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Abstract 

The binding of group II metal cations such as Ca2+ and Mg2+ have been largely categorized as 

electrostatic or ionic using carboxylate symmetric and asymmetric stretching frequency 

assignments that have been historically used with little regard for the solvation environment on 

aqueous solutions. However, given the importance of these cations and their binding mechanisms 

related to biological function and in revealing surface enrichment factors for ocean to marine 

aerosol transfer, it is imperative that a deeper understanding be sought to include hydration effects. 

Here, infrared reflection-absorption and Raman spectra for surface and solution phase carboxylate 

binding information, respectively, are compared against bare (unbound) carboxylate and bi-dentate 

Zn2+ : carboxylate spectral signatures. Spectral non-coincidence effect analysis, temperature 

studies, and spectral and potential of mean force calculations result in a concise interpretation of 

binding motifs that include the role of mediating water molecules, that is, contact and solvent-

shared ion pairs. Calcium directly binds to the carboxylate group in contact ion pairs where 
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magnesium rarely does. Moreover, we reveal the dominance of the solvent-shared ion pair of 

magnesium with carboxylate at the air-water interface and in solution.  

Introduction 

Ion-carboxylate coordination geometries/mechanisms in aqueous solutions were first 

methodically determined by comparing aqueous spectral responses to those of inorganic solid-

state crystal structures of various metal carboxylates.1–6 The traditional symmetric and asymmetric 

stretch frequency data markers are still commonly and pervasively being used as the primary 

metric for classifying the ion pairing of aqueous ion-carboxylates as ionic, mono-dentate, bi-

dentate, or bridging with little regard to the vastly different hydration environments of these 

complexes in aqueous solutions compared to the solid state crystals from which the spectral 

markers are based.7–16 Recently, critical analysis of this dated interpretation of spectral responses 

to ion-carboxylate interactions has been made through the use of gas phase cluster studies.17 While 

this prior study gives insight to ion-carboxylate interactions and the spectroscopic intramolecular 

mechanism for the observed infrared frequencies, it has limitations in addressing hydration of the 

ion-carboxylate complex such that the aqueous phase is not fully captured. As infrared and Raman 

spectroscopy are not completely selective for informing or distinguishing between binding 

environments, including that of local hydration, a controversy still exists around the designation 

of the commonly called “ionic interaction” as either contact or solvent-shared ion pairing. 

The binding of divalent cations, Ca2+ and Mg2+, to negatively charged functional groups, 

such as carboxylate, has significant consequences in the structure and function of many systems 

of biological18–24 and atmospheric interest.25–33 In biology, Ca2+ and Mg2+ play important roles in 

ATP synthesis, cell proliferation, and receptor/target information pathways.19,20,34–37 In addition to 
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biological studies, the role of Ca2+ and Mg2+ in atmospheric aerosol chemistry is an important area 

of research. As bubbles burst at the ocean surface, aerosols are released to the atmosphere carrying 

with them enriched concentrations of surface-active organic molecules and inorganic ions. Despite 

its lesser concentration in bulk seawater (10 mM compared to 50 mM),38,39 studies have shown 

that Ca2+ enrichment in sea spray aerosols is much higher than that of Mg2+.28,29 This likely 

indicates a preferential binding of Ca2+ ions to negatively charged surfactant headgroups at the air-

sea interface,40 thus leading to increased transfer of calcium ions to the aerosol phase. The binding 

of Ca2+ and Mg2+ to the carboxylate headgroups of marine prevalent fatty acids such as palmitic 

acid and stearic acid has significant effects on the organization and structure of organic films on 

sea spray aerosols thus impacting the climate properties of these particles.26,28,29,33,41,42 

While this paper does not focus on calculating binding constants, prior solution and 

interfacial studies have been used to determine the binding constants of divalent metal cations to 

carboxylate groups.29,43–49 Previously reported binding constants of Ca2+ and Mg2+ to short chain 

fatty acids in aqueous solutions have been shown to be identical.50 Although, the binding constants 

provide a numerical value of the number of bound species, it does not necessarily equate to the 

number of bound species in a particular binding motif.  To our knowledge, experimental spectra 

of both solution and interfacial regimes coupled with calculations have not been used together to 

elucidate the ion pairing details, including that of local hydration, of divalent metal cations 

interacting with carboxylate groups. In this work, both solution and interfacial spectroscopies are 

used to obtain a detailed molecular picture of the binding coordinations of Ca2+ and Mg2+ to 

carboxylate to inform on contact versus solvent mediated ion pairing. Previous literature has 

shown that Raman studies can provide carboxylate binding information about metal cations of 

different valencies,51,52 although it is difficult to distinguish differences between metal cations of 
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the same group without a priori information. Studies have shown that surface-sensitive techniques 

can extract additionally distinguishable spectral signatures of binding events between same-group 

cations and lipid headgroups. For example, same-group divalent cations have been shown to affect 

the stabilization of lipid monolayers by altering headgroup hydration despite their similar charge 

state and properties.17,32,33,44,47,53–61 As the selection rules of IR and Raman spectroscopy results in 

the ability to observe different stretching vibrational modes (COO- asymmetric in IR and the COO- 

symmetric in Raman), these two techniques used in surface and solution environments, 

respectively, provide a more complete picture of the vibrational landscape of our systems of 

interest.  

Here, we provide structural and energetic insights on the binding motifs of the carboxylate 

group with the biologically and atmospherically relevant group II metal cations, Ca2+ and Mg2+. 

We compare the spectra of these cations with that of bare acetate and that of the strongly bound 

Zn2+ transition metal;13,62 zinc’s covalent binding structure is established. To evaluate solution and 

interfacial effects, we investigate acetate in the aqueous solution phase and long-chain carboxylic 

acid monolayers for interfacial studies. We use polarized Raman spectroscopy, coupled with 

deconvolution methods, to extract the free and ion-perturbed (contact and solvent-shared ion 

paired) carboxylate spectra. Free energy and spectral calculations describe binding motifs and are 

compared against the Raman solution and infrared interfacial experiments. Calculations are also 

used to elucidate the energy barrier for Mg2+ relative to Ca2+ for the number of first shell 

coordinated water molecules. Temperature studies track peak areas and frequencies to provide 

information on the hydration energetics of ion-bound populations. The interfacial infrared aqueous 

surface spectra, Raman solution spectra, and calculations reveal that Ca2+ and Mg2+ disclose 
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unique COO-:M2+ spectral signatures, indicating both contact and solvent-shared binding 

environments for Ca2+, yet, dominantly the solvent-shared binding environment for Mg2+. 

Experimental Methods 

Infrared reflection-absorption spectroscopy measurements 

Deuterated palmitic acid (C15-COOH) (>98%, Cambridge Isotopes Laboratories) was 

dissolved in chloroform (HPLC Grade, Fisher Scientific) at a concentration of approximately 2 

mM and was spread dropwise (Hamilton, 50 µL) to a mean molecular area of 20.5 Å2/molecule 

onto the surface of a petri dish containing 0.3 M solutions of MgCl2⸱6H2O (>99%, ACS Certified, 

Fisher Scientific), CaCl2⸱2H2O (>99%, ACS Certified, Fisher Scientific), or ZnCl2 (>98%, Acros 

Organics) prepared in D2O (99%, Sigma Aldrich). Deuteration of both the lipid chain and the 

subphase was necessary to remove various modes (CH2 scissoring mode at ~1460-1470 cm-1 and 

the positive H2O bending mode at ~1650 cm-1) from the spectral region of interest in the infrared 

reflection-absorption spectroscopy measurements. The use of D2O also leads to an increased 

intensity of the observed bands in the spectra due to changes in subphase optical constants and 

reflectivities (Fig. S1).8 

A custom-built setup consisting of two planar gold mirrors situated in an FTIR 

spectrometer (Spectrum 100, Perkin Elmer) was used to collect IRRAS spectra. The first gold 

mirror directs the incoming unpolarized IR beam to the sample surface at a 45° angle of incidence 

relative to surface normal. The second gold mirror then directs the reflected radiation to a liquid 

nitrogen cooled MCT detector. Adsorption of atmospheric water vapor to the D2O surface can lead 

to HOD interferences in the spectra (Fig. S2). To minimize such interference, the spectrometer 
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chamber was purged with a constant flow of nitrogen and sealed with plastic during the course of 

the measurement. Each spectrum was collected over the range of 4000-450 cm-1, with 1 cm-1 step 

size, and resulted from coaveraging of 300 scans. The spectra presented here are the average of at 

least 3 individual trials which have been baseline corrected by a third-order polynomial prior to 

averaging. An example of a third-order polynomial fit (Fig. S3) used for baseline-subtraction of 

the IRRAS spectra is shown in the Supplemental Information. IRRAS spectra are represented in 

units of reflectance-absorbance (𝑅𝑅𝑅𝑅 = −log (𝑅𝑅/𝑅𝑅0)), where the R is the reflectance of the 

monolayer-covered surface, and the reflectance of the bare surface is R0. 

Raman spectroscopy measurements 

Sodium acetate (NaCH3COO) (Sigma Aldrich ) solution was dissolved in nanopure water 

with a resistivity of 18.2 MΩ۰cm (Milli-Q Advantage A10, EMD Millipore, Billerica, MA, USA) 

at a concentration of 0.5 M. Metal carboxylate solutions were prepared by adding and appropriate 

mass of sodium acetate (Sigma Aldrich), and either magnesium chloride (MgCl2⸱6H2O), calcium 

chloride (CaCl2⸱2H2O), or zinc(II) chloride (ZnCl2) (Sigma Aldrich) to a volumetric flask and 

completed with nanopure water to make a solution of 0.5M NaCH3COO:0.25 M MgCl2, CaCl2, or 

ZnCl2. All solutions were sonicated to for ~5 min to assist dissolution. Both the 0.5 M 

NaCH3COO:0.25 M MgCl2 and 0.5M NaCH3COO:0.25 M ZnCl2 solutions were passed through 

a 0.2 𝜇𝜇m Whatman syringe filter (Sigma Aldrich). The filter was pre-wetted with each particular 

solution to avoid changes in concentration. All salts were used without further purification. The 

solutions were equilibrated to room temperature. 

 The polarized Raman spectra were collected using custom-build polarized Raman 

spectrometer consisting of a 532 nm diode pumped CW laser with a built-in laser line (±0.5) and 
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polarization filters (>100:1 V, Crystalaser). Excitation was directly coupled with a custom-build 

fiber optic polarized Raman probe (InPhotonics) allowing 235 mW power to the sample at a range 

of 90-4200 cm-1. Two outputs of scatter light a parallel polarized (V) and a perpendicular polarized 

(H) were sent to two independent FC fiber-optic end ports. The polarized output ports were fiber 

coupled to a spectrograph with a 600 lines mm-1 grating. The wavelength was calibrated to He:Ne 

emission lines (IsoPlane 320, Princeton Instruments) and detected using a liquid nitrogen cooled 

CCD detector ( Pylon, 1340 x 400 pixel, Princeton Instruments). The coupling of the two 200 𝜇𝜇m 

core fibers directly to the spectrograph allowed simultaneously collection of the perpendicular 

(HV) and parallel (VV) polarized spectra. Experiments were performed at the different 

temperatures, 21, 25, 30, 40, 50, 60, 70, 80 and 85 oC. Spectra were collected by signal averaging 

300 spectra each with a 0.5 s integration time. The Raman spectra presented here are the average 

of at least 3 individual trials which have been baseline corrected by fitting two end points to a line 

prior to averaging. 

Theoretical Calculations 

All Born-Oppenheimer ab initio molecular dynamics simulations were performed within 

the NVT (at 300 K) ensemble using periodic boundary conditions within the CP2K simulation 

suite (http:www.cp2k.org) containing the QuickStep module for the DFT calculations.63 We used 

a double zeta basis set that has been optimized for the condensed phase64 in conjunction with GTH 

pseudopotentials65 with a 400 Ry cut-off for the auxiliary plane wave basis. The temperature was 

controlled with a Nose-Hoover thermostat66 attached to every degree of freedom to ensure 

equilibration. The Becke67 exchange and correlation due to Lee, Yang and Parr (LYP)68 is utilized 

in addition to the dispersion correction (D2) put forth by Grimme69 with a 40 ̊A cut-off. 
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The weighted histogram analysis method (WHAM)70 was employed to extract a free 

energy profile from biased simulations for the coordination number (n) of water molecules around 

Mg2+ and the Mg-acetate binding. 

Mg-coordination: Bulk simulations for the Mg2+ ion performed following similar protocol 

as in Baer et al. 2016.71 The simulation cell consisted of single Mg2+ in 96 water molecules in a 

14.4 Å3box. The coordination number (n) is computed using the same functional form for as in a 

previous study. 

n =  �
1 − (𝑟𝑟𝑖𝑖𝑟𝑟0

)16

(1 − (𝑟𝑟𝑖𝑖𝑟𝑟0
)32

𝑁𝑁

𝑖𝑖

 

where 𝑁𝑁 is the number of all water oxygen atoms, 𝑟𝑟𝑖𝑖 is the distance between a given oxygen atom 

to the Mg2+.The cutoff distance 𝑟𝑟0 is set to 0.24 nm and the free energy is computed using the 

Umbrella sampling technique. Sampling windows for the n ranging from 4.9 to 7.1 were equally 

spaced by 0.1 apart employing harmonic Umbrella potentials of the from 

V (n) = k( 𝑛𝑛0 - n)2 with a force constant k of 956 kcal mol−1. In each Umbrella window a trajectory 

of at least 25 ps was collected after 5 ps of equilibration. 

Mg-acetate binding: The acetate simulation cell consisted of one solute molecule in 95 

water molecules and a single Mg2+ ion in a cubic box with the edge length of 14.40 Å. The free 

energy profiles for the C-cation interaction were obtained by Umbrella sampling. Sampling 

windows for the distance ranging from 2.4 to 5.6 Å were equally spaced by 0.2 Å employing 

harmonic Umbrella potentials of the from V (r) = k( 𝑟𝑟0 - r)2 with a force constant k of 9.56 kcal 

mol−1 Å−2. To ensure sufficient sampling in the barrier region for the Ca2+ and Mg2+ additional 
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windows with stiffer force constants were added ranging from 3.6 to 4.6 Å equally spaced 0.1 Å 

apart with a force constant of 33.46 kcal mol−1 Å−2. In each Umbrella window a trajectory of at 

least 30 ps was collected after 5 ps of equilibration. 

Ensembled averaged spectra for the acetate COO- symmetric and asymmetric stretch were 

obtained following the same approach as for the Ca2+ in Denton et al. 201917 we harvested a series 

of configurations from the minima in the PMF simulations of aqueous acetate (with and without 

the presence of ions). The ensembles of configurations represent i) the isolated acetate anion, and 

ii) the Mg2+ ion in the bi-dentate (B), iii) mono-dentate (M), and iv) solvent-shared (SS) regimes. 

From the ensembles of configurations, the acetate only was optimized in the instantaneous 

environment aqueous environment and local harmonic frequencies computed. 

Results and Discussion 

The air-aqueous interface. At the interface, ion-carboxylate binding events can be studied 

with surface-sensitive spectroscopy techniques. To this end, infrared reflection-absorption 

spectroscopy (IRRAS) was used to investigate the binding of Ca2+ and Mg2+ ions to carboxylic 

acids at the air-aqueous interface. IRRAS spectra were collected of deuterated C16 carboxylic acid 

(C15-COOH) monolayers spread on the surface of metal chloride (CaCl2, MgCl2, ZnCl2) salt 

solutions in D2O. The monolayers were spread to a target mean molecular area (20.5 Å2/molecule) 

to guarantee full monolayer coverage of the aqueous interface. In this method of monolayer 

preparation there are no external perturbations (i.e., continuous compression) acting on the 

surfactant molecules to create an unstable, elevated surface pressure. These systems represent 

relaxed surface environments whose molecular organization can be more appropriately compared 

to their aqueous solution counterparts. 
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As has been reported extensively in the literature,7,11,14,33,40,56,58,72,73 divalent ions induce 

the spontaneous deprotonation of long-chain carboxylic acid monolayers at the air-aqueous 

interface. The COO- stretching region of the IRRAS spectra is shown in Fig. 1, demonstrating the 

ion-induced deprotonation of the C15-COOH monolayers. The predominant feature in these  

 

Figure 1. Infrared reflection spectra of deuterated C15-COOH monolayers (20.5 Å2/molecule) on 0.3 M solutions 
of CaCl2 (red) and MgCl2 (blue) in D2O revealing ion-perturbed spectral responses of the νAS COO- mode. The 
spectrum of the monolayer on a ZnCl2 solution (green, dotted) is also shown for comparison and overlays the 
significant second band within the νAS mode in the CaCl2 spectrum. The spectrum of a C15-COOH monolayer on 
pure water (H2O) is shown for comparison to demonstrate the lack of the COO- mode when the monolayer is 
protonated. Additionally, the C=O stretch of the protonated carboxylic acid monolayer is not present in the ion-
deprotonated spectra. The water bending mode at 1650 cm-1 is eliminated with the use of D2O subphases. 

spectra is the asymmetric stretch (νAS) of the COO- group between 1500 cm-1 and 1625 cm-1.33,74 

The intensity of the COO- symmetric stretch (νS) is weak in infrared measurements, but can be 

seen at ~1425 cm-1. Noise is greater around the νS mode due to its proximity to the region in which 

HOD interference is severe (1500-1200 cm-1).75 

Examination of the carboxylate νAS mode for Ca2+ and Mg2+ solutions in Fig. 1 reveals 

unique ion-perturbed COO-:M2+ spectral signatures. The various degrees of broadening indicate 
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the presence of multiple binding environments between the metal ions and carboxylate groups. 

The νAS mode of the C15-COO-:Mg2+ spectrum is centered at 1557 cm-1 and can be described as 

having asymmetry with greater intensity at higher frequencies. This spectrum is nearly identical 

to that of the bare carboxylate mode of a spread C18 monolayer (C17-COOH, stearic acid) on a 

basic D2O subphase previously reported in the literature,17 thus highly suggestive of a largely 

hydrated, or solvent-mediated, binding environment. 

The spectrum of C15-COO-:Ca2+ exhibits a broad νAS mode centered at 1551 cm-1. This νAS 

mode extends to lower frequencies and exhibits a second band with significant intensity at 

approximately 1526 cm-1 that is not strongly present in the C15-COO-:Mg2+ spectrum. The binding 

of Zn2+ ions to carboxylate groups has been well studied and is characterized as a direct, chelating 

bi-dentate contact ion pair,13,76 as such the spectrum of C15-COO-:Zn2+ is employed as a reference 

for spectral features associated with the more direct contact ion binding motif. Upon comparison 

of the C15-COO-:Ca2+ spectrum to the corresponding spectrum of C15-COO-:Zn2+, it can be seen 

that the lower frequency region of the C15-COO-:Ca2+ complex directly overlays that of the C15-

COO-:Zn2+ complex centered at 1529 cm-1. The broadness of the νAS mode in the C15-COO-:Ca2+ 

spectrum to frequencies representative of the more direct binding motif similar to that of C15-COO-

:Zn2+, provides evidence to the presence of the differences in binding motifs that exist between the 

Ca2+ and Mg2+ ions and carboxylate groups at the air-aqueous interface. Based on the spectral 

responses in these systems, we claim, and later show additional evidence, that some fraction of 

C15-COO-:Ca2+ ion pairs exist as contact ion pairs in mono-dentate and/or bi-dentate geometries 

in addition to those complexed as solvent-shared ion pairs, whereas C15-COO-:Mg2+ ion pairs are 

primarily solvent-shared. To gain further insight to the coordination differences between Ca2+ and 
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Mg2+, we turn to investigate these ion-perturbed carboxylate systems in bulk solution with Raman 

spectroscopy. 

Solution studies of acetate. Polarized Raman spectroscopy was utilized to elucidate the 

binding motifs and local hydration of Ca2+ and Mg2+ to acetate in aqueous solutions of CaCl2 and 

MgCl2, respectively. For an individual aqueous metal acetate solution, the raw measured Raman 

spectrum includes features from both the ion-perturbed and free acetate, as well as the water 

molecules that are influenced by each of these species (Figs. 2a and 2b). In all solutions, the 

intensities of the νS C-C (Fig. 2a) and νS COO- mode (Fig. 2b) exhibit differences from that of 

acetate in pure water. Ben-Amotz and co-authors show that νS C-C and νS COO- bands of sodium 

acetate do not change as a function of concentration and that Na+ has an insignificant inference on 

water structure up to 2 M.50 Thus, sodium acetate was chosen as the bare acetate spectrum due the 

lack of frequency shifts and its solvent-separated complexation of COO-:Na+.77 Such lack of 

frequency shifts does not imply that Na+ cannot bind to carboxylate since it has a binding affinity 

but simply it cannot be spectrally observed. Similarly to the IRRAS data, the corresponding Zn2+ 

spectrum is obtained as a comparison to the studies of Ca2+ and Mg2+. There is no doubt that charge 

transfer occurs with Zn2+ as opposed to Ca2+ and Mg2+. The Zn2+ spectrum shows the largest 

intensity change in both the νS C-C and νS COO- modes implying that the Zn2+ ion interacts more 

strongly with acetate as is expected due to the 4s and 4p orbitals accepting the charge, thus leading 

to contact ion pairing.13,45,46,50,78 The presence of Zn2+ in solution, (Figs. 2a and 2b) clearly causes 

a blue shift in both modes (935.3 to 939.9 cm-1 and 1424.7 to 1427.6 cm-1, respectively) and a 

suppression of the Raman transition moment strength representative of direct-contact ion pairing. 
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Figure 2. Polarized Raman spectra of the (a) νS C-C stretching mode and (b) νS COO- symmetric stretching mode 
of acetate in 0.25 M solutions of MgCl2 (blue), CaCl2 (red), ZnCl2 (green dotted), and water (black, bare acetate) 
at 21oC. Dashed lines are drawn at the frequency of acetate in pure water for both νS C-C and νS COO-. Upon the 
addition of salt, the intensity of these modes decreases in all solutions. The presence of Zn2+ ions in solution causes 
a significant blue shift of the modes, whereas the frequency of the modes is less affected by Ca2+ and Mg2+. The 
deconvoluted polarized Raman spectra (c) and (d) show the ion-perturbed acetate systems associated with Zn2+, 
Ca2+, and Mg2+ in which frequency and intensity differences are more apparent for all ions.  

It is evident that Ca2+ produces a slightly larger intensity change for the νS C-C and νS 

COO- than Mg2+ that can be attributed to the differences in binding environments. However, these 

changes are very small compared to those of Zn2+, thus making ion-pairing assignments a 

challenge without further analysis of the spectra. Through deconvolution methods  we removed 

the spectrum of the bare acetate from the COO-:M2+spectra (process described more thoroughly in 

the Supplemental Information) and extracted only the ion-perturbed carboxylate spectra associated 

with each divalent cation as shown Figs. 2c and 2d. While the acetate:Zn2+ spectrum clearly shows 

the most dramatic change upon deconvolution due to the large fraction of covalently linked contact 

ion pairs in solution, the ion-perturbed carboxylate spectra of Ca2+ and Mg2+ complexes clearly 

show differences from each other, thus demonstrating variation in binding environments between 
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Mg2+ and Ca2+ ions with acetate in solution. We observe that the νS COO- mode associated with 

Ca2+ tracks with the acetate:Zn2+ spectrum yet shifts to higher frequencies and is broader than that 

of acetate:Mg2+, indicative of an additional population of contact ion pairs with Ca2+. While the 

deconvoluted spectra point to differences between Ca2+ and Mg2+,solution Raman spectra alone 

may not necessarily be able to identify different ion pair structures. Multiple states contribute to 

the full spectrum, where some can be subtracted but the remainder constitutes an averaged 

ensemble in which ion pairs are weighed by their free energy. Thus, considering the interfacial 

spectra results as well as computational approaches can aid in identifying most probable ion pair 

structures. 

To further elucidate hydration effects, polarized versus depolarized Raman spectra were 

evaluated in terms of the non-coincidence effect. Non-coincidence refers to the difference in 

frequency between the anisotropic and isotropic parts of the Raman scattering79–83 and can provide 

insight into the binding motifs.  The non-coincidence effect is a result of resonant transfer of 

vibrational excitation energy between the molecules coupled by hydrogen bonds, permanent dipole 

moments or any other interactions.82 Prior studies have shown that hydrogen bond formation 

decreases the non-coincidence effect values where negative values can also be observed.81,82,84 Fig. 

S4 shows the spectra of the convoluted (free + ion-perturbed) and deconvoluted (ion-perturbed) in 

both polarizations. Here IVV (incident light and scatter light are at 90 o , both polarized vertically) 

and IVH (incident light is polarized vertically and scattered light is polarized horizontal) were used 

rather than the Iiso (Iiso = IVV – (4/3)IHV) and Ianiso (Ianiso = (4/3)IHV), which affects the intensity of 

the band and not its spectral position or frequency. Our spectra show a larger frequency shift in 

the IVH than in the IVV polarization that is observed in both the free + ion-perturbed and ion-

perturbed spectra. The frequencies of each cation of the IVV and the IVH are plotted in Fig. 3 
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(spectra shown in Fig. S4; difference in Fig. S5) revealing that Mg2+ is the most resistant to 

changes in frequency, consistent with full hydration. The chemical environment and symmetry of 

the fully hydrated solvent-shared ion pair gives rise to relatively no deviation in frequency between 

the two polarization conditions, consistent with a steadfast hydrogen bonding environment around 

the Mg2+ ions. Zn2+ shows a frequency change because as the carboxylate binds to zinc the water-

hydrogen-bonding network changes. Hydrogen bonding is disrupted as the ion sheds some of the 

solvating water molecules in order to bind with the carboxylate; therefore, an increase in the non-

coincidence value is observed. Lastly, a plausible explanation for Ca2+ frequency differences are 

the largest because Ca2+ is more labile across two regimes: solvent-shared (fully hydrated) and 

contact ion paired. 

 

Figure 3. COO- ion-perturbed frequency of the IVV and IVH  as a function of the cations in their respective VV/HV 
polarization. There is a negligible frequency change of ~1 cm-1 between IVV and IVH for Mg2+,whereas Ca2+ shows 
the largest change in frequency of ~6.5 cm-1. Zn2+  is shown as a comparison as a bidentate motif showing a 
difference of ~ 4.4 cm-1. Hydrogen bonding perturbations are captured in the frequency differences. Disruption of 
the H-bonding network is revealed through non-coincidence of the Raman polarized (VV) versus depolarized (VH) 
frequencies. 

 Taking the deconvoluted Raman spectra, we could not determine the fractions of solvent-

shared, mono-dentate, and bi-dentate configurations; however, we can estimate the percentage of 
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acetate molecules that are perturbed by an ion-carboxylate interaction in solvent-shared and, more 

generally, contact ion configurations . During the deconvolution process, a normalization factor 

representing the percentage of the free acetate in the COO-:M2+ spectra was calculated between the 

bare acetate and the COO-:M2+ spectra at the COO- frequency (see SI for details). The remaining 

percent out of 100% represents the percent of acetate species in an ion-perturbed environment as 

shown in Fig. 4a, 12 % for Mg2+ and 17% for Ca2+, presenting COO-:Zn2+ as a reference for a 

more directly bound system as previously discussed.  

For the surface measurements, as we are investigating an initially protonated long-chain 

carboxylic acid monolayer, the full ion-induced deprotonation observed in Fig. 1 would 

correspond to 100% of carboxylate groups existing in an ion-perturbed environment. As the 

infrared measurements only show ion-induced deprotonation, 100% of the spectral response is 

associated with an ion-perturbed system (solvent-shared and contact ion paired) at the interface. 

We can conduct a similar analysis to the solution phase studies, yet instead specifically determine 

the percent of carboxylate groups in a contact ion paired binding motif. Briefly, the area of the νΑS 

mode between 1500 and 1625 cm-1 in the spectrum of fully deprotonated stearic acid (C17-COOH) 

on a basic D2O subphase (Fig. S6) was used as a reference of the spectral response of a fully 

solvated carboxylate mode. This area was then subtracted from area of the νΑS mode associated 

with the C15-COOH monolayers on Mg2+ and Ca2+ solutions. Any remaining spectral area is 

attributed to a contact ion pair spectral response. This area is then normalized to the total area to 

yield an approximate percent of contact ion paired carboxylate species at the interface. For Mg2+, 

an estimated 100% of ion-deprotonated carboxylate groups at the interface exist in a solvent-shared 

environment, whereas on Ca2+ solutions, approximately 18% of species exist in a contact ion 

pairing geometry (Fig. 4b). For comparison, the result for Zn2+ contact ion pairs is also shown for 
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which a similar analysis was conducted between 1500 and 1580 cm-1. While the Raman and 

IRRAS analysis produce two different insights into ion complexation (ion-perturbed vs. contact 

ion specifically), both the solution and surface measurements are in agreement that carboxylate 

groups are more so mediated by water with Mg2+ compared to Ca2+, thus suggesting a greater 

fraction of species in a solvent-shared binding motif. 

 

Figure 4. Comparison of a) the percentage of carboxylate species that are ion-perturbed either as solvent-shared or 
contact ion paired in solution, b) the percentage of carboxylate groups that are specifically contact ion paired at the 
interface.  

Frequency Calculations. While the previously described Raman and surface IR 

experiments provide experimentally observed changes in the binding of divalent cations to 

carboxylic acids and carboxylate ions, an assignment of the complex structure is difficult. 

Particularly, spectra alone do not provide enough information to distinguish completely between 

the three different types of metal-carboxylate ion pairs: mono-dentate, bi-dentate, or solvent-

shared ion pairs. Mono- and bi-dentate structures are contact ion pairs whereas solvent-shared ion 

pairs possess one water molecule that is coordinated to the cation and also hydrogen bonded to the 

carboxylate. To determine the spectral shift that is induced upon ion binding, ensemble frequencies 

based on quantum density functional theory (DFT) are computed. Here, spectral signatures are 
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calculated for ensembles of structures corresponding to one of the three different ion pairs based 

on molecular dynamics simulations (MD). The simulations length using DFT MD does not allow 

for a sampling of transitions between the three ion pairs and estimate of their relative population. 

The relative population is calculated using Umbrella sampling, see below. 

Frequencies for the acetate in the three binding motifs for Ca2+, Mg2+, Zn2+ are calculated 

for a large number of snapshots extracted from DFT MD (see Methods for details). The influences 

on the C-C stretch and the symmetric COO- stretch as probed by Raman solution spectra have been 

discussed in detail in the literature following a similar approach.50 It can be assumed that the 

observed C-C stretch band deviates from the unperturbed reference (940 cm-1) the closer the cation 

is to the acetate. In line with this we see that the frequencies for the solvent-shared ion pairs (for 

all cations) are not significantly affected, yet are blue shifted for the contact ion pairs. This shift is 

more pronounced for Zn2+ and Mg2+ than Ca2+ and are larger for the bi-dentate than the mono-

dentate ion pairs.  

As discussed above, the surface IR spectra show a more pronounced effect for the 

asymmetric stretch of the deprotonated, ion-complexed carboxylic acid relative to the solution 

spectra. To elucidate the underpinnings of the spectral differences between Ca2+ and Mg2+ binding, 

a comparison of the computed and experimental frequencies is shown in Fig. 5. The observed 

shifts in the asymmetric stretch with Ca2+ have been discussed in detail in Denton at al. 2019.17 

All three binding motifs show distinct spectra, where the solvent-shared pair is blue shifted, the 

mono-dentate is not shifted with respect to the free acetate, and the bi-dentate is red shifted. Based 

on free-energy calculations, we assert that the Ca2+ is directly coordinated in mono- and bi-dentate 

contact ion pairs as well as solvent-shared pairs. This distribution readily fits the experimental 
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spectra as shown in Fig. 5. Interestingly, for Mg2+ a red shift for the solvent-shared ion pair with 

respect to the free acetate and a blue shift for the mono-dentate is observed. Unlike for Ca2+  the 

mono-dentate structure is estimated to be dominant for Mg2+,50 and the bi-dentate is not 

significantly populated for the used DFT functional. The resulting spectra for the bi-dentate is very 

broad spanning the range from 1500 to 1550 cm-1. The calculated frequency of the mono-dentate 

structure matches the position of the experimental maximum for the Mg2+. The Zn2+ bound spectra 

show a consistent red shift for all three moieties, increasing from the solvent-shared ion pair, to 

the mono-dentate and largest for the bi-dentate. Even though the calculated bi-dentate structure is 

very broad, the maximum aligns well with the experimental observed. We note that the intensity 

of ensemble frequencies corresponds to the probability of this frequency to be observed for a given 

structure. For a direct comparison with experimental intensities this frequency distribution needs 

to be weighted by the probability of the structure and the transition dipole moment for IR. 
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Figure 5. Comparison of calculated (a, c) acetate to experimental measured Raman spectra from Figure 2 for the 
symmetric COO- (b) stretch and infrared reflection spectra of deuterated C15-COOH monolayers from Figure 1 for 
the asymmetric stretch (d). Ensemble averaged harmonic frequencies of the three binding motifs: solvent-shared 
ion pair, mono-dentate, bi-dentate and, and without ion bound (black) for three different ions Ca2+ (red), Mg2+ 
(blue), and Zn2+ (green) are shown in both panels compared the experimental spectra from top to bottom. Right 
panel shows the difference in local solvation structure for around Ca2+ (left) and Mg2+ (right) for the three binding 
motifs. 

Free Energy Calculations The probability to find the contact ion pair versus the solvent-

shared pair is calculated through the potential of mean force (PMF) along the distance between the 

metal ion and the acetate.17,50,85 The resulting PMF is shown in Fig. 6 show for both Ca2+ (Fig. 6a) 

and Mg2+ (Fig. 6c), showing for both a free-energetically stabilized bound state compared to the 

solvent-shared binding motif. Unlike the Ca2+, which exhibits both mono- and bi-dentate binding 

motifs, the Mg2+ shows the mono-dentate binding only, in good agreement with earlier studies.50 

The change in solvation structure upon ion pair formation for Ca2+ was shown to be enabled by 

the rather flexible solvent shell around the cation.71 The free energy of changing the number of 

water molecules in the first coordination sphere around the ion, as shown in Fig. 6b, as determined 
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by DFT calculations reproduced EXAFS experimental estimates. Interestingly, the barrier in the 

binding PMF going from solvent-shared to bound state is on the same order as the water exchange 

under bulk solvation going from 7 to 6 water molecules. For Mg2+, on the other hand, the 

predominant state is 6-fold coordinated under bulk solvation and water exchange is associated with 

a barrier of about 6 kcal/mol, almost 3 times higher than for Ca2+ . Similar energetic changes in 

the coordination number have been shown to control the potassium to sodium selectivity in 

potassium channels.86 Closer analysis of the free energy calculation reveals that the transition state 

region around 3.8 nm (Fig. 6c) shows proper overlap in the reaction coordinate but shows a large 

dependence on the number of water molecules in the first shell around the Mg2+. The coordination 

number of water molecules around the cation is an orthogonal variable that needs to be considered 

to fully describe the association process. Assuming a similar behavior as in the Ca2+ case, the 

calculated barrier for water exchange under solution conditions can be used to approximate the 

barrier for the transition from the solvent-shared minimum to the transition state to the ion paired 

motif. This indicates that the barrier for ion pairing in the PMF is underestimated, by up to 4 

kcal/mol. This would change the population for the Mg2+ bound to carboxylate from an 

overestimated 80% in contact ion pairs to a more realistic 6% in closer agreement with our 

experimental findings. 
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Figure 6. Potential of mean force for a) Ca2+ to acetate binding from Ref.,17,85 b) changes in coordination number 
around Ca2+ (red, from Ref.17,85) and Mg2+ (blue) under bulk solvation, and c) Mg2+ to acetate binding. The shaded 
areas in a) and c) highlight distances with characteristic number of water molecules in the first solvation shell of 
the cation. Barriers associated with the transition from the solvent-shared to bound cation-acetate motif are 
highlighted with arrows, as well as corresponding free-energy barriers for associated with in water coordination 
number for the cations. For Mg2+ binding the dashed lines show extrapolated free-energy for fixed coordination 
number, indicating that barrier is underestimated. 

The number of water molecules interacting with ions of size of the solvated complex (ion 

and first shell water molecules) are shown to correlate with the experimentally determined Jones-

Dole B coefficient.87 The B coefficient is interpreted as strength of the ion water interaction. In 

line with the larger barrier calculated for the water exchange for Mg2+ compared to Ca2+, the 

experimental B coefficient for Mg2+ is larger than Ca2+.88 Even though both ions are of similar size 

an interesting temperature dependence is observed. The B coefficient is changing linear with 

increasing temperature for Ca2+, but for Mg2+ a sudden change in slope is observed for 

temperatures over 30oC. This might indicate that the barrier for water exchange is temperature 

dependent. 

Temperature-dependent acetate solution studies. In order to gain more information with 

respect to the energetics of binding motifs among divalent cations to carboxylate, Raman 

temperature-dependent measurements were implemented over a large temperature range (20-85 

oC). The main goal for these temperature studies was to reveal the energy (temperature) needed 
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for Mg2+ to shed one of it hydrating waters and form a direct contact ion pairing with aqueous 

carboxylate. Changes in frequency and peak area of the deconvoluted ion-perturbed carboxylate 

spectra were monitored. Fig. 7 shows the changes in frequency of the ion-perturbed νS COO- mode 

as a function of temperature. We can see that there is a red frequency shift for all solutions as 

temperature is increased, due to either the disorder induced by the increase in temperature and/or 

the weakening of ion-water bonds.89,90 We can also clearly observe a frequency difference of ~14 

cm-1 between bare acetate and ion-perturbed νS COO- mode. The large frequency splitting between 

the ion-perturbed and the bare acetate spectra is due to the impact of bringing an ion close to the 

carboxylate. Desolvation also plays a role. As temperature is increased, the enhanced low 

frequency rattling motion of the ion in and out of proximity to the carboxylate results in a coupling 

and a frequency lowering of the νS COO- mode. With bare acetate as the temperature is increased, 

minimal frequency lowering is observed as the coupling of the carboxylate mode to the water 

rattling motion is far less than that of a doubly charged ion. 
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Figure 7. Raman spectral differences in frequency of the bare acetate COO- symmetric stretching mode (black) 
versus of the ion-perturbed acetate systems of 0.25 M solutions of MgCl2 (blue), CaCl2 (red) as a function of 
temperature. The ion-perturbed systems are referred to the deconvoluted spectra which is the result after subtraction 
of the bare acetate, see Supplemental Information for details on the deconvolution process. There is a large 
difference in frequency between the bare acetate and the ion-perturbed spectra due to the influence of bringing an 
ion close to the carboxylate. 

Changes or differences in peak area of the νS COO- mode can shed light on the strength of 

the binding interactions between the divalent ions and carboxylate.50 Fig. 8 shows the peak area 

of ion-perturbed νS COO- mode of acetate in CaCl2 (red) and MgCl2 (blue) solutions. Our peak 

area analysis reveals that at 21 oC both acetate:Ca2+ and acetate:Mg2+ complexes have the same 

peak area suggesting a similar binding environment. However, as the temperature is increased, we 

see that the peak area of the acetate:Ca2+ complex increases more than that of acetate:Mg2+ 

suggesting possible differences in the amount of carboxylate being perturbed by the metal ion at 

that particular temperature. The increase in peak area of the ion-perturbed spectra with increasing 

temperature, which includes information on the FWHM, is correlated to an increase in the bound 

population. We also observe two slopes for the acetate:Mg2+ spectra. From 10 to 30 oC, no peak 

area increase is noted; however, after 30 oC a positive slope is observed, indicative of an increase 
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in the number of binding events, and correlating with reported changes in the Jones-Dole B 

coefficient as described previously, whereas the acetate:Ca2+ spectra show only one positive slope 

indicating behavior that is not temperature sensitive. For both the Mg2+ and Ca2+ spectra, the slopes 

are similar for temperatures above 30 oC. 

 

Figure 8. Peak area of the metal acetate after deconvolution of the ion-perturbed acetate as a function of 
temperature. This peak area increase of the ion perturbed spectra includes information of the FWHM which can be 
correlated to an increase in the bound population of the metal ion. Peak area data and the magnitude of the 
uncertainty (± 1 σ) are shown in Tables S1 and S2 for Ca2+ and Mg2+ cations.  

 
Conclusions 

Infrared reflection-absorption spectroscopy, polarized Raman, and theoretical calculations were 

used to determine the role of hydration in ion-carboxylate binding in both solution and interfacial 

aqueous environments. Our interfacial studies reveal differentiable spectral responses of the ion-

carboxylate complexation. Two bands appear in the infrared reflection spectra strongly suggesting 

that a significant fraction of C15-COO-:Ca2+ bound complexes exist as contact ion pairs in mono-

dentate and/or bi-dentate geometries in addition to those determined as solvent-shared ion pairs, 

whereas C15-COO-:Mg2+ complexes appear to primarily exist as solvent-shared ion pairs, i.e. C15-
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COO- : H2O : Mg2+. To understand more generally the binding motifs, we further studied the 

simpler acetate solution using Raman spectroscopy. Free and ion-perturbed carboxylate spectra of 

acetate:M2+ solutions were extracted through spectral deconvolution methods. The ion-perturbed 

carboxylate spectra of acetate:Ca2+ and acetate:Mg2+ are significantly different, demonstrating 

variance in binding environment between both ions in acetate aqueous solution, albeit to a lesser 

extent to the trend observed at the interface. Moreover, analysis of the non-coincidence effect from 

polarized (and depolarized) Raman spectra revealed hydration differentiation of Mg versus Ca and 

Zn binding motifs, i.e. solvent-shared versus contact ion pairing, respectively. The invariability of 

the frequency of the magnesium – acetate system indicates a constant hydrogen bonding 

environment consistent with solvent sharing. However, large frequency differences between 

polarization conditions for both calcium and zinc ions demonstrate dehydration, thus indicate 

contact ion pairing. Importantly, we note that the interfacial environment is more efficient at 

binding both magnesium and calcium ions than in the solution phase environment. Calculations 

highlight the differences in the solvation structure of both ions and its effect on the binding of Ca2+ 

and Mg2+ to acetate. The large barrier for water exchange around Mg2+ has a large impact on the 

populations of ion binding motifs. Comparison of calculated spectra for Mg2+ and Ca2+ with both 

solution phase Raman and surface infrared reflection spectra leads to the picture in which Mg2+ is 

dominated by solvent-shared ion pairs.  

Supplementary Materials  

Data used to generate the experimental figures and conclusions in this manuscript are included in 

the Center for Aerosol Impacts on Chemistry of the Environment (CAICE) dataset at the UC San 

Diego Library Digital Collection website: https://doi.org/10.6075/J02807RK. 

https://doi.org/10.6075/J02807RK
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