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S1. Experimental methods

The experimental setup was reported previously (see Figure S1 and ref.! and its Supporting
Information). Briefly, a 10* M solution of Ca(AcO), - H,O in methanol was electrosprayed to generate
complexes of carboxylate and alkali-earth metal ions. These complex ions were introduced into
vacuum via a glass capillary heated to 60°C. The ions were guided into a clustering linear ion trap in
which water molecules were introduced by a pulsed valve and micro-hydrate the ions. The clustering
trap was cooled down to 180 K by a closed cycle refrigerator. Hydrated complex ions of interest were
mass-selected by a quadrupole mass filter, and then introduced into a cryogenic quadrupole ion trap
(QIT). The QIT was cooled to 4 K by a closed cycle He refrigerator. A 1:4 mixture of hydrogen and helium
buffer gas was introduced to the QIT via a pulsed nozzle and cooled down by collisions with the QIT’s
gold-coated copper electrodes.? The complex ions were trapped and cooled to ~10 K by collisions with
helium gas. Hydrogen molecules were condensed onto the cold ions, forming a variety of weakly-
bound hydrogen cluster ions. The cluster ions were then irradiated with a tunable IR laser. Absorption
of a photon resulted in the dissociation of the clusters, yielding the parent complex ion as a charged
fragment. An IR absorption spectrum of the trapped ions was then generated by monitoring the
fragment yield, recorded by a time-of-flight mass spectrometer as a function of the wavenumber of
the dissociating laser light. IR spectra were obtained from the H,-loss of the following (Ca%,
AcO’)(H,0),(H,)m clusters: (n=0, m=8), (n=1, m=7), (n=2, m=4), and m=1 for 3 < n < 8, m being chosen
for each n in order to get a signal-to-noise ratio compatible with IR spectra recording. (Ba%,
AcO’)(H,0),(H,) clusters for 0 < n £ 5 were investigated similarly.
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Figure S1 Experimental setup



S2. Theoretical methods

H,-tagged (Ca%*, AcO")(H,0),-0.5s and (Ba%*, AcO")(H,0),-0.5 clusters were explored manually, taking into
account that H,-tags are added in the last stage of cluster formation and must be located on the outer
layers. These tags are therefore considered innocuous to the inner cluster structure and are often
omitted in the calculations reported in the literature. However, as they may shift theoretical IR
frequencies? by typically several cm™ and sometimes up to ~15 cm™ for clusters with several tags, they
are included in our calculations, but not shown on figures for clarity purposes.

As experimental spectra are specific to that of bidentate ion pairs,* ®> only this type of structures was
considered. The respective number of computed structures as a function of the cluster size were
respectively 1, 5, 21, 14, 15, 31, 11, 4, 4 for Ca?* and 8, 6, 12, 17, 10, 29 for Ba?*. While these numbers
ensure a rather complete exploration of the clusters up to n=5, the weak number of (Ca%,
AcO’)(H,0),-¢.5 structures cannot guarantee that other structures may also fit the IR spectra as well as
those assigned in this study. Geometry optimization and frequency calculations have been conducted
at the RI-B97-D3/dhf-TZVPP®?8 |evel using the TURBOMOLE package.® A vibrational mode analysis was
further conducted, in particular to assign the v,(CO,) and v,(CO,) modes. Potential energy

n
contributions Vij were calculated according to the following equation:®
nrn
- Ll-LjFij
g~ n
w

where M designates the n'" normal mode, i and J are respectively the it" and jt" internal coordinates,

n n
i and “Jj are respectively the it and jt elements of the nt" normal mode vector expressed in the
internal coordinate basis, Fij are the elements of the force constant matrix expressed in the internal

coordinate basis, and " is the eigenvalue associated to the nt normal mode and depends on the
harmonic frequency and the reduced mass. Coupling between the CO stretches, CO(1) and CO(2) was
estimated by calculating the product of the following normalized coefficients

ZVicél(l) X ZVicg(Z)
i i for each mode ™ in the 1200-1600 cm™ range. CO stretches were considered
coupled if this product was higher than the arbitrary chosen value 0.01. Furthermore, the sign of the
n
off-diagonal contributions Vcoyco@ was used to determine the symmetric or antisymmetric nature

of the coupling. Harmonic frequencies fo were then scaled with a scaling procedure specific to the
mode in order to determine the theoretical frequencies f that can be compared to experiment:
For v,(CO,) : / = 11431 f - 1643 em™!
s :
Forv,(CO,) : f =09272% fo+1379 em~1!
a :
For §(H,0) : / = 081037 X f; +293.3 cm™ 1

- For other modes (6(CHs), v(CO) and their combinations) : f=1018x foem” '

The scaling functions of v(CO,’) and v,(CO,) are available in the literature.* That of 6(H,0) has been
determined by comparing frequencies resulting from dedicated RI-B97-D3/dhf-TZVPP calculations
with experimental transitions of several clusters available in the literature.1%'> Finally, a single scaling
factor has been applied to the 6(CH3) / v(CO) modes, and has been chosen in order to fit the
corresponding experimental transitions of the H,-tagged (Ca?*, AcO’) and (Ba?*, AcO") clusters.

The calculated intensities used to scale the experimental spectra (Fig. 1 and 2) are shown in Fig. S2.



Summed theoretical intensities
in the 1200-1700 cm™' range (km mol™)

1600

-

S

o

o
1

1200 —
1000 —
800 —
600
001

200

—m— (Ca**, AcO’) (H,0),
e (Ba®, AcO) (H,0),

g

n

Figure S2 Summed theoretical intensities in the 1200-1700 cm™ range.

3. Structures
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(Ca?*, AcO’)(H,0)s(H,)
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(Ca?*, AcO)(H,0),(H,)
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(Ba?*, AcO’)(H,0)s(H.)
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