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Probing the Microsolvation of a Quaternary lon Complex: Gas
Phase Vibrational Spectroscopy of (NaSO; ),(H,0),-0.st

Torsten Wende,+* Nadja Heine,§° Tara |. Yacovitch,9° Knut R. Asmis,** Daniel M. Neumark*"
and Ling Jiang**

We report infrared multiple photon dissociation spectra of cryogenically-cooled (NaSO, ),(H,0), dianions (n = 0-6, 8) in the
spectral range of the sulfate stretching and bending modes (580-1750 cm™). Characteristic absorption bands and
structural trends are identified based on a comparison to harmonic spectra of minimum-energy structures. The bare
quarternary complex (NaSO, ), exhibits a C,, structure containing two fourfold-coordinated sodium cations in-between the
two chelating sulfate dianions. Its stepwise solvation is driven by an interplay of S04°-H,0 and Na'-H,0 interactions. The
first water binds in a tridentate intersulfate-bridging fashion. The second and third water molecules bind to the sulfate
groups at either end of the complex, which is followed by the onset of water hydrogen bond network formation. In
contrast to the binary ion pair, NaSO,, no clear evidence for the disruption of the quaternary ion complex upon
microhydration is found up to n = 8, underlining its remarkable stability and the formation of quaternary ion complexes

may indeed play a

Introduction

Since the original concept of electrolytic dissociation was put
forth by Arrhenius® more than a century ago, scientists have
been intrigued by how acids, bases and salts are solvated in
solution, but a molecular level understanding of ion solvation
is still far from complete. How salts are solvated in aqueous
solution is fundamental for understanding chemical, biological,
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central role in the initial

stages of prenucleation in aqueous Na,SO, solutions.

geophysical and atmospheric processes.2 With increasing salt
concentrations, ion association becomes progressively more
important and this is usually discussed in the context of free
ions (FI), as well as the formation of contact (CIP), solvent-
shared (SIP), and solvent separated ion pairs (SSIP).3' 4 At
higher concentrations the formation of triple ions and larger
complexes needs to be considered, e.g. in explaining the
dielectric relaxation as well as Raman spectra of concentrated
salt solutions.” ® While condensed phase measurements often
lack the specificity to differentiate between different types of
ion aggregates, measurements on mass-selected
microhydrated clusters in the gas phase have provided
valuable insight into the stepwise formation of hydration shells
78 However, this work has focused mainly on
microhydrated clusters containing single ions or binary ion

of ions.

pairs. The formation of ion aggregates or complexes containing
more than two ions is particularly intriguing in identifying
precursors to prenucleation cIustersg, but has been much less
studied in the cluster regime.lo'14 Here, we characterize the
vibrational spectroscopy of the microhydrated dimer of the
sodium sulfate anion, (NaSO, ),(H,0),-¢.s, in order to gain an
understanding on how the stepwise addition of up to eight
water molecules influences the structure, binding and
spectroscopic IR-fingerprint of this prototypical doubly-
negatively charged quaternary ion complex.

Sodium sulfate is ubiquitous in nature and an important
constituent of sea salt aerosols.™ lon pairs as well as larger ion
aggregates are known to be formed in supersaturated
droplets16 as well as in aqueous Na,SO, solutions with
increasing temperature and decreasing pressure prior to
precipitation.17 Gas phase studies on sodium sulfate clusters
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have focused on their anion photoelectron spectroscopy
(APES).18' 1 Wang et al. have determined adiabatic electron
affinities (ADEs) for NaSO, (3.5 eV) and (NaSO, ), (1.6 eV). The
latter is significantly lower due to the additional electron-
electron repulsion. Density functional theory (DFT) as well as
higher level calculations recover the reported ADEs and predict
C;, and C,;, ground state geometries for the monomer anion
and dimer dianion (see scheme 1), respectively.18 In the dimer,
the two fourfold-coordinated sodium cations are equally
shared by the sulfate moieties and the Na-S distance is 8%
longer than in the monomer. Addition of up to four water
molecules to the monomer anion was also studied by APES in
combination with DFT calculations.”® The first three water
molecules strongly interact with both Na® and 5042’,
manifesting the initial steps of dissolution. Microhydrated
dimer dianions were not probed in this latter study. More
recently, the infrared and Raman signatures of microhydrated
sodium sulfate ion pairs as well as triple ions were studied
computationally, predicting that gas phase vibrational
spectroscopy should provide abundant structural information
on the early stages of microsolvation in this prototypical

Infrared photodissociation (IRPD) spectroscopy is a
powerful tool to study the structure of microhydrated ions in
the gas phase,22'24' 5 especially when combined with a
cryogenic ion trapzs'28 to produce cold clusters. The gas phase
vibrational spectroscopy of microhydrated CIPs was studied by
Schréder and coworkers, who characterized [MgNOs]"(H,0);
and [Ni2504]2+(H20)5 near room temperature.lz‘ » Subsequent

studies on [MgNO3]*(H,0)0.4,

[MEOH]+(H20)1—4;[CaOH+](H20)1—5; and [MgZSO4]2+(H20)4,11

were performed at cryogenic temperatures, vyielding
14, 30, 31

substantially better resolved IR spectra. These studies
show that the strong M2+---OH2 electrostatic interaction
dictates the geometry of the observed structures; anion-water
hydrogen bonding is only observed in the larger hydrated
clusters (n > 3). On the other hand, electronic structure
calculations on [Ni(SO4)2]2’(H20),, dianions predict that the
metal dication acts as a fourfold coordinated bridging unit
between the sulfate groups.12 This effectively shields the metal
center, and the first water molecules exclusively form
hydrogen bonds with the O-atoms of the sulfate groups.
However, microhydrated ternary dianion clusters were not
experimentally observed (at room temperature), which was
attributed to the roughly factor of three weaker hydration
energies in the dianions vs. the dications.™

2| J. Name., 2012, 00, 1-3

Here, we combine IR multiple photon dissociation
(IRMPD) spectroscopy of cryogenically cooled
(NaSO, ),(H,0),-¢.s dianions in the fingerprint region of the IR
spectral range with electronic structure calculations in order to
characterize the structure of the bare dianion and its stability
with regard to microhydration with up to eight water
molecules.

Methods

Experimental setup

IRMPD experiments are carried out on a previously described
jon-trap/tandem mass spectrometer,”” ** which was
temporarily installed at the “Free Electron Laser for Infrared
eXperiments” (FELIX) user facility in the FOM institute
Rijnhuizen  (Nieuwegein, The Netherlands).34 Briefly,
microhydrated sodium sulfate anion dimers, (NaSO, ),(H,0),,
are continuously produced in a Z-spray source from a 10 mM
solution of Na,SO, in a 1:1 water/acetonitrile solvent. The
beam of ions passes through a 4 mm diameter skimmer and is
then collimated in a radio frequency (RF) decapole ion-guide.
Parent ions are mass-selected in a quadrupole mass-filter and
focused into a cryogenically-cooled RF ring-electrode ion-trap.
To allow for continuous ion accumulation and ion
thermalization, the trap is continuously filled with helium
buffer gas at an ion-trap temperature of 15 K. After loading the
trap for 98 ms, all ions are extracted and focused both
temporally and spatially into the center of the extraction
region of an orthogonally-mounted linear time-of-flight (TOF)
mass spectrometer. Here, the ion packet is irradiated with a
single FELIX macropulse (ca. 5 ps temporal width) and high-
voltage TOF extraction pulses are applied for recording a TOF
mass spectrum. FELIX operates in the spectral region from
600-1800 cm™ and the spectral bandwidth amounts to ca.
0.2% RMS of the central wavelength. The repetition rate is 10
Hz and pulse energies of up to 30 mJ are typically obtained.
IRPD measurements are carried out using attenuated radiation
pulses, such that the loss of a single water molecule becomes
the dominant fragmentation channel (further details will be
given below). The dissociation limit of the clusters lies above
the IR photon energy used to measure the IRPD spectra, so
absorption of multiple photons is required to induce
fragmentation.

IR spectra are recorded by monitoring all ion intensities
simultaneously as the laser frequency v is scanned. The
photodissociation cross section gy pp is determined from the
relative abundances of the parent and photofragment ions,
Ip(v) and Iz (v), and the frequency-dependent laser power
P(v) using

Ir(v)

_ O 35
Oirmpp = —In [1 IP(V)+IF(V)] /P().

Note, a;rmpp reflects the fragment ion yield from a multiple photon

process and is different from a;zpp for IRPD spectra of messenger-
tagged species.as‘ 3

Computational details

This journal is © The Royal Society of Chemistry 20xx
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Electronic structure calculations are performed using both the
Gaussian03 and the TURBOMOLE V6.2 program.37’ 38 Geometry
optimizations and harmonic frequency calculations are carried
out for different isomers of (NaSO, ),(H,0), complexes (n = 0—
5). The initial geometries of the bare complex are constructed
based on previously published results.’® Initial structures of
the solvated complexes (n = 1-5) are constructed based on
chemical intuition. Using Gaussian03, full optimization of
cluster geometry is employed using the B3LYP hybrid
exchange—correlation functional® and the 6-311+G(D,P) basis
set in order to determine preliminary energetic ordering.
Harmonic frequency calculations are performed for all
converged structures to test for local minima and to obtain
zero-point corrected energies (ZPEs). The lowest-energy
structures are then further optimized employing B3LYP in
combination with the def2-TZVP basis set, using TURBOMOLE
V6.2. To allow for comparison of different single determinant
methods, structure optimization is additionally performed
employing MP2/def2-TZVP for complexes n < 3. Simulated IR
spectra from B3LYP/def2-TZVP harmonic
frequencies and IR intensities. The resulting stick spectra are

are derived
convoluted using a Gaussian line shape function with a full
width at half maximum linewidth of 10 cm'l, in order to
account for line-broadening effects. We refrain from using a
specific scaling factor, in accordance with our previous study
on hydrated bisulfate clusters.®

Labeling

For convenience, we refer to the (NaSO,),,(H,0), cluster as
[m,n], where [1,0] and [2,0] refer to the monomer anion and
the dimer dianion, respectively (see scheme 1). As the number
of water molecules n in the dianion cluster increases, a larger
number of energetically close-lying isomers with similar
In order to simplify the

subsequent discussion, calculated minimum energy structures

solvation motifs are predicted.

are classified into groups and labeled with n-bx, where b refers
to the number of water molecules donating a hydrogen bond
to each of the sulfate moieties, i.e. the number of intersulfate
bridging water molecules, and x represents a small letter (a, b,
¢, ...) indicating the energetic ordering of the
according to the calculated relative energies including zero-
point energy corrections.

isomers

Results

The first part of this section discusses the photofragmentation
behavior of the [2,n] vs. the [1,n] clusters and introduces the
strategy for the IRMPD measurements. We then present an
overview of all experimental spectra, which covers the
observed trends in the IRMPD features with increasing degree
of microhydration. In the second part, structural candidates
obtained from DFT calculations are introduced and their
simulated linear absorption spectra are compared to the

IRMPD spectra.

Mass spectrometry

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Mass spectrum of a 10 mM solution of Na,SO, in a 1:1water/acetonitrile solvent
revealing the (NaSO, )2(H20),-0.11 and NaSO4 (H,0)k=0-5 progressions. Further
contributions correspond to hydrated sulfate clusters SO4> (H,0)-7.12 (denoted with an
asterisk) and HSO, H,0 (circle). The mass peak at 190 amu labeled with “A” is an
unidentified impurity.

The Z-spray source conditions were optimized for the
formation of the dianionic [2,n] clusters. However, the
formation of singly charged [1,n] clusters, could not be fully
suppressed and hence the resulting progressions in the mass
spectrum (see Fig. 1) overlap for n” = n/2. The peak at the
mass-to-charge ratio M/Z of 119 amu corresponds to the bare
dimer dianion [2,0] as well as the bare monomer anion [1,0]
and represents the origin of the [2,n] and [1,n] peak
progressions with AM/Z = +9 amu and AM/Z = +18 amu,
respectively. Note that monomeric counterparts do not exist
for the [2,n] clusters with odd n and hence these peaks appear
less intense, indicating a [2,n]/[1,n’] abundance ratio of ~1-2.
The previously reported mass spectrum shows similar peak
progressions, although the [2,n] mass peaks are less intense
and only appear
neighboring 5042’(H20),, progression.19

as shoulders in the members of the

Photodissociation channels

The lowest accessible dissociation channel for [2,0] is the
formation of two singly-charged [1,0] monomer anions,

N
(NaS0,), — 2 -NaS0,", (1)

with an estimated barrier to dissociation of >160 kJ/mol (see
below). This is substantially lower than electron detachment of
[2,0], which requires ~340 kJ/moI.42 In contrast, [1,0] is bound
more tightly and electron detachment (ADE: 340 kJ/moI)18 is
preferred:

i-hv
NaSO,” — NaSO,+e™. (2)

IRMPD of [2,0] thus leads to the formation of two fragment
ions with half the mass and half the charge of the parent ions,
i.e., the mass-to-charge ratio of the ions doesn’t change upon
photofragmentation (AM/Z = 0). Hence, monitoring the TOF

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 TOF mass spectra measured after irradiation in the sulfate stretching region
showing the effect of ion repulsion in-between the [1,0] photofragment ions upon
photodissociation of [2,0] parent ions. Note, parent and fragment ions have identical
M/Z ratios. (A) Wavenumber-integrated TOF mass measured off (black) and on (red)
resonance. (B) 2D plot of the ion signal vs. FELIX wavenumber and ion TOF.

mass peak at 119 amu should, in principle, not reveal the
IRMPD signal due to cancelling out of the photodepletion and
photoformation signals. However, the long range Coulomb
repulsion between the two photofragment anions leads to a
substantial repulsive Coulomb barrier’® “** and hence
formation of photofragments with significant higher kinetic
energy than when a neutral fragment is formed. This manifests
itself in a significant broadening of the TOF mass peaks upon
photodissociation (see Fig. 2), where the slow and fast wings
of the TOF signal are almost exclusively due to the fast
photofragment ions moving parallel and antiparallel,
respectively, to the extraction field. From the observed
broadening we can estimate a kinetic energy release of ~90
kJ/mol (see Fig. S1 in the ESIt), which yields a lower limit for
the height of the repulsive Coulomb barrier. Together with the
estimated dissociation energy (B3LYP: D, = 71 kJ/mol) and
neglecting internal excitation of the photofragments this gives
a dissociation barrier of >160 kJ/mol.
Hence, the IRMPD spectrum of the [2,0] complex can indeed
be measured by monitoring the signal depletion at the center
as well as the signal enhancement in the wings of the TOF
distribution. Depletion of [1,0], on the other hand, is not
observed in the experiment, even when the highest laser pulse
energy of 30 mJ is applied. We attribute this to the high
electron detachment threshold for [1,0] combined with a
lower multiple photon absorption cross section, as a result of
the lower density of states and thus less efficient
intramolecular vibrational energy (IVR) transfer in [1,0] vs.
[2,0].

IRMPD of the hydrated clusters proceeds via loss of one
or more water molecules:

4| J. Name., 2012, 00, 1-3
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Fig. 3 IRMPD spectra of (NaSO, )2(H,0), complexes (red trace), denoted as [2,n]. The
photodissociation cross section ajzpp is plotted as a function of the wavenumber. For
even n the IRMPD spectra contain spectroscopic features (blue trace and labeled with
small letters) which are unambiguously attributed to the monomeric counterparts
[1,k] with k = n/2.

i-hv
(NaS0,7),(H;0),, — (NaS0,),(H,0),_; + - H,0 (3)

o
NaS0, (H,0),, — NaSO, (H,0)p_y + I - H,0.  (4)

The calculated dissociation energies for [2,1] and [1,1] are 77
and 101 kJ/mol, respectively.

For [2,n] clusters with odd n, such as [2,1], [2,3] and [2,5]
studied here, monomeric counterparts with identical mass-to-
charge ratio do not exist. Hence, the observed parent ion
depletion and fragment ion formation signals are exclusively
due to dissociation of dimer dianion complexes. For [2,n]
clusters with even n, on the other hand, dissociation of [1,n’]
complexes with n’=n/2 contribute to the depletion of the
parent ion signal as well as to the formation of every other
fragment ion signal, i.e., loss of | water molecules from [1,n/2]
coincides with loss of 2/ water molecules from [2,n]. This
hampers assignment of the characteristic absorption
frequencies. Fortunately, the [2,n] clusters exhibit
dissociation energies (and presumably
photodissociation efficiencies) compared to the

lower
higher
[1,n/2]

This journal is © The Royal Society of Chemistry 20xx
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clusters. By sufficiently attenuating the IR laser pulse energy,
the monomeric contribution to the IRMPD signal can be
significantly (but not completely) reduced (see Fig. S2 in the
ESIT for more details).

Table 1 Natural charge and Wiberg bond order of the global minimum energy
structure 0-a

Atom Natural charge Bond Wiberg bond order
Na, +0.81 Na;-Os 0.0923
S3 +2.56 Na;-Og 0.0711
05 -1.10 Na;-Oq 0.0711
O¢ -1.12 Na;-0yy 0.0923
0, -1.10
Og -1.05

IRMPD spectra

Fig. 3 shows the experimental IRMPD spectra of the [2,n]
clusters up to n=8. Peaks are labeled with capital letters (A-H)
and their positions are summarized in Table S1 (see ESIT).
Absorption signals attributed to the monomer anions [1,n/2]
are labeled with small letters and peak positions are listed in
Table S2 (see ESIT).

We observe four absorption regions and assign them
based on the previous IRMPD study on hydrated sulfate
clusters.”’ These correspond, from highest to lowest energy, to
regions covering the water bending (1750-1600 cm'l, band A),
the sulfate stretching (1215-925 cm"l, B-F), the water
librational (~¥900-650 cm"l, G), and the sulfate bending modes
(650-600 cm™, H).

Bands B-F, due to the strongly IR-active stretching modes
of the two sulfate moieties, dominate the IRMPD spectra of
the smaller clusters and represent sensitive probes for the
local solvation environment.”” The observation of three
intense peaks in the [2,0] spectrum agrees with the predicted
in scheme 1, in which the tetrahedral
symmetry of each of the two equivalent sulfate cores is
significantly perturbed by the highly asymmetric charge
distribution induced by the chelated Na® atoms, lifting the
degeneracy of the antisymmetric stretching modes within each
sulfate group. Upon microhydration with up to eight water
molecules the overall spectral signature remains similar,
indicating that the binding motif remains intact. A small blue
shift (< +30 cm'l) of bands D and E over the cluster size range
shown in Fig. 3 indicates that water is hydrogen bonding to the
O-atoms of the sulfate cores, caging the stretching motions.
Splitting of bands C and D into two more or less resolved
components for n > 1 signals an asymmetry with respect to the
solvation of the two sulfate groups and lifting of the remaining
degeneracy in-between the corresponding sulfate stretches of
each group. Finally, the separation between the dominant
absorptions in this region (B-E) decreases from ~140 cmtatn

structure shown

This journal is © The Royal Society of Chemistry 20xx
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=2 to ~90 cm™t at n = 8, indicating a reduction of the
asymmetry in the charge distribution in the cluster as a result
of more charge transfer to the solvent molecules with
increasing microhydration. These characteristic changes in the
band pattern of the sulfate stretching modes with cluster size
will prove valuable for identifying characteristic hydration

E C

(NaSO, ), D Exp

IR intensity

—— —
800 1000 1200
wavenumber (cm'1)

Fig. 4 Experimental IRMPD spectrum (top) and simulated B3LYP/def2-TZVP harmonic
vibrational spectra of (NaSO, ),. The two lowest panels show calculated IR spectra of
the monomer anion NaSO, and the sulfate dianion 5042’. Relative energies are given
in kJ/mol.

motifs.

The position of the water bending modes (band A) is only
weakly affected by the degree of hydration with a slight red-
shift (1706 cm™ — 1689 cm'l) between n = 1 and n = 8. While
band A initially appears weaker than expected, its relative
intensity grows substantially for n > 4, indicating a substantial
decrease in the stepwise water binding energy for the larger
clusters. Similar observations were reported in our previous
results on microhydrated sulfate,27 bicarbonate“, bisulfate®
and dihydrogen phosphate45' ¢ anions. The positions of the
sulfate bending modes (band H) also stay relatively constant.
Band H initially appears rather weak at 619 cm™ for [2,0], blue-
shifts to 631 cm™ for [2,3], and then red-shifts again to 616 cm’
! for [2,8]. Its relative intensity increases substantially in the
spectra with n>5. Furthermore, for [2,5], a broad feature
(labeled G) starts to appear around 810 cm™ which slightly
grows in intensity. Based on IRMPD studies on related systems

Lo . . 27,40, 44, 47
we assign it to the water libration modes.

Bare dianion geometry

J. Name., 2013, 00, 1-3 | 5
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The B3LYP/def2-TZVP global minimum energy structure for
[2,0] is the C,, conformation 0-a shown in Fig. 4, in which the
two sulfate cores share the two central sodium cations, in
agreement with previous results.”® A C,, variant of this motif
(0-b) is predicted +11 kJ/mol higher in energy. Natural charges
and Wiberg bond orders™ of the C,, isomer are summarized in
Table 1. These show that the interaction between the four
ionic moieties is mainly of electrostatic nature. Effective
shielding by the sulfate groups as well as substantial negative
charge transfer (-0.2 e) from each of the sulfate dianions to
the sodium cations results in an exceptionally short Na-Na
interatomic distance of 2.91 A in 0-a compared to 3.17 A in

In 50427 the four S-O bonds are symmetry equivalent and
hence the totally symmetric stretching mode is IR inactive. The
triply degenerate antisymmetric stretches, predicted at 1080
cm"l, contribute a single, intense peak to the IR spectrum
(bottom panel, Fig. 4). The presence of the sodium cation in
[1,0] reduces the symmetry from T, to Cs, and partially lifts this
degeneracy. Consequently, the four sulfate stretching modes
of [1,0] (see Fig. S3 in the ESIT) are best viewed as a nearly
pure IR-active symmetric S=0 stretch (v,, 1232 cm"l) at highest
energy and involving motion of the uncoordinated O-atom, an
intense doubly degenerate antisymmetric SO; stretch (v3,
1009 cm"l) and a weakly IR-active symmetric SO; stretch (v,,

.’ - G
n=1 Wé S\ P70 e >/ 7o
P
/1-1a (0.0) 1-0b (+0.9) 1-0c (+3.3)
;.
/ P
=2 g NG, L { LN
n=2 ( 7 P76, Xy
N, ! (s 08
I ’//?/ / * /
2-1a(0.0) 2-2¢ (+1.3) 2-1d (+2.4)
g , ’ ‘
= O“‘-. Ly \(/ v
n=3 & ) 2 N Z 0,7
> Q _— /O\l
\ 0 = |
e 3-2f (+2.3)
n=4 »
4-2¢ (+8.8)
PN <
:,: "',‘/ /
n=5 Py {5

5-2a(0.0)

5-1b (+0.1) 5-3f (+8.0)

Fig. 5 B3LYP/def2-TZVP minimum-energy structures of the (NaSO, ),(H,0), complexes with n = 1-5. Relative energies (with ZPE correction) are given in kJ/mol.

solid NaZSO4.49

Bare dianion: simulated IR spectra

In order to obtain a detailed assignment of the bands observed
in the experimental IRMPD spectrum of [2,0], it is compared
to simulated IR spectra of the C,, and C,, minimum energy
structures of [2,0], as well as of the C;, ground state structure
of [1,0] and the T, structure of 50427 in Fig. 4.

6 | J. Name., 2012, 00, 1-3

921 cm'l). Finally, the ground state geometry of the dimer
dianion [2,0] exhibits only twofold symmetry. The nature of
the sulfate stretches remains similar to those in [1,0], but the
remaining degeneracy is lifted and three similarly intense
peaks are predicted at 1186 (v;’), 1081 (v,’) and 1033 em™
(v3'). Note, the two sets of four sulfate stretching modes of the
individual sulfate groups in [2,0] weakly couple (10-20 cm'l)
producing a set of four symmetric (v;/’) and four antisymmetric

This journal is © The Royal Society of Chemistry 20xx
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(v/) linear combinations. Due to the inversion symmetry of the
C,, isomer, only excitation of the v/ fundamentals is IR-
allowed, in contrast to the C,, isomer (see Fig. 4).

The experimental IRMPD spectrum of [2,0] (top panel in
Fig. 4) is characterized by three strong absorption peaks of
similar intensity in the sulfate stretching region at 1167, 1083
and 1050 cm™ (labeled C-E) and two weaker features at 1067
(band F) and 619cm™ (band H). The simulated IR spectrum of
the ground state C,, isomer (0-a in Fig. 4) recovers all these
features, supporting the previous assighnment based on the
APES data in combination with DFT calculations.'® The origin of
the absorption peak at 1067 cm™ in-between bands D and E
(see Fig. 4) remains unclear. It could be assigned to the v’
mode (1040 cm'l) of the energetically higher-lying C,, isomer
(see Fig. 4). Compared to the C,, isomer, its v’ mode is blue-
shifted by 14 cm'l, while all other IR-active modes of the two
isomers are predicted at similar energies. The C,, isomer may
either be present from the start or, if the two strong peaks D
and E overlap sufficiently to warrant sufficient absorption
probability for the first few photons by the C,, isomer, then it
is also feasible that the C,, isomer is populated during this
early stage of the multiple photon absorption process45 and
subsequently enhances the IRMPD cross section.

Microhydrated structures

An overview of low-lying B3LYP/def2-TZVP minimum-energy
structures for microhydrated anion-dimer clusters with up to
five water molecules are shown in Fig. 5. Only structures with
unique solvation motifs are shown. See Table S4 (in the ESIt)
for a complete list of structures and relative B3LYP and MP2
energies of all low energy isomers considered.

The first water molecule can bind to [2,0] in three
different ways (see top row in Fig. 5). The lowest energy
structure 1-1a exhibits a triply-coordinated water as part of an
intersulfate bridging motif. (Note, in the following the term
bridging exclusively refers to water molecules hydrogen
bonding to both sulfate groups simultaneously.) In 1-1a the
water molecule binds to one of the Na' ions (do.n, = 2.54 A)
and donates two hydrogen bonds (DD motif), one to each
sulfate group (dy.o = 1.87 A, 1.91 A). Structures 1-0b (B3LYP:
+0.9 kJ/mol, MP2: +4.6 kJ/mol) and 1-Oc (B3LYP: +3.3 kJ/mol,
MP2: +7.1 kJ/mol) contain bidentate binding motifs with an
acceptor-donor (AD) water (2.41 A, 1.59 A,) and a dangling O-H
bond as well as a DD water (2.00 A, 2.03 A) that binds rather
symmetrically to a single sulfate group, respectively.

Addition of the second and third water molecules leads to
structures which contain a combination of these motifs, as
water-water hydrogen bond formation is not energetically
competitive for these smaller clusters. Starting from the
bridged 1-1a structure, the second water binds to one sulfate
group in a DD fashion and the third does likewise to the other
sulfate group, favoring the more asymmetrically solvated 2-1a
(vs. 2-2c) structure and the more symmetrically solvated 3-1a
(vs. 3-2f). Structures containing more than one intersulfate
bridging DD water, e.g. 2-2c (+1.3 kl/mol), 3-3e (+1.4 kiJ/mol)
and 3-2f (+2.3 kJ/mol) in Fig. 5, are predicted slightly higher in

This journal is © The Royal Society of Chemistry 20xx

energy using B3LYP, while the MP2 calculations indeed
energetically favor the multiple bridging motifs in the small
clusters (see ESIt). As the IRMPD spectra are particularly
sensitive to differences in the hydration environment of the
two sulfate groups, it is possible to determine which of these
different binding motifs is probed in the experiment.

The onset of water-water hydrogen bonding is predicted
for n 2 4 and is concomitant with the hydration of the second
Na® ion. The lowest energy n = 4 structure 4-1a contains an
intersulfate bridging ADD water, which accepts a hydrogen
bond from one of the two DD water molecules bound to the
same sulfate ion. These two DD waters also each solvate a Na*
jon (dona= 2.37 A and2.52 A). Water-water hydrogen bonding
involving a non-bridging DD water is less favorable (4-1b, +5.5
kJ/mol). Isomers containing no or multiple intersulfate bridging
water molecules are less stable (> 8 ki/mol).

For n=5 structures containing one (5-1b) or two (5-2a)
intersulfate bridging water molecules are predicted to be
nearly isoenergetic. The fifth water adds to structure 4-1a in
one of two ways (5-2a and 5-2b in Fig. 5) selectively filling the
hydration shell around one of the two sulfate groups. The
more symmetrically-solvated triply bridged structure 5-3f (+8.0
kJ/mol) is predicted substantially higher in energy.

Summarizing, all lowest energy structures for n = 2-5
contain less than the maximum possible number of
intersulfate bridging water molecules, which has important
implications for onset of the formation of SIPs in this cluster
size regime.

Experimental vs harmonic spectra

For comparison of the experimental with the simulated IR
spectra, we mainly focus on the vibrations in the sulfate
stretching region, which are particularly sensitive to changes in
the hydration environment. Fig. 6 shows a comparison
between the experimental IRMPD spectra (left column) and
simulated linear IR absorption spectra of lowest energy
isomers of up to three characteristic microhydration motifs for
the [2,n] dianions with n = 0-5. A more complete comparison
is provided in Figs. S4—-S8 (see ESIT)

The experimental IRMPD spectrum of [2,1] shows three
intense bands (C-E), similar to the spectrum of [2,0], but all
three bands are slightly blue-shifted and band E is significantly
less intense. The simulated spectrum of the intersulfate
bridging motif 1-1a shows best agreement with the
experimental spectrum. Note that the symmetric
combinations (v/’) are still quite weak in intensity, which
indicates that the C,,symmetry of the anionic core is largely
retained. The spectra of 1-0b and 1-0Oc show additional bands
corresponding to the v/’ modes as a result of more asymmetric
solvation; these are not observed in the experimental
spectrum.

Upon addition of the second water, an additional band
(band B in Fig. 6) appears in the spectrum at higher energies.
The spectra of the singly bridged isomers 2-1a and 2-1d both
recover this characteristic spectral pattern, while that of the
more symmetrically solvated doubly bridged motif 2-2c does

J. Name., 2013, 00, 1-3 | 7
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not. For 2-1a an additional band (v;”) is predicted at lower
energies, which is not observed experimentally, so 2-1d
exhibits slightly better agreement. The second water thus
binds to one of the sulfate groups, effectively decoupling three
(of the four) sulfate stretching modes of one sulfate group
from those of the other. Peaks B and C now correspond to the
S=0 stretches v;” and v, (see Fig. S3 in the ESIt),
predominantly localized on the singly (B) and the triply

GIRPD

IR intensity

5-2a

predicts an IR-inactive v,” mode due to the inversion
symmetry of this isomer.

Addition of the fifth water in [2,5] leads to a broadening
of band B, but leaves the rest of the spectrum nearly
unchanged. An increase in the relative intensity of the v;” peak
is predicted for both of the nearly isoenergetic structures 5-2a
and 5-1b but not for 5-3f, indicating that the solvation of the

sulfate groups proceeds asymmetrically. On the other hand

ol e

1 5-1b 5-3f

900 1000 1100 1200 900 1000 1100 1200

900 1000 1100 1200

R D R
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wavenumber (cm™)

Fig. 6 Experimental IRMPD (left) and simulated B3LYP/def2-TZVP harmonic vibrational spectra (right) in the sulfate stretching region of (NaSO4 ),(H,0), complexes with n = 0-5
(denoted as [2,n]). The corresponding structures are illustrated in Fig. 5. Contributions of the monomer species to the IRMPD spectra are highlighted (blue trace) and labelled with

small letters.

hydrogen-bonded (C) sulfate group, respectively.

Addition of the third water molecule leaves the positions
of bands C-E unchanged, but leads to a reduction of the
intensity of peak B, suggesting that this water now adds to the
other sulfate group leading back to a more symmetric
solvation motif. Only the spectrum of isomer 3-1a reproduces
the band pattern and band positions satisfactorily, confirming
this assumption and ruling out the presence of multiple
intersulfate bridging water molecules in [2,3], e.g. as in
isomers 3-3e and 3-2f.

The IRMPD spectrum of [2,4] looks similar to that of [2,3]
suggesting that its structure is obtained by adding the fourth
water to 3-1a. The peak positions remain nearly unchanged,
but the v,” and v,” modes (band D) are now resolved. The
simulated spectra for 4-1a and 4-1b both capture the observed
spectral pattern with the latter reproducing the relative
intensities better, while that of the doubly-bridged isomer 4-2¢

8 | J. Name., 2012, 00, 1-3

the spectra of all three isomers exhibit a weakly IR-active v;”
mode, which is not resolved in the experimental spectrum.
Indeed, all three spectra reproduce certain features
particularly well, but none of the three captures all of the
observed peak positions and band patterns significantly better
than the other ones. Note, the spectrum of [2,5] is the first to
show IR-activity in the spectral region of the water librations
(band G in Fig. 3). This may be seen as an indication for the
onset of water-water hydrogen bond network formation as
well as an increase in the importance of dynamic effects in this

. 45, 46
size range.

Discussion

The following picture for the stepwise microhydration of the
quaternary ion complex [2,0] evolves from the present result.
In contrast to binary and tertiary ions, the initial solvation of
[2,0] is not driven by the dominant cation—water interaction
but by a more complex interplay involving also the sulfate—

This journal is © The Royal Society of Chemistry 20xx
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water and water—water interactions as the two chelating
sulfate groups shield the two Na* centers rather well. The first
water bridges the two sulfate groups by donating two
hydrogen bonds and also binds to one of the Na' ions,
breaking the C,, symmetry of the bare dianion. The formation
of additional intersulfate bridges could recover the more
symmetric arrangement, but this is not observed and up ton =
5 single bridging motifs are found to be dominant (n < 5) or
least to contribute significantly (n = 5). The second and third
water molecules bind to the sulfate groups at either end of the
cluster in an attempt to weaken the electrostatic interaction
dominant at the center of the complex by charge
delocalization. The addition of the fourth and fifth waters then
begin the formation of a hydrogen bonded network, which
initially forms preferentially around one of the sulfate cores.

At n = 5, the effect of microhydration on the separation of
the monomers remains small, underlining the particular
inherent stability of the quaternary ion complex. Note, the Na-
S interatomic distances (see Table S5 in the ESIT) in [2,0] are
predicted longer than the one in [1,0], 2.86 A vs. 2.42 A, due to
the bidentate vs. tridentate binding motifs. However, while
this distance increases upon hydration by +0.43 A in [1,5] it
only increase by +0.19 A on average in [2,5] and the shortest
Na-S distance actually remains nearly constant (2.88 A). A
more pronounced effect is observed for the Na-Na interatomic
distance on microhydration of [2,0], which increases by 11% to
3.31 A in [2,5], while the S-S distance only increases by 4%.
Hence, isomers with less than three bridging waters favor a
more asymmetric solvation of the two sodium ions (see Table
S5 in the ESIT), selectively weakening one of the Na-S
electrostatic  interactions. However, in contrast to
microsolvation of the monomer anion19, considerably more
than five water molecules are necessary for observing a
pronounced onset of SIP and SSIP formation in the dimer
dianion.

The present implications for the
interpretation of the vibrational spectra of aqueous sodium
sulfate solutions. The IR-active antisymmetric stretches v; of
free sulfate ions are observed at ~1100 cm™ in the FTIR-
spectra of dilute solutions. With increasing concentration the
corresponding feature broadens substantially and red-shifts to
1085 cm™ for a 2 M Na,SO, solution.”® lon complexes will
contribute to the broadening with (binary) CIPs absorbing
around 1025 cm™ and 1250 cm™ and the quaternary ion
complexes in-between 1050 em™ and 1200 cm-! (bands B-E in
Fig. 2). The Raman-active sulfate symmetric stretching mode v,
is observed at 982 cm™ in dilute solutions'” and at 994 cm™ in
crystalline Na2504.51 The corresponding feature (band F in Fig.
3) is observed at lower energies in the IRMPD spectra, in-
between 943-959 cm™ for the quaternary ion complex and
941-945 cm™ for the ion pair (see ESI), confirming the
previously predicted red-shift of this mode upon ion pair
formation, although further solvation of the ion complexes will
presumably reduce the red-shift.%°

Recent ab initio molecular dynamics (AIMD) simulations
combined with IRMPD spectra of microhydrated H,PO, anions
show that dynamic and entropic effects have a profound effect

results have

This journal is © The Royal Society of Chemistry 20xx

on the spectral fingerprints observed in IRMPD spectra even
when the ions are precooled to cryogenic temperatures.45' a6
Moreover, an assignment of these spectra based on 0 K
harmonic spectra of minimum energy structures may be
problematic and misleading. Performing computational
demanding AIMD simulations goes beyond the scope of this
work, but we have taken care in not trying to over interpret
the present results. The situation in the quaternary ion studied
here, may, however, be less problematic, as the ion-water
binding energies are substantially larger in this case and hence
we expect the barriers to interconversion between different
isomers to be larger too.

Conclusions

The quaternary ion complex (NaSO,”), exhibits a markedly
different microsolvation behavior than the binary ion pair
NaSO,~ due to the efficient shielding of the Na* centers by the
chelating sulfate groups in the complex. This leads to an
enhanced relative stability of the CIP configuration and a shift
to larger n for the onset of SIP and SSIP formation in
(NaSO,7),(H,0), vs. (NaSO,")(H,0), clusters. Consequently, the
formation of quaternary ion complexes may play a central role
in the initial stages of prenucleation in aqueous Na,SO,
solutions and this needs to be considered in kinetic models
aimed at simulating this process.

The present data may also help in the spectroscopic
characterization of quaternary ion complexes in solution. Both,
the fundamentals of the IR-active sulfate antisymmetric
stretching modes as well as the Raman-active symmetric
stretching modes, are predicted to lie energetically in-between
those of the free sulfate ions and those of the binary CIP in
solution.

Finally, additional and possibly more detailed information
regarding the degree of dissolution of the quaternary ion
complex in microhydrated clusters may be gained from
measurements in the far-IR spectral region (< 300 cm'l), the
region where the IR-active modes involving the interion Na'-

5042' stretching modes are predicted with appreciable
intensity.
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