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ABSTRACT: We report the water-mediated charge separation of nitric acid upon
incorporation into size-selected Cs™-(HNO;)(H,0),.¢_;; clusters at 20 K. Dramatic spectral
changes are observed in the n = 7—9 range that are traced to the formation of many isomeric
structures associated with intermediate transfer of the acidic proton to the water network. This
transfer is complete by n = 10, which exhibits much simpler vibrational band patterns
consistent with those expected for a tricoordinated hydronium ion (the Eigen motif) along
with the NO stretching bands predicted for a hydrated NO;™ anion that is directly complexed
to the Cs* cation. Theoretical analysis of the n = 10 spectrum indicates that the dissociated
ions adopt a solvent-separated ion-pair configuration such that the Cs* and H;O" cations flank
the NO;™ anion in a microhydrated salt bridge. This charge separation motif is evidently
assisted by the electrostatic stabilization of the product NO;™/H;O" ion pair by the proximal
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metal ion.

Nitric acid plays a fundamental role in the interfacial
chemistry of aerosol particles,'~” which in turn depends
on the speciation of HNO; in the reduced hydration
environment available at or near the surface. Understanding
these processes at the molecular level has motivated recent
efforts to establish the acidity (pK,) of HNO; at an interface,
which is surprisingly complex. For example, despite the fact
that HNO; is a strong acid in aqueous solution (pK, = —1.4),
there are many studies reporting that it is largely undissociated
at the interface with neat water, although the degree of
suppression has been difficult to quantify.” ' To access how
ions affect the acidity of HNO;, Mishra et al.** calculated the
structures of CI™-(H,0),, clusters with an HNO; molecule
incorporated into them and concluded that the electrostatic
interaction of the dissociated ion pair with the nearby anion
(CI") enhances HNO; dissociation. On the experimental side,
Castleman and co-workers™ interpreted the size-dependent
HNO; uptake displayed by M*-(H,0),-0_3 (M = Na*, K,
H;0") clusters to indicate that acid dissociation was occurring
in all systems with an onset at n = 4—S. In this Letter, we use
cryogenic ion vibrational spectroscopy’’ to establish the
structural transformations that occur when HNOj is attached
to Cs™(H,0),_o_1; clusters. This information is obtained by
analyzing the evolution of the vibrational band patterns arising
from HNO; and its conjugate base (NO;"), as well as those
derived from the water network as water molecules are
sequentially added to the Cs*-(HNO;) binary complex.

This study extends an earlier report™ that quantified the
intramolecular distortions suffered by the HNO; molecule in
the Cs*-(HNO;)(H,0),o_, series. That study found that the
450 cm™! red shift in the acidic OH stretch fundamental of the
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bare nitric acid HNO; (®*02y; in Figure 1A) upon formation
of the neutral HNO;(H,O) van der Waals complex® is further
displaced by 459 cm™' when the Cs* cation binds to the acid’s
—NO, group to form the ternary Cs*-(HNO;)H,O cationic
cluster. This sandwich motif occurs in one of the two isomers
adopted by the n = 1 system. The oscillator strength derived
from the water-bound OH group of the acid (hereafter
denoted OH?), appears as a very intense envelope (13} in
Figure 1B) with a progression in soft mode combination bands
(blue in Figure 1B above the OH stretching fundamental at
2641 cm™). In that paper,” it was noted that the addition of a
second water molecule retains this ternary sandwich structure
as the second water adopts a position in the first hydration
shell of the Cs* ion. Here we follow the structural evolution of
the acid during sequential hydration in the series Cs*
HNO,;(H,0),-3_1;, which explores the size range through
completion of the first hydration shell around Cs". These
structures are deduced by analysis of IR photodissociation
(IRPD) spectra of the D,-tagged cluster ions cooled between
10 and 20 K.** This is accomplished using a cryogenic ion
photofragmentation mass spectrometer described in the earlier
paper reporting the spectra of the n = 0—2 clusters and detailed
in the Supporting Information. Because the band patterns of
HNO; and NO;™ are quite distinct, as are those associated
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Figure 1. Survey of the isomer class corresponding to completion of the first hydration shell around Cs* with retention of the single water molecule
attached to the acidic OH group of HNO;. The D,-tagged predissociation spectra of Cs*-(HNO;)(H,0),, with n = 0, 1, 2, 3, and 6, are shown in
traces A—E. The bands arising from water OH stretching modes are denoted as {™ and v3”™, where ‘A’ and ‘D’ denote H-bond acceptor and
donor configurations, while 14,4 and 1} indicate all transitions arising from the HOH intramolecular bending fundamental. The OH stretches
from the HNO; moiety are indicated as vy and 13y , where “a-w” indicates acid OH bound to water. The four remaining bands labeled are NO
stretches; ™10, and *"™yo, correspond to the symmetric and asymmetric normal modes of the NO, moiety, while 24_oy and 14 "oy indicate the
N-OH stretch of HNOj. Labels 14,4 and 1 indicate acidic OH bending of the free and water-bound OH groups. Arrows in A indicate key bands
of the isolated HNO; molecule.** The gray peak labeled with “*” in A corresponds to the acid OH stretch when bound to the D, tag (v*~22). All
band labels aid referencing in the text and in Tables S1 and S2. The inverted spectrum of Cs*-(H,O);-Ar is reprinted with permission from ref 30 in
trace F, along with the structure computed using B3LYP/aug-cc-pVDZ level of theory and basis set, with LANL2DZ pseudopotential used for Cs
atom.

with “excess” proton accommodation by neutral water,””** we on the structure shown in Figure 1E. This isomer is calculated
are specifically concerned with the correlations between to lie 0.2 kcal/mol above the global minimum identified in
changes in the band patterns associated with the NO stretching Figures S1 and S2D(iii) and is consistent with the observed
fundamentals of the NO; moiety and those in the OH intact band pattern of the Cs*-(HNO;)(H,O) motif, in
stretching region as reporters for the onset of intracluster contrast to that of the global minimum which features strongly
dissociation of the acid into ion pairs. red-shifted OH stretching bands in the ~1800—2400 cm™

We first consider the class of clusters in which the ternary region and significantly perturbed NO stretching fundamen-
“sandwich” motif reported earlier (inset in Figure 1B) is tals. The structure in Figure 1E features a cyclic water
retained while the first hydration shell around the Cs* cation is pentamer attached to the Cs* ion, a motif adopted by the Cs™
completed at n = 6.”” The traces in Figure 1B—E present the (H,0)s cluster (Figure 1F).”>’' Note that the spectral
spectra of the n = 1—3 and 6 clusters, for which the vy band signature of the water bound to the acid OH group, which
is the only feature associated with the acidic OH stretch H- occurs in a single H-bond acceptor, or “A” configuration, yields
bonded to a water molecule. Interestingly, the spectral pattern the persistent sharp bands associated with the symmetric and
arising from this arrangement is most clearly articulated in the antisymmetric stretches of the acceptor water molecule,
n = 6 spectrum (Figure 1E), which is reproduced by the indicated by the dotted lines denoted 1™ and v3”™ in Figure
calculated (scaled) harmonic spectrum (Figure S1D(ii)), based 1B. It is also apparent that hydration directly to Cs* in the first
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Figure 2. D,-tagged predissociation spectra of Cs*-(HNO;)(H,0),, with n = 3, 4, and 5, are shown in traces A, B, and G, respectively. In traces D
and F, isomer-specific spectra of Cs*(HNO;)(H,0),D, cluster are obtained using two-color, IR—IR double resonance by probing at the positions
indicated by vertical arrows (orange, 3330 cm™' and blue, 2700 cm™), with the corresponding isomer structures inset. The calculated spectra for
isomers 41 and 411 are plotted in panels E and C, respectively. Peak labeled 154%™ corresponds to the water OH stretch H-bonded to both acid OH

a—2w

and second-shell water. The acid bands ¥™183", Ljent, and V55"

arise from attachment of the water dimer. Remaining labels are described in

Figure 1 caption. All band labels aid referencing in the text and in Tables S1, S2 and S4.

solvation shell of the ion yields a solvatochromic blue shift in
the acid OH stretch (by ~100 cm™ from n = 1 to 6). Such
blue shifts have been traced to the reduction in the local
electric field for all members in the first solvation shell as new
solvent dipoles are added to complete it.”>

Lower in energy, the NO stretching bands of the HNO;
molecule (purple in Figure 1A) are largely intact for this series.
The most pronounced effect is the ~50 cm™" blue shift in the

3337

N—OH stretch (going from v_oy to 145y in Figure 1A,B)
upon addition of the water molecule to the acid OH group.
This is accompanied by the ~120 cm™" blue shift in the acid
OH bending mode (orange), between the 1{.q and Vi
transitions in Figure 1A,B, falling at 1411 cm™! in the ternary
motif. Finally, the water HOH bending fundamentals grow in
intensity with increasing hydration to yield the broad feature
(turquoise, 1},q) near ~1630 cm™

https://doi.org/10.1021/acs.jpclett.1c00235
J. Phys. Chem. Lett. 2021, 12, 3335—-3342
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Figure 3. Vibrational predissociation spectra of Cs*-(HNO;)(H,0), D, are presented in traces A—F for n = 0, 7—11. Peaks in different colors
highlight specific motifs of interest. Peak labeled vo_p_¢ in trace C denotes parallel stretch of equally shared bridging proton, while the red
envelope (1y,07) in E is a signature for an eigen-like motif in a cluster. The experimental bands  and f8 in trace E correspond to the calculated NO

stretches (labeled arrows *Y™uj,, and LR, denoting NO, asymmetric and N—O stretches, respectively) for the solvated NO;~ molecule in the

Cs™(HNO,)(H,0),, cluster. The doublet peaks (2%, and %) in trace D denote water molecules in AAD and AD H-bonding sites. Remaining
labels are described in Figure 1 caption. All band labels aid referencing in the text and in Tables S6, S8, and S9.

More complex band patterns are observed for the n = 4 and near Figure 2F), was revealed by setting the probe laser on the
S clusters, displayed in panels B and G of Figure 2, respectively. Vg band (blue arrow in Figure 2F) and is similar to the
Specifically, in addition to the features attributed to the ternary patterns of the n = 1—3 clusters (Figure 1B—D), indicating
sandwich motif established in the smaller systems, they also that a single water molecule is bound to OH". That conclusion
display several new bands, suggesting the possibility that two is supported by the calculated spectrum of the n = 4 structure
or more isomers are in play. To address this possibility, we depicted in the inset and displayed by the lines in Figure 2E.
carried out isomer-selective, IR—IR photobleaching measure- The second pattern (assigned to isomer 4II) was recorded by
ments with the results presented in Figure 2D,F. This method setting the probe laser on the strong band at 3300 cm™
isolates the spectra of individual isomers in a mixture by setting denoted I/E\‘f)lmd (orange arrow in Figure 2B). The spectrum of
a fixed frequency probe laser on a transition unique to one of isomer 411 (structure in Figure 2B) displays a diffuse, red-
the constituents and continuously monitoring the photofrag- shifted envelope (highlighted orange near ~2300 Cm_l) and
ment resulting from it, which in turn monitors the population slightly shifted bands in the region of the NO stretching and
of that species. The spectral pattern of a specific isomer is then acidic OH bending fundamentals ("™283" and rj..y). This
obtained by exciting the same ion packet upstream from the basic pattern is also present in the n = 5 spectrum and
probe laser with a second, powerful IR laser (the “bleach”) that highlighted in orange in Figure 2G.
is scanned through the entire spectrum. The bleach laser The spectral pattern of the 411 isomer is recovered at the
depletes the population of all isomers as it drives the various (scaled) harmonic level (Figure 2C) by the calculated
transitions during the scan but only registers as depletions in structure displayed in Figure 2B. Isomer 4II is calculated to
the probe signal when transitions are common to both pump lie 1.7 kcal/mol below the 4I structure displayed in Figure 2F
and probe frequencies. and is also the lowest in energy identified in our survey of
Two distinct bleaching patterns were isolated for the n = 4 candidates. A sample of the various higher-energy isomers is
cluster. One of these, corresponding to isomer 41 (structure included in Figure S3. The strong band at 3300 cm™" in the 411
3338 https://doi.org/10.1021/acs.jpclett.1c00235
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spectrum (Figure 2D) is traced to the interwater H-bond
linking the water dimer that is attached to OH® (hence
denoted 14%™), while the red-shifted bands near 2300 cm™
occur near the harmonic prediction for the acidic OH stretch
(ip™)-

Isomer 4II is interesting because its spectrum encodes the
incremental structural deformation of the acid upon placing a
water molecule in the second hydration shell relative to OH"
For example, this motif increases the OH" bond length by
0.017 A on moving from n = 1 to n = 4, as the second water
molecule acts to cooperatively enhance the H-bond to the
adjacent water molecule. This stronger bond, in turn, blue
shifts the OH" bending mode by 57 cm™l. As such, these
spectra provide an excellent expression of the anticorrelation
between the frequencies of the OH" stretch and its bending
fundamental,” which is displayed in Figure S4. More subtle
shifts are observed in the fingerprint region that appear as the
close doublet patterns near 1400 cm™" assigned to the 9™

a—2w

No,
and 1.2} fundamentals in the nonselective spectrum (Figure
2B). The incremental structural displacements and associated
shifts on the vibrational fundamentals are collected in Tables
S3 and S4.

The spectral behaviors of the isomers at play in the n = 4
and $ clusters reveal how both the cation and the first and
second shell water molecules act to partially displace the acidic
proton toward the oxygen atom of the water directly bound to
it. This raises the possibility that additional hydration can lead
to a tipping point at which the proton is transferred to the
water network in a cluster variation of acid dissolution. For
example, such water-mediated charge separation has been
reported to occur at surprisingly small sizes, indeed as small as
n = 4 in the HCI/(H,0), system.”** Specifically, the lowest-
energy n = 4 structure corresponds to the solvent-separated ion
pair [(HCl/(H,0), — H;0%(H,0);CI")] with the structure
shown in Figure SSA. It features three water molecules
bridging the H;O" and CI~ charge centers in which each water
adopts an acceptor—donor (AD) H-bonding configuration.

Figure 3 presents the D,-tagged vibrational spectra of the
Cs*(HNO;)(H,0),-D, (n = 0, 7—11) clusters. The three
bands assigned to the NO stretches of the intact HNO;
molecule bound to the Cs* jon are highlighted in purple in
Figure 3A. The Cs*-(HNO;)(H,0), band patterns change
dramatically from the open triplet pattern in the n = 7-9
spectra before a simpler pattern emerges at n 10. In
particular, the doublet (a and f in Figure 3E) near 1400 cm ™,
in the vicinity of the NO stretches, is dramatically different
from those in the spectrum of the intact acid. To establish the
character of the bond displacements at play in these n = 10
teatures, we measured their behaviors in the spectrum of the
H'*NO, isotopologue, with details included in Tables S5—S7
and Figures S6 and S7. The isotopic shifts allow us to
unambiguously assign the doublet near 1400 cm™ in the n =
10 to the NO stretching fundamentals. The difference in this
band pattern from that of neutral HNO; (Figure 3A), signals a
dramatic change in the structure of the NO; motif, providing a
useful clue to the cause of the spectral complexity displayed by
the n = 7—9 clusters. Such a change in the NOj; scaffold is
expected, for example, in the case where the acidic HNO,
proton is transferred to the water network.

Because of the challenges involved in assigning structures to
the n = 7—9 clusters based on their very diffuse spectra, we first
focus on the likely structures that are responsible for the
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simpler n = 10 band pattern. To this end, we first constrained
candidate structures to meet the qualitative, empirical clues
encoded in the spectrum. For example, the simple doublet in
the region of the free OH stretching fundamentals (1%, and
V% in Figure 3D) occurs in the tell-tale locations of water
molecules in AAD and AD H-bonding sites (~3700 and 3720
cm™") identified in many earlier studies.’*** This constraint
allows the search to be focused on structures with roughly
equal numbers of AAD and AD sites. Furthermore, it allows us
to rule out structures that include water molecules in a single
H-bond acceptor site, as this motif would result in the sharp
V™ and v37™ transitions (Figure 1B) that do not appear in the
n = 10 spectrum. In particular, we can eliminate all of the low-
lying minimum-energy structures that start with variations of
the motifs present in the n = 2—6 clusters (their minimum-
energy structures and associated calculated spectra are
included in Figures SI and S2). An important additional clue
is the appearance of a prominent band centered at ~2600
cm™!, which is known to occur when the excess proton is
localized on a 3-fold coordinated hydronium ion, like in the
H,0%(H,0);, so-called Eigen cation.””*’ The characteristic
OH hydronium stretch in the Eigen cation at 2646 cm™' is
indicated by the arrow labeled vy o+ in Figure 3E. After an

extensive search (Figure S8), we identified the global minimum
structure depicted in Figure 4 that meets all these
spectroscopic requirements as evidenced by the comparison
with its calculated (scaled) harmonic spectrum in Figure 4B.

The structure in Figure 4 is compelling because it exhibits a
variation in bonding motif that is adopted in the dissociation of
HCl and HBr in small water clusters as shown in Figure
S5B.*"* In particular, the three water molecules attached to
the hydronium ion occur in AD configuration, two of which
form a bridge to the two oxygen atoms of the NO;™ anion. The
coordination environment of the Cs* ion is also compelling in
that NO, binds to the Cs" ion in a bidentate fashion, similar to
the arrangement in the smaller clusters, while the water
network near the cation occurs in a distorted “book” form of
the water hexamer.”” Two of the “corner” water molecules on
the book dock onto the solvent-separated ion-pair (SSIP): one
to the remaining O atom of NO;™ and the other to the third
AD water molecule bound to H;O". Overall, this n = 10 isomer
can be regarded as a microhydrated Cs*—NO; —H;0" salt-
bridge motif in which the Cs" cation binds directly to the
NO;™ anion that, in turn, forms a solvent-separated ion-pair
with the hydronium cation.

The assignment of the n = 10 cluster structure to the salt-
bridge motif also provides context for the spectral complexity
displayed by the n = 7-9 clusters (Figure 3B—D). In
particular, these more diffuse band patterns can be readily
explained by the large changes in the water network expected
to occur in the size range where charge separation begins to
occur. For example, it is likely that many different isomers will
be in play before the NO;™ and H;O™ charge-localized ions are
fully coordinated in the n = 10 structure. We note that the n =
7 and 8 spectra both display an intense, diffuse band near 1000
cm™!, which is close to the parallel stretch of the bridging
proton stretch in systems where the excess proton is equally
shared in the O—H'—O class of proton-bound molecules
(vo_n—o red arrow in Figure 3C). We therefore speculate that
this absorption in the n = 8 spectrum signals the formation of
structures in which the acidic proton is close to the tipping
point for intermolecular proton transfer.”” The n = 9 case is

https://doi.org/10.1021/acs.jpclett.1c00235
J. Phys. Chem. Lett. 2021, 12, 3335—-3342
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Figure 4. (A) Vibrational predissociation spectrum of Cs*-(HNO;)-
(H,0),9'D,. (B) Calculated (inverted) spectrum of proposed
minimum-energy structure (inset) for Cs*-(HNO;)(H,0),, at
B3LYP/(H,O,N: aug-cc-pVDZ, Cs: LANL2DZ) level of theory and
basis set, scaled by a factor of 0.9576 in 2200—4000 cm™' range and
0.9719 in 800—2200 cm ™" range. The calculated peaks marked with *
are both a mixture of two bands, with the predominant motions for

nit

each frequency being H;0* umbrella mode (gray peak) and *Y™u{;,

for NO;~ (purple peak). Remaining labels are described in Figure 3
caption.

particularly interesting in that it displays a series of sharp bands
in the NO stretching region near 1300—1400 cm ™' (a’—¢’ in
Figure 3D) that occur in the vicinity of the strong doublet (&
and f in Figure 3E) traced to the NO stretches of the NO;~
anion in the n = 10 spectrum. This behavior suggests that the n
= 8 and 9 clusters occur in several different isomeric forms that
yield different degrees of proton transfer, each with a distinct
pair of NO stretching fundamentals along with the OH
stretching bands arising from the partial transfer of the acidic
proton. The contributions from the latter thus rationalize the
extreme breadth of the n = 9 features in the OH stretching
region between 2000 and 3000 cm™!, none of which are
expected for water molecules involved in a neutral network.
The contributions of these putative isomers can be isolated as
was carried out for the n =4 and $ clusters, but this lies beyond
the scope of this report outlining the general observation of
ion-mediated charge separation. We note that in the n = 11
spectrum (Figure 3F), the NO stretches again appear as
multiplets, suggesting that many isomers are again in play. This
behavior implies that n = 10 occurs as a “magic number” in
that it adopts a particularly stable arrangement that effectively
locks the three ions in place.

This observation of size-dependent charge separation raises
many interesting questions, such as whether the SSIP motif is
retained in the cold clusters with increasing cluster size and
whether the SSIP structures can be accessed in the smaller
clusters at elevated temperature. Another important issue
concerns the role of the electric field from the Cs* cation in
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driving the tipping point for charge separation. This can be
addressed by extending the study to other alkali metal ions as
well as the halide ions to vary the ionic radius and thus the
strength and sign of the local electric field in the vicinity of the
acid. All of these results will provide unambiguous
experimental benchmarks for ongoing theoretical work
directed toward simulating the chemistry of complex water
interfaces at the molecular level.

We have reported how the strong acid HNOj; responds to
the incremental addition of water molecules to the Cs"-HNO,
binary ion cluster. Two isomeric classes are observed in the n =
1—6 size range, one of which features a single water molecule
attached to the acidic OH group, while the other occurs with
attachment of a water dimer. Addition of the second water
yields an additional ~360 cm™' red shift in the acidic OH
stretch along with smaller shifts in the NO stretching
fundamentals that signal partial deformation of the NO;
scaffold toward that of the NO;~ conjugate base. Although
very complex and diffuse spectra are observed in the n = 7—9
range, the n = 10 cluster spectrum is again simple and is
assigned to a new charge accommodation motif involving
formation of a Cs*—NO; —H;0" salt bridge. In this structure,
the latter two ions adopt a solvent-separated ion pair
configuration in which H;O" is surrounded by three water
molecules in AD network sites. These results thus reveal the
highly cooperative intermolecular interactions at play in ion-
assisted acid dissociation at the molecular level.
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