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Gas phase vibrational spectra of BrHand BrDI” have been measured from 6 to Aim (590—

1666 cm 1) using tunable infrared radiation from the free electron laser for infrared experiments in
order to characterize the strong hydrogen bond in these species.” BxHland BrDI™ - Ar
complexes were produced and mass selected, and the depletion of their signal due to vibrational
predissociation was monitored as a function of photon energy. Additionally, BaHtl BrDI" were
dissociated into HB(DBr) and I via resonant infrared multiphoton dissociation. The spectra show
numerous transitions, which had not been observed by previous matrix studiesatNevitio
calculations of the potential-energy surface and the dipole moment are presented and are used in
variational ro-vibrational calculations to assign the spectral features. These calculations highlight
the importance of basis set in the simulation of heavy atoms such as iodine. Further, they
demonstrate extensive mode mixing between the bend and the H-atom stretch modes iaitHI
BrDI™ due to Fermi resonances. These interactions result in major deviations from simple harmonic
estimates of the vibrational energies. As a result of this new analysis, previous matrix-isolation
spectra assignments are reevaluated.2@4 American Institute of Physics.
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I. INTRODUCTION matrix-isolation spectroscopyand in the gas phadé;® and
are reasonably well understood. The matrix IR spectra of the

The triatomic hydrogen bihalide anions, XHY where  asymmetric(X#Y) bihalides® are more complex, however,
X and Y are halogen atoms, are of fundamental chemicaand have so far only been interpreted by assuming the simul-
interest. From the perspective of electronic structure, thesmneous presence of two structural forms of the anions.
anions are an important model system for understandin@learly, gas phase IR spectra are desirable to gain an im-
three-center bondinty? They have some of the strongest hy- proved understanding of these species. Here, we report the
drogen bonds known, as evidenced by their high dissociatiofirst such spectrum of an asymmetric bihalide, BrHusing
energies relative to X+HY (1.7 eV for FHI—‘)3 and low-  atunable infrared free electron lag€EL) to perform vibra-
frequency hydrogen stretch vibration§23 cm® for  tional predissociation spectroscopy on BFHAr and reso-
BrHBr~).* Bihalide anions also serve as transition state prenant infrared multiphoton dissociatigliRMPD) experiments
cursors in negative ion photoelectr@®E) spectroscopy ex- on bare BrHI'. Identical experiments are described for the
periments, in which it has been shown that photodetachmemteuterated analogs.
of the anion can access the transition state region of the The BrHI™ anion was first observed by Ellison and
X+HY reaction®® Interpretation of these experiments is Ault!® using IR matrix-isolation spectroscopy. They observed
strongly dependent on the quality of the spectroscopic antbur bands at 666, 799, 920, and 1171 ¢nfor BrHI~ and
structural data available for the anion. InfraréR) spectra three bands at 470, 728, and 862 Cnfior BrDI~. Previous
of several symmetric XHX anions have been measured viawork on symmetric bihalidé$ in matrices showed that, de-
pending on conditions, one could generate symmeétyige
II) and asymmetri¢type I) forms of the anion, with type Il
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YElectronic mail: bowman@euch4e.chem.emory.edu anions e_Xhibitiljg considerably lower I—_|-at_om stretahy)(
®Electronic mail: asmis@physik.fu-berlin.de frequencies owing to a greater delocalization of the hydro-
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gen. Ellison and Aulf assigned the BrHI spectrum assum- harmonic value, 1779 ciit, but more than 300 ciit above

ing that this ion also existed in two forms, both with asym-the type | matrix value, 920 cnt (and even further above
metric hydrogen bonds, but with a more localized andthe type Il valug. If these calculations are correct, they in-
asymmetric hydrogen bond in the type | structure than thdlicate that either the matrix experiment was misassigned or
type Il structure. The BrHI peaks at 920 and 1171 ¢th  that the matrix shift was abnormally large.

were assigned to the type | ion; the peak at 920 tmas Measurement of the gas phase infrared spectra of these
assigned to the; fundamental and that at 1171 cmto  ions should resolve the discrepancies between the matrix
either the fundamental or overtone of the bending mode. SPectra and the calculations. However, the frequency range
The other two peaks at 666 and 799 _élnvvere assigned to of interest is too low for the tunable IR lasers typ|Ca”y used
the type Il structure, in which the hydrogen is shared mordn the vibrational spectroscopy of ions. Meijer and
equally between the bromine and iodine. Unlike their sym-Co-workers®~** have measured low-frequency vibrations in
metric counterparts, all of the BrHImatrix peaks were seen clusters and other species with vibrational action spectros-
regardless of the preparation conditions. For the XHan-  COPY using a tunable infrared free-electron laser. Asmis and
ions, the type | structures were attributed to strong perturbac0-worker§#** used this light source to obtain vibrational
tion by the matrix, implying that the gas phase geometrySPectra of strongly hydrogen-bonded cathnlc 'and anionic
would be closer to the type I structure. This expectation ha§omplexes from 600 to 1500 ch where vibrational fre-

been borne out in the gas phase IR spectra of FHF quencies associated with the shared hydrogen are expected.
CIHCI™, and BrHBr,*8° in which the v, antisymmetric AS in the experiments by Okumueg al,?* Bieskeet al,?®

26 “ ”
stretch frequencies seen are very close to the type Il matri@nd Ayotteet al,™ a weakly bound “messenger” atom may
values. However, the question of which structure, if either® @dded to the species being investigated, which leaves the

exists in the gas phase has remained open for the asymmetﬁ'g)rationally excited ion via vibrational predissociation
bihalides. (VPD). Alternatively, resonant IRMPD may be used to dis-

In the gas phase, Caldwell and Kebarfeeasured the sociate the unclustered chromophore. In either case, detec-

dissociation energy of BrHl relative to the T + HBr limitat 10N is accomplished by monitoring parent ion depletion or
0.70 eV. The gas phase PE spectra of BrHind BrHI® fragment ion formation as a function of photon energy. In
-Ar have been reported and analyzed in a series of papers B{)iS Work, we obtain gas phase vibrational spectra of BrH
Neumark and co-workef-14 These spectra showed re- @nd BrDI" using VPD on BrHI'-Ar and BrDI" -Ar and

solved vibrational structure that was close to but noticeablyy XMPD on the bare anions in order to gain further insight
lower in frequency than the diatomic HBr vibrational fre- into hydrogen bonding in the asymmetric hydrogen bihalides

quency, indicating that photodetachment of the anion aCz_and to aid in the construction of an improved anion potential

cessed the+HBr product valley of the neutral BrHI po- energy surface. .
tential energy surface(PES rather than the[BrHIJ* The spectra presented here are then compared with the

transition state. This interpretation is consistent with the ex1EW calculations on BrHI and BrDI". These calculations

pected asymmetric | --HBr structure of the anion, reflect- are similar to those presented previously by K_aleelira_al.”

ing the higher proton affinity of Br relative to I (by 0.40 but use a better method and a larger electronic basis to cal-
eV).15 Wave packet simulations by Bradforé al, 2 usin.g a culate the anion potential energy surface; a calculation of the
highly simplified potential function for the anion and a dipole moment surface is also done for the first time. The

model potential energy surfaefor the Br+HI reaction, new potential energy and dipole surfaces are used to simulate

produced reasonable agreement with the experimental Sper&-wbraﬂonal energies and transition intensities. The new

tra. In these simulations, the anian, frequency was as- calculations reproduce the experimental transition energies
sur.ned to be 920 cnt baéed on the type | vale from the and intensities and are in significantly better agreement with

matrix studies; a satisfactory simulation of the PE spectra{he %xperlment than the earlier calculgt[ons of Kaledin
could not be obtained using the type Il val(@66 cnil). et al*’ They show considerable mode mixing between the

However, given the approximations made by BradforthH-atom stretch and bending modes, thus explaining the com-

et al, this result alone does not constitute definitive supporf?lexIty of t_he new Infrared specira. _The spectra and ca_lcula-
for the type | anion in the gas phase. tions provide the_ m(_)st _complt_ete picture currently available
In order to gain a more complete understanding of '[hefor an asymmetric bihalide anion.
photoelectron spectrum of BrH| Kaledin etall’ con-
structed arab initio potential energy surface for the anion
and performed variational ro-vibrational calculations to de-  All experiments were performed on a tandem mass spec-
termine the energy eigenvalues. These calculations recoverémeter ion trap system at the free electron laser for infrared
the experimental dissociation energy of the complex andxperimentdFELIX) facility [Stichting voor Fundamenteel
confirmed the linear, asymmetric geometry. The calculation®©nderzoek der MateridFOM)-Institute for Plasma Physics
found the H—Br equilibrium bond distance,g,, to be sub- “Rijnhuizen,” Nieuwegein, The NetherlandisThe appara-
stantially shorter than the H-I distaneg (1.50 versus 2.31 tus, including its use in conjunction with the FELIX, has
A) and only slightly longer than the equilibrium bond length been discussed previouéfyand is described only briefly
in diatomic H—Br(1.414 A).® The full-dimensionality cal- here. All ions are generated by crossing a pul&sgD H2)
culation of the vibrational energy levels yielded 1266.7 ¢m supersonic expansion of the appropriate gas mix with a beam
for thev 3 fundamental, considerably lower than e initio  of electrons from a 30@A, 1-keV electron gun. The gas

II. EXPERIMENT
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TABLE I. Comparison of the optimized geometriéangstroms or dégand normal-mode frequenciésm ™)

with different basis sets. All calculations were done by the coupled cluster meB@8D(T)] if not specified
otherwise. For the vibrational frequencies,, »,, andw; correspond to the halogen stretch, bend, and H-atom
stretch modes, respectively.

Basis sets g M Ot Wy w; w3
Previous study 1.499 2.318 180 85 550 1726
AVTZ 1.530 2.186 180 110 600 1481
AVTZ (cpp® 1.527 2.171 180 112 604 1476
AVQZ°© 1.524 2.196 180 105 587 1500
AVQZ° (cpp 1.521 2.180 180 107 592 1487
AVQZ 1.525 2.203 180 106 574 1513
AVQZ (cpp 1.523 2.185 180 108 581 1500
AVQZC (cpp/MRCI 1.512 2.206 180 108 501 1570
Fitted surface by MRCI 1512 2.207 180 100 613 1543

%From Ref. 17: Stuttgart quasirelativistic ECP with valens8j31d contraction with a diffuse augmentation
for the halogens and 6-3116) for the hydrogen.

PCore polarization potential.

°No g functions included in the basis set.

mix used was between 0.05% and 0.5% HBr DBr) in causes significant dissociation. Approximately 80% of the
argon (higher HBr concentrations for bare BrHiclusters, complexes dissociate due to collisions in this case, but be-
lower for BrHI™ - Ar), passed over a small quantity of methyl cause this number is constant over the course of a stably
iodide, then expanded into the vacuum via a pulsed molecuunning experiment, the parent complex depletion is moni-
lar beam valvgGeneral Valve The ions produced from the tored to produce a predissociation spectrum. In the BrHI
expansion pass through a 2-mm-diameter skimmer. Thand BrDI" multiphoton experiments, monitoring the |
negative ion beam is collimated by a gas-filled radio fre-daughter fragment produces more satisfactory results be-
qguency(rf) decapole ion guide and then directed into a quad<ause of a near-zero background. Although parent ion deple-
rupole mass filter. The mass-selected anions are collected tion was sometimes visible, it was generally much smaller
a linear rf hexadecapole ion trap, which is filled with a back-than in the VPD experiments and was difficult to detect on
ground pressure of approximately 0.015 mbar of helium anduch a large background. Brappearance could also some-
connected to the head of a closed cycle helium cryostat heltimes be observed but yielded no additional peaks.
at 16 K. For typical IRMPD experiments, the trap is filled for
150 ms(500 ms for the VPD experimentscorresponding to  |||. THEORETICAL METHODS
approximately 15 gas pulses being stored before interactin
with the field. Because FELIX runs at 5 Hz, it is preferable to
store for less than 200 ms to take full advantage of each The electronic energy calculations and fitting are similar
FELIX pulse. However, for the BrHI-Ar and BrDI"-Ar  to the procedures used previously by Kaleeliral1’ In those
experiments, longer storage times were needed to compenalculations of the anion surface, the coupled cluster method
sate for the lower numbers produced and for the loss in thevas used and several high-energy configurations posed con-
trap. vergence problems. Moreover, bond breaking and the
The FELIX radiation used for these experiments rangedreakup limit, i.e., T---H---Br, cannot be properly de-
from 6 to 17,um (1666—590 crnt) with a bandwidth on the scribed with a single reference method. In this work, we use
order of 0.4% of the central energfull width at half maxi- the more versatile multireference configuration interaction
mum); it enters the trap collinearly with the ions. Typical (MRCI) approach to map the surface with a future aim of
powers are the order of 300 mW at the center of the rangevestigating excited electronic states and spin-orbit cou-
but decrease significantly at the lower wavelengths in theling. We correct for non-size extensivity of MRCI by in-
range usedless than 7um) to about 100 mW. Additionally, cluding Davidson’s correction. Also, several basis sets, larger
each 5us macropulse contains a series of several thousantthan those used previously, were investigated. For the effec-
micropulses, each approximately 1 ps in duration, with aboutive core potentialECP for Br and I, the Stuttgart ECP set,
1 ns between micropulses. To increase the photon density iwhich includes both [for (AVTZ) basig andg [for (AVQZ)
the trap, the beam is focused at the center of the interactiobasig functions for Br and I, was uséd.In our MRCI cal-
region using a 50-cm focal length KBr lens. The calibrationculations, we use 31 reference configurations out of full va-
of FELIX is achieved by an external spectral analyzer. lence complete active space with 16 electrons distributed in
Approximately 1 ms after their interaction with the ra- nine molecular orbitals. The final contracted configuration
diation field, the ions are emptied from the trap and directednteraction contains around half a million configurations for
into a second quadrupole mass filter, which separates thbe AVQZ basis withoug functions. These calculations were
fragment ions from their undissociated parent ions for detecperformed with thevoLPRO quantum chemistry package.
tion. For the weakly bound BrHI- Ar and BrDI™ - Ar com- In Table I, we compare the geometries and harmonic
plexes, collisional cooling with the helium in the ion trap frequencies calculated with different basis sets. In order to

ﬂ_ Potential-energy surface and dipole moment
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make a comparison with our previous wdfkwe have used 900 1000 1100 1200 1300 1400 1500 1600

the coupled cluster singles and doubles with perturbative
triples [CCSD(T)] method (which was used previouslyin
these calculations. We also include the results from the &
present MRCI calculations using the basis that was used tcg
obtain the potential surface and the results from the potentialZ?
surface. Comparison of the optimized geometries from the
old and new basis sets shows that the biggest difference lie: B
in ry,, which is compressed by 0.13 A using the new basis. 1
In contrast,r g, increases by only about 0.02 A. The har-
monic frequencies at the equilibrium structure are also
shifted significantly. The halogen stretch is blueshifted by
about 20 cm?, a relative change of 23%; the H-atom stretch
is redshifted by about 220 cm, a relative change of 13%.
This comparison clearly shows the importance offtfienc-
tion for the halogen atoms and the necessity of constructing
a PES using a large basis set. To determine the optimal basis
set for the new PES, the convergence of the properties showmG. 1. Infrared dissociation spectra of BFHIAr (closed circles, upper
in Table | was monitored. As seen, the inclusiongofunc- trace and BrHI™ (open circles, lower tragePeaks in the BrHI- Ar pre-
tions does not have a significant effect on the optimized ge(_1issociation spectrum, Wherg the parent ion depletion is monitored, point
. . . . ownward, whereas the multiphoton spectrum of Briilas upward peaks
ometries or the vibrational frequencies. On the other hancﬂecause the I fragment ion is monitored.
the core-polarization potentiétpp° term seems to give an
appreciable correction with very little additional cost. Thus,
the AVQZ basigwithout g functiong with the Stuttgart ECP, integrating dipole moment matrix elements over both the vi-
including the core-polarization effect, was used as the basigrational and rotational coordinatéthe details of the “ex-
for the electronic energy and dipole moment calculationsact” calculations done in RVIB3 can be found in Ref.)32
The CCSIIT) and MRCI optimized geometry and harmonic These intensity calculations assuméd 0 to be the initial
frequencies are in good agreement with each otfierthe  state of the anion and were done for finkk1 and|AK]|
same basijs as expected. Also, the fitted potential reproduces=0 or 1, in accord with standard dipole selection rules. Par-
the ab initio MRCI values well. allel transitions, i.e. AK=0, couple the initial state to ex-

The IR intensities were calculated usimgLPRO in the  cited bending states with an even quanta of bend excitation.
standard double-harmonic approximation, vyielding 0.00,

(0.04 0.04, and 4908 km/mol for the halogen stretch, thelV. RESULTS

(_doubly degenerajebend, _and the H-atc_;m stretch, reSPEC-» predissociation spectra

tively. Thus, these approximate calculations predict virtually

no IR intensity for the halogen stretch and bend modes. Parent ion depletion spectra for BrHIAr and BrDI”

For the construction of the PES, 2268 initio energy - Ar are shown in the top traces of Figs. 1 and 2, respectively.
points were computed on a regular three-dimensi¢aa) Both spectra are scaled to the field-free background. The
grid defined by ryg[1.0,1.15,1.28,1.38,1.46= 1.513, corresponding peak positions are given in Tables Il and III.
1.57,1.65,1.75,2.0,2.4,3.0,4.0,5.8, r. [1.351.62,1.82,
1.94,2.02,2.09,2.15, = 2.205,2.25,2.32,2.41,2.53,2.7,3.0,
3.7,5.0,7.0,9.0A, and 65, [180,177,172,165,155,140,120,
100,8Q0 deg. It should be noted that there is another station-
ary collinear structure of the anion with Br in the middle,
which is not covered in this grid. As has been discussed in
the previous papéf, the energy for this second minimum is
too high to contribute to the low-lying vibrational states. The
electronic energies and dipole moment were fit by a 3D
spline, which was used in the ro-vibrational calculations de-
scribed next.
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The ro-vibrational bound-state variational calculations
were carried out using two very different codes. One uses ¢
Hamiltonian in Jacobi coordinates and a truncation/
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other code, RVIB3~3uses a Hamiltonian in terms of two
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TABLE II. Peak assignments for predissociation spectra of BriAr. Experimental intensities in brackets
have been corrected and rescaled to the largest value to account for the number of photons.

Peak positionicm™?) Intensity
Peak Assignment Experiment
label Experiment Calculation (nynyng) [Corrected Calculation
A 984 983.2 026001 1.0 1.0
[0.75
a 1003 (020+001)+tuga 0.58
[0.39
B 1127 1126.9 126101 0.49 0.014
[0.40
C 1215 1228.0 026001 0.86 0.23
[1.00
c 1238 (020-001)+tvga 0.39
[0.40]
D 1259 1268.1 226201 0.70 0.12
[0.80]
E 1380 1390.0 326301 0.30 0.0029
[0.40]
F 1468 1462.4 226201 0.14 0.00050
[0.25]

The spectra in each case were taken at steps of @1 structure is observed in the gas phase. However, as will be
PeaksA andC at 984 and 1215 cit for BrHI~ - Arand 742  discussed below, the peaks presented cannot be assigned as
and 890 cm* for BrDI ™ - Ar are the most intense features in simply as was done in the matrix work.

each spectrum. In each case, they correspond closely to the In addition, several peaks that were not seen previously
two higher energy peaks seen in Ellison and Ault's matrixare present in both spectra. PeaksB, and D in BrHI~
work (920 and 1171 cmt in BrHI~, 730 and 861 cm for -Ar are approximately evenly spacét43 cm ! betweenA
BrDI*).lo All four matrix values are lower than the corre- andB, 132 cm ! betweenB andD). In BrDI™ - Ar, peaksA,
sponding gas phase frequencies, with redshifts varying fronB, D, andF are spaced by approximately 110 chandC, E,

12 cmi ! (peakA, BrDI™) to 64 cmit (peakA, BrHI™). As  andG by about 130 cr’. This pattern suggests combination
discussed in Sec. |, the higher-energy matrix peaks were abands involving the low-frequency, stretch, primarily a
tributed to the more asymmetric type | anion structure. Noheavy-atom vibration in these anions. A more definitive as-
peaks assigned to the type Il structure are observed in the gaggnment emerges from comparison with the simulations in
phase, although the peaks should be well within the range ddec. V. Also present is a small peéibeled peala) to the

the FELIX radiation used, implying that only the type | blue of peakA in BrHI™-Ar, which does not appear as

TABLE lll. Peak Assignments for predissociation spectra of BrDAr. Experimental intensities in brackets
have been corrected and rescaled to the largest value to account for the number of photons.

Peak positionicm™?) Intensity
Peak Assignment Experiment
label Experiment Calculation (nynyng) [Corrected Calculation

A 742 747.9 0268001 1.0 1.0
[0.95]

B 857 864.2 126-101 0.65 0.15
[0.64]

c 890 910.5 026001 0.89 0.53
[1.00

D 970 971.7 226-201 0.15 0.00070
[0.14]

E 1021 1041.9 126101 0.38 0.025
[0.45]

F 1080 1077.3 326301 0.13 0.0084
[0.17]

G 1154 1165.4 226201 0.27 0.0074
[0.38

H 1433 1448.2 046002 0.20 0.095
[0.57]

I 1502 1520.9 046002 0.18 0.026
[0.66]
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TABLE IV. Peak assignments for multiphoton dissociation of BrHWVal- TABLE V. Peak assignments for multiphoton dissociation of BrDValues
ues in brackets are divided by two to show the expected two-photon frein brackets are divided by two to show the expected two-photon frequency.
quency.

Peak positionicm™?)

Peak positioricm ?) Peak Number of
Peak Number of label  Experiment  Calculatiof+2]  Assignment photons
label  Experiment  Calculatiof+2]  Assignment photons
A’ 719 1448.4724.1 040+002 2
A’ 971 1939.3969.7] 040+002 2 730 747.9 026-001 1
988 983.2 026-001 1 755 1520.9760.5 040-002 2
1018 2035.41017.9 040-002 2 779 1582.9791.5 140+102 2
1051 2107.91054.9 140+102 2 827 1645.3822.7 140-102 2
1064 2123.41061.7 140-102 2 848 1691.1(845.6 240+202 2
B’ 1127 1126.9 126101 1 B’ 886 864.2 126-101 1
1162 2332.71166.1 240-202 2 900 1801.1[900.6| 240-202 2
1187 2375.41187.9 340+302 2 c’ 911 910.5 026-001 1
c’ 1213 1228.0 026001 1 1819.9[910.9 021 2
1244 2445.41222.9 340-302 2 956 1939.4969.7] 121 2
2457.7[(1228.9 021 2 971.7 226r201 1
D’ 1262 1268.1 226201 1 E’ 1029 1041.9 126101 1
1294 2599.641299.9 121 2 F’ 1073 1077.3 326301 1
1333 1339.0 126101 1 G’ 1164 1165.4 226201 1
E’ 1382 1390.0 326301 1 1188 1185.7 326301 1
1423 2857/1428.9 221 2 1291 1305.5 420401 1
F 1455 1462.4 226201 1 H’ 1442 1448.2 046002 1
1498 1498.9 420401 1 1466 1429.3 426401 1
1580 1587.1 526501 1 1’ 1509 1520.9 046002 1

prominently in the BrDT - Ar spectrum. Similarly, a small quency shift(up to 30 cm!) between pairs of corresponding
peak (peakc) is seen to the blue of peaR in BrHI ™ - Ar. peaks in the two sets of spectra.
Both of these small peaks are approximately 20 tisepa-
rated from the preceding peak.
Finally, Tables Il and Il present the experimental deple-C. Theoretical results
tion intensities for comparison with the theoretical transition

strengths. The experimental values are actually given bgiven in Tables Il and lli(for initial J=0, obtained with the

—In(c/cy), wherec/cy is the depletion signal read from Figs. ) ) . .
" _truncation/recoupling codelong with the corresponding as-
1 and 2. Here, we assume that all the complexes vibra-. . . .
. . ) . . signments based on inspection of expectation values of the
tionally excited by each micropulse dissociate before the ) . . . .
. . . Jacobi coordinates and visual analysis of the wave functions.
next micropulse 1 ns later, so that there is a steadily decreag;

: . . . . . . ?’he RVIB3 code produced nearly identical results. Inspec-
ing number of ions interacting with the successive micro-

. L . tion of these wave functions revealed extensive mode mixing
pulses. Under these circumstances, it i(c/Co) that is pro- between the bending and the H-atom stretch modes due to
portional to the transition strength. Additionally, the 9

: " Fermi resonance. For example, there is a strong mixing be-
intensities scaled to the photon flux at each wavelength are '
P 9 een the ¢;v,v3)=(001) and(0 2 0) zero-order states.

listed in square brackets in order to account for the decreasé[lw g . :
flux at the higher-frequency range of the spectra in Figs. 1 0 demonstrate this, a simple deperturbation procedure was
" performed, where the sum and difference of these two eigen-

and 2. Both sets of values have been normalized to set ﬂ%t . .
: . states were determined. Contour plots of the resulting wave
most intense peak to unity.

functions, along with the original eigenstates, are shown in
Fig. 3. The two top plots in Fig. 3 show the two-dimensional
cuts of the wave functions of the 983 and 1228 ¢reigen-
states, whereas the two bottom plots present the (sumthe
The dissociation spectra of bare BrHand BrDI" ob-  left) and the differencdon the righi of these two wave
tained by monitoring T fragment production are shown in functions. After the deperturbation process, the two unas-
the lower traces of Figs. 1 and 2, respectively. Line positionsignable eigenstates become f0e2 0 state(for the sum
are given in Tables IV and V. There are clear corresponand the(0 0 1) state(for the differencé The bend overtone
dences between the vibrational predissociation and multiphdas opposed to the fundament#é assigned based on the
ton spectra, as is emphasized by the labeling schi@nver-  presence of two nodes along the angular coordinate, only
sus A’, etc) used in the two sets of spectra. There arehalf of which is shown in the figure. As a result of these
however, significant differences. There are more peaks in thebservations, a special assignment representation has been
multiphoton spectra and many of the smaller peaks are monesed to indicate the Fermi resonances formed by two pure
intense than in the VPD spectra. The main pgakandC) in states.
the VPD spectra appear as clusters of closely spaced peaks in The transition energies calculated using the Jacobi coor-
the IRMPD spectra. Finally, there is usually a small fredinate truncation/recoupling procedure and infrared intensi-

Selected bound-state energies of BrHind BrDI" are

B. Multiphoton spectra
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To estimate the effect of argon on the vibrations of

1.00 s 1.00 — ™ g
v aT V b BrHI™, we optimized the BrHI-Ar complex using the
0.96 0.96 CCSOT) method with the AVTZ basis and ECP for Br, |,
and Ar atoms. Three stationary structures were located with
0.92 0921 binding energy ranging from 275 to 377 ¢ The lowest
energy structure has Bshaped geometry with the Ar atom
088 088 closer to | than to the Br atom. A full normal-mode analysis
@E 7 4 4 5 & 7 7 3 4 5 6 7 at the three stationary points revealed shifts in the BrHI
= 100 oy 100 modes of at most 5 and 13 ¢rhfor the bending and H-atom
8 c ' W d stretch harmonic frequencies, respectively. Although this is
0.96 0.96 slightly smaller than some of the shifts observed in the ex-
periment, it is clear from the full-dimensional simulations
0.2 0.92 that harmonic frequencies are not sufficient to describe quan-

titatively the vibrational energies of these anions. Regardless,
interpretation of the experimental data must not assume un-
5 3 4 5 6 7 5 3 4 5 6 7 reasonably large argon shifts.

ty5¢ (Bohr)

) ) V. ANALYSIS AND DISCUSSION
FIG. 3. Contour plots of the eigenfunctions @ 983.2 and(b) 1126.9

cm™ !, and(c) sum and(d) difference of the two, representing the pure states A. VPD spectra
of the bending overtone and the H-atom stretch modes, respectively. The .
plots are two-dimensional slices in the plane defined fay and the bond The close correspondence between the matrix work of

angle gy - Ellison and Ault® and peaksA and C in our VPD spectra
would suggest the same assignment for our spectra as were
assigned to the matrix, namely, that pe&kandC are the(0
ties calculated by the RVIB3 code are listed in Tables Il andd 1) and (On0) transitions, withn=1 or 2. On the other
lIl. These have been scaled relative to the highest intensitihand, Kaledinet al’’ calculated the(0 0 1) and (0 2 0
which is assigned to unity. The relative intensities are shownransitions in BrHT to lie slightly to the blue of the gas
against the predissociation spectra of BrHind BrDI” in  phase peak€ andA, respectively, at 1266 and 1026 chn
Fig. 4. In this figure, the experimental data are plotted on ahis result suggests that the matrix assignment needs to be
logarithmic scale for reasons discussed in Sec. IV A. Thaeversed. Neither assignment, however, explains why the two
correspondence between the calculated and the experimentednsitions are of comparable intensity; as shown earlier, the
peak positions is strikingly clear, and the intensities of theharmonic calculations predict th® 0 1) transition to be
strongest peaks are also in good agreement. There is mogensiderably more intense than the bending fundamental, let
divergence between the theoretical and experimental intensalone the overtone. In addition, assigning either p&aic C
ties for many of the smaller features, with considerably moreo the (0 2 0 transition is somewhat awkward, as there is no
dynamic range in the calculated values. corresponding0 1 0 transition at approximately half the
frequency in the gas phase infrared spectrum or in the ma-
trix. Assignment of the BrHI and BrDI" VPD spectra is
e o therefore less straightforward than might be expected for a
o c triatomic molecule.
The ambiguity regarding the assignment of the major

1.00 oo,

0.75 4

0.50 1 ‘ peaks is removed by the calculations presented here, in
025 5 5 vv_hich we Qetermine accurate ro—vibrat!onal gigenstates gnd

1 x50 | X10 x10 L eigenfunctions on a high-level, three_—dlmensmnal p_ote.n_t|al—
0.00 energy surface. These new calculations show a significant

degree of mode mixing between the bending and the H-atom
stretch modes. Consequently, peaksand C are best de-
scribed as transitions @ 2 0+0 0 1) states, both of which
have significant zero-order bend and H-atom stretch charac-
ter. The striking agreement between the experiment and

Calculated relative transition intensity

0.25 4 x10 x50 . ", . .
| | I | simulated peak positions, as shown in Tables Il and lll, is
T T T T

' T compelling evidence for the assignments provided in those
600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700

Photon energy (cm’)

0.00

tables and an indication that the potential energy surface
used here is satisfactory to describe the vibrational modes of
FIG. 4. Comparison of the predissociation specttatted traceswith the ~ the BrHI™ and BrDI™ anions. The strong mode mixing also
calculated frequencies and intensities based on the dipole moment matrggxplains the comparable intensities of peAkandC because
elements. The lower portion shows BrHIBrDI~ is shown above it. The each eigenstate has a Significéﬁ)to 1) admixture

experimental data are normalized to the background and shown on a loga- . . . ’
rithmic scale. Calculated intensities are normalized to the largest intensity The calculations support our conjecture in Sec. IV A that

and plotted on a linear scale for comparison. peaksB andD in the BrHI™ - Ar spectrum and peaks, D, E,
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F, and G are combination bands based on peAkand C ~ we have studied with this meth&tf® owing to the lower

involving the low-frequency; mode. The calculated fre- density of states at comparable levels of vibrational excita-
quencies and assignments based on the wave-function analjon. Under these circumstances, it is not totally unexpected
sis are given in Tables Il and Ill. The calculations also sugthat the VPD and the IRMPD spectra are not identical, pre-

gest assignments for the two highest energy péa&sd!l in  senting us with the challenge of assigning the extra peaks in
the BrDI” - Ar spectrum to thé0 4 0+0 0 2 transitions. The  the |IRMPD spectra.

small peaks andc in the BrHI™ - Ar spectrum are also iden-
tified in Table Il as the addition of some mode involving the
argon atom. The spacings of peakandc from peaksA and

The additional peaks could be vibrational hot bands, but
these should be largely eliminated in the spectra because the
c tively. i imatelv th " BrHB ions are cooled by collisions with cold He atoms in the ion

! rgspec IVEly, IS approximately the same as mn Brobr trap prior to the interaction with the laser pulse. Alterna-
-Ar,° where similar argon modes were observed. . . "
Hvely, these bands could result from multiphoton transitions

Overall, the agreement between the experimental an 1 which two (or more photons are resonant with a vibra
calculated peak positions is excellent, as can be seen A P

Tables Il and Il and in Fig. 4. However, the intensities dotional transi_ti_on in the anion. The ph9t°” ene_rgies at which
not agree nearly as well. Many of the smaller peaks are Cor.;_hese transitions w_o_uld be _EXCIted will be s_hl_ft_ed _from the
siderably more intense in the experimental VPD spectra thafind/e-Photon transitions owing to anharmonicities in the an-
in the calculations, particularly the combination bands in-ion- While such transitions would normally be very weak, we
volving excitation of thev; mode. This discrepancy may POINt out that the peak intensities of the FEL are quite high
reflect saturation effects in the experiment; the FEL bean{10—100 MWi/cni). In addition, resonant excitation to a
does not fully overlap the trapped ions, so even if all the iondiigher-lying vibrational level, i.e., an overtone versus a fun-
in the laser field are excited, one would not observe a 1009gamental, should result in more facile subsequent multipho-
depletion. This effect reduces the relative intensity of theton absorption and dissociation.

strongest transitions in the experiment, making the weaker In order to explore this possibility further, the energies of
peaks look more intense than they actually are. It is als@everal vibrational levels of BrHland BrDI™ lying at about
possible that anharmonic effects involving the mode are  twice the frequency of those seen in the VPD spectra were
underestimated in the calculations. However, shecombi-  calculated and tabulated in Tables IV and V; assuming that
nation bands to the blue of peaksand C are essentially these are accessible by two-photon transitions, the photon
absent from the matrix absorption spectra, lending support tenergy at which each level would be excited is given in
the intensity discrepancies originating in the VPD spectrasquare brackets. The calculated peak positions are listed
rather than in the calculations. alongside the experimental peak positions. In doing so, one

Finally, the full ro-vibrational calculations find th® 1 fings a remarkably good agreement with both the one- and
0) transition strength to be comparable to that of B® 1) e tyyo-photon transitions. For example, a comparison of the
transition, in contrast to the harmonic results. It thus appear.

X o "Rve peaks in the lowest energy cluster for BrH{collec-
that the harmonic approximation breaks down badly even i

r?ively labeled asA’ in Table IV) shows that no pair of cal-
describing the bend fundamental of BrHIThe calculated . . .
positions for the(0 1 0) peaks of BrHI and BrDI are 597.2 culated and experimental frequencies differs by more than 5

and 426.8 cm?, respectively. This result has interesting im- cm?, supporting the proposed assignments. The correspon—
plications for the matrix IR spectra because the 666 tm dence between e_x_perlrr_lent and theory for some of the_ high-
peak for BrHI" and 470 cm® peak for BrDI", which were est energy transitions is tenuqus because the experimental
originally assigned to the type Il structure, could actually beP€aks are barely above the noise level.

the (0 1 0) peaks, both blueshifted by less than 70 ¢rfrom The assignments given in Tables IV and V have the
the calculated values. This assignment would imply that only?®€Mmingly undesirable feature that the most intense peak in a
one form of the anion exists in the matrix. The observation offarticular cluster is often a two-photon rather than a one-
(0 1 0 transitions in the gas phase experiments near thhoton transition. For example, in BrA| the most intense
calculated values would confirm this new interpretation. Un-peak at 971 cm' is assigned as the two-photon transition to
fortunately, the calculate€0 1 0 frequency for BrDI is  the(0 4 0+0 0 2 level, whereas the less-intense neighboring
well below the lowest frequency available to the gas phas@eak at 988 cm' is assigned as the one-photon transition to
experiment in its current configuration, 590 chmwhereas the (0 2 0+0 0 1) level. However, as discussed earlier, the
that for BrHI™ is very close to this lower limit and may also intensities in the multiphoton spectra do not necessarily rep-

be out of range. resent the transition strengths, because subsequent absorption
from higher-lying levels is expected to be more facile. Simi-
B. Multiphoton spectra larly, one might expect that the one-photon transition to the

There are clearly more peaks in the multiphoton spectr0 4 0+0 0 2) level in BrDI™ (peakH' at 1442 cm, Fig. 2
than in the VPD spectra, and the additional peaks appear f¢ould be more intense than the two-photon transition to the
cluster near the frequencies at which peAkandC are ob-  same levelpeakA’ at 719 cm''). Here, however, there is
served in the VPD spectra. In the frequency range probed bfpe additional compensating factor that the FEL intensity is
our experiments, four to ten photons are required to reach thabout a factor of 3 lower at peak’ compared to peaR’.
dissociation limit of BrHI'. Moreover, a triatomic anion is Finally, as can be seen from the tables, the peaks in the
less favorable for resonant IRMPD than the larger system¥PD and IRMPD spectra assigned to the same transitions
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