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rationally synthesize labile reaction intermediates. This is accom-
plished by first cooling the ions close to 10 K and condensing onto
them weakly bound, chemically inert small molecules or rare gas atoms. This assembly can then be used as a medium in which to
quench reactive encounters by rapid evaporation of the adducts, as well as provide a universal means for acquiring highly resolved
vibrational action spectra of the embedded species by photoinduced mass loss. Moreover, the spectroscopic measurements can be
obtained with readily available, broadly tunable pulsed infrared lasers because absorption of a single photon is sufficient to induce
evaporation. We discuss the implementation of these methods with a new type of hybrid photofragmentation mass spectrometer
involving two stages of mass selection with two laser excitation regions interfaced to the cryogenic ion source.

We illustrate several capabilities of the cryogenic ion spectrometer by presenting recent applications to peptides, a biomimetic
catalyst, a large antibiotic molecule (vancomycin), and reaction intermediates pertinent to the chemistry of the ionosphere. First, we
demonstrate how site-specific isotopic substitution can be used to identify bands due to local functional groups in a protonated
tripeptide designed to stereoselectively catalyze bromination of biaryl substrates. This procedure directly reveals the particular
H-bond donor and acceptor groups that enforce the folded structure of the bare ion as well as provide contact points for
noncovalent interaction with substrates. We then show how photochemical hole-burning involving only vibrational excitations can
be used in a double-resonance mode to systematically disentangle overlapping spectra that arise when several conformers of a
dipeptide are prepared in the ion source. Finally, we highlight our ability to systematically capture reaction intermediates and
spectroscopically characterize their structures. Through this method, we can identify the pathway for water-network-mediated,
proton-coupled transformation of nitrosonium, NO™ to HONO, a key reaction controlling the cations present in the ionosphere.
Through this work, we reveal the critical role played by water molecules occupying the second solvation shell around the ion, where
they stabilize the emergent product ion in a fashion reminiscent of the solvent coordinate responsible for the barrier to charge transfer
in solution. Looking to the future, we predict that the capture and characterization of fleeting intermediate complexes in the
homogeneous catalytic activation of small molecules like water, alkanes, and CO, is a likely avenue rich with opportunity.

Introduction

The utility of mass spectrometry in macromolecular analysis
has undergone a renaissance with the introduction of atmo-
spheric pressure ionization (API) schemes that enable non-
destructive access to honvolatile species and supramolecular
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assemblies." The practical applications of this capability are
perhaps best illustrated by the rise of proteomic analysis,?
where increasingly sophisticated analysis schemes (MS"2
H/D exchange,* ion mobility spectrometry,® etc) have al-
lowed systematic determination of secondary and tertiary
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protein structures.® In the meantime, there has been a long-
standing effort, largely driven by physical chemists, that
has focused on freezing floppy molecules and weakly bound
molecular aggregates into well-defined structures and char-
acterizing these entities using electronic or vibrational spec-
troscopy carried out in an action mode with either IRMPD,”
UV,2 UV-IR double resonance®'® or ‘messenger tagging’
techniques."' This effort was dramatically advanced in
the past decade by the interface of API sources to cryogeni-
cally cooled multipole ion traps, revealing the intrinsically
sharp spectral features of a variety of biologically relevant
molecules.'? In the “messenger tagging” approach, cold ions
(A™) are formed with weakly attached inert species (RG) that
are transparent in the infrared (like H,, N5, and rare gas atoms).
The key is that these A" -RG spedies are readily dissociated
upon absorption of a single IR photon resonant with one of
the vibrational transitions associated with A™*:

A" -(RG), +hv — A" -(RG),_m + MRG (1)

so that action spectra equivalent to linear absorption spec-
tra can be generally obtained using photodissociation in
conjunction with a tandem mass spectrometer.'®> One
stage of mass selection is required to isolate the A" -RG,
adduct for selective photoexcitation, while a second stage
is needed to monitor the lighter A* RG,,_,, photofragment
yield as a function of laser excitation frequency. Because
action can be recorded upon absorption of a single photon,
relatively low-power “table-top” laser systems can easily
cover the entire 600—4500 cm ™' range of the IR and thus
offer a universal means for structural characterization of
mass-selected ions. A major alternative to this method is
multiphoton dissodiation induced by a high-power free
electron laser.” '

This cryogenic ion vibrational predissociation (CIVP)
strategy was originally carried out using supersonic jet ion
sources that readily access temperatures in the 10 K range,
yielding structures for many species like hydrated protons,'>
hydrated electrons,'® and hydroxide ions.'” More recently,
it has been extended to reaction intermediates'® that
are rationally prepared by manipulation of the chemistry
uniquely available by carrying out reactions in a cryogenic
medium. In the past few years, the scope of chemical
processes amenable to study with CIVP has broadened
dramatically through the integration of cryogenic (10 K)
radio-frequency ion traps with ambient ionization sources,'®
where weakly bound molecules can be readily condensed
onto all manner of complex ions. The resulting capability
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opens the way for a new type of hybrid spectrometer that
combines the sensitivity of mass spectrometry with the
detailed structural information that can be obtained from
optical (vibrational and electronic) spectroscopy. Moreover,
chemical and photophysical manipulation of the ions after
cooling and adduct formation provides a qualitatively new
approach for generation and study of transient intermedi-
ates in chemical reactions. This is a holistic approach that
integrates the three important capabilities:
1. To freeze flexible assemblies into well-defined struc-
tures that yield sharp vibrational spectra
2. To separate contributions from multiple conformers
using photochemical hole burning
3. To capture reaction intermediates by evaporative
quenching of collision complexes

We present several examples taken from different areas of
recent research to illustrate how these principles are being
used to provide structural analysis of isolated peptides and
drug molecules,?® as well as to elucidate the detailed role
that solvent structure plays in proton-coupled covalent bond
formation.'®

Instrumentation

The essential requirements for CIVP spectroscopy are a
source of cold ions and two stages of mass selection so that
specific m/z target ions can be photoexcited and then the
lighter fragment ions can be separated from their intact
parents. The scheme developed at Yale over many years,
which uses a time-of-flight mass spectrometer as its first
analyzer and a modest resolution reflectron as the second,
is illustrated in Figure 1. The ion source is on the left, while
the laser interaction and mass spectrometry components
are on the right.

In the ion source, target species are extracted from solu-
tion using electrospray (or other atmospheric ion sources)
and transferred using radio-frequency ion guides through
three stages of differential pumpingto a low pressure region.
The warm continuous stream of ions is then injected into
a commercial three-dimensional radio-frequency ion trap
modified for cryogenic operation and held at 10 K with a
closed cycle He cryostat. A seeded buffer gas is pulsed into
the trap just prior to ion injection, which contains a trace
amount of the cryogenic solvent (e.g,, Ar, N, Hy, etc) to be
condensed onto the ions after they are collisionally cooled.
This growth period takes tens of milliseconds, and relatively
large aggregates can be formed depending on the buffer
gas pressure and dwell time in the trap. These weakly
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FIGURE 1. Inthe Yale tandem time-of-flight photofragmentation spectrometer, ions are extracted from solution with electrospray ionization (ESI) and
guided into a 10 K 3D quadrapole ion trap. After collisional cooling, ions are extracted from the trap and mass selectively (to unit m/z) interrogated by

one or two pulsed infrared lasers. Primary and secondary lasers are based

bound solvent molecules typically have little effect on the
vibrational spectrum, as evidenced by very small incremen-
tal shifts upon addition of the first few molecules.*' Note that
the buffer gas is pulsed into the trap, so that it is slowly
evacuated before the ions are extracted. This limits the
collisional reheating of the cold ion upon acceleration by
the extraction voltages.?*

Mass spectra illustrating this process are displayed in
Figure 2 for the specific case of doubly protonated vanco-
mycin, an antibiotic weighing 1450 Da with the structure
included in the inset. With only He in the buffer gas, the mass
spectrum simply consists of the bare parent ion that
was injected into the trap, stored, and then extracted into
the TOF spectrometer described below. When D, is added to
the buffer, the mass spectra become much more complex
as D, molecules are attached, accounting for the long series
of closely spaced peaks appearing at higher m/z. The bind-
ing energy of D, onto anion is on the order of 500 cm ', and
for a molecule this size, condensation requires cooling the
ion from 300 K at the inlet to at least 50 K, which is
sufficiently cold to allow the adducts to be Kkinetically stable
on the experimental time scale. Lower buffer gas pressure
enhances D, aggregation, likely by preserving the larger
adducts by limiting collisions upon extraction from the trap.
It is likely trivial to grow particles that are so large that they
fall out of range of the experimental settings to trap and
detect them. Once the ions are coated with a nonreactive,
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202-210 = 2014 = Vol. 47, No. 1

on optical parametric oscillators and amplifiers (OPO/OPA).

[Vanco+2H*]
]_L\ Pure He Buffer

[Vanco+2H*]enD,
n=;1

* %
High He/D,
Buffer Pressure

20
25

Low He/D,

Buffer Pressure 35

[ 1
720 740 760 800

m/z

780

FIGURE 2. Mass spectra illustrating the attachment of dozens of D
molecules to the doubly protonated antibiotic molecule, vancomycin,
with the structure indicated. The masses indicated with x and xx are
(Vanco + H* 4+ Na®) and (Vanco + 2Na™) species, respectively.

cryogenic matrix, this medium creates many new avenues
for studying their structure and reactivity, as we illustrate
with several examples below.

Tandem time-of-flight methods provide an inexpensive
platform for carrying out mass-selective photofragmenta-
tion, with a typical arrangement illustrated on the right side
of Figure 1. In the basic experiment, a widely tunable IR
pulse (10—20 Hz repetition rate, 10 ns pulse width) from the
primary laser intercepts a single m/zion packet from the ion



distribution arriving from the source. This causes photo-
evaporation of weakly bound adducts, and the lighter
fragment ions are then separated from their parents in
a second ‘reflectron” mass spectrometer and monitored
as a function of laser frequency to generate the spectrum.
The Yale apparatus also includes a second laser interac-
tion stage (labeled “secondary” in Figure 1), which is used to
extract individual spectra when many conformers or iso-
mers appear at the same m/z. Instruments such as this are
not yet commercially available, and several have appeared
with subtle variations in a few laboratories around the
World.21,23725

Application to Vibrational Spectroscopy

One of the widest and most immediately available applica-
tions that exploits cryogenically tagged ions is the acquisi-
tion of their vibrational (or electronic) spectra by monitoring
photoevaporation of the cryogen. The performance of this
approach relies on the fact that the lifetimes of vibrationally
excited states are typically on the order of picoseconds
before the energy is degraded into heat by anharmonic
coupling (often called intramolecular vibrational redistribution,
IVR).2® On the other hand, evaporation of the matrix takes
place as a unimolecular decay process and, as such, is gov-
erned by RRKM statistical rate theory, which predicts the loss
of the matrix molecules to occur on much longer time scales
than IVR. An experimental manifestation of this statistical
decomposition mechanism is that the number of adduct
molecules, m, ejected upon absorption of a photon with
energy hv is typically on the order hv/AHeyap, Where AHeyap
is the enthalpy of evaporation of the pure matrix solid.'>?'
Because of the hierarchy of Kkinetic processes outlined
above, highly resolved vibrational transitions are observed
in almost all cases, with typical performance on three
systems presented in Figure 3. Traces a and b correspond
to the peptides diglycine (GlyGlyH') and TrpZip (TZ2, a
decapeptide), respectively, with their molecular structures
displayed in the inset. The lower trace () was obtained
for doubly protonated vancomycin. Although the bands
are obviously much more congested in the larger systems,
it appears that the intrinsic line widths of individual features
are actually similar in all cases. The most informative func-
tional group transitions for structural analysis are the NH
and OH stretching fundamentals highest in energy around
3400 and 3600 cm ™' respectively, and the C=0—based
bands near 1600 cm ' that are associated with the amide
group in peptides as well as ketone and ester motifs
in vancomycin. In the simple dipeptide GlyGlyH", bands
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FIGURE 3. The cryogenic ion vibrational predissociation (CIVP)
spectrum of (a) the protonated dipeptide GlyGlyH" - (H,),, (b) the doubly
protonated decapeptide TZ2-(D,),, and (c) the doubly protonated
antibiotic vancomycin - (D5),. The scaled harmonic (MP2/6-311+G(d,p))
spectrum of GlyGlyH™ is inverted below trace a) for comparison.

The principal energy ranges for common vibrational chromophores
are indicated at the top.

associated with each of these groups are cleanly resolved as
indicated at the top of Figure 3a.

For the small GlyGIyH* system, the vast majority of the
CIVP features can be accurately predicted by the harmonic
spectrum calculated for the minimum energy structure pre-
sented as the inverted trace below the experimental spectrum.
This structure features a cyclic intramolecular H-bond invol-
ving a coupling between the NH;* N-terminus and the nearby
amide C=0, which acts to red-shift both donor and acceptor
constituents of this H-bond linkage. Other strong bands are
clearly evident that are not expected at the harmonic level but
that are espedially important because they encode the anhar-
monic interactions arising from the complex potential energy
landscape of the peptide hypersurface. Such spectral informa-
tion is only now becoming available through this type of
measurement, providing stringent experimental benchmarks
for simulations aimed to explain and predict the behavior of
much larger systems at finite temperature.?”

Band Assignments of Congested Spectra
through Site-Specific Isotopic Substitution

The behavior of the simple dipeptide GlyGlyH" displayed in
Figure 3a establishes that transitions associated with parti-
cular functional groups appear as sharp features that are
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readily assigned when they are, as in this case, well dis-
persed throughout the spectrum. The more typical situation,
however, is that found in the larger TrpZip and vancomycin
ions (Figure 3b,q), in which many similar groups give rise
to strongly overlapping or even (at least for TrpZip*®2°)
intrinsically coupled bands. For example, in vancomycin
(Figure 3¢), a cursory inspection of the congested C=0, NH,
and OH stretching regions reveals distinct substructure that
is consistent with independent contributions from a majority
of these groups in the molecules, while the individual con-
tributions in TrpZip are less clear (Figure 3b). In such cases,
obtaining the detailed assignments required for structure
determination requires a method that can identify whether
particular functional groups can indeed be traced to specific,
sharp transitions embedded in congested regions of the
spectrum (as opposed to collective motions involving delo-
calized motion spread throughout the molecule). It would be
particularly useful, for example, if one could isolate the
vibrational frequencies of embedded oscillators due to key
chemical bonds and use them as reporters on their local
chemical environments. This type of information is typically
obtained in NMR through site-specific isotopic substitution,
and analogous isotopic schemes are used to deconvolute
the broad IR and Raman bands displayed by peptides and
proteins.3® When applied to ions in the cryogenic environ-
ment, one can exploit the fact that the transitions are
intrinsically narrow to obtain such site-specific information
with unprecedented accuracy. This approach was pioneered
in the gas phase by Rizzo and co-workers in the analysis of
cryogenic polyalanine helices.!

The basic idea of “isotope-edited” vibrational spectrosco-
py is to empirically identify the carriers of spectral activity
in a particular region of the spectrum by taking differences
between the spectrum obtained when the target molecule
has all isotopes present in their dominant form and that
obtained when the same molecule is prepared with one
atomic site replaced by its heavier isotope. Figure 4 presents
several such “isotope edited” difference spectra for a syn-
thetic tripeptide substituted at several key sites as indicated
in the structure at the top right. This molecule is a catalyst
designed to achieve biomimetic stereoselective bromina-
tion of small biaryl substrates.>?> The C=0 bands between
1600 and 1750 cm™" are particularly informative, because
four of these appear in the spectrum of the dominant
(normal) isotopomer displayed in the bottom trace, suggest-
ing that each C=0 in the peptide might contribute one of
these transitions to the spectrum in a scenario where the
cold molecule adopts a single, well-defined conformation.
206 = ACCOUNTS OF CHEMICAL RESEARCH
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The four C=0 transitions occur as two separated doublets,
with the lower energy pair falling about 90 cm~' below the
upper pair. We note that red-shifted C=0 bands typically
occur when this group is involved in an acceptor role for
intramolecular H-bonding.

The isotope-edited difference spectra for incorporation of
13C in two of the C=0 groups (the so-called BOC group
(green) and the terminal tertiary amide (red)) immediately
reveal the bands associated with each position through the
telltale pseudoderivative line shapes. Positive going peaks
indicate transitions lost upon incorporation of the heavy
isotope, while the negative companion peak indicates new
features that appear with it. The most striking feature of this
peptide's behavior is that only one transition is significantly
affected within each signature region (@mide I, amide II, and
NH stretch), thus allowing immediate identification of the
local oscillators mostly responsible for each transition. Note
that more than one spectral region may be affected by
a single substitution, which is most obvious in the case of
the "N substitution at the embedded amide (orange), where
both the NH stretch at 3345 cm ™' and the CN amide Il band
at 1516 cm ' are strongly affected. Interestingly, the mag-
nitudes of the shifts between the positive and negative
peaks provides a direct measurement of the degree to which
the labeled atoms contribute to the collective normal modes
associated with specific transitions. In this case, the C=0
bands (green and red) exhibit almost limiting shifts that
would be expected for participation of only the diatomic
displacement, which is governed by the square root of
the reduced mass of the two atom system (36 cam™! near
the center of the amide I region). Since the observed shifts
for the BOC (green) and amide (red) are 36 and 35 cm ™,
respectively, very close to the limiting value, we conclude
that the local bond displacements are indeed largely respon-
sible for the observed bands. Thus, the C=0 and NH transi-
tion energies indeed reflect the chemical environments of
particular functional groups, which are then color-coded
with the upper schematic structure in Figure 4.

The locations of the fundamentals associated with the
key NH and C=0 bonds obtained through the difference
spectra provide a direct diagnostic for the groups involved in
intramolecular H-bonding. As discussed above, we expect
red shifts of the frequencies of both NH donor and C=0
acceptor groups over the range indicated by the color bars in
the lower trace of Figure 4. The two red-shifted carbonyl
groups (red and blue) are thus identified as H-bond accep-
tors, while one of the two NH groups (orange) acts a donor.
The free NH is then assigned to the remaining position on
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FIGURE 4. Band assignments in a tripeptide spectrum through site-specific isotopic substitution. The groups contributing to various CIVP bands in
panel d) are color-coded with skeletal structure on top right. Upper traces a), b), and ¢ are difference spectra depicting changes caused by placing

heavy isotopes in the sites labeled o, 5, and y in the upper right structure.

the BOC group (green). This information provides a sufficiently
stringent set of constraints to easily identify the conforma-
tional type at play by comparison with harmonic spectra
calculated for various minima on the complex potential en-
ergy surface. The particular folded, double H-bonded topology
of this tripeptide is displayed in the lower trace in Figure 4.

Although it is indeed labor intensive to create a library
of catalyst molecules with labels in all the critical sites, once
available, this set can be used to systematically identify the
specific contact points through which the multidentate cat-
alyst host noncovalently captures guest molecules. This was
demonstrated?>? for capture of both an alkaliion (Na*) and a
biaryl guest, where the latter application required isotopic
labels on both the catalyst and the substrate.

Isomer-Selective Spectra When Multiple
Conformers Occur at a Particular Mass

The examples presented above illustrate how structural
information can be obtained from CIVP spectra of the cold
ions when only one form is created in the cryogenictrap. It is
much more common, however, and especially so in its
application to floppy biopolymers like polypeptides, that

many isomers (protonation site variation, for example)
or conformers (rotation around amide bonds, etc) are either
extracted from solution or prepared under the trapping
conditions® such that the vibrational spectrum of a particular
mass would consist of many ovetlapping spedtra. In cases
where one of the constituents possesses an electronic chromo-
phore, there are many strategies to carry out conformer-
selective spectroscopy based on IR-UV double resonance.'%33
One can also achieve conformer selectivity by exploiting differ-
ences in the vibrational band patterns of the conformers using
an IR—IR double resonance approach as we illustrate below.>*

Conformer-selective CIVP spectroscopy relies on the fact
the resonant IR absorption by a tagged ion leads to the loss
of this m/z parent ion through the same photofragmentation
process used to detect its vibrational spectrum. This destruc-
tive event provides a natural photochemical “hole burning”
scheme with which to selectively remove one of the con-
formers from an ensemble, provided there is at least one
transition that is accidentally isolated from those arising
from the other species.

Figure 5 presents an example where individual spectra
are systematically extracted from a mixture of conformers
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FIGURE 5. Extraction of the individual spectra of two conformers in the
dipeptide SarSarH" with IR—IR double resonance. The CIVP spectrum in
part b is resolved into the two contributions (dip spectra in parts a and ¢)
by setting the probe laser on the colored transitions indicated (+ and $)
and scanning the pump laser. The two conformers are shown on the
right along with their harmonic spectra (MP2/6-311-+G(d,p)).

involving the SarSarH* dipeptide, a dimethylated variation
of the GlyGIlyH* system discussed above. At high energy,
we again find bands arising from the free NH and OH groups
as indicated, but the OH feature is clearly split into a doublet,
while a very broad set of transitions lie just below the free NH
band at 3132 and 3195 cm ™', respectively (x in Figure 5b).
In addition, the C=0 region includes a sharp interloper (})
just below the carbonyl associated with the acid group. As
discussed above in our analysis of the catalyst spectrum,
such red shifting often reflects internal H-bonding, pointing
to a conformer where the C=0 group on the acid plays an
acceptor role. If that assignment is correct, then both term-
inal NH groups must be involved in H-bonds, since one NH
is already attached to the amide in the ring motif identified
in the GlyGlyH™" ion, and the OH doublet (1) lies too high in
energy to be involved as the H-bond donor.

This hypothetical assignment of the weaker C=0 feature
(¥) to an intramolecular H-bond can be proven using IR—IR
double resonance by fixing the pump laser on the # transi-
tion and continuously monitoring the fragment signal while
the pump laser is scanned through the higher energy range
of the NH stretches. The probe signal monitors the popula-
tion of the conformer responsible for the } band, and the
key to the hole-burning method is to intersect the same ion
packet with a powerful pump laser before it interacts with
the probe. When the pump laser drives any of the transi-
tions associated with the conformer being isolated with
the probe transition, its population will be removed by
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photoevaporation of its adducts. Thus, the entire spectrum
associated with the conformer selected by the probe is
revealed by “dips” in the probe fragment signal as the pump
laser is scanned through the spectrum.

The green trace in Figure 5 presents the hole-burning spec-
trum obtained when the probe laser was fixed on the weak
C=0 band (§). Note that the strong free NH band at 3333 cm ™'
is indeed missing in this dip spectrum, while the two weaker
features () at 3132 and 3195 cm ™' are present, in addition to
a single free OH feature traced to the acid group. This pattern
indicates that it arises from a conformer in which both NH
groups on the N-terminus are engaged as H-bond donors, and
the structure displayed in the inset was found to be a local
minimum with the predicted harmonic spectrum presented
just above the dip trace. The two red-shifted bands (x) are thus
traced to the coupled modes of an embedded —NH, group
with both hydrogen atoms attached to nearby C=0 groups,
which in turn lead to red shifts of both C=0 transitions.

Extending this strategy revealed another conformer with
a single internal H-bond, consistent with the trans-SarSarH*
structure displayed in Figure 5c. Thus, through systematic
choice of probe transitions, we can disentangle overlapping
bands to reveal the independent spectra of each conformer
generated by the ion source. We note that this capability is
general and has been used, for example, in conjunction with
isotope labeling described above to extract the contributions
of individual water molecules embedded in various sites of
an extended network.>®

Putting It All Together: Isolation and
Vibrational Characterization of Reaction
Intermediates

Thus far, we have focused on the spectroscopic capabilities
created by combining photofragmentation mass spectro-
metry with cryogenic processing of the target ion. Once a
reactant ion is embedded in the cryogenic medium, how-
ever, one can also use this assembly to condense a reactant
molecule and quench the activated collision complex into
shallow minima, thus trapping intermediates along a reac-
tion pathway. Although this aspect of cryogenic ion chem-
istry is still in its infancy, an excellent example of the
evaporative capture of reaction intermediates is afforded
by the recent study'® of the water cluster-mediated trans-
formation of nitrosonium to nitrous acid,

NO" +4H,0 — HONO +H" - (H20)3 ()

a key reaction controlling the ambient cation distribution
present in Earth's ionosphere. The mechanism is known



to require three water molecules to proceed such that
two water molecules play a catalytic role. There was a
long-standing puzzle, however, regarding how the tiny
network of molecules had to be arranged to facilitate
covalent N—O bond formation with concomitant charge
translocation onto the ionic product, a protonated
water cluster. The critical intermediate network structures
along the reaction path were trapped using cryogenic
ion chemistry in which the NO™ reactant ion was first
embedded in a large Ar cluster and then water molecules
were sequentially added by Ar-mediated condensation:

NO™. (HzO)n -Arp +H,0 — (NOJr . (HzO)(nJr 1))*
-Arp — (NO™ - (H20)n 4 1) Arg+(p — q)-Ar  (3)

The reaction intermediates then occur as isomers with
composition (NO™* - (H,0),,,1). Once again, the hierarchy
of relaxation events following condensation is crucial
for successful sampling of the reactive potential energy
before the activated complexes are quenched into local
minima. For hydrogen-bonded networks, this time scale
is on the order of picoseconds,® while the evaporation of
the weakly bound Ar atoms occurs on the much longer
time scales of tens to hundreds of picoseconds.

The hole-burning scheme described above was used to
identify the spectral patterns of three intermediates recov-
ered in the CIVP spectrum of the trihydrate, displayed in
Figure 6. The three contributions are color-coded and were
analyzed to identify the water network structures by com-
parison with their predicted vibrational patterns. The most
unreactive form features all three water molecules in the first
hydration shell with the structure labeled a, where each
water molecule directly contacts the NO™ ion. The reaction
begins to occur when one water molecule moves to the
second solvation shell to form the diamond structure
B, while the most reactive form features two water mole-
cules in the second solvation shell with structure y. The y
(blue) isomer exhibits the most red-shifted NO* and OH
stretches, which track the delocalization of the charge from
the NO* moiety onto the water network. Thus, the evolution
along the reaction coordinate is associated with sequential
migration of water molecules from the first to the second
solvation shell. Although the forms  and y, with water
molecules more remote from the ion, are calculated to be
higher in energy, they promote reaction by providing the
correct hydration environment to accommodate the charge
build up on water in the product state. Note that these higher
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FIGURE 6. Trapping reactive intermediates in the water-catalyzed NO*
+ H,O — HONO + H™ reaction. Rapid evaporation of Ar atoms when
H,0 is condensed onto the NO"(H,0); - Ar,,>5 reactant quenches
NO™"(H,0)s into three distinct species in the pathway toward products.
IR—IR double-resonance reveals the spectra of the three intermediates
(o, B, and y), as color-coded in the CIVP spectrum (the purple OH
transitions are shared by both o and y, and the band at 1600 cm™
is shared by all three isomers). Color bars indicate location of bands
relative to the signatures of asymptotic reactants and products. The
structures of the three species (upper right) indicate that the reaction
proceeds by sequential displacement of a water molecule from the
first to the second hydration shell around the reactant ion.

1

energy forms are efficiently trapped using cryogenic con-
densation, a necessary requirement for the utility of this
method to study more complex reaction intermediates.

In summary, we see a rapidly expanding range of possibi-
lities where the combination of cold ion chemistry and spec-
troscopy can be used to shed new light on processes and
spedies that have proven to be too fleeting to be characterized
with traditional means of chemical analysis. It is indeed
anticipated that such processing techniques can also freeze
larger biological assemblies, representing a logical direction for
extension of the method. The capture of very highly reactive
transients in the final steps of small molecule activation, such
as water oxidation and CO, reduction, appears to be a
particularly attractive area where such measurements will
have immediate and high impact on catalyst design.
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