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Isomer-specific cryogenic ion vibrational
spectroscopy of the D, tagged Cs*(HNOz)(H,0),,—0—2
complexes: ion-driven enhancement of the acidic
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We report how the binary HNOz(H,O) interaction is modified upon complexation with a nearby Cs* ion.

Isomer-selective IR photodissociation spectra of the D,-tagged, ternary Cs*(HNO3)H,O cation confirms
that two structural isomers are generated in the cryogenic ion source. In one of these, both HNOz and
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H,O are directly coordinated to the ion, while in the other, the water molecule is attached to the OH
group of the acid, which in turn binds to Cs* with its ~NO, group. The acidic OH stretching fundamental
in the latter isomer displays a ~300 cm™ red-shift relative to that in the neutral H-bonded van der Waals

complex, HNOz(H,0). This behavior is analyzed with the aid of electronic structure calculations and

rsc.li/pccp

|. Introduction

Nitric acid (HNO;) plays an important role in the chemistry
of the atmosphere,” ranging from ozone depletion in polar
regions®* to the regeneration of pollutants in the troposphere
through reactions mediated by sea spray aerosol (SSA) particles.”™®
Accurately describing the behavior of HNO; in such complex
environments is challenging because it involves the molecular
level treatment of a strong acid at the air-water interface in the
presence of aqueous inorganic ions (alkali and alkaline earth
metals, halides, carboxylates, etc.).”>* In this report, we adopt a
bottom up approach to establish key paradigms driving the HNO;
response to the local environment, and in particular explore how
the fundamental interaction between HNO; and one water molecule
is modified by the presence of a bare Cs' cation as well as by the
Cs'(H,0) monohydrate. This information is obtained by analyzing
the vibrational spectra of the isolated Cs'(HNO;)(H,0), cluster
ions, obtained using infrared, cryogenic photofragmentation mass
spectrometry. Our specific focus is to determine the distortions in
the intrinsic HNO3/H,O binary interaction induced by attachment
toa Cs' cation.
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discussed in the context of the increased effective acidity of HNOs in the presence of the cation.

The high resolution microwave spectrum of the neutral (van
der Waals) HNO;(H,0) complex** has been analyzed to yield
the structure indicated in Fig. 1b. In this arrangement, the acid OH
group is attached to a lone pair of electrons on the water molecule
in the entrance channel of the endoergic (~ 8.7 kcal mol %) acid-
base reaction (refer to Table S1, ESIt). Electronic structure calcula-
tions predict that attachment of a Cs" ion to the neutral complex
occurs in the two isomeric forms denoted B1 and B2 in Fig. 1d
and e, respectively. In the B1 structure, the binary HNOs/H,O
interaction is enhanced, while in the other (isomer B2), the two
neutral constituents are broken apart and attach directly onto the
ion in its first solvation shell. In this report, we capture both of
these forms in the laboratory and report the resulting spectral
responses of both the water molecule and the nitric acid in each
form. It is of particular interest to assess the degree to which the
acidity of the OH group on the acid is enhanced by electrostatic
stabilization of the incipient (NO,)°~ group by a proximal cation in
structure B1, as well as the effects of H,O and its binding location.

ll. Experimental and computational
methods

Vibrational spectra of the size-selected Cs'(HNO;)(H,0),-0-»
complexes were obtained in an action mode with IR photo-
dissociation (IRPD) of weakly bound D, adducts. This was
carried out using the Yale cryogenic photofragmentation mass
spectrometer.”® Briefly, this method involves cooling the ion
of interest in a cryogenic ion trap held at ~30 K to enable
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(a) Cs*(H,0) (b) (HNO;)(H,0) (c) Cs*(HNO,)

‘e’ ’z
® ®

Cs*(HNO,)(H,0)

Fig. 1 Calculated structures for the binary complexes (a) Cs*(H,0),

(b) HNO3(H»0) and (c) Cs*(HNO3), along with two isomers of the ternary
Cs*(HNO3)(H,0) cluster ion, denoted as B1 and B2, in (d) and (e).

condensation of weakly bound D, molecules. Predissociation
spectroscopy using the D, “tag” allows efficient mass separa-
tion between parent ion and the photofragment, and D, has
been shown to be a good compromise with respect to ease
of execution (compared to He), while introducing minimal
perturbation to the ion of interest.>**® The linear action
spectrum is then acquired by single photon-induced photo-
evaporation of the D, “mass tag” (Fig. S1, ESIf). Minimum
energy structures were calculated using “Gaussian 09,** with”
the B3LYP?® density functional and aug-cc-pVDZ*° basis for all
atoms but Cs, for which the LANL2DZ*' basis and corres-
ponding pseudopotential were used. All reported energies are
zero point energy corrected at their stationary point with this
level of theory. All bare and calculated structures of interest
are presented in Fig. S2 (ESIT). Single point energies were
calculated at the CCSD(T)**** level of theory with the same
basis and pseudopotential described above. The harmonic
frequencies are scaled by a factor of 0.9956 for frequencies
above 1850 cm ™" and 0.9719 for those below. All other calcula-
tions were performed in Q-Chem with the exception of the
CCSD(T) calculations, which were performed in CFOUR.**
Further experimental details are provided in Section S1 (ESIT).

[1l. Results and discussion

IILLA. Survey spectra of the D, tagged Cs'(HNO;)(H,0),-02
ions in the OH stretching region

The top trace (Fig. 2a) displays the spectrum of the binary
Cs'(HNO;) complex, which exhibits features arising from the
acidic OH group (denoted /) near 3500 cm ™', as well as from
the D, tag (v*, near 3000 cm ™). Although the IR fundamental
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Fig. 2 The vibrational predissociation spectra of Cs*(HNO3)(H,0),-D, are
presented in traces (a)-(c) for n = 0, 1 and 2, respectively. The v and 1#">2
refer to the free acid O—H stretch and the O-H stretch bound to D,
respectively, for both the Cs™(HNO3)-D, and Cs*(HNO3)(H,0)-D,
complexes. The 1} denote the water O—H vibrational bands, where

= 1-4, and similarly, acid O-H stretches are represented by 17", for
Cs*(HNO3)(H,0)-D, and Cs*(HNOs)(H,0),-Dy, respectively, where ' = 1-7
represents the vibrational progressions. The blue bands °@€P2, ¥ and
bare, 2 are described in Table S2 (ESIT).

of the isolated D, molecule is nominally forbidden by electric
dipole selection rules, in the presence of an ion, the D,
vibrational coordinate is associated with a weak degree of
intracluster charge transfer. The telltale signature of this effect
is that the transition dipole vector direction lies perpendicular
to the D-D internuclear axis, which is predicted to be the case
in our calculated spectra for these clusters.”® The OH stretch
appears as an asymmetric doublet with a separation of
~56 cm™ ', with the dominant band occurring ~40 cm™ " below
the OH fundamental in isolated HNO; (°™/?, blue arrow in
Fig. 2a). Such multiplet structure typically signals the formation
of different isomers that result from the location of the D, tag,
an issue addressed in detail below. The evolution of the spectra
upon addition of the first two water molecules is presented in
Fig. 2b and c. The hydrates are both dominated by a very strong
band (™) near 2650 cm ™" which appears with a progression of
weaker bands (1/) above the main feature. In addition, new
sharp features appear on the high energy side of the OH
stretching region in the vicinity expected for the fundamentals
associated with a water molecule.

The strongest band in the monohydrate is readily assigned
to the acidic OH stretch, for which the large (~900 cm ™"
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relative to the isolated acid) red-shift and intensity enhance-
ment is expected for (scaled) harmonic spectrum (Fig. S10b,
ESIY) of the sandwich structure B1, in which the water molecule
accepts a strong H-bond from the acid OH group. This is
the motif that occurs in the binary HNO3(H,0) complex, for
example, where the OH stretching fundamental of the acid
(""*™, Table S2, ESIf), occurs about 450 cm™ " below that of
the free acid, as indicated by the arrow in Fig. 2a. This indicates
that addition of the Cs" ion to the HNO;(H,0O) complex (Fig. 2b)
leads to an increase in the red-shift of the acidic OH group
(¥1™) by almost a factor of two. In addition to the red-shifted
acid OH stretch, however, the Cs'(HNO;)(H,0)-D, spectrum
(Fig. 2b) also displays a sharp feature in essentially the same
location as the D,-tagged acid OH stretch (+*"%) in the binary
Cs'(HNO;) complex. The ternary cluster also displays four
sharp bands in the OH stretching region typically associated
with water molecules bound by accepting an H-bond. A different
four-band pattern is observed upon addition of the second water
molecule (Fig. 2¢), while the strong 15™ feature near 2650 cm ™ is
retained. Finally, the acid OH stretch (™) disappears in the
spectrum of the dihydrate, indicating that this OH group is always
complexed to one of the water molecules. This behavior is easily
rationalized in a scenario where, in the monohydrate, two
hydration positions are available, which are both occupied
upon addition of the second water molecule.

III.B. Isomer-specific spectroscopy

To establish the possible contributions of one or more isomers
to the observed spectra in Fig. 2, we turn to isomer-selective IR
photodissociation (IRPD) spectroscopy. This requires excitation
with two tunable IR lasers and three stages of mass-selection,
and hence is denoted an IR?MS? class of IR photodissociation
action spectroscopy.®>™’ Briefly, one laser (the probe) is fixed
on a particular transition and its photofragment is monitored
continuously to detect the population of the isomer responsible
for this feature. A second powerful IR laser (the pump) is then
scanned upstream from the probe, and any transition driven by
the pump laser removes the population of the isomer asso-
ciated with it. If this photodissociated isomer corresponds to
the one interrogated by at the probe transition, the probe
fragment yield is depleted, and the spectrum associated with
the probed isomer is revealed as series of dips in the probe
signal as the pump laser is scanned through the spectrum.
ILB.1 Cs'(HNO;). Application of the IR*MS’® method to
the Cs'(HNO;)-D, spectrum is presented in Fig. 3. Probing at
the two bands as indicated in Fig. 3a yields the two dip traces in
Fig. 3b and c, confirming that the spectrum is heterogeneous.
Relative to the isolated HNO; P*™,2, the more red-shifted 1*"2
band (by 94 cm ™', Tables S2 and S3, ESIt) is consistent with its
assignment to an isomer in which D, binds to the OH group;
this arrangement is calculated to be the lowest energy form
(A1-D,) with the structure displayed in the inset in Fig. 3b.
A second isomer (A2-D,) was recovered with the calculated
structure indicated in the inset in Fig. 3¢, which features D,
tag attachment to the Cs" ion. As such, the acid OH group is
free, accounting for the higher energy OH stretch (¢* in Fig. 3c).
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Fig. 3 Isomer-selective IR?MS® spectra of the Cs*(HNOs)-D, cluster
probed at (b) 3456 cm™* and (c) 3512 cm™?, corresponding to the two
bands in the region of the acid OH stretch, reproduced from Fig. 2a in
panel (a). The isomers (A1-D, and A2:D,), consistent with the locations of
the two OH bands, are presented as insets in (b) and (c), respectively, thus
establishing that the lower energy band is due to the OH bound to the D,
molecule.

The fact that the latter band is weakest supports the theoretical
prediction that the A2-D, isomer lies 0.56 kcal mol™' above
A1-D,. Structural details for the two calculated structures are
presented in Fig. S2 (panels (a) and (e)) (ESIT).

Returning to the acidic OH activity in the spectrum of the
D,-tagged, binary Cs"HNO; complex, the assignment of the
weaker feature to the free acid stretch, 1?, indicates that
bidentate HNO; complexation with Cs® (as shown in Fig. 1c)
yields a ~38 cm ™" red-shift relative to the band in the free acid
(**¢,). This is anticipated at the harmonic level for the
structure in Fig. 1c, which predicts the NOH bond angle to
close by 3° and the OH bond to elongate by 0.01 A upon
complexation with the cation.

IILB.2 Cs'(HNO;)(H,0). Fig. 4 presents the IR*MS?® spectra
obtained for the (D,tagged) Cs'(HNO;)(H,O) ternary cluster.
The single laser IRPD spectrum is reproduced in Fig. 4a, while
the fragment signal arising from setting the probe laser at two
different transitions (v, blue at 3741 cm™ ' and +*™?, pink at
3464 cm™ ') are displayed in Fig. 4c and e, respectively. The two
probe transitions yield dramatically different dip patterns, thus
establishing that the single laser spectrum (Fig. 4a) is a super-
position of contributions from two isomers (denoted B1 and
B2), with the bands from each color-coded in Fig. 4a. The B1
form can be immediately identified by the strongly red-shifted
4™ band in Fig. 4c, which also accounts for two of the OH
bands associated with the attached water molecule (¢} and %).
The dip spectrum of the other isomer (Fig. 4e) recovers the
D,-tagged, free acid feature (*?) along with two other bands
arising from the water OH stretches (v, and vy). These spectra
are consistent with the predicted behavior of the calculated
(scaled) harmonic spectra (bars in Fig. 4b and d) for the minimum
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Fig. 4 Isomer-specific spectra of the Cs*(HNO3)(H,O)-D, cluster using two-
color, IR-IR hole-burning. Predissociation spectrum of Cs*(HNO3)(H,0)-D, is
shown in (a), with the depletion traces (c) and (e) obtained by probing at the
positions indicated by arrows in (a). The calculated harmonic spectra of the
isomers B1 and B2 are (b) and (d), as described in the Experimental and
computational methods section. In (c), bands 14’ and %' correspond to acid-
bound H,O O-H symmetric and asymmetric stretches, while 4™ is the
water-bound acid O—H stretch. In (e), bands 1% and 1 correspond to Cs*
ion bound H,O O—-H symmetric and asymmetric stretches, while 172 is the
D,-bound acid O—-H stretch.

energy structures displayed in the insets of Fig. 4 and presented in
more detail in Fig. S2 (ESI}) in the panels (b), (c), (f) and (g).

The OH stretch of the acidic OH group bound to the water
molecule in the isomer B1 spectrum (i in Fig. 4c) is inter-
esting in that this represents a ~450 cm™ "' red-shift compared
to ("“%*") displayed by the neutral binary complex (Fig. S3,
ESIt). This shift thus provides a direct measurement of the
enhancement in the effective HNO; acidity by the presence
of the positively charged Cs' attached to the -NO, group.
We discuss this effect further in Section III.C.

The appearance of a weaker progression of peaks above the
dominant 4% band (" in Fig. 2b) is often encountered in
the spectra of strong H-bonds.***° This occurs when the OH
frequency is strongly modulated by displacements along the
soft modes associated with frustrated rotation and translation
of the tethered water molecule. The (~100 cm ') spacing of
the & bands (see values in Table S4, ESI}) is consistent with
the calculated frequencies of various soft modes at the
harmonic level.

4504 | Phys. Chem. Chem. Phys., 2020, 22, 4501-4507
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In both isomers of the monohydrate (B1 and B2), the bands
associated with the water molecule in the OH stretching region
are unambiguously assigned to fundamentals of the symmetric
(v3,v%) and antisymmetric (vy,15) stretching normal modes of
the two OH groups in each isomer, respectively. In the isomer
B1 structure, the H,O molecule hydrogen bonds with the acid
O-H group, whereas in B2, the water molecule resides in the first
solvation shell around the Cs' ion along with HNO;, leaving the
acid OH group free. The red-shifts in the O-H stretches of the H,O
molecule bound to the ion in isomer B2 place these bands
considerably below those of both bare water (broken arrows in
Fig. 4b) and those of the more distant H,O molecule in isomer B1.
This red-shift is typical for O-H oscillators in the strong positive
electric field close to the Cs' ion, and largely reflects the fact that
the magnitude of the dipole moment along the OH bond increases
with bond length.*® A complete picture of the H,O O-H oscillator
shifts is seen in Fig. S4 (ESIT). We remark that the two isomers are
formed by water attachment to either the acid OH group or to the
Cs' ion, which are the same two locations adopted by the more
weakly bound D, molecule.

The fact that the two Cs'(HNO;)(H,O) isomers in the mono-
hydrate are prepared with about equal abundance indicates
that there must be a substantial barrier to interconversion.
Interestingly, our calculations indicate that B1, in which the
water molecule resides in the second solvation shell, is lowest
in energy, with the B2 form predicted to lie ~3.1 kecal mol "
above it. Note that the relative abundance of the isomers is not
one that is expected for an equilibrium distribution at low
temperature, indicating the populations are ‘“locked in” at
relatively high energy during the cooling process. The calculated
structure of the transition state is presented in Fig. S5 (ESIT), with
energy 3.5 kecal mol " above that of B2.

IILB.3 Cs'(HNO;)(H,0),. Double resonance spectra were
also recorded for the dihydrate (Fig. S6, ESIf), which estab-
lished that this cluster only occurs in one isomeric form. This
behavior is readily explained by the structure depicted in
Fig. S2, panels (d) and (h) (ESIt), where the two water molecules
occupy both positions established as preferred docking sites by
the two isomers from the monohydrate. Interestingly, however,
the spectrum is not a simple superposition of those associated
with the two isomers. In particular, the lowest member of the
quartet (V) is clearly both red-shifted (by ~30 ecm™') and
enhanced relative to the pattern displayed in Fig. 2a. The
implications of this discrepancy will be discussed in the context
of the calculated structures in Section III.C. All band assignments
for the mid-IR region are presented in Tables S2-S5 (ESIY).

III.C. Structural deformation of the acid upon ion
complexation and microhydration

To address how the heavy atoms of the acid respond to
complexation, we turn to the low frequency region of the spec-
trum with the results for the three ions displayed in Fig. 5. The D,
tagged Cs'(HNO;) system (Fig. 5a) is dominated by bands readily
assigned to the HO-N stretch (1£50_) near 950 cm™* and those at
~1350 and 1660 cm ™" are derived from the symmetric M0,

and antisymmetric *¥"1{,, collective modes of the -NO, group,
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anchored to the ion in a bidentate manner. The latter two
fundamentals are split apart by about 350 cm ™, which is about
50 em™" smaller than those in the free acid.*’ The breadth and
multiplet structures of these features is expected in light of the
similar contributions from the two isomers (A1 and A2) identified
above arising from the location of the D, tag. The only exception is
the OH bending mode, ifend, Which is calculated to yield a
substantial (~50 em™") blueshift in the A1-D, isomer in which
D, attaches to the acidic OH group and accounts for the band
Z/f,enDdz near 1300 cm™ ", The predicted contributions from the two
isomers are indicated in red and blue highlights in the calculated
spectra presented by the vertical bars in Fig. 5a, and provide
compelling assignments of all features in the observed spectrum
(inverted trace in Fig. 5a).

These spectral changes in the HNO; fundamentals upon ion
complexation are summarized in Fig. 6c, and point to a
scenario where partial negative charge is accumulated on the
-NO, moiety. This leads to a ~3° contraction of the ONO bond
angle as well as a 0.03 A shortening of the N-OH bond length,

Cs*(HNO3)(H,0),-D,

(a) n=0
sym NO

I L{. L{.:\

Y
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Fig. 5 The vibrational predissociation spectra of Cs*(HNO3)(H,0),-D, in
the fingerprint region are presented in traces (a)-(c) for n = 0, 1 and 2,
respectively, along with the stick spectra for the isomer (or isomers)
associated with each, as elucidated before. The 1}o_n band is the
HO-N stretch and 1fenq is the acid NO—H bend of the HNO3 molecule
in the A2-D, isomer of the Cs*(HNO3)-D, complex, while med band is the

acid NO-H bend of the HNO3z molecule in A1-D; isomer. Bands uﬁofN and

u;e?j are the HO-N stretch and acid NO-H bend of the HNOz molecule in

B2.D, isomer of Cs*(HNO3)(H,0)-D, complex, while bands {5 n and
Vpang are the HO-N stretch and acid NO-H bend of the HNO3z molecule in
B1.D, isomer. Calculated stick spectra are obtained as described in
the Experimental and computational methods section, and all bands
assignments are presented in Tables S6-S9 (ESIT).
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which brings the core structure of the O-NO, scaffold closer to
that of the NO;™ anion (Fig. 6e). Nominal charges on the atoms
and the detailed structural deformation of the acid molecule
upon complexation with the cation are included in Fig. S7 and S8
(ESIt) to further explore this interplay between the electronic
and structural contributions to the electric polarizability of the
acid in response to the strong electric field of the ion.

With the behavior of the binary Cs"HNO; complex in mind,
we consider the additional deformation in the acid constituent
upon hydration to yield the B1 isomer of the ternary complex.
The contributions from both isomers are readily assigned from
the predicted (scaled) harmonic spectra, and are highlighted by
the blue (B1) and red (B2) inverted bars in Fig. 5b. The
intramolecular bends of the water molecule are clearly split
apart in the two spectra with the water closest to the ion (B2)
yielding the higher energy member of the doublet near
1650 cm~'. We note that the scaling factor which was derived
from the Cs"HNO; behavior substantially overestimates the

(a) HNO, (Reference)

d(O-H)= 0.97 A
J

d(N-OH) | 4NOH=103° (d) Cs*(HNO;)(H.0)
=1.41A
Ad(O-H)=+0.05A .
T J
2NO, = 130° J j‘
Ad(N-OH) ANOH = +5°
(b) (HNO;)(H;0) =-0.08 A

Ad(O-H)= +0.02 A

T (’ (§ .

AszNO, = -5

Ad(N-OH) AZNOH = +3° @

=-0.04 A

( )
AZNO, = -2° ‘

(c) Cs*(HNO;) (e) NO;-
Ad(O-H)=+0.01 A
-t ) Ad(N-OH) l
=-0.19 A
Ad(N-OH) 1 1 A/NOH = +3°
=-0.03A l
L' M AZNO, = -10°

Fig. 6 The distortion in the geometry (exaggerated for illustration
purposes) of (a) an isolated HNOz molecule is studied under the influence
of H,O in (b), Cs* ion in (c), and the combined effect of Cs* ion and H,O
molecule in (d), while (e) presents the structure of the isolated NOz™ anion.
All shifts are denoted relative to the HNOz molecule. Note that the —-NO,
angle (denoted £ NO,) and the NO-H bond distance (d(NO—-H)) decrease
such that they become more similar to those in nitrate in structure (d). The
net distortion of the acid is a combination of the independent effects from
the ion and the water molecule, revealing the cooperative mechanics
underlying ion-assisted proton transfer.
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red-shift experienced by the water molecule in either site. The
most significant changes upon hydration involve the substan-
tial (~40 cm ") blue shift of the N-OH stretch near 960 cm ™" as
well as the 120 cm™* blue shift of the NOH bend 1{3%q around
1410 cm™' (see Fig. 5b). Interestingly, these changes upon
monohydration are essentially amplified variations of the spectral
shifts that occurred between the two D, isomers of the Cs"HNO;
binary complex, A1 and A2, as well as those displayed upon
complexation of the bare HNO; molecule to Cs'. This effect is
highlighted in Fig. 6d, which schematically indicates the collective
distortion of the HNO; scaffold when sandwiched between the ion
and the water molecule. This suggests that the system is exploring
the entrance channel of the intracluster frustrated proton transfer
reaction,®® where the proton transfer configuration is substantially
enhanced when the cation can stabilize electronic configurations
featuring excess charge accumulation onto the NO;™ moiety.

Finally, we note that the structure of the dihydrate (Fig. 5¢) is
predicted to occur with insertion of a water molecule in the first
hydration shell of the Cs" ion between one of the -NO-Cs"
contacts by donating a hydrogen bond to one of the oxygen atoms
of the acid NO group. As such, a productive direction for future
study of these ion-driven acid-base mechanics will be to follow
how the acid solvation mechanics evolve with smaller alkali ions as
well as stronger bases, such as alcohols and ethers.

V. Summary

We have isolated and structurally characterized two isomeric
forms of the Cs'(HNO;)(H,O) complex by analyzing their
vibrational spectra with electronic structure calculations. The
spectra were obtained by application of isomer-specific cryo-
genic ion infrared photodissociation spectroscopy. One of the
structures corresponds to complexation of the water molecule
and nitric acid directly to the ion, while in the other the acid is
sandwiched between the ion and the water molecule. These
minima in the potential surface are calculated to be separated
by a barrier of about 1224 cm™'. The acidic OH stretching
fundamental of the latter isomer exhibits a very large (~450 cm ™)
red shift relative to that of the neutral HNO;(H,0O) binary complex,
demonstrating the substantial enhancement of the acidity upon
attachment of the Cs" ion to the -NO, group. Structural deforma-
tions of the HNO; framework are encoded in patterns of the low
frequency vibrational modes, and reveal a picture in which both
the ion and the water molecule induce collective heavy particle
displacements expected for the nuclear contribution to the
electrical polarizability. Hydration of the ternary system leads to
a single isomer in which the sandwich structure of the ternary
complex is preserved while the second water molecule adds to the
first hydration shell of the Cs" ion, inducing a structural change in
the -NO, attachment motif from a bidendate arrangement toward
preferential attachment to one of the oxygen atoms.
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