population ratios summed over alitho:para states are
significant with respect tégT,,~50 cmi ! in the discharge found to be 4.%): 1 and for 2.13):1 for H,D* and DH™,
expansion, which by detailed balance preferentially shifts thgespectively. It is worth noting that these ortho/para popula-
system toward higher steady state concentrations of botfion ratios are obtained from several different rotational
deuterated ion species at loweg Dole fractions. states on the same vibrational transition, and thus should be
In order to briefly explore this temperature dependencejnsensitive to any error in the dipole moment surface.
we offer a very simple attempt to model the experimental  The kinetic argument for rationalizingrtho:para ratios
data at 716) K based on the following(1) all exothermic s most simply stated for PH*. The only pathways that
ion—molecule reaction ratek{,kz,kq.,ks,k7) are assumed produce the BH* ion in the kinetic scheme developed in
to be temperature insensitive and maintained at the 80 Kgc. V| are from reaction§), (vi), or (viii). Furthermore, it
values;(2) the reverse rate constarkts, andk_; are deter-  fo|jows from the steady state ion—molecule reaction model
mined from detailed balance considerations, which forgiscyssed above that the total ion concentration consists of
strongly endothermic reactionatH/kgT~4.7) yield negli-  gpout 40% H*, 35% DH*, 20% H,D*, and 5% Q* ion
gibly small values at these temperatur(éié;ltgle rate (ionstant under an optimunXp,~0.20. Together with the reaction rate
Ijoerta:ﬁ:gtcl:(;rllc(&l\tlizntslgenHzflggt_azl.'93’( alnod ( 4)(;gfesconfsrt21nr:ts coefficients listed in Table Ill, this suggests that the major
y N pathways for total BH* ion production ar€i), proton trans-

for the remaining two mildly endothermic reactiotis and + o ; +
. . . { +
kg) are adjusted in a least-squares process to fit the experfl?r between " and D, (69% and (vi), HD" +D,

+ 0 ; ; ; e i
mental data. The best fits are reported as solid lines in Fig. 8, DZH. HD (229%. In this discussion, 't. IS _|mportant. 0
. . . . dppreciate thasteady staterather thanequilibrium condi-
with the inferred rate constants summarized in Table IlI

. L . ‘tions are maintained. Th ny of th veral removal pro-
Given the level of approximation involved in such a steady ons are maintained us any ot Ine severa removal pro

N : . A
state kinetic analysis, the agreement between experiment ang--es for BH™ 1o yield (posgbly) nongthbnum ortho/
simulation should be regarded as quite satisfactory. para  or D, products contribute negligibly to the overall

. T concentrations of the-H, andn-D, reagents. Considering
Though such a steady state population analysis is neces- . . )
. . ) _3Spin conservation rule¥, proton transfer can only yield

sarily approximate, the least-squares fits nevertheless provi 4 . .
ortho-D,H™ from ortho-D,, with an equivalent result for

some information about low temperature ion—molecule reac- ra states. Consequentlv. the distribution oHD states
tion rates. Based on assumptions described above, the raﬁg ' d Y 9

coefficients fork; andkg are estimated to be-5.7 and 2.9 rom reaction(i) shoulq simply reflect the-D, reagent, i.e.,
x10 0 cnPsL. It is worth noting that both these values aSZ..lltl)rt?o.?ara retl_uo. f DH* b i \ H.D*
are approximately twofold lower than VT—SIFT experimen- imilarly, formation of L y reaction(vi) H,

+ ; ; .
tal values'® which would be consistent with temperatures;L_DZt_’ DZ';' H:TD ian pfroceedz V;_?/SWO ruechamsn(i)
significantly higher than 80 K in VT-SIFT experiment. In- irect proton (H) transfer or(2) exchange process

deed, this possibility was in fact suggested by Géesl,*® between the ion and the neutral molecule. Since both path-
and provides further incentive for improved rate measure?V&yS involve Exphange O,f a single protqn or ‘?'e“t?“’”' pro-
duction of D,H™ ions via either process will again mirror the

ments in this temperature range for these important astro- ho: 0 of th by th
physical processes. In any event, estimates from the prese%t:L ortho:pararatio of then-D, reagent, by the same argu-

work indicate that these rates could be substantially lowef€NtS presented above.;l’hus the dominant processes contrib-
than previously reportetf uting to formation of DH™ ion predict a 2:lortho:para in

As a final topic, we briefly address the kinetic origin of 900 agreement with the 23:1 experimental value. How-
the experimentally observeattho versuspara ratios in the ~ €Ver this is nearly the same rfs.ult anticipated for complete
H,D* and DH* ions. This is closely related to the very SPin thermalization of the 4™ ions, which at 716) K
interesting question afymmetry selection ruléa chemical WOUI_d be 2'032_):1_' Th_us, the present_ experlme_nt c_annot un-
reactions, as investigated theoretically by Quifckndeed, ambiguously distinguish between spin thermalization or spin

the existence of such selection rules has been observed ¢x@nservation as the predominant mechanism, though this
perimentally only in a few cases, most recently by Uycould be readily addressed in future studies either with non-

et al152for reaction(1) and reactive collisions of i with  thermal(e.g., pure orthpsamples of [ reagent or at lower
H,. In these previous experiments, ratios of ortho- and parafotational temperatures. .

H,* spectral lines were measured in normal and pasa-H  1he 4.36):1 ortho:para ratio for HZD+ proves more
discharges; the nonstatistical results clearly supported the eghallenging to interpret. This is complicated by lower reac-
istence of a “spin memory” for this simplest of proton ex- tion exothermicities for formation of the less deuterated ion,
change reactions. The slit discharge provides an opportunityhich via detailed balance at these low experimental tem-
to explore such spin selection rules in ion—molecule reacPeratures can significantly influence populations of various
tions under much lower temperature conditions. As shown iProduct spin states. At the optimum, nole fraction p,

Fig. 2, the combination of direct absorption measurements=0.10), the rate coefficients in Table Il indicate two impor-
and theoretical line strength predictions permitssolute tant channels for kD™ production, namely=74% from re-
populations of selected ortho and para quantum states eafction(iii), D,H* +H,—H,D* +HD, and~26% from reac-
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tion (i), Hy* + D,—H,D* + HD. The former and dominant Cilitated an accurate test of non-Born—Oppenheimer dynam-
production pathway for kD' can again proceed via two ics, which reveals remarkably good agreement with experi-
mechanisms, however, both the direct deuterofi)(bans- ment. In all transitions observed, predictions at a nearly
fer and H/D exchange process should yield the same 3:3pectroscopic level of accuracy are achieved, with systematic
ortho:para ratio with n-H, reagent. The second production deviations as a function of vibration and isotopomer asym-
channel for HD™ ions is via H/D exchange of H with D,.  metry providing directions for further refinement of non-
This process is isomorphic to dissociation ofH-H," Born—Oppenheimer models. Spectroscopic analysis of these
+H, the spin selection rules for which have been previoushdata also elucidate the important role of Coriolis coupled
derived® ortho-H,* yields 100% ortho-k", whereas para- rovibrational state mixing in both 40" and D,H", which
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71(6) K. energetics.
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