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1. Experimental setup 

Fig. S1 shows the experimental setup1. Methanol solutions of valinomycin and 

potassium chloride were electrosprayed and the generated complex ions were introduced 

into a vacuum via a glass capillary heated to 60°C. The concentration of valinomycin and 

KCl were 10-5 M and 2*10-5 M respectively. The ions were guided to a clustering ion trap 

in which water molecules were introduced by a pulsed valve and micro-hydrate the ions. 

The clustering ion trap was cooled down to 70 K by a closed cycle He refrigerator. 

Hydrated complex ions of interest were mass-selected by a quadrupole mass spectrometer, 

deflected by a quadrupole bender and then guided into a cryogenic quadrupole ion trap 

(QIT.) The QIT was cooled to 4 K by a closed cycle He refrigerator. A 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. 

 

 

Fig. S1 Experimental setup 
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2. Computational details 

Experimental vibrational frequencies tabulated in Tables S1 and S2 are taken directly from the spectra 

reported in Figures 2 and 3. Calculated vibrational frequencies presented in Tables S1 and S2 were 

obtained from DFT calculations using the dispersion-corrected B3LYP-D3BJ functional and the 6-

31G(d,p) basis set2. The DFT calculations were conducted using the Gaussian 16 package. Initial 

structures were prepared based on the geometry data of the crystal structure of K+-valinomycin 

(K+VM)3. A single water molecule was added to the NH, amide CO, and ester CO sites of (K+VM) 

from a number of varying orientations. To explore the potential energy surface and probe 

conformational energy barriers, the positions of the NH and CO groups were adjusted to stress the 

intramolecular NH…OC hydrogen bonds and/or CO…K+ distances. These initial structures of 

(K+VM)(H2O), with the water positioned in locations above K+ on the Lac face, were subsequently 

optimized and the vibrational frequencies calculated. The three lowest energy conformers, designated 

KA, KB and KC, with relative energies of 11.8, 12.0 and 0 kJ/mol respectively, had OH stretching 

frequencies that matched up well with the observed vibrational bands in that spectral region. As can 

been seen from Table S2, the frequency ordering of the three sets of OH stretches is consistent between 

the experimental and theoretical frequencies. In addition, the separations between the stretches (OH1 

and OH2) for all three conformers are also a match (experiment:theory in cm-1), 104:117, KA, 160:163, 

KB, 74:77, KC. The calculated frequencies have been corrected for anharmonicity with a scaling factor 

(0.961), derived by averaging the ratio of calculated frequencies of the symmetric and antisymmetric 

stretches of H2O at current level of calculation to the experimentally observed values4. 

 

Table S1. Vibrational frequencies (cm-1) for K+VM: 
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Table S2. Experimental and calculated vibrational frequencies (cm-1) for assigned (K+VM)(H2O) 

conformers: 

 

 Experiment Theory 

Assigned 

Conformer 

OH1 

Stretch 

OH2 

Stretch 

OH1 

Stretch 

OH2 

Stretch 

KA 3564 

 

3670 

 

3520 3637 

KB 3548 

 

3708 3538 3701 

KC 3591 

 

3665 

 

 

3610 3687 

 

Structural comparison for K+VM and the three (K+VM)(H2O) conformers are compiled in Table S3. 

Distances from the calculations2 were obtained using the Avogadro interface5. The average distance 

between K+ and the three oxygen atoms of the ester carbonyl groups for the Lac and Hyv faces are 

given in the first two columns. The average hydrogen bond distance for the six amide groups and the 

distance between the water oxygen atom and K+ for the three (K+VM)(H2O) conformers are also 

provided. The uncertainties, one standard deviation, are in parentheses.  

 

 

Table S3: Inter- and intra-molecular distances from the theoretical calculations. 

 

Species K+-OC Lac (Å) K+-OC Hyv (Å) NH-OC (Å) K+-OH2 (Å) 

K+VM (C3 – sym) 2.72 2.72 1.87(1) N.A. 

(K+VM)(H2O) KA 3.37(66) 2.61(1) 1.91(3) 2.68 

(K+VM)(H2O) KB 3.54(1.36) 2.65(1) 1.93(4) 2.64 

(K+VM)(H2O) KC 2.75(6) 2.69(2) 1.87(2) 3.85 

 

 



Population estimates for the (K+VM)(H2O) conformers in Table S4 were obtained from the area of the 

OH stretch bands, normalized by the vibrational transition moments from the DFT harmonic 

vibrational transitions6. The average of the OH1 and OH2 bands for each conformer were used to for 

the population estimates. The experimental vibrational frequencies for the specific conformers, the 

population estimates and calculated vibrational transition moments were used for the intensities to 

generated the vibrational spectrum for the individual conformers. The resulting combined fit is 

compared to experiment as shown in Figure S2. 

 

Table S4: Calculated vibrational transition moments (VTM), integrated IR intensities (Int) and relative 

population (Ave Pop) of the (K+VM)(H2O) conformers: 

 

Species OH1 VTM (arb) OH2 VTM (arb) OH1 Int (arb) OH2 Int (arb) Ave Pop (%) 

KA 216 530 0.335 2.34 18.5 

KB 228 291 0.734 2.67 10.9 

KC 68 281 4.73 7.65 70.6 

 

  



Figure S2 

 
 

Figure S2. Calculated vibrational spectra for the individual conformers were obtained by first fitting 

the experimental band centers and peak heights to Lorentzian functions, which were then separated by 

conformer. The individual conformer integrated bands weighted by the calculated transition moments 

were then used to estimate the relative conformer populations. 
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