
UC Santa Cruz
UC Santa Cruz Previously Published Works

Title
Correlating structure and thermodynamics of hydrophobicâ��hydrophilic ion pairs in water

Permalink
https://escholarship.org/uc/item/64m4m7v6

Journal
Chemical Physics Letters, 625

ISSN
00092614

Author
Benjamin, Ilan

Publication Date
2015-04-01

DOI
10.1016/j.cplett.2015.02.046
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/64m4m7v6
https://escholarship.org
http://www.cdlib.org/


 1 

Correlating Structure and Thermodynamics of Hydrophobic-
Hydrophilic Ion Pairs in Water 

 
Ilan Benjamin* 

Department of Chemistry and Biochemistry 
University of California Santa Cruz, CA 95064 

 
Abstract: 

The hydration structure and thermodynamics associated with the ion pairing between a 

halide anion and the tetramethyl ammonium cation in water are investigated by molecular 

dynamics simulations. Correlating the potential of mean force and different energy terms 

with the structure of the ion pair as a function of the interionic distance provides 

molecular level insight into recent experiments that shows increased affinity between a 

larger anion and the hydrophobic cation. 

 

*Email: benjamin@chemistry.ucsc.edu , Telephone: 831-459-3152 

I. INTRODUCTION 

 There is considerable interest in elucidating the structure and energetics involved 

in the interaction between ions and hydrophobic interfaces, such as membrane surfaces, 

large hydrophobic molecules and oil. These interactions underline phenomena such as 

protein folding and stability in salty solutions[1], phase transfer catalysis[2], separation 

phenomena and formulations of pharmaceuticals.[3] The simple picture of ions being 

expelled from a low dielectric medium region has been revised in recent years, as 

experimental and theoretical studies have suggested that large polarizable anions may 

actually be attracted to such interfaces.[4-7] 

A closely related issue, which is the subject of this work, is the ion pairing 
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between hydrophilic and hydrophobic ions in an aqueous solution. This pairing, in 

particular, between nucleophilic anions and tetraalkylammonium cations (TAA), plays an 

important role in the operation of TAAs as phase transfer catalysts. The relative stability 

of the ion pair at the water/oil interface enables the catalyst to transfer the nucleophile to 

the organic phase, where it reacts with a substrate.[8] Salts of TAA have been the focus 

of many experimental and theoretical studies because of issues such as hydration water 

structure and dynamics[9,10] and its relation to the hydrophobic effect[11], protein 

stability and more. For example, Jungwirth and coworkers have used molecular dynamics 

simulations to show that while the affinity of halide anions to NH4
+ decreases with 

increasing ionic size (follows the Hofmeister series), the anionic order is reversed for 

binding to hydrated TAA cations.[12] 

 Recently, Ben-Amotz and coworkers have used Raman spectroscopy to directly 

determine the affinity of F-, Cl- and I- anions to hydrated TMA+ (and other hydrophobic 

cations) through the shift in the CH stretching frequency.[13,14] They concluded, in 

agreement with simulations, that the local anion concentration in the first hydration shell 

of TMA+ increases with increasing anion size, but typically remains lower than that in the 

surrounding solution, with the possible exception of I- (whose local concentration may 

slightly exceed that in the surrounding solution).  

In this letter, our aim is to gain insight into the nature of the reversed binding 

affinity of halide ions to TMA+ by correlating the structure (probed by calculating the 

radial distribution function) with the thermodynamics (potential of mean force and 

binding energy) of the ion pairing.  
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II. SYSTEMS AND METHODS 

The system we study includes a TMA+--X- (X = F, Cl I) ion pair and 960 water 

molecules in a truncated octahedron box whose enclosing cube has an initial size of 

39.11Å. (The volume of the TO box is half the volume of the defining cube). The actual 

size slightly varies with the system and time to maintain a fixed pressure of 1 atm.[15] 

The TMA+ and water models used are fully flexible. The intramolecular potential for 

water is a power series fitted to spectroscopic data.[16] For TMA+, the united atom 

model for the methyl group is used, and the intramolecular potential energy function 

includes harmonic-bond stretching and angle bending. The total intermolecular potential 

energy is a sum of atom-based Lennard-Jones plus Coulomb terms for the TMA+ the 

water and the ions, and all the interactions between them. The Lennard-Jones parameters 

for interactions between unlike atoms are determined from the standard (Lorentz-

Berthelot) mixing rules.[17] The Lennard-Jones parameters, charges and intramolecular 

parameters for all atoms are given elsewhere.[8,18] While other choices of the potential 

energy functions are possible, the potential energy used here gives reasonable agreement 

with the experimental free energy of hydration of  TMA+ [8] and of the halide ions.[18] 

In particular, the intermolecular potential energy functions used here are pair-wise 

additive with the polarizable nature of the solvent and the ions being effectively included 

by the proper adjustment of the Lennard-Jones parameters and the point charges.  Many-

body polarizable effects have been shown to be important for ions at hydrophobic 

interfaces[19-22] and could be important here as well. 
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The ion-pair potentials of mean force W(r) are calculated using umbrella 

sampling[23] along r, and using ten 1Å-wide windows with a 0.5Å overlap between 

adjacent windows and a 2 ns trajectory at each window “i”: 

Wi (r) = −RT lnPi (r)

Pi (r) =
δ (x − r)e−βH dx∫

e−βH dx∫
  ,            (1) 

where R is the gas constant, β = 1/RT, T the temperature and x represents all nuclear 

positions. Note that direct, unconstrained sampling of r, which is the normal procedure 

for calculating the ion-ion pair correlation function g(r) and thus W (r) = −RT lng(r)+C , 

does not give statistically accurate results and requires simulations of concentrated 

solutions. 

 The calculations in the gas phase and at the repulsive side of the PMF utilize non-

Boltzman sampling using the biasing potential Ub(r)= −A/r, which is added to the 

Hamiltonian to obtain a flat distribution in each window by an iterative search of the 

constant A, greatly improving the statistical accuracy.[24] Once the Wbiased (r) is 

determined from the biased distribution, the correct W(r) is determined by subtracting 

Ub(r). Finally, the entropic contribution 2RT ln r is added (accounting for phase space 

volume when the three-dimensional distribution is projected onto one dimension). For a 

description of other methodologies and interpolation procedures for rapid determination 

of PMF, as well as references to many earlier papers on calculations of PMF, the reader 

should consult a recent paper by Dill and coworkers.[25]  
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 The calculations are done (using in-house developed molecular dynamics code) at 

a constant temperature of T = 298K, using a combination of the Andersen stochastic 

method and the Nose-Hoover thermostat[26]. The integration time-step is 0.5 fs for all 

systems, using the velocity version of the Verlet algorithm[24]. System size effects are 

minimized by using a molecule-centered gradual switching of the forces at the maximum 

possible switching distance consistent with the boundary conditions, using a switching 

function with continuous derivatives at the boundaries.  

 

III. RESULTS AND DISCUSSION 

Fig. 1 presents the calculated potential of mean force (PMF) in the gas phase in 

order to provide quantitative information about the distance of optimal approach of the 

ions, taking into account steric/repulsive interactions and ions’ polarizabilities. This 

distance corresponds to the location of the minima in the PMFs, which are at 3.40Å, 

4.10Å and 4.45Å for the ion pair formed between TMA+ and F-, Cl- and  I-, respectively. 

Asymptotic extrapolation of the curves to infinite separation gives for the free energy 

difference between the minima and the fully dissociated ion pairs the values 89.7 

kcal/mol, 77.5 kcal/mol and 72.7 kcal/mol for F-, Cl- and  I-, respectively. 

The PMFs calculated in bulk water (including the entropic correction mentioned 

above) for these three ion pairs are depicted in Fig. 2. W = 0 is taken to be the complete 

dissociative state for each ion pair. Clearly, the significant hydration of the halide ions in 

water completely changes the shape of the free energy profile, making the dissociative 

state more stable and removing the deep minimum observed in Fig. 1. However, while 
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the TMA+--F- PMF in bulk water is purely repulsive, the TMA+--Cl- exhibits a broad 

plateau/inflection point at a distance that is 1-1.5Å outside the location of the PMF 

minimum in a vacuum, and the TMA+--I- PMF exhibits a small barrier at a distance that 

is about 1.3Å outside the location of the PMF minimum in a vacuum. Clearly, this 

suggests some weak affinity between the TMA+ and the larger halide ions, consistent 

with the experimental observations.[13] The observation that the local minimum in W(r) 

is positive suggests that the contact ion pair is less stable than the dissociated ions, so that 

the concentration of the halide ions near the cation is less than in the surrounding 

solution. We note that in a recent detailed study of halide anions pairing with NH4
+ and 

with alkylated ammonium cations in water, Jungwirth and coworkers calculated the 

TMA+-X- (X = F, Cl, Br, I) pair correlations gTMA-X(r) in finite concentration 

solutions[12] and found a significant peak in gTMA-X(r) at around 5Å in the case of X = Cl, 

Br, I. While the PMFs in Fig. 2 also suggest affinity for pairing, it is somewhat weaker. 

In the case of iodine, the free energy difference between the contact ion pair and the 

dissociated state is +1 kcal/mol, while the values inferred from the g(r) given in reference 

[12] is -1 kcal/mol. This could be due to the different potential energy functions used, 

specifically the non-polarizable model of the iodine ion. Similar results were found in an 

earlier study of a finite concentration of tetraalkylammonium Bromide and chloride by 

Slusher and Cummings[27] and more recently by Krienke et al[28] (who have used the 

ion-ion pair correlations to estimate the PMF using an implicit solvent approach). Earlier 

study by Buckner and Jorgensen of the PMF and the hydration of NH4
+Cl-[29] shows a 
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small barrier to dissociation at around 5Å, but also a larger barrier for dissociation of a 

solvent separated ion-pair, which we do not observe. 

The TMA-halide ion pairing has some effect on the hydration of the TMA cation. 

Hydration of TMA+ in pure water (no ion pairing) is characterized by relatively well-

defined shell (as well as some directional preference towards the 4 methyl 

groups[12,27]). The oxygen-nitrogen pair correlation has a well-defined peak value of 

1.75 at rNO = 5Å. Fig. 3 shows how this hydration is affected by the presence of the halide 

ion. As the I- and Cl- approach the TMA+, the peak value of gNO(r) drops, while in the 

case of F- is almost unchanged (even a little increased). Thus, the larger anions are able to 

penetrate the hydration shell and displace some of the water around the cation.  

Can an examination of the different energy terms involved in the interaction of 

the ion pairs help us understand the factors and driving force involved in the TMA-halide 

pairing in aqueous solution?  

The total potential energy of the system of a single TMA+--X- ion pair in water 

includes the following terms: 

UTotal =UW +UTMA−W +UX−W +UTMA +UIP (r)   ,          (2) 

where the terms on the right-hand side from left to right are the total water, water-cation, 

water-anion, TMA intramolecular and ion pair interaction energies. If we fix the ion pair 

TMA-X distance r and compute the ensemble average of all the terms in Eq. 2 then 

repeat for all values of interest of r, we expect that all the terms in Eq. 2 will vary with r. 
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Ignoring for the moment the UW term, Fig. 4 depicts the other four energy terms as a 

function of r.   

In panel A, we show the ion-TMA interaction energy. At short halide-TMA+ 

distances, the energy is dominated by the Lennard-jones dispersion and the different 

anion sizes, as expected. At long distances, the coulomb interactions, which are very 

similar among the different anions, dominate. This plot is very similar to Fig. 1 since the 

gas phase entropic contributions in this system are significantly smaller (and very similar 

for the different anions) than the energy contributions. The energy values corresponding 

to the minima in this plot are within a few percent of the gas phase PMF values given in 

Fig. 1. (We do not expect the exact values, because the location of the minima slightly 

shift in solution relative to that in the gas phase). 

Panel B shows that the main contribution to the system’s energy is due to the 

halide ion-hydration. As the cation is pulled away from the halide ion the later is able to 

establish a more complete first and second hydration shell and thus lower the system’s 

energy. This factor is the main contribution to the shape of the PMF depicted in Fig. 2. 

In contrast, panel C shows that while the TMA+-water interaction energy also gets 

lower as the ion -pairing distance is increased, the identity of the anion makes almost no 

difference. Evidentially, while the larger anions are able to penetrate the hydration shell 

and somewhat displace some of the water around the cation, as has been demonstrated in 

Fig. 2, on the scale of the total hydration energy, this results in only negligible TMA+ 

total hydration energy. 
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Finally, in panel D we show the total TMA intramolecular vibrational energy. As 

the halide ion approaches the TMA+, no substantial change occurs until the location of 

the gas phase minima of the PMF is reached, at which point deformation of the 

tetrahedral ion structure raises the vibrational potential energy. Thus, at distances relevant 

to the ion-pairing, this effect is minimal. 

Thus, the sum of the energy contributions in the four panels of Fig. 4 does not 

give an obvious explanation for the qualitative difference between the three PMFs. In 

part, this is because the sum includes a term that rapidly increases in energy with 

interionic distance (UIP(r)) and a term that rapidly decreases in energy (UX-W).  

 Consider next the water-water interaction energy. This term can be split into the 

interactions among the water molecules in the first hydration shell of the ions 

(US
TMA  and US

X ), the interaction between the first-shell water molecules and all other 

water molecules (USW), and the interaction involving all the water molecules outside the 

ions’ hydration shells. (U’WW). USW and U’WW do not depend on the nature of the anion, 

and they vary only weakly with the interionic distance r. However, the hydrogen-bonding 

among the water molecules forming the TMA+ hydration shell (US
TMA ) does depend on 

the nature of the anion, as demonstrated in Fig. 5. The top panel of this figure shows 

US
TMAdetermined by an ensemble averaging of the water-water interactions at a fixed ion-

pair separation distance r. At each configuration, all the nHyd water molecules within the 

first minimum of gNO are included.  The bottom panel shows the average TMA+ hydration 

number < nHyd > as a function of r for the different halide ions. Fig. 5 demonstrates how 

the approach of the different halide ions results in a reduction in the TMA hydration 
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number and a decrease in the hydration energy. This behavior mirrors the variation in the 

hydration structure already mentioned in Fig. 3. 

 

IV. CONCLUSIONS 

The ability of the iodine ion to penetrate the TMA+ hydration shell has a clear signature 

in the potential of mean force (PMF): a local minimum at a distance where a few water 

molecules are pushed aside. This shows up in a reduction of the TMA hydration number 

and the corresponding decrease in the water hydration shell energy. In contrast, the F--

TMA+ PMF is purely repulsive, correlating with an intact hydration shell of TMA. The 

chloride ion represents an intermediate case. An examination of the different system’s 

energy terms as a function of the halide ion-TMA interionic distance r show that they are 

qualitatively consistent with the above picture. However, the total energy is dominated by 

terms that rapidly increase and rapidly decrease with r, ruling out a quantitative 

explanation of the shape of the PMF in term of these energy terms.  
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Figure captions 

 

Fig. 1. The potential of mean force for the tetramethyl ammonium (TMA) cation –halide 

ion pairs in vacuum at 298K. r is the distance between the halide ion and the nitrogen 

atom of TMA.  

Fig. 2. The potential of mean force for several TMA-halide ion pairs in water at 298K. r 

is the distance between the halide ion and the nitrogen atom of TMA. 

Fig. 3. TMA hydration structure as a function of the TMA-halide ion distance. The insert 

shows the nitrogen(TMA)-oxygen(water) radial distribution function in pure water. The 

main plot shows the peak value (relative to pure water) of this radial distribution when 

the TMA is paired with a halide ion as a function of the ion-N(TMA) distance. Blue, 

green and red lines are for I, Cl and F, respectively. 

Fig. 4. Several energy terms involved in the TMA-halide ion pairing. In all panels, r is 

the N(TMA)-halide ion distance. a) TMA-ion interaction energy; b) ion-water interaction 

energy; c) TMA-water interaction energy;  d) TMA vibrational energy. In each panel, the 

red, green and blue lines are for the F, Cl and I anions, respectively. 

Fig. 5. Top: Total water-water interaction energy between the water molecules forming 

the TMA+ first hydration shell as a function of the distance between the halide anion and 

TMA+. Bottom: The average number of water molecules in the TMA+ first hydration 

shell. In each panel, the red, green and blue lines are for the F, Cl and I anions, 

respectively. 
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Fig. 3 
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Fig. 5 
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