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Abstract 

Natural organic matter (NOM, or humic substance) has a known tendency to form 

colloidal aggregates in aqueous environments, with the composition and concentration of 

cationic species in solution, pH, temperature, and the composition of the NOM itself playing 

important roles. Strong interaction of carboxylic groups of NOM with dissolved metal cations is 

thought to be the leading chemical interaction in NOM supramolecular aggregation. 

Computational molecular dynamics (MD) study of the interactions of Na+, Mg2+, and Ca2+ with 

the carboxylic groups of a model NOM fragment and acetate anions in aqueous solutions 

provides new quantitative insight into the structure, energetics, and dynamics of the interactions 

of carboxylic groups with metal cations, their association and the effects of cations on the 

colloidal aggregation of NOM molecules. Potentials of mean force and the equilibrium constants 

describing overall ion association and the distribution of metal cations between contact ion pairs 

and solvent separated ions pairs were computed from free MD simulations and restrained 

umbrella sampling calculations. The results provide insight into the local structural environments 

of metal-carboxylate association and the dynamics of exchange among these sites. All three 

cations prefer contact ion pair to solvent separated ion pair coordination, and Na+ and Ca2+ show 

a strong preference for bidentate contact ion pair formation. The average residence time of a Ca2+ 

ion in a contact ion pair with the carboxylic groups is of the order of 0.5 ns, whereas the 

corresponding residence time of a Na+ ion is only between 0.02 and 0.05 ns. The average 

residence times of a Ca2+ ion in a bidentate coordinated contact ion pair vs. a monodentate 

coordinated contact ion pair are about 0.5 ns and about 0.08 ns, respectively. On the 10-ns time 

scale of our simulations, aggregation of the NOM molecules occurs in the presence of Ca2+ but 

not Na+ or Mg2+. These results agree with previous experimental observations and are explained 
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by both Ca2+ ion-bridging between NOM molecules and decreased repulsion between the NOM 

molecules due to the reduced net charge of the NOM-metal complexes. Simulations on a larger 

scale are needed to further explore the relative importance of the different aggregation 

mechanisms and the stability of NOM aggregates. 
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I.   INTRODUCTION 

Natural organic matter (NOM) is an important and chemically active “soft matter” 

component of soils, groundwater, and sediments that forms principally by weathering and decay 

of plant material.1-3 It interacts with and changes the solubility and toxicity of trace elements in 

natural aqueous environments.4,5 NOM can also easily adsorb onto mineral surfaces, forming an 

organic coating which significantly alters the electrostatic properties of the surface and strongly 

affects the transport and availability of toxic species.6-11  The formation of NOM coatings is also 

a significant factor controlling the stability of viruses in aquatic systems12 and the performance 

characteristics of inorganic and polymeric nanofiltration membranes.13,14  Common cations such 

as Na+, Mg2+, and Ca2+ are thought to play an important role in the supramolecular aggregation 

of NOM molecules into colloidal particles,2,3,15-20 the formation of NOM surface coatings,10-13 

and the aggregation of mineral particles.21,22 These background cations also successfully compete 

for binding sites with toxic metals, thus effecting their mobility in the environment.23,24 

Knowledge of the molecular mechanisms of the selective interaction of metal ions with 

chemically active groups on NOM molecules is important for understanding a wide variety of 

industrial, environmental, and geochemical processes.  

Despite the ubiquitous nature and importance of NOM, its complex chemical structure 

and composition are difficult to characterize and are poorly known at the fundamental molecular 

level. Whether NOM is chemically a true macromolecular entity or a supramolecular assemblage 

of smaller molecular fragments held together by relatively weak non-covalent interactions 

(primarily electrostatic and hydrogen-bonding) is still under discussion.2,3,25-28 Recent 

experimental results strongly support the supramolecular view .29-31   

Modeling approaches relying only on an averaged structural and compositional 
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representation of NOM are currently successful in accurately predicting the ion binding and 

aggregation capabilities of NOM, as well as its other functional characteristics.5,32-36 However, 

important questions about the specific molecular mechanisms responsible for the physical-

chemical properties and behavior of NOM can only be addressed adequately by molecular scale 

approaches. Computational molecular modeling is a powerful tool for studying molecular-scale 

phenomena in the chemical, biological, and materials sciences.37 Despite the well recognized 

uncertainties of the NOM composition and structure, such methods have been successfully used 

over the last decade to investigate NOM in molecular-scale detail.38-47 

The TNB (Temple-Northeastern-Birmingham) model of an NOM molecular fragment38-40 

used in our work provides a good structural and compositional analog of the Suwannee River 

NOM commonly used in experimental studies.43-45  Carboxylic groups are the most important 

interaction sites for metal binding to these molecules, as they are for many other organic and bio-

organic molecules. Experimental and theoretical studies of the hydration of metal ions48-53 and 

carboxylic functional groups54-57 show that carboxylic groups are sites of strong association of 

divalent ions with NOM24,58-60 and that increasing the cation charge density increases the 

tendency to form a contact ion pair.44,47 

Here we present a computational molecular dynamics (MD) study of the interaction of 

Na+, Ca2+, and Mg2+ with the carboxylic groups of a TNB NOM fragment and with acetate anion 

that provides an improved quantitative understanding of the structure and energetics of these 

interactions.  This work is an extension of our previous research on metal-NOM interaction.43-45 

A combined experimental 133Cs NMR and computational MD study of the Cs+ complexation 

with Suwannee River NOM provided a detailed molecular-scale picture of these interactions and 

showed that Cs+ associates only weakly with NOM via outer sphere complexation and that the 
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frequency of exchange between the NOM and the bulk solution is greater than 102 Hz.43  A later 

study44 extended this molecular modeling approach to Na+, Mg2+, and Ca2+, and showed that 

Ca2+ forms the strongest inner-sphere complexes with NOM, Na+ forms weak outer-sphere 

complexes, and that Mg2+ does not interact with NOM due to much stronger interaction with 

H2O molecules in their first hydration shell. A combined experimental and molecular modeling 

study of fouling of polyethersulfone water filtration membranes caused by NOM45 confirmed 

earlier observations13 that Mg2+ and Na+ should cause much less membrane fouling than Ca2+. 

Those results suggested that divalent ions may cause fouling primarily by promoting the 

aggregation of NOM molecules in solution rather than by forming “ionic bridges“ between 

negatively charged sulfonate functional groups of the membranes and the carboxylic groups of 

NOM. The work presented here further quantifies these observations by determining the 

potentials of mean force for the interactions of the metal ions and carboxylic groups, by relating 

the molecular-scale energetics and dynamics to the local structure, and by quantitatively 

investigating aggregation of the fragments. The results for acetate anion provide an important 

comparison, especially since small carboxylate species are often considered as simplified proxies 

of the larger NOM molecules in theoretical studies.61,62  

The model systems presented here are almost an order of magnitude larger than in the 

previous studies, allowing us to approach the issues of supramolecular complexation 

quantitatively. The choice of cations explores the effects of the interplay of ion charge and size: 

Na+ and Mg2+ are of approximately the same size, whereas Mg2+ and Ca2+ have the same charge.  

In addition to computing the radial distribution functions and potentials of mean force, we 

calculate the cation residence times in contact ion pair (CIP) and solvent separated ion pair 

(SSIP) configurations with the carboxylic groups of the simulated anions and estimate the ion 
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association and equilibrium constants for each ion pair. 

 

II.   COMPUTATIONAL METHODS AND DETAILS 

NOM is a complex material with a wide range of structures and compositions.2,3,26-28  The 

TNB model fragment used in our simulations contains three carboxylic groups, three carbonyl 

groups, two phenolic groups, two amine groups, and four other R-OH alcohol groups and has a 

total molecular weight of 753 Da.38-40  The size, composition, molecular weight, degree of 

aromaticity, and total charge density of this model are in good agreement with available 

experimental characterization of NOM26,27,29, the results of computer assisted 3-D structure 

elucidation,42 and stochastic biogeochemical modeling.33  The composition of the TNB model is 

also quite close to the composition of Suwannee River NOM, which is often used 

experimentally.43-45  To model near-neutral pH conditions in our simulations, we consider the 

three carboxylic groups of the NOM fragment as completely deprotonated and the hydroxyl and 

amine groups as always protonated. Following our earlier work on the molecular modeling of 

metal-NOM interactions,43-45 we focus on the quantitative characterization of site-specific 

interactions between metal cations and each of the three structurally distinct carboxylic groups of 

the TNB fragment (Figure 1). For comparison, similar aqueous solutions containing acetate 

anions instead of NOM were also simulated. 

We used the TIP3P water model,63 and all other interatomic interactions were modeled 

using the AMBER FF03 force field, which for the atom types considered here is identical to 

FF99.64, 65 The partial charges carried by each atom of the NOM model molecule were derived 

with a utility in AMBER Tools66 based on the AM1-BCC charge generation method.67,68  Thus, 

the partial charges (in electron charge units, e) on each carboxylate carbon in NOM or acetate 
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were +0.3, and the charge on each of the carboxylate oxygens was –0.6. The two oxygen atoms 

of each –COO– group are arbitrarily labeled O1 and O2 (Figure 1). For comparison, the charges 

from the R.E.D. database69 are +0.8 for carboxylate carbon and –0.6 and –0.7 for the two 

carboxylate oxygens. Since the the carboxylic groups in our simulations are considered always 

deprotonated, and the two oxygen atoms are statistically equivalent in aqueous solution, we 

opted for equal charges of –0.6 on the two oxygen atoms of the carboxylic groups. Placing 

different charges on the two oxygen atoms would create an artificial bias on the interaction of the 

metal cation with the carboxylic group which does not contribute to any deeper physical insight 

on the metal ion – NOM interaction of interest.  

The model systems were prepared by combining eight anions (TNB or acetate) with the 

appropriate number of Na+, Ca2+, or Mg2+ cations to provide charge neutrality (Table 1). The 

neutral metal-NOM systems were solvated with 4215 water molecules and the metal-acetate 

systems with 2200 water molecules. Classical MD simulations were run using the AMBER 9.0 

software package66 in cubic simulation boxes (box size: approximately 41 Å for the smaller 

acetate systems and approximately 51 Å for NOM systems) under periodic boundary conditions 

using Ewald summation to account for the long-range electrostatic interactions.  

All simulations were performed at ambient temperature (T = 300 K). The equilibration of 

the simulated systems consisted of three steps: a 100-ps MD run at constant temperature and a 

constant, relatively low density, followed by compression of the system in a 100-ps simulation 

run at a constant pressure of 100 MPa to achieve liquid water density, and an additional 100-ps 

run at a pressure of 0.1 MPa to ensure good structural relaxation of the system under ambient 

conditions. All the equilibrium MD runs were then performed at constant volume and 

temperature. Each production MD run lasted for a total simulation time of 10 ns. The Newtonian 
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equations of atomic motion were integrated with a time step of 1 fs. For all systems, the models 

were first built with randomized initial positions of the metal ions. For the systems with Mg2+, 

we also performed a second set of 10-ns production runs with a different starting configuration in 

which all Mg2+ ions were initially placed at least 5 Å away from any of the carboxylic groups. 

The equilibrium MD trajectories resulting from all production runs were processed to extract the 

radial distribution functions (RDFs), potentials of mean force (PMFs), and other structural, 

dynamical and energetic properties of the simulated solutions. 

One important goal of this study was to quantify the metal-carboxylate interactions by 

deriving the potentials of mean force. The PMF characterizes the change in the free energy of the 

system due to the changes in its configuration.37,70,71, The free energy of a system in 

thermodynamic equilibrium in an NVT statistical ensemble, constant number of particles (N), 

temperature (T), and volume (V) is defined as:37 

 

F = – kBT ln Z ,      (1) 

 

where Z is the canonical partition function and kB is the Boltzmann constant. For two interacting 

species in solution, the PMF, W(r), is a function of the reaction coordinate or the separation 

distance r, and can be obtained by integrating the mean force between these two species along 

the reaction coordinate.37,71,72 Thus, the PMF represents the free energy profile of the system as a 

function of the separation distance between the two species. It can be shown71,72 that: 

 

    W(r) = – kBT ln g(r),       (2) 

 



where g(r) is the corresponding RDF for this pair of species with the standard normalization for 

large separation, g(r) → 1 as r → ∞. Thus, W(r) asymptotically approaches zero for large 

separation distances. We will refer to the PMF calculated from eq. (2) as one derived from free 

(unrestrained) MD simulations.  

However, this straightforward method does not perform well for systems with high 

potential barriers in their energy landscapes. A high potential barrier in the free energy profile 

corresponds to a low probability region in the phase space of the system. The free MD 

trajectories of the system will, naturally, avoid those regions leading to poor sampling. The 

sampling statistics can be improved by introducing specific restraints into the MD simulations 

using the so-called umbrella sampling algorithm.72,73  After the simulations, the effect of the 

restraints on the final results can be removed with a variety of methods.73,74 Trzesniak et al.72 

provides a recent, comparative review of the methods to compute PMFs. 

In our umbrella sampling simulations, the distance r between the metal ion and the 

carbon atom of a carboxylic group was chosen as the reaction coordinate and was restrained by 

means of a harmonic potential: 

2
harm )(

2

1
crrkV  ,     (3) 

where k is the harmonic force constant and rc is the center of the restraining potential. A series of 

restrained MD runs (umbrella windows) were performed with restraining potentials centered at 

different interatomic distances from 2 Å to 10 Å, using small steps of 0.25 Å or 0.1 Å, depending 

on the strength of the restraining force constant, as described in the next paragraph. In order to 

extract the PMF from the biased simulations, the umbrella integration (UI) method75,76 was 

applied.  

 10
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In setting up the umbrella sampling simulations, one has control over two parameters: the 

strength of the restraining harmonic potential and the spacing of the umbrella windows. The 

harmonic constant k should be large enough to allow for adequate sampling of the potential 

energy barrier region. Following the recommendations of Kästner and Thiel,76 we set the 

restraining constants at 50 kcal/(mol·Å2) for Ca2+ – acetate and Mg2+ – acetate and at 

100 kcal/(mol·Å2) for Ca2+ – TNB and Mg2+ – TNB umbrella sampling simulations. The spacing 

of the umbrella windows is to be determined according to the strength of the harmonic constant 

to ensure the adequate sampling of all distances. For k = 50 kcal/(mol·Å2), we spaced the 

umbrella windows every 0.25 Å and for k = 100 kcal/(mol·Å2) at 0.1 Å. The restrained umbrella 

sampling simulations were run for 550 ps for each umbrella window. A snapshot of the 

simulated system was output every 0.05 ps (every 50 simulation steps). The sizes of the 

simulated systems are shown in Table 1. The statistics of the umbrella sampling simulations 

were monitored by checking different segments of the MD trajectories for equilibration as well 

as by making sure that the frequency of the output was adequate. Consequently, the first 150 ps 

of each umbrella sampling simulation was discarded, and the umbrella integration results were 

calculated for a total of 400 ps. Umbrella sampling was not used for the systems with Na+, 

because its lower charge allowed it to be mobile enough to efficiently probe the phase space of 

the system in the free MD runs. The Jacobian correction77 was added to all PMFs derived from 

umbrella sampling simulations. 

The computed radial distribution functions and potentials of mean force were then used 

to calculate bulk ion-pair association constants and the equilibrium constants describing the 

partitioning of metal ions between contact ion pair (CIP) and solvent-separated ion pair (SSIP) 

configurations. CIPs have direct contact between the metal ion and one or both oxygens  of a 



carboxylic group, whereas SSIPs have a single layer of water molecules separating the cation 

and the oxygens of the carboxylic group. CIPs correspond to the first peak in the radial 

distribution function, and SSIPs to the second. The position of the first minimum in the radial 

distribution function, RL, is the threshold distance separating CIPs and SSIPs. For simplicity, we 

assume that the ions are fully dissociated at distances larger than the second minimum of the 

RDF, RU. The equilibrium constant, Keq, describing the distribution of the carboxyl-associated 

metal ions between the SSIPs and the CIPs can be calculated as the ratio of their densities:78,79 
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where, as described above, RL and RU are the lower and the upper distance bounds, respectively, 

for the solvent separated ion pair. Similarly, the ion-pair association constant, Ka, describing the 

distribution of metals between the bulk solution and all ion pairs is calculated as  

 


U

0

2
BAa  ] / )(exp[-4

R

drrTkrWNK       (5) 

 

where NA is Avogadro’s number and RU is the upper bound distance for SSIPs. 
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To quantify aggregation of NOM molecules during the simulations, we calculated the 

radius of gyration80 of pairs NOM molecules as implemented in AMBER Tools.64 In this 

definition, for a system of N particles the radius of gyration is given by:  



 20

1  
i

igyr Rr
N

R


,     (6) 

where the position of each particle is described by a vector ir


, and 
i

irN
R

 1
0 . 

 

III.   RESULTS AND DISCUSSION 

Metal cations can associate with carboxylic groups via different coordination 

geometries.46,81-84 Figure 1 schematically illustrates the most common configurations that were 

observed in our simulations. In bidentate coordination, the metal cation M is coordinated 

simultaneously with the two oxygen atoms of the deprotonated carboxylic group (C29 in 

Figure 1). In this relatively stable inner sphere CIP coordination, the ion stays, on average, 

equidistant from the two oxygen atoms on the bisector plane orthogonal to the plane of the 

carboxylic group. In a monodentate CIP coordination, the metal ion is coordinated with only one 

of the oxygen atoms (oxygen O1 of C23 in Figure 1). A recent survey of the known metal ion – 

carboxylic group coordinations combined with quantum chemical calculations using density 

functional theory82,83 showed that preference for monodentate or bidentate coordination depends 

on the ion charge and the local ligand environment. 

 

1.   Metal – carboxylate structure and dynamics from free MD simulations  

The radial distribution functions of all systems modeled by free MD simulations show a 

complex local ion association structure involving contact and solvent separated ion pairs 

(Figure 2; Table 2). In all cases, the contact ion pair region contains two distinct maxima 

corresponding to bidentate and monodentate coordinations, CIP(b) and CIP(m). To clarify this 
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structure, we analyzed the angular distributions of the metal cations around the carboxylic group 

of the anion at selected interatomic distances. The angular coordinates are defined as follows 

(Figure 3): the origin of the coordinate system is at the position of the carbon atom, C, of the 

carboxylic group (see also Figure 1), R


 is the vector connecting C with the metal ion, M, and 

angle  is measured in the plane defined by the three atoms of the carboxylic group. The angle  

is defined as the angle that the projection of R


 onto the plane of the carboxylic group makes 

with one of the bonds, arbitrarily labeled C–O1. Thus, the second oxygen atom, O2, is at 

  120° and the bisector of the (O1-C-O2) angle is at   60o. The azimuthal angle,   is 

measured from the plane of the carboxylic group and takes values between -90° and +90°, with 

θ = 0 when the ion is located in the plane of the carboxylic group.  

Figures 4(a-c) show the angular distributions of the orientation of the Ca2+–C vector in 

the Ca2+–TNB NOM system. The data in each plot are accumulated from all three carboxylic 

groups of the NOM molecule at three ranges of distances. At Ca2+–C distances between 3.0 and 

.5 Å, corresponding to the first maximum in the RDF, only θ  0  30° and   60° are 

observed, demonstrating that only bidentate coordination is stable at this distance (Figure 4a). 

The results also clearly show greater metal mobility perpendicular to the plane of the carboxylic 

group than in the plane. At larger Ca2+–C separations between 3.5 and 4.0 Å, only monodentate 

coordination is observed with the angular distribution centered at θ  0 and   0 or   120° 

(Figure 4b). The metal mobility in the plane of the carboxylic group is greater in monodentate 

coordination than in bidentate coordination. Finally, at even larger Ca2+–C distances of 4.0 to 

.5 Å, corresponding to solvent separated ion pairs, there is much greater metal mobility than for 

the contact ion pairs and the orientation of the Ca2+–C vector covers wide ranges of angular 
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space characteristic of both monodentate and bidentate coordination (Figure 4c). Thus, the global 

maxima of the radial distribution functions for the systems containing Na+ and Ca2+ (Figure 2) 

correspond to CIP(b) coordination, and the secondary maxima correspond to CIP(m) 

coordination. For the systems containing Mg2+ ions, within the accuracy of our calculations, both 

bidentate and monodentate coordinations appear to be approximately equally probable with a 

slight preference for the monodentate coordination. These two maxima in the RDFs correspond 

to the global and secondary minima, respectively, of the potentials of mean force, as we discuss 

in more detail below.  

All characteristic distances for each cation – carboxylic group pair in our simulations 

depend only on the nature of the cation and for a given cation are virtually the same for TNB and 

acetate. Therefore, we list only one value for each cation in Table 2. These values are in 

generally good agreement with similar structural parameters for metal cation binding to the 

carboxylic groups of other organic molecules.81-86  For comparison, in Table 2 we show 

characteristic distances between the metal ion and the C atom of the carboxylic groups of 2-keto-

3-deoxyoctanoate, galacturonate, and carbonate obtained from the recent quantum chemical 

(DFT level) calculations of Selvarengan et al.46 Note, however, that our simulations reflect 

thermodynamic averages at a finite temperature of 300 K over many equilibrium structures 

obtained by classical force field-based MD simulations for bulk aqueous solutions. In contrast, 

the distances obtained by the quantum chemical calculations represent single optimized 

geometries (one for each species) of relatively small molecular clusters at 0 K. 

The results of the free MD simulations provide information about the dynamical behavior 

of the metal cations through the characteristic times a cation spends in different coordinations to 

the carboxylic groups. The average lifetimes the metal cations in the three different coordination 
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coordinations – CIP(b), CIP(m), and SSIP – are estimated from the time autocorrelation 

functions (ACFs) of the configuration populations in a manner similar to the one usually 

employed in the studies of hydrogen bonding lifetimes.48,87,88 For example, for CIP(m) 

coordination we define two population functions: h(t) and H(t; t*) as follows:. h(t) = 1 if the 

metal ion is in a monodentated CIP coordination at time t, otherwise, h(t) = 0;.  H(t; t*) = 1 if the 

metal ion was in monodentate coordinated CIP at time t = 0, it still is in the same coordination 

with the same carboxyl carbon at time t, and meanwhile, it did not leave the coordination for 

times longer than t*; otherwise H(t; t*) = 0. The parameter t* is usually taken to be 2 ps – a 

typical lifetime of a hydrogen bond in liquid water at ambient conditions,88 which also reflects 

the rate of exchange of water molecules in the first hydration shell of metal ions.48 For a metal 

ion to form a CIP with the carboxylic group, at least one water molecule must leave the first 

hydration shell to allow its place can be taken by one of the carboxyl oxygens. Therefore, we 

adopt the same value of t* = 2 ps in our calculations. 

The autocorrelation function of h(t), averaged over all ion pairs, is a measure of the 

survival probability of an intermittent CIP(m). Analogously, the autocorrelation function of 

H(t; t*), averaged over all ion pairs, reflects the time-dependence of the survival probability of a 

persistent CIP(m). Figure 5 shows the evolution of the survival probabilities for Ca2+ and Na+ 

computed from the free MD trajectories. The average lifetimes obtained from exponential fits of 

these survival probabilities are collected in Table 3. Results for Mg2+ are not shown because it 

underwent no transitions between different coordinations during the free MD simulations. 

The differences in the dynamical behavior of the three cations studied here are also well 

illustrated by the time evolution of the metal–carboxylic carbon distances in NOM systems 

(Figure 6).  Na+ shows much higher mobility and rapid switching between different 
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coordinations, as indicated by its much shorter residence times. Note the shorter timescale for the 

Na+–NOM system in Figure 6. Ca2+ ions also show relatively frequent transitions between 

bidentate and monodentate CIP coordination and CIP(m) residence times similar to those of Na+. 

The transitions of Ca2+ between CIP and SSIP coordination, on the other hand, are much slower, 

which is reflected in the longer residence times. Again, Mg2+ shows no transitions between 

different coordinations. 

Na+ does not coordinate as strongly with carboxylic groups as Ca2+ or Mg2+. For 

example, during the 10-ns simulation about half of the Na+ ions in the simulated systems are 

never coordinated to an acetate molecule. The average coordination times in CIP(b) coordination 

were relatively short: 30 ps with acetate and 50 ps with NOM (Table 3). The differences in these 

values probably reflect not only the different nature of the anionic binding sites but also the 

statistical uncertainty of such estimates. The accuracy of the estimate of the average lifetime of 

Na+ in a monodentate coordinated CIP is very low, because  the monodentate CIP is not well 

defined for Na+. The radial distribution functions in Figure 2 show that the maximum 

corresponding to monodentate coordination within the CIP is not well resolved for the systems 

involving Na+, indicating a lower energy barrier between bidentate and monodentate CIP 

coordinations for this ion. 

The RDFs for the Ca2+–C pairs show distinct bidentate and monodentate maxima within 

the CIP coordination range. The average residence time of CIP(b) coordinated Ca2+ is about 530 

ps with acetate and 450 ps with NOM. These values contrast with average lifetimes in CIP(m) 

coordination of the order of 10 ps and 80 ps, respectively, reflecting the tendency of Ca2+ to form 

long-lasting inner-sphere complexes with carboxylic groups in solution. The average Ca2+ 

residence times in SSIP coordination (outer-sphere complexing) are approximately 20 ps with 
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acetate and 200 ps with NOM.  

The charge to radius ratio of Mg2+ is the largest of the three cations considered in this 

study, and it binds the most tightly to the carboxylic groups. The absence of transitions between 

coordination environments during the 10-ns equilibrium MD runs (Figure 6) is reflected in the 

distinct gap near 2.5 Å between bidentate and  monodentate coordination represented by the first 

two RDF maxima of the Mg2+–C pairs (middle row in Figure 2). This observation also indicates 

a likely source of statistical uncertainty due to insufficient sampling of the phase space of Mg2+–

C ion-pair in all simulations with Mg2+. In the simulations with fully randomized initial Mg2+ 

positions, each Mg2+ that started out coordinated to a carboxylic group in CIP coordination 

stayed in that coordination with the same carboxylic group for the entire duration of the 

simulation. Therefore, we can only put a lower bound of 10 ns on the residence time of Mg2+ in 

CIP with carboxylate. The second set of 10-ns simulations with initial Mg2+–C separations of at 

least 5 Å, corresponding approximately to SSIP coordination, showed no evidence of CIP 

formation for the entire duration of the simulations. The observation that no new ion pairs were 

formed indicates that the exchange of H2O molecules and carboxyl oxygen atoms in the first 

solvation shell of Mg2+ is a very slow process characterized by high potential energy barriers. 

These results confirm previous findings that Mg2+ ions remain predominately hydrated in 

aqueous solutions for times longer than the 10-ns timescale of the present simulations and are 

consistent with the notion that the desolvation rate of Mg2+ ion is about three orders of 

magnitude slower than that for Ca2+ due to the greater surface charge density.48,49,52,85,86 Such 

differences in the size and strength of the hydration shells of Na+, Cs+, Ca2+, and Mg2+ (reflected 

in the corresponding metal-H2O RDFs) and their effects on the metal-NOM complexation are 

also discussed in our earlier publication.44 
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2. Potentials of mean force, association and equilibrium constants for individual ion pairs 

 The structural and dynamical results above demonstrate the need for restrained sampling 

simulations of the interaction of carboxylic groups with Ca2+ and Mg2+ in aqueous systems, 

because obtaining the potentials of mean force from radial distribution functions derived from 

free MD simulations relies on adequate sampling of the configuration space of the system.  The 

PMFs calculated from the RDFs for Na+ and by umbrella sampling for Ca2+ and Mg2+ using the 

methods described in Section II (Figure 7) are consistent with the computed RDFs and residence 

lifetimes. For each cation, the PMF curves are generally similar for acetate and NOM, and the 

depth of the potential minimum increases from Na+ to Ca2+ to Mg2+. Thus, the specific features 

of the short-range interaction are controlled predominately by the metal cation. 

For Mg2+, the minimum of the PMF corresponding to monodentate CIP coordination is 

somewhat deeper than the one corresponding to bidentate CIP coordination with a very high 

(~10 kcal/mol) energy barrier between the two. This is consistent with previous results46,82,83 that 

monodentate coordination is more stable for Mg2+ than bidentate coordination in aqueous 

solution. This is because the water molecules in the first hydration shell bind to it more strongly 

than to the other cations studied here. Thus, it is energetically more difficult for hydrated Mg2+ to 

lose more than one nearest neighbor water molecule to accommodate coordination with both 

oxygen atoms of the —COO– group. For NOM molecules in aqueous solution, this means that 

Mg2+ does not easily associate with carboxylic groups. At the same time, should Mg2+–NOM 

association occur, Mg2+ has difficulty leaving either of the CIP states or exchanging between 

monodentate and bidentate coordinations. 

Water molecules are less tightly held to Ca2+ ions, because the charge-to-radius ratio of 
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Ca2+ is smaller than for Mg2+. Thus, calcium ions have a better capacity for association and 

formation of relatively long-lived contact ion pairs with carboxylic groups in aqueous solutions. 

The CIP minimum in the PMFs is deeper for Ca2+ than for Na+, which corresponds to much 

longer-lived Ca2+–NOM complexes than Na+–NOM complexes in aqueous solutions.  The 

relative stability of such Ca2+–NOM complexes enhances the supramolecular aggregation of the 

NOM molecules, which is observed experimentally.12,13,15,17,18 Na+ is the least strongly held to 

carboxylic groups and, thus, is likely to have little effect on NOM aggregation.  

For all TNB NOM systems, we consider the metal interaction with the three structurally 

distinct carboxylic groups individually. The site-specific potentials of mean force shown in 

Figure 8 are different for each caboxylate site due to steric constraints imposed by the structure 

of the TNB model.  These steric effects also manifest themselves as prominent RDF and PMF 

features at relatively large distances near 9 Å, well beyond the range where strong site-site 

correlations might be expected (Figure 9). These features arise because the C23 and C25 carbons 

are nearly rigidly held at about this distance from each other by the aliphatic carbon backbone of 

the TNB molecular fragment (Figure 1). Therefore, when a cation is strongly associated with one 

of these carboxylic groups, the distance from that cation to the other carboxylic group is also 

nearly fixed, creating a false impression of strong metal-carboxylate correlations at unusually 

large distances.  

In an analogous way the large and flexible TNB molecule affects the shape of the PMF 

curve at long distances beyond the SSIP range, although this is difficult to account for. 

Confirmation that this effect is due to the extent of the NOM molecule comes from comparing 

the PMF curves with those for acetate. The acetate molecule is smaller and almost spherical, and 

the steric effects are much less pronounced. These observations warn of the limitations of the 
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one-dimensional umbrella sampling method when applied to large molecules. Umbrella 

sampling using a single reaction coordinate provides the benefits of simplicity and clarity of 

interpretation, but it relies on uniform sampling of the angular coordinates of the system. For 

larger molecules, parts of the angular space are not accessible, and this introduces uncertainties 

in the computed PMFs. Another issue pertinent to the computation of all potentials is the 

requirement that the PMF should vanish at large separation. In all practical cases, however, one 

is forced to choose a finite distance where the PMF becomes zero. In our systems, we chose the 

distance of 8.5 Å. For large molecules this may not be sufficient, and our results show that at this 

distance, the PMF is significantly different from zero for all NOM systems. 

The characteristic energies for all metal cation – carboxylic group interactions from our 

PMF calculations presented in Table 4 are consistent with the structural and dynamic results. 

Systems with Mg2+ show the lowest energy for bidentate and monodentate CIP coordination with 

a significant energy barrier between them, as well as the highest energy barrier separating the 

CIP and SSIP coordinations (see also Figure 7). 

Calculation of the ion-pair association constants, Eq. (5), and the CIP/SSIP distribution 

coefficients, Eq. (4), from the computed PMFs is a sensitive test of the methods and provides one 

of the few ways to probe CIP/SSIP distributions in solution. The calculated association constants 

Ka of the cation – carboxylic group ion pairs are listed in Table 5, and the values of the 

equilibrium constants Keq are listed in Table 6. The calculated ion association constant of the Na+ 

– acetate ion pair is in a reasonable agreement with experimental results,89-91 and the computed 

values of the association constant are consistent across different TNB carboxylic sites.  

The association constants of Ca2+  for the different carboxylic sites of the TNB model of 

NOM are similar to each other but different for Ca2+– acetate.  For Ca2+– acetate, there is a 
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considerable disagreement among the experimental results89-93 with which the computed results 

should be compared (Table 5). The evaluation of these experimental differences is beyond the 

scope of this paper.  

The computed values of the CIP/SSIP equilibrium constants, Keq, (Table 6), for Na+ are 

similar for all carboxylic sites in acetate and TNB and show the preference of Na+ for CIP 

coordination. For Mg2+ and Ca2+, all computed values show a preference for CIP over SSIP, and 

the values are of the same order of magnitude.  There are no experimental values for the 

CIP/SSIP equilibrium constants, Keq, with which to compare the computed results.  

The differences among the computed Ka and Keq values can arise from several sources. 

The results of the free MD simulations can be very sensitive to the initial setup, as described in 

Section III.1. This is most conspicuous for Mg2+, for which the barrier crossing between CIP and 

SSIP coordinations occurs on a timescale longer than the length of the simulations. Thus, 

adequate sampling of the phase space of the Mg2+–carboxylate ion pairs would require much 

longer simulations, and we do not report Ka values from free MD calculations. Another source of 

uncertainty comes from the fact that the umbrella sampling simulations restrained only the 

distance between the metal ion and the carboxylic group but not the angular variables and they 

assume that the angular space is probed uniformly. For Ca2+, the results from free MD and 

umbrella sampling yield similar Ka values for the relatively small and almost spherical acetate 

anion. For the larger and more complex TNB molecule, however, the differences are significant. 

These differences reflect the uncertainties in the PMFs due to insufficiently uniform sampling of 

the angular variables, because some TNB conformations could make certain regions of the phase 

space temporarily or permanently inaccessible to the metal ions. This effect is difficult to 

quantify, and it is stronger in the case of Ka calculations, because the steric obstruction is more 
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severe at shorter distances. The effect is less pronounced for Keq, because this parameter probes 

the relative distribution between CIP and SSIP association.  

The third significant source of uncertainty in the calculated Ka and Keq values arises from 

the choice of the cutoff distances for the different coordinations, i.e. the values of RU and RL in 

Eq. (5) and Eq. (4). In MD simulations, these values come from the analysis of the positions of 

the minima and maxima of the corresponding radial distribution functions and are, ultimately, 

affected by the choice of the force field describing the interatomic interactions in the system. We 

address this issue in more detail elsewhere.65,94  Thus, the computed Ka and Keq values should be 

considered only as semi-quantitative estimates. To help evaluate the results, it will be important 

to expand and resolve the discrepancies among the experimental Ka values. It will also be 

necessary to develop better theoretical approaches to PMF calculations involving large and 

complicated molecules which significantly change their conformation during the simulation and 

for which the phase space cannot be adequately sampled using umbrella sampling with a single 

reaction coordinate.  

 

3.   Aggregation of the NOM molecules in the presence of Ca2+ 

Ca2+ is thought to play an important role in causing supramolecular aggregation of 

relatively small NOM molecules (molecular weights from a few hundred to a few thousand 

Daltons) into larger colloidal particles.15,17,18,23,31,44,45 The results of our MD simulations confirm 

that aggregation can occur even on the 10-ns time scale in systems with Ca2+ but not in systems 

with Na+ or Mg2+. The time evolution of the radii of gyration (eq. 6) for all pairs of NOM 

molecules from the Ca2+–NOM free MD simulations (Figure 10) demonstrates aggregation 

through a decrease in the magnitude and convergence of the pair wise radii of gyration for 
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several pairs of NOM molecules.  For example, the left panel of Figure 10 shows the evolution 

of Rgyr for all pairs of TNB molecules involving TNB1. The results show that TNB1 aggregates 

with TNB2 and TNB6, with the radii of gyration of these pairs decreasing from initial values of 

about 15-20 Å to about 9 Å. Similarly, the time evolution of Rgyr for all pairs of molecules 

involving TNB6 (right panel of Figure 10) shows its aggregation with TNB2 and TNB4 during 

the last 4 ns of the simulation. Analysis of the radii of gyration of all pairs of NOM fragments, 

shows that aggregates as large as four TNB fragments form at some time during the simulation.  

Figure 11 is a snapshot of a 3-molecule cluster with the three NOM molecules indicated by a 

different color for clarity. In this cluster calcium ion Ca2 is coordinated to two carboxylic groups 

of the same TNB molecule, and Ca4 is coordinated simultaneously to three carboxylic groups 

belonging to three different molecules. The latter structure confirms the earlier hypothetical 

picture of Ca2+ being able to accept up to four NOM carboxylic groups in its inner-sphere 

coordination shell.32 The radii of gyration for the systems with Na+ or Mg2+ did not indicate any 

aggregation of NOM fragments. We have also observed noticeable conformational changes of 

the relatively large and flexible TNB molecules upon complexation with Ca2+. These changes are 

especially prominent in situations when two carboxylic groups of the same NOM molecule are 

coordinated with the same metal ion. This conformational flexibility definitely contributes to 

easier aggregation of the NOM-metal ion complexes. However, a detailed quantitative 

exploration of this effect is beyond the scope of our present study. 

All these observations suggest that the Ca2+ complexation may affect colloidal 

aggregation of NOM through a direct mechanism of cationic bridging between carboxylic groups 

from different NOM molecules, effectively bringing and holding them together (see Ca4 

coordination in Figure 11). Calcium ions can also contribute to a second, indirect mechanism of 
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aggregation involving simultaneous Ca2+ complexation with two or more carboxylic groups of 

the same NOM molecule (see, for example, Ca2 coordination in Figure 11). This coordination 

produces a complex with a reduced net charge that is not repelled as strongly by other cation–

NOM complexes, thus allowing the complexes to approach each other more readily. The size of 

the simulated systems used here is not large enough to assess the relative importance of these 

two aggregation mechanisms. Questions about the size distribution and lifetimes of the 

aggregated NOM supramolecular structures can be answered quantitatively only with MD 

simulations of much larger systems over longer times.   

The systems involving acetate showed no evidence of anion aggregation beyond the ion-

pair formation. There were, however, only four calcium ions available to coordinate with eight 

carboxylate molecules in the simulated system (Table 1). Thus, although the scale of the 

simulations was adequate for deriving the radial distribution functions and studying the contact 

and solvent separated ion pairs, it was not large enough to evaluate the degree and possible 

mechanisms of ion clustering in the acetate systems. 

 

IV.   CONCLUSIONS 

Computational molecular dynamics study of the interactions of Na+, Mg2+, and Ca2+ and 

the carboxylic groups of a model NOM fragment and acetate anions in aqueous solutions 

provides a new quantitative insight into the structure, energetics, and dynamics of the 

interactions of metal cations with organic acids and the effects of cations on the colloidal 

aggregation of NOM molecules in solution. Site-specific and average potentials of mean force 

for the interaction of metal cations and carboxylic groups were derived from free MD 

simulations and restrained umbrella sampling simulations. These calculations provide a 
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quantitative description of the local structural environments of metal-carboxyl association and 

the dynamics of exchange among these sites in terms of the equilibrium constants describing 

overall ion association and the distribution of the metal cations between contact ion pairs and 

solvent separated ions pairs. All three cations prefer contact ion-pairs to solvent separated ion-

pairs, and Na+ and Ca2+ show a strong preference for bidentate contact ion pair coordination. The 

average residence time of a Ca2+ ion in a contact ion pair with the carboxylic groups is of the 

order of 1 ns, whereas the corresponding residence time of a Na+ ion is only about 0.1 ns. The 

average residence times of a Ca2+ ion in a bidentate coordinated contact ion pair vs. a 

monodentate coordinated contact ion pair are about 0.5 ns and about 0.08 ns, respectively. Mg2+ 

shows no transitions between different coordination states during the simulations. On the 10-ns 

time scale of our simulations, the aggregation of the NOM molecules is observed in the presence 

of Ca2+ but not Na+ or Mg2+. Our results agree with previous experimental findings and are 

explained by both Ca2+ ion-bridging between NOM molecules and decreased repulsion between 

the NOM molecules due to the reduced net charge of the NOM-metal complexes. Larger scale 

simulations of Ca2+–containing systems with different and more structurally diverse NOM 

models are needed to further explore and quantify the relative importance of the different 

aggregation mechanisms and the stability and dynamics of NOM aggregates.  
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Table 1. Simulated systems: size, number of atoms, number of TIP3P water molecules. 

 

System H2O molecules Total atoms 

Free MD simulations 

4 Ca2+ – 8 ACE 2200 6660 

4 Mg2+ – 8 ACE 2200 6660 

12 Ca2+ – 8 TNB 4215 13385 

12 Mg2+ – 8 TNB 4215 13385 

24 Na+ – 8 TNB 4215 13397 

 

Umbrella sampling simulations 

Mg2+ – ACE 753 2268 

Mg2+ – Na+ – TNB 1440 4413 

Ca2+ – Na+ –  TNB 1440 4413 
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R R

Table 2. Characteristic distances (in Å) of the cation – carboxylic group interactions: CIP(b) – location of the PMF minimum in the 
bidentate coordinated contact ion pair; CIP(m) – location of the PMF minimum in the monodentate coordinated CIP; SSIP 
– location of the PMF minimum of the solvent separated ion pair. RL and RU define the lower and upper threshold distances 
used to define the CIP and SSIP in Eqs. (4) and (5), while Rbident defines the boundary between the bidentate and 
monodentate  coordinated contact ion pair. For comparison, three characteristic distances between the metal ion and the 
carbon of the carboxyl groups of other molecules from the quantum chemical calculations of Selvarengan et al.46 are given 
in parenthesis for 2-keto-3-deoxyoctanoate (a), galacturonate (b), and carbonate (c) species. 

 

 CIP(b) Rbident CIP(m) L SSIP U 

Na+ 

Na+ 2.7 - - 3.9 5.3 6.4 

Mg2+ 

Mg2+ 2.3 

(2.48)a 

(2.55)b 

2.5 3.0 

(3.19)a 

(3.01)b 

(3.25)c 

3.8 4.8 

(5.05)a 

(4.23)b 

5.9 

Ca2+ 

Ca2+ 3.1 

(2.78)a 

(3.09)b 

3.4 3.6 

(3.42)a 

(3.40)b 

(3.37)c 

4.2 5.7 

(4.62)a 

(4.48)b 

6.7 
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Table 3.  Lifetimes (decorrelation times), in picoseconds, for persistent: CIP(b) – bidentate 
coordinated CIP, CIP(m) – monodentate coordinated CIP, and SSIP, for the four 
systems with Ca2+, Na+, NOM, and acetate (ACE). 

 CIP(b) CIP(m) SSIP 

 Ca2+ – NOM 450 80 210 

Ca2+ – ACE 500 10 20 

Na+ – NOM 50 20 20 

Na+ – ACE 30 10 10 
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Table 4.  Characteristic energies (in kcal/mol) from the potentials of mean force calculations 
for all metal cation – carboxylic group interactions. “TS” stands for the transition 
state or the maximum barrier hight between the CIP and SSIP coordinations.  

 ACE TNB TNB–C23 TNB–C25 TNB–C29 

Na+ 

CIP (b) –1.5 –1.6 –1.5 –1.3 –1.0 

CIP(m) – – – – – 

TS 2.1 0.9 1.0 0.5 1.5 

SSIP –0.5 –0.4 –0.5 –0.5 –0.2 

Mg2+ 

CIP (b) –19.6 –9.3 –32.4 –1.9 –1.0 

CIP (m) –20.4 –11.7 –29.6 –6.8 2.1 

TS 6.2 9.4 4.5 8.3 23.8 

SSIP –0.04 –0.5 0.8 –2.9 2.5 

Ca2+ 

CIP (b) –3.5 –2.8 –3.2 –2.8 –1.8 

CIP (m) 0.8 –0.7 –0.4 –1.1 –0.7 

TS 5.8 1.6 2.4 1.3 2.0 

SSIP 0.2 –0.9 –0.7 –1.1 –1.1 
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Table 5. Ion association constants, Ka, of metal cations with individual binding sites (Eq. 5). The 
experimental results are taken from Ref. 92. 

 

 ACE TNB TNB(C23) TNB(C25) TNB(C29) 

Na+ 

Free MD  1.43 1.38 1.42 1.50 1.19 

Exp.a 0.66      

Exp.b 0.78     

Ca2+ 

UI 1.58 0.41 0.15 0.14 0.24 

Free MD 1.90 2.05 1.81 2.19 1.99 

Exp.a 13.16      

Exp.b 8.55     

Exp.c 5.88      

 

a Exp: Archer and Monk, 1964 (ref. 89) 

b Exp: Daniele et al., 1985 (ref. 90) 

c Exp: Coleman-Porte and Monk, 1952 (ref. 93) 
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Table 6: Equilibrium constants, Keq (Eq. 4).  

 

 ACE TNB TNB(C23) TNB(C25) TNB(C29) 

Na+  4.0 4.1 3.8 4.2 4.4 

Mg2+ 4.4 9.3 5.3 1.1 1.4 

Ca2+ (UI) 1.3 2.1 4.3 1.5 1.4 

Ca2+ (free MD) 4.6 3.3 2.7 3.2 4.9 
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Figure captions 

 

Figure 1: TNB model38-40 of the NOM fragment used in this work. The colors of the atoms 

are as follows: carbon – dark gray , oxygen – red, hydrogen – white, and nitrogen – 

blue. The three different carboxyl groups are labeled as C23, C25, and C29. 

Bidentate and monodetate coordinated contact ion pairs are illustrated for C29 and 

C23 carboxylic groups, respectively. 

 

Figure 2: Radial distribution functions of all metal ion – carboxyl carbon ion pairs. Left 

column – acetate; right column – NOM. 

 

Figure 3: Definitions of the angular components of the radial vector describing the position of 

the metal ion with respect to the carboxylic group. 

 

Figure 4:  Angular distribution of the calcium ions around the carboxyl C atoms. The number 

of events for each pair of angles θ and  is plotted. (a) Bidentate contact ion pair 

(CIP) coordination in the Ca2+ – TNB system (distances between 3.0 and 3.5 Å); (b) 

Monodentate CIP coordination in the Ca2+ – TNB system (distances between 3.5 

and 4.0 Å); (c) Solvent separated ions pairs in the Ca2+ – TNB system (distances 

between 4.5 and 6.0 Å.  

 

Figure 5:  Survival probabilities of intermittent and persistent metal ion – carboxylate carbon 

coordination in (a) Ca2+ – NOM and (b) Na+– NOM. Notation in the legend: 1 – 
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intermittent CIP(b); 2 – intermittent CIP(m); 3 – intermittent SSIP; 4 – persistent 

CIP(b); 5 – persistent CIP(m); 6 – persistent SSIP. 

 

Figure 6:  Evolution of the distance between Na+, Mg2+, and Ca2+ ions and the coordinated to 

them C atoms of the TNB carboxyl groups. The distances on the vertical axes are 

in Å. Note the different timescale for the Na+ dynamics (top panel); Na+ is much 

more mobile than Mg2+ and Ca2+. Over the 10-ns scale of our simulations, the Mg2+ 

ions never change their coordination with respect to the carboxylic groups. Three 

different Mg2+ ions are shown (middle panel) that are coordinated in bidentate CIP 

(2.3 Å), monodentate CIP (3.03 Å), and SSIP (4.7 Å). 

 

Figure 7:  Potentials of mean force for all metal cations – carboxylic group systems. The 

energy scales are different for each metal ion. 

 

Figure 8:  Site-specific potentials of mean force for all metal cations – carboxylic group 

systems. 

 

Figure 9:  Radial distribution function and the potential of mean force for Ca2+ – TNB 

interaction. The minimum in PMF (maximum in RDF) at about 9 Å is due to the 

specific geometry of the TNB molecule and the fact that two of the three carboxylic 

groups, namely C23 and C25 (Fig.1), remain at about that distance from each other 

due to the relatively rigid molecular structure of the TNB fragment. 
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Figure 10: Evolution of the radii of gyration during the simulation. (a) Radii of gyration of all 

pairs of molecules involving TNB1, The radii of gyration of pairs: TNB1-TNB2 

and TNB1-TNB6 systematically decrease during the simulation. We identify three 

NOM fragments: TNB1, TNB2, and TNB6, that aggregate. (b) Evolution of the 

radii of gyration of the four pairs of NOM fragments that we have identified as 

clustering: TNB1-TNB2, TNB1-TNB6, TNB2-TNB6, and TNB4-TNB6. 

 

Figure 11: A snapshot from the free MD simulation illustrating the NOM (TNB) aggregation 

in the presence of Ca2+ ions. A long-lived cluster of three TNB molecules and three 

Ca2+ ions is observed. H2O molecules and other ions are removed for clarity. 

Different TNB molecules are represented by different colors, whereas calcium ions 

are represented by blue spheres (not in scale). Ca4 is simultaneously coordinated by 

the 1C25 and 2C29 carboxilic groups, both in bidentate configuration, and by the 

6C23 carboxilic group in a monodentate configuration. Ca2 is coordinated by 1C23 

and 1C29 carboxilic groups of the same molecule in bidentate innersphere and 

.outersphere coordination, respectively. 

 

 



 

 
 
 
 
FIG. 1: TNB model38-40 of the NOM fragment used in this work. The colors of the atoms are as 
follows: carbon – dark gray , oxygen – red, hydrogen – white, and nitrogen – blue. The three 
different carboxyl groups are labeled as C23, C25, and C29. Bidentate and monodetate 
coordinated contact ion pairs are illustrated for C29 and C23 carboxylic groups, respectively. 
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FIG. 2.  Radial distribution functions of all metal ion – carboxyl carbon ion pairs. Left column – 
acetate; right column – NOM. 
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FIG. 3: Definitions of the angular components of the radial vector describing the position of the 

metal ion with respect to the carboxylic group. 
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                             (a)                                                                         (b)                                                               (c) 

        

 

 

FIG. 4: Angular distribution of the calcium ions around the carboxyl C atoms. The number of events for each pair of angles θ and  
is plotted. (a) Bidentate contact ion pair (CIP) coordination in the Ca2+ – TNB system (distances between 3.0 and 3.5 Å); (b) 
Monodentate CIP coordination in the Ca2+ – TNB system (distances between 3.5 and 4.0 Å); (c) Solvent separated ions pairs in the 
Ca2+ – TNB system (distances between 4.5 and 6.0 Å). Both mono- and bi-dentate coordinations are observed
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FIG. 5: Survival probabilities of intermittent and persistent metal ion – carboxylate carbon 
coordination in (a) Ca2+ – NOM and (b) Na+– NOM. Notation in the legend: 1 – intermittent 
CIP(b); 2 – intermittent CIP(m); 3 – intermittent SSIP; 4 – persistent CIP(b); 5 – persistent 
CIP(m); 6 – persistent SSIP.
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FIG. 6: Evolution of the distance between Na+, Mg2+, and Ca2+ ions and the coordinated to them 
C atoms of the TNB carboxyl groups in unrestrained MD simulations. The distances on the 
vertical axes are in Å. Note the different timescale for the Na+ dynamics (top panel), illustrating 
that Na+ is much more mobile than Mg2+ and Ca2+. Over the 10-ns scale of our simulations, the 
Mg2+ ions never change their coordination with respect to the carboxylic groups. Three different 
Mg2+ ions are shown (middle panel) that are coordinated in bidentate CIP (2.3 Å), monodentate 
CIP (3.03 Å), and SSIP (4.7 Å) configuration.. 
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FIG. 7: Potentials of mean force for all metal cations – carboxylic group systems. The energy 

scales are different for each metal ion. 
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FIG. 8: Site-specific potentials of mean force for all metal cations – carboxylic group systems. 
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FIG. 9:  Radial distribution function and the potential of mean force for Ca2+ – TNB interaction. 

The minimum in PMF (maximum in RDF) at about 9 Å is due to the specific geometry of the 

TNB molecule and the fact that two of the three carboxylic groups, namely C23 and C25 (Fig.1), 

remain at about that distance from each other due to the relatively rigid molecular structure of the 

TNB fragment.



 

FIG. 10: Evolution of the radii of gyration during the simulation. Left panel – Radii of gyration 
of all pairs of molecules involving TNB1, The radii of gyration of pairs: TNB1-TNB2 and 
TNB1-TNB6 systematically decrease during the simulation. We identify three NOM fragments: 
TNB1, TNB2, and TNB6 that aggregate. Right panel –  Evolution of the radii of gyration of all 
pairs of molecules involving TNB6. We can identify the four pairs of NOM fragments that 
aggregate during the last four picoseconds of the simulation: TNB1-TNB2, TNB1-TNB6, TNB6-
TNB2, and TNB6-TNB4. 
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FIG. 11:  A snapshot from the free MD simulation illustrating the NOM (TNB) aggregation in the presence of Ca2+ ions. A long-
lived cluster of three TNB molecules and three Ca2+ ions is observed. H2O molecules and other ions are removed for clarity. Different 
TNB molecules are represented by different colors, whereas calcium ions are represented by blue spheres (not in scale). Ca4 is 
simultaneously coordinated by the 1C25 and 2C29 carboxilic groups, both in bidentate configuration, and by the 6C23 carboxilic 
group in a monodentate configuration. Ca2 is coordinated by 1C23 and 1C29 carboxilic groups of the same molecule in bidentate 
innersphere and outersphere coordination, respectively.
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