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1. Status of Effort

Our program specializes in the spectroscopic characterization of molecular ions
and reactive intermediates in ion-molecule reactions, and is closely integrated with
ongoing activities at the AFRL Space Vehieles Dircetorate to determine the temperature
dependence of ion-molecule and ion-ion reaction kinetics which are important in high-
veloeity (e.g., scramjet) combustion and re-entry plasma. We also interact with parallel
AFOSR-sponsored theoretical programs that build predictive models based on both ab
initio and scattering approaches. Our role in this eollaboration is to providc experimental
benechmarks for bond energies, struetures (e.g., COs~, SFs", POCI;™, PO;"), and stationary
points in the potential energy profiles for reactions (O, + CH4, O™ + CH,CH,, HCCH" +
HCCH) that are relevant models for ion-assisted combustion of hydroearbons. Here we
deseribe the results of our first AFOSR grant supporting this endecavor. We first review
the methods used to carry out the measurements, and then discuss specifie results

obtained out with this experimental approach.
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II. Experimental approach

Our spectroscopic measurements are based on reccntly developed Ar eluster-
mediated methods for both synthesis and structural characterization of ions using
vibrational predissociation and (for anions) photoeleetron speetroscopies. In this scheme,
the target ion, AB™", is synthesized by condcnsation of a neutral reagent (B) onto an ion
(A) cmbedded in an intermediate sized (10-30 atoms) Ar cluster:

A"-Ar,+B — AB' - Ar,+n-mAr. (1]
The resulting “tagged” AB" - Ar,, species is necessarily cold (typically 20-40 K), and its
structure can be readily deduced by analysis of its vibrational (or eleetronic) speetrum
obtained using “messenger’ spectroscopy:

AB' - Ar,+hv — AB' +mAr. [2]

One eannot overstate the benefits of this combined approach in that 1) the ions are eooled

— = elose to their minimum energy (zcro-point)

N 0 configurations, and ii) the spectra are obtained
AN
o o in a lincar action regime. Together, these
© ¥no, Yo
& aspects cnable straightforward comparison
§ x20
! ] with theory, and afford general access to labile
?
@ species like reactive intermediates and high-
energy isomers. The recent development of

widely applicable synthetic methods, together
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Figure 1: Vibrational predissocation . .
spectrum of the N;O,™ - Ar complex. The IR top laser systems (advanees in which we have

fundamentals of the bare NO, and NO,”
constituents are indicated by arrows. played a leading role) have dramatically



increased the practical utility of this method. The performance that can now be routinely
achieved is illustrated in Fig. 1, where sharp bands are recovered for the N>O4 charge-
transfer stabilized dimer over the range 600-4000 cm™ with continuous coverage and
high signal-to-noise. The relativcly recent cxtension into the lower-energy (<2000 cm’™)
fingerprint region using AgGaSe, as a mixing medium is critical for structurally
characterizing ions of greatest interest in this project, which often exclusively involvc
heavy atoms (O, N, P, Cl, F and C) and thus low-cnergy fundamentals. We are
exploiting this circumstance to solvc some of the longest-standing puzzles regarding the
structures and thermochemistries of common species relevant to the AFOSR mission.
Specifically, our program was able to combine a variety of complementary techniques to
resolve several key outstanding issues regarding the behavior of the CO3™ and SF¢ ™ ions,
for example, which have been largely avoided by the academic ion chemistry community
prccisely because they were regarded as pathological. We also highlight progress on
several other systems presently undcr study.

The results obtained were acquired on the second-generation tandcm time-of-
flight (TOF) photofragmentation mass spectrometer that has recently been augmented to
include velocity-map photoelectron imaging spectroscopy.

III. Summary of Results

The first targcts identified by AFRL as most in necd of our attention wcre the
determination of the bond energy of the CO;™ anion and elucidation of the structure and
electron binding energy of the ubiquitous SF¢™ anion. Both ions are notoriously difficult

to study in spite of decades of effort on each, partly as a result of the fact that they each

undergo very strong structural changes upon detachment of the excess electron. This




scenario inevitably leads to large internal energy content on formation, thus making
cooling imperative in order to be surc measurements corrcspond to ground-statc species
which ean be compared with theory. In both of these cases, cooling was cfficiently
achieved by Ar attachment, which limits the internal energy content to the order of the Ar
binding energy (sevcral hundred wavenumbecrs).
IIIA.  Electron binding energy and structure of SFs

The SFe¢ anion is of praetical importance to the Air Force in the context of
mediating electron-rich plasmas associated with high-velocity vehicles and as a fuel

additive. SF¢ has becn known for decades to have the remarkable ability to absorb slow

electrons to form SF¢~ even under very low pressure

conditions where three-body stabilization is

severely suppressed. Qualitatively, it is understood

that the strong structural distortion of the anion

relative to the neutral is the underlying cause for

Photoelectron Counts

this property. The anion has resisted structural

characterization for all these years, however,

because the vibrational fundamentals lie very low in 20 25 30

Electron Binding Energy. (eV)
Figure 2: 355 nm photoelectron
spectrum of SFs - Ar The
predominant vibrational feature is the

energy, and photoclectron spectroscopy of such

strongly distorted systems results in excitation of
extremely high vibrational levels in the Franck-
Condon region of the neutral (note that this is also
true in the case of COs”, discussed in section I1IB).

This, in turn, complicates the usual strategy of

750 cm™ (v,) symmetric stretch mode
(solid lines), while the secondary
progression is a combination of v,
plus two quanta of the triply
degenerate vy mode (dashed lines)
(see Chem. Phys. Lent. 445, 84
(2007)). The inset shows the SFq~
excess electron orbital calculated at
the B3LYP/aug-cc-pvdz level of
theory.




fitting the vibrational envelopcs to recover anion structure. In the SFq™ case, for example,
the calculated vertical detachment energy (3.5 eV) is far abovc the adiabatic elcctron
affinity estimated from thcrmochemistry to be around 1.2 eV. The Ar-tagged
photoelectron spectrum is reproduced in Fig. 2, which reveals a beautiful vibrational
progression in only two modcs that cxtends ovcr approximatcly one electron volt. To
address the possibility that the Ar tag was, in fact, perturbing the system, we engaged a
collaboration with the group of AFOSR contractor Prof. W. C. Lineberger, because they
have the capability of measuring the photoelectron spectra of bare ions cooled close to
liquid N, tcmperaturcs in a flow tube ion source. The JILA measurements confirmed that
the progression obscrved in the SFs - Ar spectrum was, in fact, a property of the cold
ions and not an unwanted consequence of the Ar tag.

An interesting result from the analysis of the vibrational progression was that
there are two active modes. Onc of these is the totally symmetric 4;, mode, which is
expected as a result of the calculated geomctry change in the anion that preserves O,
symmetry by a substantial elongation of thc S-F bonds (by ~0.2 A). This results in a
peak in the population of the v; symmectric stretching modc in the neutral at about v =27,
A second mode is also clear as an interloper, and is due to a combination excitation (v; +
2vy), that arises from a strong Duschinshky rotation involving mixing between v; and the
v; and v4 modes upon removal of the electron. For completencss, we also recorded the
vibrational predissociation spectrum of the SFs - Ar complex, and recovered a single
feature at around 620 cm™ assigned to the degenerate strctching mode, analogous to the
strong 948 cm’! infrared fundamental in SF¢ neutral. This study was combined with a

related analysis of the C4Fg anion in Ref. [1].



I1IB. Bond energy of CO; using Ar-mediated, resonant two-photon photodissociation

Interest in the COs™ anion arises beeause this speeies and its hydrates are abundant
in Earth’s atmosphere and are reagents of choice in chemical ionization mass analysis of
engine exhaust. Laboratory measurements involving simple reaetions in a flow tube such
as:

ONOO™ + CO; — CO;5” +NO,, (3]
indiecated that several reactions occur quite efficiently even though they are nominally
endothermic. This led kineticists to question the accepted dissociation energy of the
CO,-O" bond. We therefore set out to refine the bond energy, and did so with the secheme
outlined in Fig. 3. This was an interesting chemieal physies challenge, and we tailored
our approach to turn the extensive vibronic coupling that has plagued speetroscopists

over the years to our advantage. We

CO,+0
began by first cooling the system via LI,
formation of the CO;™ - Ar complex, and K, —

then photoexeited it through the eleetronie

band near 650 nm, which is known to ByiC0;+ 0]

undergo rapid internal eonversion to

/ | D, (Ar- CO;} =54 mv

Co, -Ar —= CO;*Ar

ground state CO;", presumably through a \

conical interseetion. Rapid Ar loss then

Figure 3: Schematic showing the strategy of
leads to formation of very hot (~1.9 e¢V), the bond energy measurement using two-
photon photofragmentation over the threshold.
This approach leverages heavily against the
extensive vibronic coupling in this system,
such that the dissociation threshold can be
somewhat by evaporation of the weakly accessed through unimolecular decomposition

of the electronically excited molecule.

ground-state  CO;~, which is cooled

bound Ar atom. The dissoeciation




threshold was then obtained by scanning a second laser in thc ncighborhood of 0.7 eV,

where the transition moment arises from vibronically induced transitions associated with

a nominally dark, low-lying electronic state, based on the bchavior of the isoelectronic

NOs system. This electronic encrgy is then channeled to the dissociation coordinate after

extensive internal energy randomization to yield CO; + O™ products as a micro-canonical

(RRKM) deeay process. The resulting produet yield as a funetion of the seanned laser

photon energy is presented in Fig. 4, where the relatively rapid onset at 2.79 eV is

observed far above the previously accepted bond
energy, D,, of 2.3 eV, and surprisingly elose to that
deduced by bracketing its reaetivity with reaetants
The

whose thermochemistry is well established.

photochemieal measurement was refined using
several pump-probe wavelength combinations as
wcll as variation of the number of attached Ar atoms
as described in detail in Ref. [2]. Higher aceuraey is
clearly available using preeision speetroseopie
methods; however, we are not presently pursuing this
avenue unless driven to do so by the programmatic

needs of the AFRL team.
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Figure 4: Dissociation threshold

measured by seanning the second
laser (hvpope in Fig. 3) and monitoring
the onset of photofragmentation. The
previous value is actually an estimate

bascd on photofragment recoil
analysis.

HIC. Survey of peroxy forms of common molecular anions

energy

The elements C, N and O form a versatile set of atoms from whieh to build a large

variety of stable molecular anions that survive at room temperature and atmospherie

prcssure. Some species, like the nitrate ion, NO;™, are familiar from elementary aqueous




chemistry, and arc among the most abundant anions in the D-region of the atmosphere.
The propensity of these first-row atoms to engage in multiple covalent bonds, however,
creates a variety of bonding scenarios varying from fully covalent, charge-delocalized
species like NO;™ to ion-molecule complexes where the constituents rctain their original
parentage. In the condensed phase, for example, peroxynitrite (OONQO"), a high-energy
isomer of nitrate, plays a central rolc in biological processes such as aging and
Alzheimer’s disease. Our goal here was to complement recent work at the AFRL ion lab
on kineties of peroxynitrite reactions in the gas-phase. We carried out a survey of the
structures of a series of peroxy isomers of simple molecules present in the atmospherc
(077 - CO,, OONOT, Oy - O, O - SOy, O2” - Ny) as well as the O,/ O4 - benzene
complexes (Refs. [3-6]) in order to establish the range of their behaviors. The peroxy
forms were isolated using the Ar-mediated condensation approach:

0, 'Ar,+M — O;M™ - Ar,, + n-m Ar, [3]

where rapid Ar cvaporation traps high-energy isomers

if significant barriers separate them from the

canonical forms of the ions. Using this technique, the

b) Vasym str

Predissociation Yield

(OONO™ and OOCQO") forms could be selectively

prepared and separatcd from the familiar D3, specics.

Fig. 5 compares the spectra of OONO™ (top) and w0 o 1w 12w o 160

Photon Energy, cm’

NO;~ (bottom), while Fig. 6 pertains to OOCO™ (top)  Figure 5: Vibrational predissociation
spectra of peroxynitrite (a) where the
two largest features are assigned to
the OON and NO stretches, and the
Dy nitrate ion (b) which displays only
forms are completely exclusive in each case, a single asymmetric stretching feature

as expected for a molecule with such

indicating the isomers can be selcctivcly prepared and high symmetry.

and CO;™ (bottom). Note that the spectra of the two




studied in high yield. The harmonic predictions are quite good for the NO;™ and OOCO~
ions, where simple spectra are readily assigned to the degenerate NO stretch and the more
or less independent OO~ and CO stretches in thc rather distant diatomic moieties in
OOCO". The OONO™ spectrum is more complcx, and may arisc from the contribution of
the cis- and trans- isomeric forms. We are prescntly working with Prof. John Stanton at
the University of Texas, Austin, to work out the assignments of the bands in the context
of the structures.

In this class of polyoxygenatcd molecular anions, the nominally Dj;, form of CO5”
presents the biggest challenge, as the ab initio harmonic prediction complctely fails to
capture the charactcr of the spectrum displayed in Fig. 6b. The extcnded spectral range

e S in this scan clarified a confusing situation raised in

Yco

LY our first rcport, (Ref. [2] which had a large gap in

o C

| | coverage. Thc high-cncrgy bands arc now seen to be

members of a long, regular progression of two modes

Predissociation Yield

based on a fundamcntal at about 1575 cm™. In fact,

thc band structurc appcars much more like the

T T T T T T T
1000 1200 1400 1600 1600 2000 2200 2400 2600 2800

SR vibrational manifold associated with electronic

Figure 6: Vibrational
predissociation spectra of the O, -
CO ion-molecule complex (a)
which displays two sharp bands  geometry change along two normal modes. This
very close in energy to the O,  and
CO fundamentals (arrows), and the
CO;” molecular ion (b) whose
complex electronic structure Icads . . . . .
to two progressions built off the  distortions of the ground state induced by vibronic

main feature at 1575 cm’,

presumably due to strong vibronic  coupling with low-lying excited states, as has becn
interaction ~ with  low  lying

electronic states.

cxcitation to an excited state with a significant

unusual behavior appears to reflect the strong

reccently uncovered in the 1isoclcctronic, and
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atmospherically relevant NO; radieal. A full diseussion of thc peroxy isomers is
presented in Refs. [3, 4,5, and 6].
HID. Trapping and characterization of reactive intermediates in ion-molecule reactions
In most applications, ion coneentrations are so small that ion-moleeule reactions
are not relevant to performance optimization. However, when eonsidering combustion in
very high velocity engines, (e.g. ramjet and seramjet) where reactions must occur on
extremely short timeseales to deliver thrust, we are presented with an important exception
to this rule beeause these reactions arc barrierless and feature high cross sections due to
long-range attraetion. As sueh, there is signifieant effort underway to understand ion-
assisted hydroearbon oxidation. The eomplexity of these proeesses is impressive, as can
be appreeiated by inspeetion of the ealeulated reaetion profile of the “simple” CHy + O,"
reaction displayed in Fig. 7. One of our goals in this program is to identify stationary

points along the myriad of eurve erossings and loeally stable minima on the hypersurface.

E (kcal/maol )

|
|

Figure 7: Calculated reaction scheme highlighting the numerous intermcdiate structures in the
reaction CH; + O," — CH,OH" + OH. The Ar-mediated collision scheme (Eq. [7]) traps the
entrance channel complex, CH,0," (circled in red) at -7.3 kcal/mol in the upper left. Figure
reproduced from Irle, S. and Morokuma, K. J. Chem. Phys. 114, 6119 (2001).
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Our approach exploits the unique opportunities afforded by coordinating Ar-mcdiatcd
synthesis and spectroscopy with photoinitiated reactivity mcasurements. In this grant
period, we surveyed the behavior of several archetypal rcactions involving hydrocarbons
and are thercfore in an cxcellent position to anticipate fruitful directions as well as
roadblocks that will need to be overcome in continuing work. Thc O," + CHs, O™ + CHa,
and O° + C;H,; reactions provide clear examples whcre Ar-mediated condensation
fortuitously leads to only one intcrmediate along the reaction profile (the entrance
channel in O, + CH, and exit channcls in the O™ reactions).

In the O," + CH, reaction, we isolated the specics formed in the Ar-mediated

binary collision:

O, - Ar,+ CHs — O, - CHs - Ar,, + n-m Ar, [7]
and characterized its vibrational spectrum, with
VeH, umbretia+ O, str + SP Ve, 1&1

the result displayed in Fig. 8. We arc presently -,
engaged in analyzing the assignmcnts using
anharmonicity-corrected  (at  third  order)
calculations of the vibrational eigenstructure, but

even without these assignments, we can explore

aspects of the preparation and qualitatively locate

barriers. Once thc vibrational resonances are 600 1000 1400 1800 2200 2600 3000 3400
Photon Energy, cm '

known, for example, photocxcitation of the bare  Figure 8: Preliminary  argon

predissociation spectrum of CH,00" -
complexes through these transitions reveals Ar is displayed on the top, with a

calculated  (B3LYP/6-311++g(d,p))
spectrum displayed below. Tentative
assignments arc shown for the shared
proton (SP) motion and other C-H
reaction or dccomposes back into reactants as  vibrational modes.

whether the intermediate passes ovcr the barrier to
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illustrated in Fig. 9. A preliminary investigation of the bare complcx found that
photoactivation in the region of the C-H stretching vibrations at 2900 cm™ leads
primarily to decomposition:
CH400" + hv — 0, + CHy, [8]

with a minor channel (~10%) yielding the CH;00" + H reaction product. This indicates
that the barrier to reaction probably lies close to or cven above the dissociation energy
back to reactants. Note that thc fact that this trapped intermediate can be
photodissociated at 2900 cm™ verifies that it is indeed the entrance channel complex, as
the only other intermediate with high potential energy is the C-H insertion species
CH;00H", which would dissociate to CH;" + OOH (see Fig. 7). The clear direction for
this study is to define the precise location of the barrier relative to the entrance channel
dissociation asymptote. This will be achieved by monitoring the CH;00" vs. O,"
photoproduct  branching ratio upon
excitation of thc various bands of the barc

complex that were identified using Ar-

tagging. The range of cnergies accessible

CH,00H*

Figure 9: Simplified potential energy diagram of
the O, + CH, reaction pathway. The infrared
spectrum obtained from the Ar tagged complex is X ]
shown on the left of the potential surface. Spectrum with the potential energy
Excitation of these vibrations yields access to the

barriers for product formation and dissociation back profile of the reaction in Fig. 9.

to reactants.

1s indicated by the overlay of the
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IIIE. Development of isomer-selective spectroscopy and pump-probe photochemical
interconversion of isomers

The eomplexity of ion-molceule reaction systems such as that depicted in Fig. 7
indieatc that thc Ar trapping seheme should generally prepare several isomers of a given
mass that correspond to isolation of various intermediatcs. While this provides valuablc
information about the reaction path, it also creates difficulties in assigning the observed
vibrational bands to specific i1somers when their contributions overlap in congested
regions of the spcctrum. Onee these contributions have been disentangled, it would then
be desirable to measure the relative energies of the minima and the transition state

energies separating them. Therefore, midway

through this grant period, we set out to

develop a hole-burning scheme modeled after

Ion Dip Signal

the popular resonant ion dip infrared

speetroseopy (RIDIRS) technique and its

Predissociation Yicld

population-transfer variant. Our technique is

unique in that it is generally applicable to ionic

systems which do not possess the low-lying

Ion Dip Signal

« P

electronic band system rcquired for RIDIRS, e i e - "

Photon Energy, cm™'

thus allowing us to study the hydrated ion  Figure 10: Isomer-selective predissociation

spectra of NO,” - H,O - Ar. The ion dip
clusters of interest here. Our approach came Spectra (top and bottom) were obtained by
fixing the probe laser on transitions labeled A
and B, respectively. Asterisks denote peaks
whose assignments were confirmed using
fixed-point, laser on-laser off averaging.

on-line in the summer of 2008, and is based
entircly on Ar-tagging and exeitation within
the vibrational manifolds.

Our isomer-specifie speetroseopy method eapitalizes on the destruetive nature of
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prcdissociation to first remove population from the particular isomers that undergo
resonant excitation with a powerful, scanning IR laser (pump). An intermediate stage of
mass selection is used to separate the photofragments produced in the first predissociation
event from the non-dissociated parent ions. Thesc parcnt ions are subsequently
interrogated, again using vibrational predissociation, but with a second IR laser (probe)
fixed at a specific transition. Thc performance of the approach is illustrated by its
application to the binary NO; - H,O complex in Fig. 10, described in Ref. [7]. The
non-isomer-selective action spectrum is shown in the middlc trace, whilc the top and
bottom traces were generated by fixing the probc lascr on the transitions labcled A and B
and scanning the powerful pump laser through the vibrational resonances. Two vcry
different spectra arc obtained depending on which transition is probed, revealing thc
presence of two isomers with the structures (top: backside; bottom: frontside) indicated in
the inscts.

Having defincd the presence and VA (back)

Vi, (front)

spectral signatures of two isomers, wc then & ibsdd)

followed the Ar-cluster mediated

photoisomcrization between the two forms of

Predissociation Yield

the NO;™ - H>O complex. The results of this

exercise are shown in Fig. 11, wherc we W

. . . . r 5 t S T b
photoexcited the backside isomer through its 1100 1200 1300 1400
Photon Energy, cm’!

. . . -1 Figure 11: Isomer conversion spectra obtained
m’. Th EHLEE! p
OH stretching vibration near 3000 c € by pumping NO;- - H,0 on the OH stretch of the

. o o . backside isomer near 3000 cm™'. The appearance
isomerization yield in the photofragment ions  of the frontside NO stretch at 1230 cm! indicates

successful conversion of the backside isomer to
could then be determined by monitoring the the frontside form.
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relative intensitics of their closely spaced NO stretching vibrations near 1200 cm™.
Significant population in the frontside 1somer 1s observed by thc wecak shoulder at 1230
cm’, just above the strong band duc to the backside form at 1203 cm™. This is an
important observation bccause reaction path calculations by Prof. Kenneth Jordan
indicate that the height of the barrier to isomerization is about 1000 cm™, which is about
twice the Ar binding energy. The observation that isomerization can be efficient when it
occurs over a higher barrier than that required for Ar loss is in itsclf intcresting. As such,
one has access to a microscopic system in which barrier crossing can be followed in thc
presence of a dissipative solvent. Further details about this aspect of the project are
included in Ref. [8].
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