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ABSTRACT: Structures and reactivities of gaseous Fe(CN)~(H,0), were
investigated using infrared photodissociation (IRPD) kinetics, spectroscopy, and
computational chemistry in order to gain insights into how water stabilizes highly
charged anions. Fe(CN)¢*~(H,0); is the smallest hydrated cluster produced by
electrospray ionization, and blackbody infrared dissociation of this ion results in
loss of an electron and formation of smaller dianion clusters. Fe(CN)¢>~(H,0), is
produced by the higher activation conditions of IRPD, and this ion dissociates
both by loss of an electron and by loss of a water molecule. Comparisons of IRPD
spectra to those of computed low-energy structures for Fe(CN)> ™ (H,0)s
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indicate that water molecules either form two hydrogen bonds to the trianion

or form one hydrogen bond to the ion and one to another water molecule. Magic numbers are observed for Fe(CN)¢*~(H,0),
for n between 58 and 60, and the IRPD spectrum of the n = 60 cluster shows stronger water molecule hydrogen-bonding than
that of the n = 61 cluster, consistent with the significantly higher stability of the former. Remarkably, neither cluster has a band
corresponding to a free O—H stretch, and this band is not observed for clusters until n > 70, indicating that this trianion
significantly affects the hydrogen-bonding network of water molecules well beyond the second and even third solvation shells.
These results provide new insights into the role of water in stabilizing high-valency anions and how these ions can pattern the

structure of water even at long distances.

B INTRODUCTION

High-valency ions are common in solution, where surrounding
water or other solvent molecules can stabilize the charge.'
Large, multiply charged molecules, such as those produced by
electrospray ionization of proteins, DNA, carbohydrates, or
other large molecules, can be very stable, even without solvent,
owing to high intrinsic charge affinities and to the typically large
separation distances between charges.””> Much smaller,
multiply charged species, such as multivalent atomic ions or
those formed from small molecules, are much more reactive
owing to significant Coulomb energy in the bare ions.* ™ In
the gas phase, these ions often either spontaneously dissociate
in charge-separation reactions’ """ or transfer charge to
other molecules in collisions, e.g., proton transfer.”

The reactivities of highly charged small molecular and atomic
ions have been extensively investigated.®*' Schwarz and co-
workers found that the product ions, Cu* + X* (X = H,0,
NH,) formed by charge separation of Cu(X)** (X = H,0,
NH,), are thermodynamically more stable but Cu(X)*" is
metastable because of a Coulomb barrier.>> A Coulomb barrier
in the charge-separation reactions of multiply charged ions,
both positive and negative, arises from the combined potentials
for short-range binding interactions and long-range charge—
charge repulsion.”***~>! The stabilities of highly charged ions
can be enhanced by solvation. For example, isolated SO, is
unstable with respect to electron loss with a calculated lifetime
of 1.6 X 107'° s.>* However, this ion can be stabilized by water
molecules and can be observed in the form of hydrated clusters,
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SO, (H,0),. Wang and co-workers showed through photo-
electron spectroscopy (PES) studies that each additional water
molecule increases the barrier for electron loss.***® Extrap-
olation of these PES data to small cluster sizes indicated that
clusters with n = 1 and 2 are electronically unstable by —0.9 and
—0.2 eV, respectively, in excellent agreement with computed
values.'® From these results, Wang and co-workers concluded
that three water molecules are necessary to stabilize SO,>".
Blades and Kebarle reported formation of SO,*”(H,0),
indicating that this species has a sufficient lifetime to be
observed in a mass spectrometer."

For bare multivalent cations, charge separation to form
protonated water or protonated water clusters can occur upon
the sequential addition of water molecules.”>>* Addition of a
water molecule to Ca®*(H,0) results in the formation of
CaOH" and H;0, a reaction that can occur through a M**—
OH —H,0" salt-bridge intermediate structure.”” For this
reason, large hydrated clusters of many multivalent ions cannot
be formed by condensing water molecules sequentially onto the
bare ion.

Extensively hydrated multiply charged ions can be readily
formed by electron ionization of singly charged clusters®>** or
by electrospray ionization,”"*>** and these methods provide an
excellent means by which to investigate the role of water in
stabilizing multivalent ions. Evaporation of water molecules
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from large clusters can result in charge-separation reactions at
smaller cluster size. For multivalent anions, charge separation
can occur either by electron loss or by loss of OH™ or
OH™(H,0),.">** The cluster size at which charge separation
competes with the loss of a water molecule depends on the
internal energy of the cluster and the identity of the ion. For
example, blackbody infrared dissociation (BIRD) of
SO,/ (H,0), at 21 °C results predominantly in loss of a
water molecule for n > 6, but predominantly in charge
separation for n = 5.'* However, loss of a water molecule is
entropically favored,'> and smaller clusters of SO,?~ can be
produced by using more energetic activation conditions.

The smallest cluster for which a multivalent ion is observed
has often been referred to as the critical size, n, and a number
of values for different ions have been reported. Critical cluster
sizes for the dications, such as Zn**, Co*", Be**, and Cu*", range
from ~2 to 7,"*7%° and for trivalent cations, such as Ce**, La™*,
Tb*, and Lu*, from ~15 to 18.2"** Significantly more water
molecules are required to stabilize the higher charge density on
trivalent monoatomic ions compared to that of the divalent
monoatomic ions. Because the observed cluster size of hydrated
multivalent ions depends on the internal energy that is
deposited into larger clusters as well as the lifetime of the
ion, a more consistent definition of critical size as the cluster
size at which charge separation is energetically favored over the
loss of one water molecule has been proposed.”

Here, the dissociation pathways of hydrated clusters of the
small trianion ferricyanide, Fe(CN)63_(H20)n’ are investigated
using BIRD, infrared photodissociation (IRPD), spectroscopy,
and computational chemistry. Although Fe(CN)4*"(H,0); is
the smallest cluster observed in electrospray ionization mass
spectra under a wide variety of conditions, clusters with seven
water molecules are stable when larger clusters are activated
with photons generated by an IR laser, and evidence for clusters
with six water molecules is presented. For these small clusters,
charge separation occurs via electron loss. Although both bare
P;0,>~ and Co(NO,)s>™ have been reported previously,** these
ions are not formed under identical conditions for successfully
generating Fe(CN)>"(H,0),. We find that P;O,>" is only
observed with six or more water molecules attached, and this
ion undergoes charge separation to form HP3092_(H20)5 +
OH". This is the first report of a critical cluster size for small
trianions, and these are the smallest trianions (highest charge
density) that have been observed in the gas phase.

B EXPERIMENTAL METHODS

All experimental data were obtained using a home-built Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometer that
is described elsewhere** and has been upgraded to incorporate a 7 T
magnet. Hydrated ions are formed by nanoelectrospray ionization
(nESI) of S mM aqueous solutions of potassium ferricyanide
(Matheson Coleman & Bell, Norwood, OH) using a Milli-Q purified
water system (Millipore, Billerica, MA). Solutions are loaded into
borosilicate capillaries that have tips pulled to an inner diameter of ~1
pum. A platinum wire that is in contact with the solution is held at a
constant potential of ~700 V with respect to a heated metal capillary
at the entrance of the instrument. Ions are guided via electrostatic
lenses through five stages of differential pumping into the ion cell,
which is enclosed by a copper jacket and is temperature controlled by
a regulated flow of liquid nitrogen to 133 K for at least 8 h prior to
data acquisition.*® A pulse of dry nitrogen gas is introduced into the
instrument for ~6 s, bringing the pressure of the vacuum chamber
containing the ion cell to ~2 X 107® Torr, which helps to both trap
and thermalize the ions. After an ~8 s pump down period following
the pulse gas, the pressure in the chamber decreases to ~2 X 10~
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Torr. Precursor ions of interest are subsequently isolated using a
notched stored waveform inverse Fourier transform (SWIFT)
excitation.

IRPD spectra between 2900 and 3800 cm™ are measured using
infrared photons from a tunable OPO/OPA system (LaserVision,
Bellevue, WA) pumped by the 1064 nm fundamental of a Nd:YAG
laser (Continuum Surelight I-10, Santa Clara, CA) operating at a 10
Hz repetition rate. Ions are irradiated for between ~0.5 and 3.0 s in
order to produce substantial, but not complete, dissociation of the
precursor. A first-order rate constant is derived from the relative
abundances of precursor and product ions after photodissociation.
BIRD rate constants are obtained from the dissociation of the
precursor in the absence of laser irradiation for 0.1—5 s. The IRPD rate
constants from laser irradiation are corrected for frequency dependent
variations in laser power as well as dissociation due to BIRD.*’

For double-resonance experiments, a single-frequency excitation
matching the cyclotron frequency of the ion to be ejected is
continuously applied to the cell after isolation of the precursor and is
sustained until just before ion detection. Tons were photodissociated
for 2.5 s at 3521 cm™' to produce significant abundances of fragment
ions.

Structures of Fe(CN)s"(H,0); were generated by initially
positioning water molecules around the ion in Macromodel 9.1
(Schrédinger, Inc, Portland, OR). The structures were geometry
optimized using Q-Chem 40" (Q-Chem, Inc,, Pittsburgh, PA) at
B3LYP/LACVP++** level of theory prior to vibrational frequency and
intensity calculations at the same level of theory. Vibrational
frequencies were scaled by 0.955 and convolved with a 60 and 15
cm™' fwhm Gaussian for the 3000—3650 and 3650—3800 cm™’
regions, respectively.* Zero-point energies, enthalpy, and entropy
corrections at 133 K were calculated for these structures using
unscaled B3LYP/LACVP++** harmonic oscillator vibrational fre-
quencies. Additional optimizations were performed at the MP2 level
with the VTZ basis set, and zero-point energies, enthalpy, and entropy
corrections were obtained using frequencies and thermochemical
parameters from B3LYP/LACVP++%%,

Bl RESULTS AND DISCUSSION

Hydrated lon Formation. Mass spectra obtained by nESI
of S mM aqueous solutions of KyFe(CN)4 (Figure 1) show
abundant hydrated ferricyanide trianions, Fe(CN)s*~(H,0),,
with n between 8 and ~350 water molecules. The distribution
of hydrated ions can be shifted from smaller (Figure la) to
larger (Figure 1b) cluster sizes by decreasing the temperature of
the entrance capillary, reducing electrostatic potentials applied
to source optics, and modifying the excitation waveforms to
optimize ion detection in the m/z range of interest. Cluster
sizes with n > 350 can be formed using even softer conditions.
Other ions present in Figure 1a include Fe(CN)¢*"(H,0), with
n = 0-8, HFe(CN) (H,0), with n 0-22, KFe-
(CN)¢*(H,0), with n = 0—24, Fe(CN)*~, Fe(CN),*, and
Fe(CN);™.

Formation of the bare gaseous trianions, trimetaphosphate
(P;04*") and hexanitrocobaltate (Co(NO,)s*"), has been
reported previously.”* Under the same conditions used to
form the hydrated ferricyanide trianions (Figure 1), these other
two trianions are not formed as bare species. nESI of a S mM
aqueous solution of Na;P;O, results in formation of the
trianions, P;04* (H,0), with n > 6 (Figure S1). Isolation of
the P;0,>~(H,0), cluster (Figure S2a) and IRPD at 3438 cm ™"
for 60 s results in fragments corresponding to sequential water
molecule loss to P;0,°~(H,0), followed by a charge-separation
reaction to form HP;0,* (H,0)s and subsequent sequential
water molecule loss to form HP;0,°"(H,0),_, (Figure S2b).
Although there is a peak in the nESI spectrum at m/z = 78.96,
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Figure 1. nESI mass spectra obtained from S mM aqueous solution of
K Fe(CN), showing formation of Fe(CN)4*"(H,0),, with n between
8 and ~350 under (a) more energetic instrumental conditions to form
smaller cluster sizes and (b) soft instrumental conditions to form
larger cluster sizes. Inset shows magic number clusters corresponding
to Fe(CN)s*™(H,0)s5-0-

which corresponds to that of the bare trianion, the isotope
distribution shows that this ion is the dianionic species, P,O4*".

These experiments provide compelling evidence that P;O,°~
is not stable in the gas phase as an isolated ion and likely only
exists as a long-lived stable ion with ~6 or more water
molecules attached. Similarly, nESI of a S mM aqueous solution
of Na;Co(NO,) results in formation of Co(NO,); (H,0),,
NO; (H,0),, and NO, (H,0), (Figure S3). We conclude
from these experiments that Fe(CN)* (H,0), and
P,0,°7(H,0), with n > 6 are the smallest, most highly
charged trianions that have been observed to date.

Dissociation Pathways of Ferricyanide Trianion. Fe-
(CN)&(H,0), is the smallest trianion cluster in the nESI
mass spectra obtained using a variety of instrumental
conditions. BIRD of Fe(CN)*~(H,0), at 133 K for 60 s
does not result in observable water loss from the precursor to
form Fe(CN)s*~(H,0), (Figure 2). Instead, there is a product
ion corresponding to loss of an electron, Fe(CN)s*™ (H,0)s
(reaction 1):

Fe(CN)63_(HZO)8 - Fe(CN)sz_(Hzo)s +e (1)

Auto-detachment of an electron was also reported for the
following ions: the 3— and 4— char§e states of oligonucleo-
tides,” sulfonated pyrene trianion,'"” metal phthalocyanine-
tetrasulfonate tetraanions,'' and C,,>~.> Fe(CN) (H,0),
with n = 0—7 and ions corresponding to ligand loss, Fe(CN),*~
and Fe(CN);", are also formed by BIRD (Figure 2). Because
these complexes are not hydrated, it is likely that the instability
of the bare dianion leads to further dissociation through
consecutive cyano ligand loss (reactions 2a and 2b). Although
Fe(CN):*™ is not observed with BIRD of Fe(CN)4*~(H,0),, it
appears in the electrospray mass spectrum (Figure la) but in
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Figure 2. Blackbody infrared radiative dissociation mass spectrum of
Fe(CN)¢> (H,0); at 133 K for 60 s. Frequency noise is labeled with
an asterisk (*).

significantly lower abundance than the other two complexes.
This indicates that this ion is not very stable or that Fe(CN) >~
dissociates primarily by loss of (CN), to form Fe(CN), *7,
which may occur due to the high enthalpy of formation for
(CN)Z.SO Fe(CN),>~ undergoes a charge-separation reaction to
produce Fe(CN);~ and CN™ (reaction 2c). The high electron
affinity of CN (3.862 €V)*' likely accounts for the facile
formation of CN™.

Fe(CN),>~ — Fe(CN)*~ + CN (2a)
Fe(CN);*~ — Fe(CN),”” + CN (2b)
Fe(CN),>” — Fe(CN),” + CN~ (2¢)

In order to further elucidate the dissociation pathways of
small hydrated trianion ferricyanide, double-resonance experi-
ments were performed for Fe(CN)s*(H,0),, (Figure 3). In
these experiments, IRPD at 3521 cm ™, which corresponds to a
hydrogen-bonded absorption, is used to vibrationally excite the
ions, during which time a single radio frequency excitation at
the resonant cyclotron frequency of a possible intermediate in
the reaction pathway is applied. Any product ions originating
from the continuously ejected ion should not be observed in
the mass spectrum if the time scale for their formation is longer
than the ~10 us ejection time.

IRPD of isolated Fe(CN)s*~(H,0),, for 2.5 s (Figure 3a)
results in formation of Fe(CN) (H,0),_, and Fe-
(CN)¢>"(H,0);_, (Figure 3b). The appearance of Fe-
(CN)¢~(H,0), with IRPD, which is not observed in the
lower-energy BIRD experiment, indicates that the loss of one
water molecule from Fe(CN)¢*"(H,0); is entropically favored
over loss of an electron.

Results from a double-resonance experiment in which
Fe(CN)s* (H,0); is continuously ejected is shown in Figure
3c. Both this ion and all the smaller dianions are absent. This
demonstrates that Fe(CN)*"(H,0);_s are formed by
sequential water loss from Fe(CN)4*"(H,0)4 (reaction 3):

Fe(CN)éz_(HZO)n - Fe(CN)sz_(Hzo)n—l + H,0 (3)

Continuous ejection of Fe(CN)s*~(H,0), (Figure 3d) results
in the elimination of all dianion products. This suggests that
loss of an electron from Fe(CN) (H,0), with n > 7
contributes negligibly to the formation of hydrated dianions
under these more energetic dissociation conditions.
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(CN)~(H,0),, showing (a) isolated precursor, Fe(CN)s*"(H,0),,
(b) IRPD of Fe(CN)s>~(H,0); at 3521 cm™ for 2.5 s with double-
resonance ejection of possible intermediates corresponding to (c)
Fe(CN)¢*"(H,0)q, (d) Fe(CN)s’"(H,0); and (e) Fe-
(CN)¢*™(H,0),. Dotted arrows indicate the m/z corresponding to
the frequency excited during the experiment.

When Fe(CN)s*"(H,0), is continuously ejected from the
cell, some Fe(CN)s*"(H,0),_g still remain (Figure 3e). This
indicates that there is a second dissociation pathway for
Fe(CN)>"(H,0),. To form the n = 6 dianion without water
loss from the n = 7 dianion, electron ejection must occur from
Fe(CN)*~(H,0),, which must have a lifetime that is shorter
than the time required for detection in these experiments.
These results indicate that the smallest observed hydrate of
ferricyanide, Fe(CN)s*~(H,0),, can dissociate via two path-
ways, either by loss of a neutral water molecule (reaction 4a) or
by loss of an electron (reaction 4b):

Fe(CN)63_(HZO)7 - Fe(CN)63_(HZO)6 + H,0 (4a)

Fe(CN),*~(H,0), = Fe(CN),* (H,0), + ¢~ (4b)

Fe(CN)(H,0); is the smallest cluster observed in the
nESI mass spectra. The absence of Fe(CN)> (H,0), in the
BIRD spectrum of Fe(CN)4*~(H,0); indicates that the lowest-
energy dissociation process for this ion is loss of an electron.
Sequential loss of water molecules as well as electron loss from
the smaller clusters occurs with the higher-energy activation
conditions of the IRPD experiments. This indicates that
although smaller trianion clusters may be formed under even
higher-energy activation conditions, n = 8 is the “critical” size
where charge separation occurs and appears to be energetically
favored over the loss of a water molecule.

Infrared Photodissociation Spectroscopy of Fe-
(CN)53_(H20)8. In order to gain insight into the structure of
Fe(CN)s> (H,0)s, the smallest trianion formed directly by
nESL an IRPD spectrum in the hydrogen oscillator region from
3100 to 3800 cm™' was obtained (Figure 4a). The vibrational
modes for the O—H stretch of water are sensitive to the local
hydrogen-bonding environment and can provide information
about how water molecules organize around the ion.
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Figure 4. Spectra of Fe(CN)¢*~(H,0);. (a) IRPD spectrum and (b—
g) calculated spectra and corresponding optimized structures
calculated at the B3LYP/LACVP++** level. Gibbs free energies (in
kJ/mol at 133 K) relative to the lowest-energy structure 4b are inset
with values from B3LYP/MP2. Point groups for calculated structures
are provided on the right.

The IRPD spectrum of Fe(CN)4*(H,0); (Figure 4a) has a
broad band that appears to be comprised of at least two
separate absorption bands centered at 3471 and 3505 cm™".
Two low-intensity absorptions at 3150 and 3270 cm™' are
within baseline noise in this region of the spectrum, where both
the laser power and photon energy are lower. This region of the
spectrum corresponds to bonded O—H stretches indicative of
water molecules that donate a hydrogen bond to another atom.
There is no peak in the free O—H region, which indicates that
both of the hydrogen atoms for all eight water molecules are
hydrogen-bonded either to Fe(CN)s~ or to other water
molecules.

Calculated low-energy structures and corresponding IR
spectra for Fe(CN)¢*"(H,0)s are shown in Figure 4 (4b—
4g). The lowest-energy structure, 4b, has four pairs of water
molecules that bridge between three cyano ligands. One water
molecule in the pair hydrogen bonds to a cyano group and to
the oxygen atom of an adjacent water molecule (double donor,
or DD, water molecule). This adjacent water molecule
hydrogen bonds directly to two cyano groups and accepts
one hydrogen bond from the paired water molecule (acceptor—
donor—donor, or ADD, water molecule). Structure 4b contains
four of these pairs of water molecules, whereas structure 4c
(+9.6/+4.9 kJ/mol with B3LYP/MP2 energies, respectively)
has three of these pairs and two water molecules that bond to
two cyano groups (DD). The spectra for 4b and 4c have
bonded O—H stretches between ~3350 and 3650 cm ™, which
match well with the experimental spectrum.

Structures 4d and 4e are higher-energy structures that share
the same structural motif in that each water molecule donates
two hydrogen bonds to nitrogen atoms of adjacent cyano
ligands. These structures have no water—water hydrogen
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bonds. The calculated spectra have two bonded O—H bands
corresponding to symmetric/asymmetric vibrations at 3527/
3625 and 3541/3606 cm™ for 4d and 4e, respectively. These
stretches are blue-shifted from those in the experimental
spectrum. In addition, these structures are >18 kJ/mol higher in
energy (structure 4d converged to a different structure at the
MP2/VTZ level, 4h (Figure S4), which has a free O—H stretch
and is 14.3 kJ/mol higher in energy), indicating that these
isomers are not present.

Some CN ligands in structure 4f (>+10 kJ/mol) are involved
in a single hydrogen bond to just one water molecule, and two
water molecules have a free O—H stretch. There is no free O—
H stretch in the IRPD spectrum, although this is not calculated
to be an intense feature. A structure in which water forms two
rings, 4g, is not energetically favorable (>+50 kJ/mol) and
should have a free O—H stretch band at 3697 cm™! that is not
observed experimentally. Based on comparisons between the
calculated spectra and the measured IRPD spectrum as well as
the computed energies, structures 4b and 4c are likely to be the
predominant structures in these experiments.

The CN ligands in both structures 4b and 4c each interact
with at least two water molecules. Removal of a single water
molecule from either structure results in a CN ligand that
accepts a hydrogen bond from just one water molecule. Such a
structure is not energetically favorable to form under the low-
energy conditions of nESI or dissociation by BIRD, but can be
formed by more energetic activation of larger clusters.

Magic Number Clusters. The abundance of a cluster
depends on its stability as well as the stabilities of larger
clusters. Clusters with anomalously high abundances are
commonly referred to as magic number clusters. For Fe-
(CN)¢*"(H,0),, n between S8 and 60 are magic number
clusters (Figure 1b) and, to a lesser extent, n = 20 and 22 are as
well (Figure la).

To determine if the high abundances of the larger magic
number clusters are associated with high ion stabilities or
exceptional instability in the # + I clusters, BIRD dissociation
constants were measured for n = 56—62. The BIRD rate
constant for n = 60 (kgpp = 0.088 s7') is significantly lower
than that for n = 61 (kgrp = 0.36 s7) or n = 62 (kyrp = 0.49
s™"). This suggests a stable core structure is established for n =
60, and that additional water molecules do not bind strongly to
or disturb this core structure. Magic number clusters around
this size have also been reported for (H,0)~, and H*(H,0),
for alternating cluster sizes,*”**~>* whereas ferricyanide has
three successive clusters with higher abundance.

In order to gain further insight into the unusual stabilities of
these ions, an IRPD spectrum of Fe(CN)¢ (H,0)4 was
compared to that of the significantly less stable Fe-
(CN)¢*(H,0)g; (Figure S). The bonded O—H region of the
n = 60 cluster has a broad peak centered at 3438 cm™" with an
apparent shoulder at ~3550 cm™'. The maximum of this
absorption is at a slightly higher frequency for the n = 61
cluster. The red shift in the spectrum for the n = 60 cluster is
indicative of stronger, more optimal hydrogen bonding and is
consistent with the higher stability of this cluster. The shoulder
at ~3550 cm™' has previously been attributed to three-
coordinate ADD water molecules for some clusters.”>”>° There
is a strong ADD stretch in the spectra of Cs*(H,0),, and some
other alkali metal ions that is indicative of clathrate
structures.”®® This band in Fe(CN)s*"(H,0)4 may indicate
the possibility of similar complex cage-like structures.
Remarkably, there is not a free O—H band in the IRPD
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Figure 5. IRPD spectra of Fe(CN)¢*~(H,0), n = 60 (solid green) and
61 (dotted black).

spectra of either cluster indicating that the hydrogen atoms in
essentially all of the water molecules participate in hydrogen
bonding for these two clusters.

Patterning of Water Molecules at Long Distances. A
free O—H band is commonly observed in the spectra of
hydrated ions. For cations, a free O—H band is observed from
the onset of hydration, whereas for anions, this band is often
only seen in the spectra of larger clusters as a result of the
orientation of water molecules that interact directly with the
anion. To investigate the extent to which the ferricyanide
trianion affects the hydrogen-bonding network of water
molecules at larger cluster size, IRPD spectra of Fe-
(CN)~(H,0), with n between 20 and 120 water molecules
were measured at select cluster sizes (Figure 6). There is a
broad band in the spectra between ~3200 and 3600 cm ™", with
a maximum that blue-shifts from 3521 cm™ for n = 20 to 3422
ecm™ for n = 120. The absorption band of liquid water is
centered at ~3400 cm .®' This suggests that the fully

L L L

Relative IRPD Intensity

L

i —— —_—
3200 3400 3600
Wavenumbers (cm™)

Figure 6. IRPD spectra of Fe(CN)s*~(H,0), with n between 20 and
120. The free O—H region has been expanded by 5X to more clearly
show the band at 3700 cm™ corresponding to acceptor—acceptor—
donor water molecules at the surface of these clusters.
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hydrogen-bonded water molecules in the larger ferricyanide
trianion-containing clusters are in an environment similar to
that in liquid water or amorphous ice.

There is no band in the free O—H region in the smaller
clusters of Fe(CN)s (H,0),, indicating that all of the
hydrogen atoms of water are involved in hydrogen bonds. At
n =70, a feature at 3707 cm™! emerges, indicating the presence
of water molecules with a free O—H. The intensity of this band
increases with cluster size, indicating the presence of additional
water molecules that have a free O—H. The frequency of this
band corresponds to water molecules that are at the surface of
the cluster and accept two hydrogen bonds and donate a single
hydrogen bond (acceptor—acceptor—donor, or AAD, water
molecules).””~%***~%* This frequency depends on the charge
state of the ion, the cluster size, and, to a lesser extent, the size
of the ion in the cluster. Results for 1— to 3+ charge state ions
at n & 36, and for 2— to 3+ ions at n & 250, indicate that the
frequency of this stretch is affected by the electric field at the
nanodrop surface, i.e,, a Stark shift, that is induced both by the
charge of the ion in the cluster and by the surface potential that
is caused by the net orientation of water molecules at the
surface of the cluster.®%® This frequency also depends on the
orientation of the free O—H of the water molecules at the
surface.

There is a free O—H stretch for I7(H,0), clusters that
persists for n > 5. In contrast, a free O—H band does not
appear in the spectrum of (H,0)~, until n > 15° and until n >
43 for SO,>°(H,0),* The appearance of the free O—H
stretch at much larger cluster sizes for SO,*” is consistent with
a stronger orientation of water molecules induced by these ions
as a result of the higher charge state and the formation of
hydrogen bonds directl;r to the ion or to both the ion and to
other water molecules.”” The absence of a free O—H stretch
until # > 43 indicates that the ion-induced effect on water
orientation in the first solvation shell propagates outward into
the second and even third solvation shells. This is consistent
with IRPD spectroscopy of even larger SO,*~ clusters that show
differences in hydrogen bonding of fully hydrogen bonded
water molecules even for clusters with n 250.%° For
Fe(CN)4*™, the absence of the free O—H stretch for clusters
with n < 70 shows that this ion can orient water molecules even
more strongly than SO,*~ and can affect the hydrogen-bonding
network of water molecules as far as the fourth solvation shell.

~
~

B CONCLUSIONS

Formation of small hydrated trianions, Fe(CN)4*~(H,0),, with
n > 8, directly by nESI is demonstrated. Fe(CN)¢>™ is the
smallest, highest charge density trianion that has been observed
in the gas phase, and information about the structures and
reactivities of these ions provides new insights into the role of
water in stabilizing small multivalent anions. Fe(CN)s*~(H,0)s
dissociates by loss of an electron with BIRD. No Fe-
(CN)~(H,0), is observed, consistent with the absence of
this and smaller hydrated trianions in the nESI mass spectra. In
contrast, Fe(CN)*~(H,0), is formed under the higher-energy
activation conditions of IRPD, and this ion dissociates by two
pathways corresponding to either loss of a water molecule or
loss of an electron. The IRPD spectrum of Fe(CN)s*~(H,0)s
is consistent with computed structures in which pairs of water
molecules form two hydrogen bonds directly to the ion or form
one hydrogen bond to the ion and one to the other water
molecule.
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There are magic number clusters at n = 58—60, and the
IRPD spectrum of the n = 60 cluster shows that the hydrogen
atoms of all the water molecules are involved in hydrogen
bonds and that these hydrogen bonds are, on average, stronger
than those in the n = 61 cluster, which is significantly less
stable. Remarkably, the IRPD spectra of these ions do not have
a feature corresponding to a free O—H stretch indicating that
the hydrogen atoms of all the water molecules, even those at
the surface of the cluster, are involved in hydrogen bonds.
IRPD spectra measured for clusters with up to 120 water
molecules indicate the onset of a free O—H stretch of an
acceptor-acceptor donor water molecule at the surface of the
cluster occurs at n & 70, which corresponds to a droplet radius
of ~0.8 nm. These results provide compelling evidence that this
trivalent ion orients water and patterns the hydrogen-bonding
network of the water molecules all the way to the surface of the
clusters, even for water molecules that are surrounded by other
water molecules and that are not on the surface nor directly
interact with the ion. These clusters are cold (133 K), and the
thermal motion of water molecules is much lower than that at
room temperature. Consequently, the water orientation effects
of the ion will be less in liquid water. However, the forces that
cause the patterning of water at low temperature still exist at
higher temperature and must influence the hydrogen-bonding
network of liquid water to some extent. These forces extend
well past the first solvation shell and may play a role in
Hofmeister and other ion-related phenomena.

Charge separation by loss of an electron from these trianions
may also provide insight into why charging of many proteins
and other macromolecules is less for anions than it is for cations
in electrospray ionization. Loss of electrons may also occur for
much larger charged droplets as solvent evaporation causes the
droplets to approach the Rayleigh limit. Ejection of cationic
species through an ion evaporation mechanism can occur from
positively charged droplets as can loss of anionic species from
anionic droplets, and these ion evaporation processes may
affect charging of macromolecules.”’ Although many factors
contribute to charging of macromolecules in electrospray
ionization, electron loss, which would only occur significantly
for anionic droplets, could result in a slightly lower charge
density at the surface of anionic drops than cationic drops, and
may contribute to the lower charging of many macromolecules
formed as anions in ESL
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