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ABSTRACT: The structure and stability of mass-selected
bisu l fa te , su l fur ic ac id , and water c luster anions ,
HSO4

−(H2SO4)m(H2O)n, are studied by infrared photodissociation
spectroscopy aided by electronic structure calculations. The triply
hydrogen-bound HSO4

−(H2SO4) configuration appears as a
recurring motif in the bare clusters, while incorporation of water
disrupts this stable motif for clusters with m > 1. Infrared-active
vibrations predominantly involving distortions of the hydrogen-
bound network are notably missing from the infrared multiple-
photon dissociation (IRMPD) spectra of these ions but are fully
recovered by messenger-tagging the clusters with H2. A simple
model is used to explain the observed “IRMPD transparency”.

I. INTRODUCTION

Negatively charged clusters of sulfuric acid and water are
abundant in the atmosphere, with HSO4

−(H2SO4)m, m = 1−3,
accounting for 62% of the small stratospheric negative ions at
35 km.1 Charged species are important in the early stages of
atmospheric aerosol growth through the process of ion-induced
nucleation,2,3 with negative ions serving as more effective
nucleation sites than positive ions.4 Experimental aerosol
growth studies for ionic clusters of sulfuric acid and water
(charge carrier HSO4

− or H+) have been completed under a
variety of conditions. These studies find that at room
temperature, the uptake of sulfuric acid by negative ions is
preferred to the uptake of water, as explained by the ability of
H2SO4 to make stronger H-bonds to the negative HSO4

− core.5

At temperatures representative of the midtroposphere (248 K),
ions of the type HSO4

−(H2SO4)m(H2O)n are the dominant
nucleating cluster. The presence of other species such as NH3 is
required to account for atmospheric observations in the warmer
boundary layer (278−292 K).6 In this paper, the structure and
stability of HSO4

−(H2SO4)m(H2O)n clusters are studied using
infrared photodissociation (IRPD) spectroscopy in combina-
tion with electronic structure calculations. Moreover, infrared
multiple-photon dissociation (IRMPD) spectra of
HSO4

−(H2SO4)m are compared to single-photon IRPD spectra
of the corresponding H2-tagged species in order to shed light
on the nature of “IRMPD-transparent” vibrational modes.
In addition to the field studies that measure atomic masses

and relative abundances of HSO4
−(H2SO4)m(H2O)n spe-

cies,1,7−10 a number of kinetics studies have investigated small
ionic clusters of strong acids.11−14 These studies have yielded
rate constants for the reaction of the clusters with sulfuric acid
and other molecular acids like HNO3. Enthalpies for the loss of
a sulfuric acid molecule from HSO4

−(H2SO4)m were found to
hover around 100 kJ/mol for m = 2−5.14 Gibbs free energies
for several clustering reactions have been determined
experimentally, showing stronger H2SO4 binding to anionic
cores than to water. For example, the free energy change for
clustering to a HSO4

−(H2SO4)2 core (at 233 K) is −26 kJ/mol
for one water and −59 kJ/mol for a sulfuric acid molecule.15

The triply hydrogen-bound complex HSO4
−(H2SO4) has

been studied theoretically by Evleth16 and others.17 The
enthalpy of complexation was calculated to be −196 kJ/mol,
higher than the values all other known hydrogen-bonded
complexes. The barrier to transfer of a single proton, that is,
HSO4

−(H2SO4) → (H2SO4)HSO4
−, was found to be very low

(8 kJ/mol), which suggests that the complex is approaching
charge delocalization. This same structure along with several
isomers of the HSO4

−(H2SO4)2 cluster has also been calculated
by Hou et al.18 As in other systems involving shared
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protons,19−21 high anharmonicity is expected for shared proton
vibrations.
IRPD spectroscopy is a powerful structural probe of these

and other small atmospherically relevant clusters.22 The
hydrated bisulfate and sulfate systems HSO4

−(H2O)n and
SO4

2−(H2O)n have been studied previously using this
method.23−25 The bisulfate system showed the formation of
extensive H-bonding networks starting at n = 3, while spectra of
the hydrated sulfate dianions indicated more ligand-like binding
to the sulfate core, confirmed by recent high-level calculations
up to n = 6.26 Closure of the first hydration shell of the sulfate
dianions at n = 12 was also inferred, though this conclusion has
recently been questioned by Wan et al.27 Finally, recent results
on HSO4

−(H2SO4)m(HNO3)n clusters show that strong
hydrogen bonds allow variation in charge localization depend-
ing on composition.28

The dissociation limit of these clusters is considerably higher
than the IR photon energy used to measure the photo-
dissociation spectra, so absorption of multiple photons is
required to detect photofragment ions. Hence, we refer to these
spectra as IRMPD spectra. A complementary, often more
difficult experiment involves adding a weakly bound messenger
species such as He, Ne, Ar, or H2 in order to bring the lowest
dissociation limit of the complex below the photon energy.29,30

To differentiate between the two experiments, we refer to the
latter results as single-photon IRPD spectra even though,
strictly speaking, we cannot exclude absorption of more than
one photon during the vibrational predissociation process. The
two types of experiments, with and without messenger-tagging,
can lead to substantially different IR spectra, typically with
certain IR-active modes missing from the IRMPD spec-
trum.25,31,32 We find here that comparison of the IRMPD
spectra to the corresponding single-photon IRPD spectra aids
in identifying the mechanism for these missing peaks.

II. EXPERIMENTAL AND THEORETICAL METHODS

Experiments were carried out on a previously described ring
electrode trap/time-of-flight (TOF) mass spectrometer33,34

using the free electron laser for infrared experiments
(FELIX).35 Ions were produced by electrospray of a solution
of 25 mM H2SO4 in a 1:4 water:acetonitrile mix. The negative
ions were then transferred into a high-vacuum system. Parent
ions were mass-selected in a quadrupole mass filter and focused
into a ring electrode ion trap. To allow for continuous ion
loading and ion thermalization, the trap was continuously filled
with He gas at an ion trap temperature of 15 K. The trap gas
was swapped with a 20% mix of H2 in He for the tagged results.
After the trap was filled for 99 ms, all ions were extracted from
the ion trap, focused both temporally and spatially into the
center of the extraction region of an orthogonally mounted
linear TOF mass spectrometer, and irradiated with a single 10
μs FELIX macropulse (≤50 mJ/pulse and ∼0.25% RMS
bandwidth). Under these conditions, most of the ions are
thermalized at the trap temperature prior to IR irradiation.36,37

IRPD and IRMPD spectra were recorded by monitoring all ion
intensities simultaneously as the laser wavelength was scanned.
The photodissociation cross section σIRMPD was determined
from the relative abundances of the parent and photofragment
ions, Ip(ν) and If (ν), respectively, and the frequency-
dependent energy fluence (assuming a constant interaction
area throughout the range of scanned wavelengths) φe(ν)
using38

σ ν φ ν= − +I I Iln[ ( )/( )]/ ( )IRMPD p p f e (1)

In the case of the H2-tagged spectra, a single-photon process is
assumed and intensities are normalized instead to the photon
fluence,39 φ(ν) = φe(ν)/hν, such that σ ∝ σIRMPDν.
Electronic structure calculations were performed using the

Gaussian 09 program.40 Initial structures were constructed
using a combination of chemical intuition and results from
molecular dynamics conformational searching using Macro-
Model 9.941 and the OPLS_200542 force field. Optimized
geometries and harmonic frequencies at the B3LYP/6-311+G-
(d,p) level of theory were used to determine preliminary
energetic orderings. Final geometries and harmonic vibrational
frequencies were calculated at the B3LYP/6-311++G(2df, 2pd)
level. The MP2 method is often used to study weakly bound
systems43 because it accounts better for the dispersion needed
to treat van der Waals forces. For comparison, MP2 calculations
using the same basis set as well as a larger aug-cc-pV(T+d)Z
basis were done for selected m = 1 or 2, n = 0−2 clusters
(Supporting Information). Similar structures and energetic
orderings were found, and while the MP2 frequencies were
systematically higher than the corresponding B3LYP frequen-
cies, they showed the same peak pattern with slightly different
relative intensities. We use the B3LYP method because it yields
reliable geometries, frequencies, and IR intensities at a
reasonable computational cost, such that a consistent set of
simulated spectra can be produced for the complete set of
systems studied here.22 Other methods yield more reliable
relative energies and binding energies.44 Structures are labeled
in order of their relative energies, including zero-point energy
(zpe) corrections. All B3LYP dissociation energies were
counterpoise-corrected to account for basis set superposition
error.45

III. RESULTS

Figure 1 shows IRPD spectra for the HSO4
−(H2SO4)m-

(H2O)n(H2)z clusters. The results are spliced together from
individual scans over various spectral regions. For each value of
m, the hydrogen-tagged spectrum (z ≥ 1) is shown, followed by
the bare HSO4

−(H2SO4)m cluster and, for m < 3, the spectra of
hydrated clusters with n = 1 and n = 2. The value of z varied
depending on trap conditions and cluster size, ranging from z =
1 (smaller clusters) to z = 4 (large clusters). The spectra can be
divided into regions based on the types of vibrations present,
consistent with experimental spectra and calculated frequencies
from bulk studies of H2SO4 via thin film46 and matrix isolation
spectroscopy.47 At low frequencies, ∼550 cm−1, OSO core
bends of the HSO4

− and H2SO4 molecules appear. Singly
bound O−S stretches appear from 800 to 950 cm−1. The
double bonded SO stretches fall in the 950−1500 cm−1

range, with the symmetric stretches, antisymmetric stretches,
and combined SO stretch/SOH bends roughly ordered in
increasing energy. The higher-frequency portion of this range
mostly consists of pure H2SO4 modes involving an antisym-
metric OSO stretch and two SOH bends. Water bending
modes of the hydrated clusters appear in the highest-energy
region, 1600−1700 cm−1. Two other classes of vibrations are
expected in hydrogen-bound clusters such as these:25 wagging
of the SOH moieties and water librations. These types of
vibrations can be mixed together and occur in the 650−800
cm−1 spectral range. This region is notably flat in all of the
untagged experimental results.
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In comparing the untagged results in Figure 1, we observe a
large increase in complexity upon addition of the second
H2SO4 (m = 1 to m = 2) and less change upon the addition of
the third. Hydration of the clusters makes little difference for m
= 1 and more for m = 2. There are substantial differences
between the hydrogen-tagged data and the IRMPD results from
the corresponding untagged cluster. All features in the IRMPD
results appear in the tagged results, but the reverse is not true.
This IRMPD transparency is most noticeable in the water
libration region, 600−800 cm−1, where the z ≥ 1 spectra show
numerous additional peaks that are absent from the multiple-
photon spectra.

IV. ANALYSIS AND DISCUSSION
The experimental results are compared to the simulated spectra
computed at the B3LYP/6-311++G(2df, 2pd) level of theory in

Figures 2−4. The lowest energy and best-fit simulated results
are shown below the associated IRMPD spectra with many
more spectra available in the Supporting Information.
Calculated geometries are shown alongside the figures and
are labeled numerically according to cluster size, with a “w”
preceding the hydration number n. They are also labeled
alphabetically in order of increasing relative energy, including
zpe. For example, the 2w1c isomer is the third-to-lowest energy
structure found for the cluster with m = 2 and n = 1:
HSO4

−(H2SO4)2(H2O)1. Stick spectra shown throughout
correspond to the unscaled harmonic vibrational frequencies
and doubly harmonic IR absorption intensities.
An additional goal of our analysis is to formulate a criterion

for the IRMPD transparency mentioned in section III. With
this in mind, individual frequency sticks in the simulated
spectra are color-coded according to their normal mode
character, with the goal of distinguishing between vibrations
of the hydrogen-bound network and core vibrations like SO
stretching and OSO bending modes. As a first approximation,
the percentage contributions of the hydrogen atoms to the
normal mode displacements were computed. Using the mass-
weighted displacements from the normal mode analysis, the
Cartesian root mean squared (RMS) displacement for each
atom (a) was calculated:

= Δ + Δ + Δx y zRMSa a
2

a
2

a
2

(2)

Then, the percentage contribution of the hydrogen atoms to
the total displacements was calculated, %RMSH = (RMSH/
RMSall)×100%. In Figures 2−4, filtering of the modes is done
according to the calculated %RMSH such that modes with a
%RMSH > 75% are shown in blue, while modes with a %RMSH
≤ 75% are shown in red.
Our hypothesis, considered in more detail in section IV.3, is

that blue-colored features in the simulated spectra are more
likely to be IRMPD-transparent, that is, seen in the tagged
spectra only. The threshold value of 75% was chosen
empirically such that the red stick spectrum gives a reasonable
match to the untagged IRMPD results for the bare n = 0
clusters. In Figures 2−4, selected portions of each stick
spectrum are convoluted with Gaussian peaks with 15 cm−1

fwhm for better comparability. For the n = 0 clusters, where
tagging experiments are available for comparison, all peaks
(blue and red) are included in the convolutions. For the n ≥ 1
clusters, all peaks were convoluted (blue and red) for the
higher-energy 1200−1900 cm−1 region, and only the low %
RMSH peaks (red) are included in the convolutions for the
500−1200 cm−1 region. The high %RMSH vibrations are still
shown in this region as blue sticks. The reasoning and
implications behind this choice will be discussed below.
The hydrogen bond strengths mainly determine the cluster

dissociation threshold and are important considerations in the
interpretation of our spectra. To this end, the lowest
dissociation energies for selected clusters are calculated and
presented in Table 1. The trend in dissociation energies is as
expected, scaling with number and strength of H-bonds, and
spanning almost two orders of magnitude. Two isomers of the
smallest cluster are compared, 1w0a and 1w0b, showing the
nonadditive effects of two versus three hydrogen bonds.
Subsequent entries show various loss pathways, always from a
parent ion structure that includes the triply hydrogen-bound
HSO4

−(H2SO4) structure: the loss of H2SO4, the loss of a
single H2O from the mono- or dihydrated triply H-bound

Figure 1. IRPD spectra for HSO4
−(H2SO4)m(H2O)n(H2)z clusters.

Each panel corresponds to a different number of H2SO4 ligands (m =
1−3). Hydrogen-tagged results (z ≥ 1) for the bare n = 0 clusters are
shown at the top of each m grouping. All other results are untagged (z
= 0) and shown in order of increasing hydration (n = 0−2). The m =
1, n = 0, z ≥ 1 spectrum was smoothed by weighted averaging of five
neighboring points, as was the 1360−1680 cm−1 region of the m = 2, n
= 0, z ≥ 1 spectrum. The m = 2, n = 1 trace marked by an asterisk is
part of an overview spectrum taken at higher laser power.
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cluster, and finally the loss of a H2 tag molecule from a singly
tagged 1w0a cluster. On the basis of these values, the
photodissociation at 1000 cm−1 of HSO4

−(H2SO4),
HSO4

−(H2SO4)2, HSO4
−(H2SO4)(H2O), and HSO4

−(H2SO4)-
(H2) requires the energy of at least 12, 9, 3, and 1 photon(s),
respectively. Thus, H2-tagging indeed helps to probe the
complexes in the linear absorption regime, whereas the IRMPD
intensities of the bare bisulfate/sulfuric acid clusters may show
pronounced nonlinear effects. Hydrated complexes lie in an
intermediate regime.
1. Assignments. We first consider clusters with no water

molecules (n = 0). For the smallest such cluster (m = 1, n = 0),
the triply hydrogen-bound conformer 1w0a (Figure 2) is
calculated to be the lowest in energy with a predicted
dissociation energy of 171 kJ/mol (Table 1), in agreement
with previous results.14,16,17 Rupture of the hydrogen bond
donated by HSO4

− leads to the second lowest energy
conformer 1w0b that lies 20.0 kJ/mol above the global
minimum. Both structures yield similar IR spectra, but 1w0a is
in slightly better agreement with the H2-tagged spectrum, both

for the B3LYP and for the MP2 results (Supporting
Information). While the intense core vibrations (red peaks in
Figure 2) look similar for 1w0a and 1w0b, the less intense IR
modes predicted for 1w0a throughout the 550−1550 cm−1

region match the H2-tagged spectrum better. The correspond-
ing (untagged) IRMPD spectrum (m = 1, n = 0, z = 0) looks
much simpler. Many of the weaker features observed in the H2-
tagged spectrum are missing. However, the untagged spectrum
is largely consistent with the %RMSH-filtered results (red peaks
only) of 1w0a, with the only disagreement being the simulated
peak at 1257 cm−1. This peak, which appears weakly in the
tagged spectrum, is in the SO stretching region and is
characteristic of the triply bound structure. It corresponds to
the combined bisulfate SOH bend and SO stretch and is
discussed in more detail in section IV.3. Note the MP2 results
(Supporting Information) suggest that B3LYP overestimates
the IR intensity of this transition.
We next consider the m = 2, n = 0 cluster (Figure 3).

Compared to that of the corresponding m = 1 cluster, the
signal-to-noise in the tagged cluster spectrum improves

Figure 2. Comparison of experimental IRPD (black traces) and simulated linear absorption spectra (stick spectra) for the HSO4
−(H2SO4)1(H2O)n

clusters. Selected structures are shown on the right. The bisulfate moiety is indicated with a green triangle. The stick spectra are color-coded
according to the degree of hydrogen motion for each mode, with %RMSH < 75% in red and %RMSH ≥ 75% in blue. Gaussian convolutions of
selected peaks of the stick spectra are shown in gray with a fwhm of 15 cm−1.
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Figure 3. Comparison of experimental IRPD (black traces) and simulated linear absorption spectra (stick spectra) for the HSO4
−(H2SO4)2(H2O)n

clusters. Selected structures are shown on the right. The bisulfate moiety is indicated with a green triangle. The stick spectra are color-coded
according to the degree of hydrogen motion for each mode, with %RMSH < 75% in red and %RMSH ≥ 75% in blue. Gaussian convolutions of
selected peaks of the stick spectra are shown in gray with a fwhm of 15 cm−1.

Figure 4. Comparison of experimental IRPD (black traces) and simulated linear absorption spectra (stick spectra) for the HSO4
−(H2SO4)3 cluster.

Selected structures are shown on the right. The bisulfate moiety is indicated with a green triangle. The stick spectra are color-coded according to the
degree of hydrogen motion for each mode, with %RMSH < 75% in red and %RMSH ≥ 75% in blue. Gaussian convolutions of selected peaks of the
stick spectra are shown in gray with a fwhm of 15 cm−1.
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substantially, allowing for easier comparison between single-
and multiple-photon results. Full simulations (red and blue
lines) of isomer 2w0b, a bisulfate core between two H2SO4
molecules with the maximum possible five hydrogen bonds,
capture most peak positions and intensities of the m = 2, n = 0,
z ≥ 1 experimental spectrum. This structure contains the triply
hydrogen-bonded 1w0a motif, with the second sulfuric acid
binding via two donor hydrogen bonds to the bisulfate moiety.
The structure 2w0a recently reported by Hou et al.18 involving
a cyclic arrangement of the three cluster moieties is slightly
lower in energy in our calculations as well, at the B3LYP and
MP2 level of theories, but does not reproduce the spectrum
quite as well as 2w0b. Though agreement is still quite good, the
cluster of peaks around 900 cm−1 is slightly broader than
experiment, and the isolated peak at 994 cm−1 is too low in
frequency. Structure 2w0d (Supporting Information), in which
the bisulfate anion occupies a terminal position, also does not
reproduce the experimental data, especially in the ∼1100−1200
cm−1 region. The 2w0c structure (+0.4 kJ/mol, Supporting
Information) differs only in the orientation of a H2SO4
molecule and gives a spectrum nearly identical to that of
2w0b. The experimental IRMPD spectrum is missing several
peaks seen in the tagged spectrum and, just as we noted for m =
1, agrees better with the red %RMSH-filtered results. This
spectrum also shows some intensity attenuation for the modes
around 1150 cm−1 (concerted symmetric SO2 stretches and
SO stretch/SOH bends of multiple moieties) that is
discussed in section IV.3.
IR spectra of the largest bare cluster, HSO4

−(H2SO4)3, are
shown in Figure 4. The lowest energy isomer 3w0a matches the
tagged experimental results well, particularly in the 1100−1500
cm−1 region. 3w0a again contains the triply hydrogen-bound
1w0a motif, with the two other sulfuric acid molecules
hydrogen bound to each other while donating one hydrogen
bond each to the bisulfate moiety. The next lowest isomer,
3w0b, lies at 2.0 kJ/mol. Compared to 3w0a, isomer 3w0b
does not show the same three distinct peaks in the S−OH
stretching region around 900 cm−1, all of which appear in the
tagged spectrum. The first of these peaks (∼860 cm−1) is due
to cluster-wide single-bonded S−OH stretches which appear in
all isomers. The other two peaks, however, are due to
antisymmetric S−OH stretches of H2SO4 in two distinct
environments characteristic of 3w0a: the terminal sulfuric acid
in the 1w0a motif (vibration at 905 cm−1) and the two other

H2SO4 molecules hydrogen bound to each other and to the
bisulfate (two vibrations at ∼930 cm−1). The much higher-
energy isomers 3w0e and 3w0f at 12 and 13 kJ/mol
(Supporting Information) also contain the 1w0a motif, but
the remaining two H2SO4 molecules are in quite different
hydrogen-bonding environments, spreading out the peaks in
the S−OH stretching region.
The experimental IRMPD spectrum (z = 0) can be

compared with the %RMSH-filtered results (red lines only).
Agreement with the 3w0a simulations is good below 1200
cm−1. Above 1200 cm−1, agreement is also better with 3w0a as
long as all simulated lines (blue and red) are included. This is
the same trend as will be observed for the water-solvated
clusters. The simulated red line at 1023 cm−1, a symmetric
stretch of the HSO4

− SO bonds, is not observed in the
untagged spectrum, which also shows intensity discrepancies
for the first few peaks in the SO stretching region around
1150 cm−1.
Next we examine specific assignments of the IR bands in the

spectra of the hydrated clusters that are also shown in Figures
2−4. A general comparison of the bare and hydrated clusters
(Figure 1) shows very little change for m = 1 with increasing
hydration, whereas m = 2 clusters display significant changes in
the SO stretching region, 1100−1500 cm−1. This trend
suggests that the m = 1 clusters retain the core structure upon
hydration, while the hydrogen-bond network in the m = 2
cluster cores is disturbed by incorporation of water.
Examination of the simulated geometries and structures
shown on the right in Figures 2−4 sheds light on this
hypothesis. In these simulations, only the %RMSH-filtered
results (red sticks) are included in the convolutions below 1200
cm−1.
Two energetically low-lying isomers are found for the

hydrated m = 1, n = 1 cluster. The B3LYP results (including
zpe) predict 1w1b 2.5 kJ/mol above 1w1a (Figure 2), while the
order is reversed in the MP2 results (Supporting Information),
with 1w1b 0.8 kJ/mol below 1w1a. Best agreement is found
with 1w1b (2.5 kJ/mol), which has a triply hydrogen-bound
structure with water binding loosely to the outside. Agreement
is also comparable with the 1w1c isomer (Supporting
Information), another structure with the triply hydrogen-
bound motif. The 1w1a structure, with a water breaking apart
the 1w0a motif, has too many peaks in the 1100−1500 cm−1

region. Analogously, the m = 1, n = 2 cluster seems to agree
best with the higher-energy isomer 1w2g at 7.4 kJ/mol (MP2:
7.2 kJ/mol), showing the triply hydrogen-bound motif, based
on the two intense, narrow peaks at 1150 and 1350 cm−1. The
lower energy isomers have structures where one or both water
molecules are between the HSO4

− and H2SO4, but these
isomers show two doublets in the SO stretching region. The
high relative energy of the best-fit isomer puts this assignment
in question, and without tagged results for m = 1, n = 2, the true
structure of m = 1, n = 2 remains uncertain.
Both water-solvated clusters for m = 2 are assigned to their

calculated lowest energy isomers. These minimum energy
isomers are structures where water molecules donate or accept
hydrogen bonds from all three core molecules and are well-
incorporated into the cluster. Isomers where the triply
hydrogen-bound motif persists (2w1c and 2w2b, Figure 3
and Supporting Information) have too few peaks in the 1100−
1250 cm−1 region. The addition of a second H2SO4 ligand thus
allows incorporation of water molecules that disrupt the triply
hydrogen-bound HSO4

−(H2SO4) motif. This second H2SO4

Table 1. B3LYP/6-311++G(2df, 2pd) Dissociation Energies

formula
parent
species

loss
fragment

ionic
fragment

dissociation energya +
zpe (kJ/mol)

HSO4
−H2SO4 1w0a H2SO4 HSO4

− 171
HSO4

−H2SO4 1w0b H2SO4 HSO4
− 153

HSO4
−(H2SO4)2 2w0b H2SO4 1w0a 102

HSO4
−(H2SO4)

(H2O)
1w1b H2O 1w0a 28

HSO4
−(H2SO4)

(H2O)2
1w2lb H2O 1w1b 24

HSO4
−(H2SO4)

(H2)
1w0a-
H2

b
H2 1w0a 4c

aDissociation energies are counterpoise corrected. bSee Supporting
Information for structures. cAt this level of calculation (and at the MP2
level), inclusion of zpe results in a negative dissociation energy for the
1w0a-H2 structure, so we show instead the electronic dissociation
energy De = 4 kJ/mol. The experimentally estimated binding of a given
H2 molecule to a negatively charged cluster is around 7 kJ/mol (∼600
cm−1).64
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binds at the bisulfate, drawing away negative charge and
weakening the HSO4

−(H2SO4) H-bonds.
In all of the hydrated clusters, water seems to be acting like a

tag in the sense that the high %RMSH peaks above 1200 cm−1

are observed (e.g., the peaks at ∼1400 cm−1) and their
intensities are qualitatively comparable to the simulated results.
This inference is in agreement with (a) the calculated binding
energy of water to bisulfate, which is less than one-third that of
sulfuric acid to bisulfate (Table 1), and (b) the observed
fragmentation pattern of the larger clusters, in which significant
water loss occurs with only small contributions of the total
fragment ion signal coming from acid loss. The main intensity
discrepancies are for the modes at ∼1150 cm−1. This
discrepancy persists for n = 1 but disappears for the largest
clusters with n = 2. This trend suggests that the more water
molecules that are present, the more effective they are at
recovering the linear IR intensities, even for structures where
they make several hydrogen bonds. The main exception to this
“water as a tag” mechanism is found at the lowest excitation
energies probed, the region from 600 to 800 cm−1, where the
high %RMSH peaks (blue sticks) are absent for
HSO4

−(H2SO4)m(H2O)n, m = 1 or 2, n = 1 or 2.
2. Comparison with Bulk Results. Extensive experimental

work has been done on concentrated sulfuric acid.46,48,49 Figure
5 compares condensed phase IR spectra to those of the tagged

clusters (n = 0). The bulk results include pure H2SO4
amorphous and crystalline thin film spectra measured by
Horn et al.46 and spectra of aqueous HSO4

− containing no
molecular H2SO4 from Querry et al.50 The thin film results
show three clusters of peaks around 900−1150, 1100−1200,
and 1350−1450 cm−1, which sharpen upon cooling to 190 K
(amorphous film → crystalline film). These results are from
films of molecular H2SO4 formed in high-vacuum chambers by
evaporation of trace H2O. Lower resolution IR dilution studies
by Walrafen et al.48 (not shown) show broadened structure in
similar regions and note that the peak around 1370 cm−1 in the
spectrum of 99% composition sulfuric acid solutions disappears
upon dilution to 80% sulfuric acid, where only bisulfate but no

molecular H2SO4 remains. In fact, this diluted spectrum
resembles the pure bisulfate spectrum reported by Querry et
al. shown at the bottom of Figure 5.
These bulk spectra can be examined in light of the assigned

cluster geometries and calculated normal modes of
HSO4

−(H2SO4)m. The m = 1 cluster matches neither individual
spectra for bulk H2SO4 or HSO4

− nor a sum of the two. The
m = 2 and m = 3 cluster results, on the other hand, exhibit
intense peaks around 1200 and 1400 cm−1 with a peak spacing
similar to the amorphous and crystalline thin film H2SO4
results, though slightly blue-shifted. The m = 2 and m = 3
clusters will have H2SO4 geometries that are less perturbed than
that of the smaller m = 1 cluster, and their spectra will therefore
be more similar to those of H2SO4 in thin films. The main
difference is the region around 1300 cm−1, which shows a clear
peak in the cluster results that is missing in the H2SO4
amorphous and crystalline films. In the triply hydrogen-
bound structures 1w0a, 2w0b, and 3w0a, this ∼1300 cm−1

peak corresponds to the combined SOH bend and SO
stretch vibrations of the bisulfate and the sulfuric acid involved
in the triply hydrogen-bound motif. Thus, if this bisulfate mode
is ignored, these small clusters (m = 2 or 3) show spectra
strikingly similar to the bulk results, suggesting that additional
cluster size-dependent changes in sulfuric acid modes will be
small.

3. IRMPD Transparency Mechanism. The results shown
in Figures 2−4 allow us to directly compare the spectra of cold
clusters that dissociate via a single-photon process (tagged
spectra, z ≥ 1) to those of the analogous cluster dissociating via
a multiple-photon process. IRMPD-transparent features are
defined as the peaks that appear solely in the tagged results and
are concentrated mostly in the water libration and SOH
wagging region, as already noted in previous work.25 The
predicted IRMPD-transparent modes correspond to blue-
colored sticks in the linear IR simulations; these vibrations
have a high degree of H atom motion and a %RMSH ≥ 75%. In
the following section, we discuss the mechanisms by which
IRMPD spectra can differ from the messenger-tagged experi-
ments (z ≥ 1) and how well the %RMSH measure succeeds in
identifying those simulated peaks which are most likely to be
IRMPD-transparent.
The IRPMD mechanism that is assumed to be occurring in

our experiments is the incoherent multiple-photon absorption
mechanism described in refs 51 and 52. It involves two key
ingredients: fast energy dissipation in the form of intra-
molecular vibrational relaxation (IVR) and semiresonant
absorption zones. The first photon is resonantly absorbed in
a given mode. Because of anharmonic coupling, this energy is
quickly (with respect to the macropulse length) redistributed
over the bath of vibrational background states, effectively de-
exciting this mode and allowing subsequent photons to be
resonantly absorbed by the same transition. As the internal
energy increases through multiple absorption and IVR cycles,
the density of states reaches a point at which the IVR lifetime
broadening of the zero-order vibrational levels approaches or
even exceeds the average mode spacing, the so-called quasi-
continuum.53,54 In this region, semiresonant absorption occurs
in zones near the original fundamental transition, eventually
leading to dissociation.52 This mechanism has two main
requirements, either of which may disrupt it and result in
differences between the multiple-photon experiment and the
single-photon experiment (or linear IR simulation): (i) IVR
must be efficient for all modes from the start, and (ii) the

Figure 5. Comparison of the IRPD spectra of HSO4
−(H2SO4)m(H2)z

clusters to IR spectra of condensed phase samples from Horn et al.46

showing H2SO4 peaks and Querry et al.50 showing HSO4
− peaks.
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fundamental frequency of the absorber must not change
significantly early in the process, for example, through a
geometry change. Condition (ii) is similar to the requirement
of similar cross sections for each subsequent absorption,55 an
indication that the normal mode, and its dipole moment
change, must be conserved.
A mechanism involving (i) has been explored in the OH

stretch region by Pankewitz et al.32 for the NH4
+(H2O) cation

and used to analyze a slew of previous experimental results on
singly hydrated cationic systems. When the cluster dissociation
energy is high, the IRMPD spectra show unexpectedly low peak
intensities for the antisymmetric water OH stretch compared to
those for the symmetric stretch. This effect is less pronounced
or disappeared entirely upon addition of more water ligands or
tags such as Ar, H2, and N2 and was postulated to originate
from lowered relative coupling of the antisymmetric stretch to a
vibration which weakens the dissociating H-bond. Beck and
Lisy31 also assume uncoupled oscillators to explain the IRMPD
spectra of hydrated alkali metal cations.
A likelier mechanism here involves (ii), whereby certain

resonant frequencies dramatically change during the early
stages of the IRMPD absorption process. This selective IRMPD
transparency has been postulated to originate from the
disruption of the hydrogen-bond network.31,56 For example,
the first photon can excite a vibration, breaking one of the
multiple hydrogen bonds without dissociating the cluster. This
may be enough to change the frequency of the vibration and
put it out-of-resonance with the light, at which point absorption
is quenched and no dissociation occurs. The %RMSH-filtering
method is a fast and simple way, especially for these large
clusters, of identifying those modes which involve the
hydrogen-bond network and are therefore most likely to be
IRMPD-transparent. Low frequency modes are particularly
prone to IRMPD transparency because they typically require
several absorption events before reaching the quasi-resonant
absorption region, whereas higher frequency modes require
fewer or only one. This effect is seen experimentally: the high
%RMSH modes above ∼1200 cm−1 are not IRMPD-trans-
parent, except perhaps in the smaller, more tightly bound bare
(n = 0) clusters with m = 1 or 2 (Figures 2 and 3), where both
the dissociation energy and the transition to the quasi-
continuum are higher. IRMPD transparency can be reduced
by lowering the dissociation limit. Indeed, the tagged
experimental spectra show excellent agreement with all
simulated peaks, both red and blue.
Some vibrations with intermediate %RMSH values present a

challenge for this simple filtering method, such as the seemingly
extra peaks noted earlier in the simulated m = 1, n = 0 spectra
that are absent in the experimental IRMPD spectrum. The
1w0a peak at 1257 cm−1 has a %RMSH = 63%, and the 1w0b
peak at 898 cm−1 has a %RMSH = 56%, putting these modes at
a higher level of H-atom displacement than the majority of
visible modes but also at a lower level than some of the strong
IRMPD-visible features at 1300 cm−1. We postulate that some
aspect of the ability of these normal modes to disrupt the H-
bond network is not fully captured by the %RMSH measure.
For example, the 1257 cm−1 mode contains a large amplitude
SOH bend which breaks one of the three H-bonds, while the
898 cm−1 peak also involves some SOH wagging. Localization
of the normal modes may also be an issue. In m = 3, n = 0,
z = 0, the peaks at ∼1150 cm−1 show up with lower than
expected intensity. These modes are combinations of SOH
bends and SO stretches occurring on multiple moieties with

%RMSH on the order of 20−30%, while the neighboring
transitions are similar, but localized to a single moiety.
Ultimately, dynamical methods57−61 may be useful in teasing

out the remaining details of the IRMPD-transparent modes in
highly hydrogen-bound clusters. Such calculations would be
able to trace the cluster frequencies as a function of
temperature (i.e., as a function of number of photons absorbed)
and would even be able to probe the redistribution of energy to
the molecule when a given bond is excited.62 The frequency
information that is obtained from these calculations bypasses
the normal mode treatment and may be advantageous in cases
of large-amplitude motions, such as for the protons in the 1w0a
structure.16 Finally, the IRMPD transparency model involves
changes to individual frequencies as the H-bond network is
perturbed. The effect of geometry changes on frequencies has
recently been computed by multimode/vibrational configu-
ration interaction for the H5O2

+ dimer, which showed that the
low frequency intermolecular modes are most affected.63 The
H5O2

+ study involved scanning the torsional coordinate, but
such a method could easily be extended to a single H-bond
breaking coordinate (e.g., libration of a single H2O) in our
hydrogen-bound clusters.

V. CONCLUSIONS

From the tagged and untagged spectra of these clusters of
bisulfate, sulfuric acid, and water, we can draw several
conclusions. All pure clusters (i.e., no water) studied here
exhibit a triple hydrogen bond between the bisulfate and one of
the sulfuric acid molecules. Addition of water molecules has
different effects depending on the size of the anion core. For
the smallest cluster studied, HSO4

−(H2SO4), the triply
hydrogen-bound motif appears to be retained upon hydration
up to n = 2, while the larger HSO4

−(H2SO4)2 cluster shows
incorporation of water molecules between the acid moieties and
breaking of the triply hydrogen-bound motif.
Several of the clusters studied here and previously25 show a

large degree of IRMPD transparency associated with normal
modes that are localized on the hydrogen-bonding network.
The calculated %RMSH gives a first-order quantitative measure
of this H-bond flexion. Tagging these clusters with H2

effectively recovers these IRMPD-transparent peaks. The
intensities of all peaks, including those appearing in both
tagged and untagged results, are closer to their calculated linear
values upon tagging. These highly hydrogen-bound clusters
would be ideal candidates for dynamics simulations in order to
explore the frequencies, time scales, and trajectories involved in
multiple-photon-induced dissociation.62

In the hydrated clusters, peaks that are predicted to be
IRMPD-transparent based on the amount of hydrogen atom
motion in the normal mode are observed, and peak intensities
are closer to their simulated values with increasing hydration.
The major exception to this trend is in the water libration
region around 600−800 cm−1 where no peaks are observed in
the IRMPD spectra, exactly as was the case for the previous
HSO4

−(H2O)n and HCO3
−(H2O)n results. This indicates that

the IRMPD experiments on water-solvated clusters are closer to
single-photon results than those on bare structures, but also
that there is no substitute for true tagging experiments with
more weakly bound species in order to recover single-photon
spectra.
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