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The primary gas phase hydration shell of hydroxide
Wenjin Cao1, Hui Wen1,2, Sotiris S. Xantheas3,4*, Xue-Bin Wang1*

The number of water molecules in hydroxide’s primary hydration shell has been long debated to be three from
the interpretation of experimental data and four from theoretical studies. Here, we provide direct evidence for
the presence of a fourth water molecule in hydroxide’s primary hydration shell from a combined study based on
high-resolution cryogenic experimental photoelectron spectroscopy and high-level quantum chemical compu-
tations. Well-defined spectra of OH−(H2O)n clusters (n = 2 to 5) yield accurate electron binding energies, which
are, in turn, used as key signatures of the underlying molecular conformations. Although the smaller OH−(H2O)3
and OH−(H2O)4 clusters adopt close-lying conformations with similar electron binding energies that are hard to
distinguish, the OH−(H2O)5 cluster clearly has a predominant conformation with a four-coordinated hydroxide
binding motif, a finding that unambiguously determines the gas phase coordination number of hydroxide to
be four.
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INTRODUCTION
As one of the fundamental ions in aqueous solutions that governs
acid-base chemistry, the hydroxide ion (OH−) has drawn consider-
able research interest. For instance, extensive efforts have been
reported in past decades to explore its speciation as a function of
pH (1, 2), its solvation dynamics (3–6), and its role in chemical
reactions (7, 8). A crucial key to understanding its unique behavior
in aqueous ionic solutions is the structure of its solvation shell,
which is the number of water molecules in its immediate vicinity
(9), whose fluctuation leads to the proton transfer that relates to
its diffusion. In liquid water, the analysis of neutron diffraction
data has suggested the existence of four water molecules in the im-
mediate vicinity of OH−, with a fifth one weakly bound to its
hydroxyl hydrogen (10); note, however, that this result was obtained
within an empirical potential structure refinement framework.
Molecular dynamics simulations predicted a stable fourfold-
coordinated motif in the bulk environment, while the first solvation
shell H-bond breaking that transforms the four-coordinated
hydroxide to transient three-coordinated motif is believed to be
the key step to initiate hydroxide diffusion (3). To connect
molecular level information to macroscopic behavior, the experi-
mental determination of the number of H2O molecules in hydrox-
ide’s primary solvation shell in the gas phase is desired. This is
achieved by the successful identification of conformations of size-
selected microsolvated OH−(H2O)n clusters.

As an effective tool to address such a challenge, gas phase ion
spectroscopic techniques have been previously used to investigate
such clusters decades ago (11). A breakthrough occurred in 2003,
when Johnson and coworkers (12–14) carried out a series of Ar
or H2-tagged infrared (IR) predissociation studies on hydrated
OH− clusters with up to five H2O molecules attached. These
studies provided experimental evidence for the number of H2O

molecules in the primary solvation shell of OH− by identifying sig-
nature vibrational modes of inter-water hydrogen bonds in the
3-μm IROH region, whose existence indicated that additional water
molecules were attached outside the primary solvation shell instead
of directly to the OH− core (12). During these studies, the number
of water molecules in hydroxide’s primary solvation shell was
determined to be three, since inter-water hydrogen bonds appeared
upon the addition of the fourth water molecule (12). This is in
contrast to the findings of subsequent high-level quantum chemical
calculations, which predicted a four-coordinated OH− (15, 16).
However, because of the close-lying energies of the three- and
four-coordinated complexes for OH−(H2O)4 (15), both types of
isomers were predicted to coexist even under cryogenic conditions.
The measured vibrational spectra confirmed the existence of the
three-coordinated isomer, while the possibility to coexist with the
four-coordinated isomer could not be completely discarded. For
larger clusters, such as OH−(H2O)5, inter-water hydrogen bond
would always be present for either three- or four-coordinated
isomers, making it even more difficult to determine the number
of water molecules in the primary solvation shell in these
complexes. To date, the structures of OH−(H2O)n clusters are far
less understood compared to those of the proton (17–19). Definitive
spectroscopic studies, especially on larger clusters, are still
warranted to resolve this controversy.

Photoelectron spectroscopy is also a powerful tool that can be
used to probe the structural and energetic properties of microsol-
vated clusters (20). Unexpectedly, after almost two decades from
the previous IR study, no photoelectron spectrum has been reported
for OH−(H2O)n clusters, except for the binary OH−(H2O) complex
(21–23). Current advances in cryogenic techniques have resulted in
improved spectral resolution (23), further establishing the impor-
tance of the method as a benchmark for high-level quantum dy-
namics simulations, such as the ones reported for OH−(H2O) (24,
25). Although less sensitive in probing molecular vibrations, photo-
electron spectroscopy is also capable of yielding the electron
binding energies (EBEs). In addition, the possible existence of
inter-water hydrogen bonds in larger OH−(H2O)n clusters has
limited their structural assignment via traditional IR methods,
whereas the variations in binding strengths that determine the
stability of a certain isomer could lead to distinct EBEs. Therefore,
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the structural characterization of cluster isomers from photoelec-
tron spectra could be the key to a better understanding of the
OH−(H2O)n conformers. For larger OH−(H2O)n clusters, the pho-
toelectron spectra have only been theoretically simulated (26, 27),
while the accuracy in these calculations and simulations still
needs to be validated by experimental measurements.

Here, we present a joint study based on cryogenic negative ion
photoelectron spectroscopy (NIPES) (28) and high-level quantum
chemical computations for the microsolvated OH−(H2O)n clusters
(n = 2 to 5) and provide direct evidence for the presence of four
water molecules in hydroxide’s primary solvation shell. In this
work, NIPE spectra of these clusters were obtained, yielding vertical
detachment energies (VDEs) and upper limits of adiabatic detach-
ment energies (ADEs) and their stepwise increments upon sequen-
tial addition of water molecules. The NIPE spectra were assigned to
conformers with the aid of high-level ab initio quantum chemical
calculations at the second-order Møller-Plesset perturbation (MP2)
(29) and the coupled cluster including single, double, and
perturbative triple excitations [CCSD(T)] (30, 31) levels of theory
using Dunning’s augmented correlation-consistent aug-cc-pVnZ
(hereafter denoted as aVnZ, n = D − Q) basis sets (32). The
OH−(H2O)3 and OH−(H2O)4 were found to have multiple
isomers with different structural motifs associated with close-
lying relative energies and VDEs and can therefore coexist. For
OH−(H2O)5, the isomer with hydroxide adopting a fourfold
coordination has been unambiguously assigned, revealing a
number of four water molecules in hydroxide’s primary gas phase
solvation shell.

RESULTS AND DISCUSSION
NIPE spectra of OH−(H2O)n (n = 2 to 6)
Figure 1 shows the T = 20 K NIPE spectra of solvated hydroxide
clusters with up to five water molecules. The spectra of isolated
OH− (33) and the binary OH−(H2O) cluster (23) adopted from pre-
vious studies are also included for comparison. The isolated OH−

has a relatively simple spectrum with a VDE of 1.88 eV (33),
while its ADE is more precisely measured at 1.83 eV (Table 1)
(34–36). With one water molecule attached, the OH−(H2O)
cluster has a spectrum with at least two vibrational progressions
that are assigned to the proton asymmetric stretching mode and
its coupling with the proton bending and the O─O symmetric
stretching modes, respectively, identified by combining the NIPES
measurements with a four-dimensional Franck-Condon simulation
(23). This assignment is further supported by a full-dimensional
quantum chemical study (25).

The OH−(H2O)2 spectrum is slightly more complex, with both
the ADE and VDE further blue-shifted to 3.85 and 4.18 eV, respec-
tively. It is worth noting that the ADEmeasured here corresponds to
the upper limit of the true ADE, since the 0-0 transition from the
anionic to the neutral vibrational ground state that represents the
true ADE may have negligible intensity due to the large anion-to-
neutral geometry change. The spectrum shows a major progression
with the interval of ~0.3 eV (2420 cm−1) and the first band further
splitting into three peaks at 4.07, 4.18, and 4.27 eV, respectively,
while the higher EBE band is barely resolved. The ADEs (upper
limits)/VDEs of the OH−(H2O)3 and OH−(H2O)4 clusters are
measured to be 4.50/4.85 and 4.95/5.36 eV, respectively. Their
NIPE spectra are even more complex, each resolving only two

broad features and some signal near the photodetachment energy
limit. The spectrum of OH−(H2O)3 shows a band centered at 5.32
eV next to the 4.85-eV strongest band, while the one for the
OH−(H2O)4 cluster exhibits an additional band centered around
5.8 eV in addition to the vertical transition at 5.36 eV. The spectrum
of OH−(H2O)5 is largely truncated because of the photodetachment
energy limit and exhibits a VDE of 5.72 eV and an ADE upper limit
of 5.30 eV. For the larger OH−(H2O)n clusters, the EBEs shift to an
even higher energy range lying outside the photodetachment energy
limit, thus preventing the recording of their photoelectron spectro-
scopy spectra to obtain the experimental VDEs. Nevertheless, a
rough spectrum collected for OH−(H2O)6 shows a rising edge at
5.65 eV (see fig. S1).

Upon sequential hydration, the blue shifts in the ADE (upper
limit)/VDE values of OH−(H2O)n clusters are recorded (Table 1).
With one water molecule attached, the Δ(ADE)/Δ(VDE) values
are as large as 1.07/1.65 eV. For n = 2, a sizeable Δ(ADE) of 0.95
eV is recorded, while the Δ(VDE) is relatively smaller (0.65 eV).
For the larger clusters, both the Δ(ADE)s and Δ(VDE)s gradually
decrease and become similar to each other, i.e., 0.65/0.67,
0.45/0.51, and 0.35/0.36 eV for the Δ(ADE)/Δ(VDE) for the n = 3, 4,
and 5 clusters, respectively. For OH−(H2O)6, a Δ(ADE) of 0.35 eV
has been recorded. These stepwise shifts in the EBEs, especially

Fig. 1. NIPE spectra of isolated OH− and OH−(H2O)n clusters (n = 1 to 5). The
spectra of isolated OH− (black trace) and OH−(H2O) (red trace) were adapted from
(33, 23), respectively, while those of OH−(H2O)n (n = 2 to 5) weremeasured at T = 20
K with a 193-nm (6.424 eV) incident photon energy. The dotted lines trace the
trends in the stepwise ADE (brown) and VDE (navy) energy shifts with cluster size.
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ADE, serve as important indicators for the sequential binding
energies of the cluster. The trend in Δ(ADE) reported herein
qualitatively correlates with the sequential binding energies, mea-
sured in a previous kinetics study as 1.15, 0.76, 0.70, 0.52, 0.50,
and 0.49 eV for n = 1 to 6 OH−(H2O)n clusters, respectively (37).

Benchmark calculations
The geometries of the OH−(H2O)n clusters have been previously ex-
tensively studied theoretically using quantum chemical calculations
at various levels of theory (15, 16, 26, 27, 38). As a result of these
studies, a general consensus was reached that for smaller clusters,
because of the negative charge on the hydroxyl oxygen, which
makes it an ideal hydrogen bond acceptor, all water molecules di-
rectly bind to the OH− core until filling up the primary hydration
shell. To predict the number of water molecules in the primary sol-
vation shell, Xantheas and coworkers (15, 38) have reported ab
initio calculations of the OH−(H2O)n clusters (n = 1 to 5) with dif-
ferent hydroxide coordination numbers. The optimized geometries
reported in these studies were selected as initial guess for refinement
in the current study. In OH−(H2O)2, the two water molecules bind
symmetrically to the hydroxide, each of which forming one
O─H···O hydrogen bond between the hydrogen of the water mole-
cule and the oxygen of the hydroxide (Fig. 2). Each of thewater mol-
ecules is strongly bound to OH− as attested by the nearly linear
hydrogen bond (O─H─O angle of 177.2°), which is similar to the
one in the OH−(H2O) cluster. However, the O─H bond in the water
molecule that interacts with OH− is less distorted, and this proton
remains closer to the oxygen atom of water instead of being shared
by the two adjacent O atoms as in the case of OH−(H2O). This is
indicative of a weaker hydrogen bond compared to that in
OH−(H2O). Such a prediction parallels with the smaller Δ(ADE)/
Δ(VDE) of 0.95/0.65 eV for OH−(H2O)2 compared to 1.07/1.65
eV for OH−(H2O). On the other hand, upon the removal of the
excess negative charge on the hydroxyl group, the neutral
OH(H2O)2 complex adopts a ring structure formed by hydroxyl
radical and the two water molecules (fig. S2).

On the basis of our previous investigation of the OH−(H2O)
complex, an effective “convergence” (<0.05 eV) of the VDE/ADE
has been achieved from the CCSD(T)//MP2 calculations with the
aug-cc-pVTZ(aVTZ) basis set. A similar conclusion has been
drawn for the calculated VDE values of OH−(H2O)2, as shown in
Fig. 3. MP2 overestimates the VDE by at least 0.3 eV, whereas a
better agreement with experiment is obtained for the CCSD(T)
and CCSD(T)//MP2 [CCSD(T) energy at the MP2 optimized
geometry] calculations. Notably, the results with the aVTZ and
aug-cc-pVQZ(aVQZ) basis sets are within <0.05 eV of each other,
reinforcing the achievement of effective convergence with the aVTZ
basis set. The computed VDEs of 4.35 and 4.26 eV based on
CCSD(T)//MP2 and CCSD(T) calculations with the aVTZ basis
set are both in reasonable agreement with the experimental value
of 4.18 eV. However, in terms of ADEs, none of the methods
used here provides a good agreement with the experimental value
of 3.85 eV, as both the CCSD(T) and CCSD(T)//MP2 results under-
estimate the ADE by at least 0.5 eV. Since the experimental estimate
only corresponds to the upper limit of the true ADE, it is likely that
the geometry change, shown in fig. S2, is substantial enough to
completely hinder the intensity of the 0-0 transition, thus prevent-
ing the quantitative comparison between the experimental and
computed ADEs. Because of this limitation, only the VDEs are
computed and compared with the experimental values for the
larger OH−(H2O)n clusters. The benchmark study for OH−(H2O)2
reported here, combined with the previous one for OH−(H2O) (23)
and additional benchmarks for CCSD(T) optimized versus
CCSD(T)//MP2 energies for OH−(H2O)3 (see tables S1 and S2),

Fig. 2. Optimized low-lying isomers of the OH−(H2O)n (n = 2 to 5) cluster
anions. Optimized geometries at the MP2/aug-cc-pVTZ level of theory, along
with their CCSD(T)//MP2 VDEs (in eV) and relative energies (kcal/mol) in parenthe-
ses, both labeled in blue. Dotted lines indicate the hydrogen bonds.

Table 1. Experimental (expt.) and calculated (calc.) ADE /VDE values
(in eV) of the OH−(H2O)n (n = 1 to 6) clusters. The calculations were
carried out at the CCSD(T)//MP2 level of theory with the aug-cc-pVTZ basis
set. The values in parentheses correspond to the Δ(ADE)/Δ(VDE) values
obtained from the ADE/VDE differences relative to the OH−(H2O)n-1 cluster.

n
ADE VDE

Expt. Calc. Expt. Calc.

0 1.83* – 1.88† –
1 2.90 ± 0.05‡ (1.07) 2.79 3.53 ± 0.02‡ (1.65) 3.59

2 3.85 ± 0.05 (0.95) 3.26 4.18 ± 0.02 (0.65) 4.35 (0.76)

3 4.50 ± 0.05 (0.65) – 4.85 ± 0.05 (0.67) 4.94 (0.59§)

4 4.95 ± 0.05 (0.45) – 5.36 ± 0.05 (0.51) 5.58 (0.64§)

5 5.30 ± 0.05 (0.35) – 5.72 ± 0.05 (0.36) 5.96 (0.38§)

6 5.65 ± 0.05 (0.35) – – –

*Reference (36). †Reference (33). ‡Reference (23). §The
calculated Δ(VDE) is only reported for the most stable isomer of each
complex; see Figs. 2 and 4 for the VDE/Δ(VDE)s of less stable isomers.
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demonstrates that CCSD(T)//MP2 with the aVTZ basis set repre-
sents an accurate and cost-efficient protocol in evaluating both
relative energies of different isomers (for example, within an accu-
racy of <0.1 kcal/mol for the n = 3 cluster) and VDEs and is there-
fore used for the larger clusters.

Determination of hydroxide primary hydration shell
For the larger OH−(H2O)n clusters, different structural motifs cor-
responding with various conformations exist, such as those with all
water molecules bound directly to hydroxide within the primary
solvation shell or with a certain number of water molecules in the
primary solvation shell and others in the secondary solvation shell.
The former isomers for the OH−(H2O)n (n = 3 to 5) clusters are
highly symmetric (labeled Cn, as they exhibit structures with
highly symmetric point groups). On the other hand, the latter
isomers are labeled as “x + y,” where x and y denote the number
of water molecules within and outside the primary solvation shell,
respectively.

For the OH−(H2O)3 cluster, the most stable isomer is C3, in
which all three water molecules are bound directly to OH−. The
other isomer, 2 + 1, with two of the water molecules directly hydro-
gen bonded to hydroxide and the third one hydrogen bonded to the
O atoms of the other two, is slightly higher in energy by 0.61 kcal/
mol. Moreover, the two different types of isomers have near identi-
cal calculated VDEs of 4.94 eV (C3) and 4.92 eV (2 + 1), both of
which are in good agreement with the measured value of 4.85 eV.
Since it has been demonstrated that less thermodynamically stable
species generated at room temperature could be kinetically isolated
and detected under low temperature in our ion source (39), both
isomers could coexist and can be attributed to the measured spec-
trum. The situation is similar when one additional water molecule is
present: The two low-lying isomers,C4 and 3 + 1, of the OH−(H2O)4
cluster are also nearly isoenergetic based on CCSD(T)//MP2

estimates. The C4 isomer, with all four water molecules directly
hydrogen bonded to the hydroxide, is predicted to be more stable
by 0.22 kcal/mol than the 3 + 1 isomer, which has a three-coordi-
nated hydroxide binding motif and a water molecule in the second
solvation shell. Such a small energy difference supports the
possibility for the coexistence of these two isomers, since they
could both be kinetically trapped and detected during the experi-
ment. The corresponding calculated VDEs of 5.58 eV (C4) and
5.52 eV (3 + 1) are also quite close to each other and are both
within ~0.2 eV from the experimental value of 5.36 eV (Fig. 4).
This suggests that both isomers could be possibly attributed to
the experimental spectrum, as they cannot be distinguished due
to the close-lying relative energies and VDEs. Johnson and cowork-
ers (12) have previously confirmed the presence of the 3 + 1 isomer
from the observation of vibrational signatures that are associated
with inter-water hydrogen bonds. However, the possibility of
coexistence between the C4 and 3 + 1 isomers remains unclear
and unsettled. Moreover, with more water molecules added, it
becomes even more challenging to determine the number of mole-
cules in the first solvation shell based on the vibrational signatures
of inter-water hydrogen bonds, as the water hydrogen bond
network becomes common for larger clusters regardless of the
coordination number of the hydroxide. With more water molecules
added, a clear energy gap between different types of isomers for a
certain complex is expected, when the primary solvation shell is
filled up, a matter that still remains to be explored.

Such an energy gap is seen for OH−(H2O)5. Various isomers
with the hydroxide adopting coordination numbers of 3, 4, and 5,
labeled as 3 + 2, 4 + 1, and C5, respectively, have been found (Fig. 2).
On the basis of the CCSD(T)//MP2 calculations, 4 + 1 is the most
favored isomer with an energy advantage of at least 2.56 kcal/mol

Fig. 3. The benchmark on OH−(H2O)2 VDE and ADE. Calculated ADEs (red) and
VDEs (blue) at the MP2 (open circles), CCSD(T) (filled circles), and CCSD(T)//MP2
(crosses) levels of theory for the OH−(H2O)2 anion with the correlation consistent
basis sets of double through quadruple zeta quality. The experimentally estimated
upper limits of the ADE and measured VDE are denoted with red and blue dashed
lines, respectively.

Fig. 4. VDEs of the various conformations for the OH−(H2O)n (n = 2 to 5) clus-
ters. Comparison between the experimental (blue dashed lines) and calculated
CCSD(T)//MP2 (colored crosses) values of (A) VDE and (B) Δ(VDE) of the OH−(H2-
O)n clusters (n = 3 to 5). The displayed calculatedΔ(VDE) of each isomer is based on
the VDE difference compared to the most stable n-1 isomer.
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compared to either C5 or 3 + 2 isomers, a result that strongly indi-
cates the dominance of the four-coordinated 4 + 1 isomer over the
other two. This is further confirmed by comparing the computed
and measured VDEs. Different from OH−(H2O)3 and OH−(H2O)4,
the three isomers of OH−(H2O)5 have distinct calculated VDE
values, with the C5 isomer having the largest computed VDE of
6.08 eV, followed by 4 + 1 at 5.96 eV and 3 + 2 at 5.68 eV
(Fig. 4A). The C5 isomer could be first excluded due to its higher
energy relative to 4 + 1 and the overestimation of the VDE com-
pared to the experimental value at 5.72 eV. Isomer 3 + 2, which is
also higher in energy relative to 4 + 1, while with a seemingly good
agreement between the theoretical and experimental VDEs, exhibits
substantial discrepancy in the Δ(VDE). Compared to the theoretical
VDEs of OH−(H2O)4, which are 5.58 eV for C4 and 5.52 eV for
3 + 1, the calculated Δ(VDE) of this isomer is in the range of 0.10
to 0.16 eV, far below the measured value of 0.36 eV (Fig. 4B). The
most stable isomer 4 + 1, on the other hand, exhibits good agree-
ment with the experimentally measured values for both calculated
VDE and Δ(VDE) (Fig. 4). Therefore, the experimental spectrum
could be unambiguously assigned to the contribution solely from
4 + 1. The preference of four-coordinated isomer against three-
or five-coordinated ones in the OH−(H2O)5 complex serves as a
direct evidence in the existence of a fourth water molecule in hy-
droxide’s first solvation shell. Notably, both the 3 + 1 and C4
isomers coexist in our experiment, an observation that is consistent
with the previous IR-tagging study (12). However, our CCSD(T)//
MP2 calculations indicate theC4 isomer being slightly more stable, a
conclusion that is further supported by the dominant 4 + 1 structure
in the n = 5 cluster.

To conclude, a joint photoelectron spectroscopy and quantum
chemical study of microsolvated hydroxide ion clusters with up to
five water molecules provides direct evidence for a four-coordinated
gas phase hydroxide primary solvation shell. This was achieved by
the assignment of the NIPE spectral profiles for the OH−(H2O)n
(n = 2 to 5) clusters and the subsequent assignment of structural
motifs based on the comparison between the calculated and the
experimentally measured VDEs and their stepwise increments. In
addition, the upper limit of ADE of each cluster is also estimated.
High-level electronic structure computations of the VDEs/ADEs for
the n = 1 and 2 clusters at the CCSD(T)//MP2 level with the aVTZ
basis set have identified this protocol as an accurate and computa-
tionally efficient approach to reproduce the measured data. This
level of theory was subsequently used to probe isomers with differ-
ent coordination motifs for the larger clusters. The partially vibra-
tionally resolved spectra of OH−(H2O)2 and OH−(H2O)3 provide
crucial spectroscopic signatures to benchmark their complex
multidimensional potential energy surfaces in both the anionic
and neutral states. On the basis of the comparisons between the ex-
perimental spectra and the calculated relative isomer energies and
VDEs, the coexistence of two structural motifs for OH−(H2O)3 and
OH−(H2O)4 is possible. In contrast, for OH−(H2O)5, the isomer
with the hydroxide ion in a fourfold coordination is found to dom-
inate over the three- or five-coordinated ones due to the favorable
thermal energies and the distinct VDEs, thus providing solid
evidence for the presence of four water molecules in hydroxide’s
first solvation shell. This finding is in accordance with the structural
motifs previously suggested from experimental neutron diffraction
data (10) andmolecular simulations of aqueous hydroxide solutions
(3, 9), suggesting a similarity of the water coordination structure

around hydroxide in the cluster and solution phase environments.
This work further establishes the synergism between NIPES and
high-level electronic structure theory as an effective tool toward
providing a better understanding of the microsolvation mechanism
of hydroxide at the molecular level. It also shows that the local hy-
dration motif of hydroxide in an aqueous solution is qualitatively
similar to the one found in a cluster environment, a finding that
further underpins the importance of molecular clusters in providing
molecular level structural motifs found in condensed environments.

MATERIALS AND METHODS
Negative ion photoelectron spectroscopy
NIPE spectra were obtained using a magnetic bottle time-of-flight
(TOF) photoelectron spectrometer combined with an electrospray
ionization (ESI) source and a temperature-controlled cryogenic ion
trap, as described elsewhere (28). The OH−(H2O)n cluster anions
were generated by electrospraying ~0.1 mM acetonitrile/water
(3:1, v/v) NaOH solutions. The resulting anions were transported
by a radio frequency quadrupole ion guide and first detected by a
quadrupole mass spectrometer, during which the ESI conditions
were optimized to ensure stable and intense ion cluster beams. A
90° bender was used to direct the anions into the cryogenic three-
dimensional ion trap where they were accumulated for 20 to 100 ms
and cooled by collisions with a cold buffer gas (20% H2 balanced in
He) to 20 K, before being pulsed-out into the extraction zone of the
TOF mass spectrometer for mass analysis at a repetition rate of 10
Hz. The OH−(H2O)n cluster anions were mass-selected and decel-
erated before being photodetached by a probe laser beam in the in-
teraction zone of themagnetic bottle photoelectron analyzer. A 193-
nm (6.424 eV, Lambda Physics Complex 100 ArF) laser beam, op-
erated at a 20-Hz repetition rate with the anion beam shut off on
alternating laser shots to afford shot-to-shot background subtrac-
tion, was used for photodetachment. The resulting photoelectrons
were collected at nearly 100% efficiency in the magnetic bottle and
analyzed with a 5.2-m-long electron flight tube. Recorded flight
times were converted into calibrated kinetic energies using the
known spectra of I−/OsCl62− (40, 41). EBEs were obtained by sub-
tracting the electron kinetic energies from the detachment photon
energy with an electron energy resolution (∆E/E) of about 2% (i.e.,
~20 meV for 1 eV kinetic energy electrons).

Computational details
For the smallest OH−(H2O)2 anion in this family of clusters, its geo-
metric structures of both anionic and neutral states were optimized
at the MP2 (29) and CCSD(T) (30, 31) levels of theory using the
family of Dunning’s augmented correlation-consistent aVnZ
(n = D and T) basis sets (32). To further refine the computed elec-
tronic energies, single-point energy calculations for both the anion
and the neutral radical were carried out with the aVQZ basis set at
the corresponding aVTZ-optimized geometries. Single-point
CCSD(T) calculations were also performed at the MP2-optimized
geometries [CCSD(T)//MP2] for each basis (except for the aVQZ,
which used MP2/aVTZ-optimized geometries) as a comparison to
assess the accuracy of MP2-optimized structures with respect to
those optimized with CCSD(T). The use of the CCSD(T)//MP2
protocol has been previously shown to be an accurate and efficient
approach for hydrogen-bonded systems (42, 43). Additional
CCSD(T)/aVTZ geometry optimization was performed for
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OH−(H2O)3. Theoretical ADEs or VDEs were obtained at each
theory/basis set level by calculating energy differences between
the neutral and anionic energies at the respective optimized geom-
etries including harmonic zero-point energy (ZPE) corrections or at
the optimized anionic geometries. While for larger OH−(H2O)n
clusters (n = 3 to 5), only anionic geometries were optimized at
the MP2/aVTZ level of theory due to the considerations of
computational costs and the benchmark studies on OH−(H2O)
(23) and OH−(H2O)2 that demonstrated sufficient accuracy in geo-
metric structures. Nevertheless, CCSD(T)/aVTZ single-point
calculations were still carried out for both anionic and neutral com-
plexes at the MP2/aVTZ-optimized anionic geometries to provide
CCSD(T)//MP2 VDEs. Initial guesses for the input geometries were
made on the basis of optimized structures from previous works (15,
38). For each cluster, multiple types of conformations with various
hydroxide coordination numbers were considered. The relative en-
ergies of different isomers were compared on the basis of the
energies obtained from the CCSD(T)//MP2 calculations coupled
with the aVTZ basis set, including the harmonic MP2 ZPE correc-
tions. All calculations were performed using the NWChem software
package (44). The CCSD(T) calculations for the open shell neutral
were performed with the Tensor Contraction Engine module in
NWChem (45–49).

Supplementary Materials
This PDF file includes:
Tables S1 and S2
Figs. S1 and S2
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