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Abstract—A series of atomistic simulations was performed to assess the ability of the Schulten dissolved organic matter (DOM)
molecule, a well-established model humic molecule, to reproduce the physical and chemical behavior of natural humic substances.
The unhydrated DOM molecule had a bulk density value appropriate to humic matter, but its Hildebrand solubility parameter was
lower than the range of current experimental estimates. Under hydrated conditions, the DOM molecule went through conformational
adjustments that resulted in disruption of intramolecular hydrogen bonds (H-bonds), although few water molecules penetrated the
organic interior. The radius of gyration of the hydrated DOM molecule was similar to those measured for aquatic humic substances.
To simulate humic materials under aqueous conditions with varying pH levels, carboxyl groups were deprotonated, and hydrated
Na* or Ca?* were added to balance the resulting negative charge. Because of intrusion of the cation hydrates, the model metal—
humic structures were more porous, had greater solvent-accessible surface areas, and formed more H-bonds with water than the
protonated, hydrated DOM molecule. Relative to Na*, Ca** was both more strongly bound to carboxylate groups and more fully
hydrated. This difference was attributed to the higher charge of the divalent cation. The Ca-DOM hydrate, however, featured fewer
H-bonds than the Na-DOM hydrate, perhaps because of the reduced orientational freedom of organic moieties and water molecules
imposed by Ca**. The present work is, to our knowledge, the first rigorous computational exploration regarding the behavior of a

model humic molecule under a range of physical conditions typical of soil and water systems.
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INTRODUCTION

Computational studies have provided insight regarding the
adsorption mechanisms and diffusional behavior of significant
environmental contaminants at or near mineral surfaces, such
as radionuclides [1,2] and chlorinated organic compounds
[3,4]. The dramatic effect of humic substances on the fate and
transport of contaminants [5] also motivates the search for a
mechanistic understanding of molecular reactions involving
humic moieties. Recent experimental attempts (see, e.g., [5—
9]) to elucidate the chemical behavior of humic substancesin
soil and water systems also may benefit from explorations
using atomistic simulation, provided that appropriate molec-
ular models for humic substances (effective model humic mol-
ecules) can be constructed. An effective model humic mole-
cule, as defined in the present paper, is not necessarily a mol-
ecule that exists within an actual humic sample but, instead,
is one that captures the structural and functional qualities ob-
served experimentally and can provide insight regarding in-
teraction mechanisms of interest.

Several effective model humic molecules have been studied
using atomistic simulation. These include the humic molecule
designed by Stevenson [5] through synthesis of a variety of
experimental data regarding humic substances; the lignin-
based humic building block proposed by Steelink [10] and its
derivative, the Temple-Northeastern-Birmingham humic build-
ing block [11], which accounts for the polysaccharide and
protein content of humic substances; the series of molecules
created by Leenheer [12] and by Leenheer et al. [13,14] to
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represent Suwannee River fulvic acid after review of consid-
erable data regarding this particular humic fraction; the series
of dissolved organic matter (DOM) molecules designed and
refined by Schulten and Schnitzer [15] and by Schulten [16]
based on pyrolysis and other experimental studies of natural
organic matter; the oxidized lignin—carbohydrate complex sim-
ulated by Shevchenko and Bailey [17]; and the series of humic
molecul es constructed through computer-assi sted structure el u-
cidation by Diallo et al. [18,19] to represent the Chelsea His-
tosol humic acid. Molecular simulations using these model
humic molecules rarely have emphasized validation with avail -
able experimental data on humic substances [16,17,20]. In
addition, many simulations are performed under physical con-
ditions inappropriate to soil and water systems: For example,
studies may be limited to modeling humic molecules in the
gas phase [16,20] or within completely dehydrated environ-
ments [18,19,21]. Even when hydrated, simulated model hu-
mic molecules often feature fully protonated carboxyl groups
and, therefore, represent behavior only under extremely acidic
solution conditions [11,22]. Finally, the use of generalized
atomistic force fields unsuitable for detailed structural calcu-
lations regarding complex organic molecules, along with the
use of inadequate modeling techniques, can lead to simulations
of humic structures that inadequately model the conformation
and functionality of natural humic materials [20,23].

To begin addressing deficiencies in existing atomistic sim-
ulations of effective model humic molecules, we present a
series of calculationsinvolving the widely used Schulten DOM
molecule [16] within a range of physicochemical environ-
ments. Thismoleculeisaparticularly large and complex model
of humic matter, and existing studies of it exhibit many of the

1902



Molecular simulation of a model of dissolved organic matter

shortcomings described above (see, e.g., [16,22]). Bulk char-
acteristics of this humic molecule were determined using a
dry, densely packed system, whereas aqueous solution char-
acteristics were determined through simulations representing
dilute humic solutions under acidic (carboxyl groups) and near-
neutral (carboxylate groups) pH conditions. To balance the
resulting negative charge, the deprotonated humic polyanions
were saturated with hydrated Na+t or Ca?+ counter-ions. Sub-
sequent dataanalysis provided estimates of physical and chem-
ical characteristics that can be compared to available experi-
mental data regarding humic substances.

The effective model humic molecule was described using
the all-atom force-field Condensed-phase Optimized Molec-
ular Potentials for Atomistic Simulation Studies (COMPASS;
Accelrys, San Diego, CA, USA) [24]. Validation studies in-
dicate that the COMPASS force field is capable of accurate
prediction of structural and thermophysical properties for a
broad range of organic and inorganic substances in both gas-
eous and liquid or solid states [25]. Studies contrasting struc-
tural and dynamic properties obtained from COMPASS with
those obtained using other force fields or simulation methods
also demonstrate the high quality of the COMPASS forcefield
[26,27].

Two simulation algorithms were used to explore the prop-
erties of the DOM molecule as expressed by COMPASS. En-
ergy minimization (EM) involves optimization of atomic co-
ordinates to reduce the potential energy of amolecular system,
as calculated by summing all interaction terms described by
the force field [24]. Minimization algorithms are independent
of temperature, and 0 K conditions are assumed. The molecular
conformation adopted after minimization is one of many stable
states that occupy local energy minima. To move a molecule
from a conformation associated with alocal energy minimum
to one associated with the global energy minimum, repre-
senting the most stable state of a particular system, a mini-
mized molecule may be subjected to further cal culations using
a molecular dynamics (MD) algorithm. The shift to a second
modeling algorithm allows exploration of different molecular
configurations that may approach the one associated with the
global energy minimum. Molecular dynamics algorithms solve
Newton—Euler equations of motion at an atomic scale, essen-
tially simulating the movements of atoms or molecules as they
interact with each other over time [28]. As the name suggests,
MD also is an appropriate method for obtaining dynamic in-
formation from a model system.

MATERIALS AND METHODS
The COMPASS force field

The COMPASS force field includes two classes of inter-
action parameter [25]. Valence terms represent bond, angle,
torsion angle, and out-of-plane (inversion) angle interactions
as well as cross-coupling bond—bond, bond—angle, and bond—
torsion interactions. Nonbond terms include van der Waals
interactions, represented by a Lennard-Jones (6-9) function,
and electrostatic interactions, represented by a Coulombic
equation. To model accurately a broad variety of substances,
the same elementsin different chemical environmentsareclas-
sified as different COMPASS atom types, each with its own
set of interaction constants [25]. Electrostatic interactionsrely
on partial charges, which are constructed through summation
of values representing the charge separation between a partic-
ular atom and each of the surrounding atoms to which it is
covalently bound [25]. The COMPASS val ence parametersand
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atomic partial charges were derived from quantum chemical
data, whereas van der Waals parameters were determined by
conducting MD simulations of molecular liquids and fitting
simulated cohesive energies and equilibrium densities to ex-
perimental data [25]. As a result, the cohesive energies cal-
culated from COMPASS nonbond interactions, using van der
Waals and electrostatic parameters developed relative to aref-
erence state of infinite separation of molecules, may be com-
pared to experimentally determined intermolecular potential
energy values. In contrast, COMPASS valence parameters
were not optimized relative to a well-defined experimental
state but, instead, were chosen based on their ability to provide
appropriate equilibrium geometries and vibrational motions
[25]. Total potential energies calculated using the COMPASS
force field include nonbond and valence contributions, and
they can be compared to one another but not to experimental
measurements of potential energy.

Smulation of the Schulten DOM molecule

The DOM molecule that we investigated consisted of a
Schulten humic acid molecule covalently bonded to a hexa-
peptide and a trisaccharide. It contained 1,157 atoms, with the
molecular formula C,,;H;»0,7,N;sS, and a molar mass of
10,419.3 g/mol. A cyclic dinitrogen functional group in the
original Schulten molecule was changed from 1H-pyrazole to
imidazole, because the latter is a common substituent on or-
ganic molecules, such as DNA, and therefore is more likely
to exist in humic materials [5]. The COMPASS force field
does not contain charge distribution information for 13 of the
DOM bonds: 10 C-O bonds between oxygenated functional
groups (alcohol, ether, ester) substituted to p-benzoquinone
units; 2 C-N bonds between primary amines bonded to the
same C, which in turn was double-bonded to N; and 1 C-C
bond between neighboring ketone groups. Because the force
field was not designed to include these bonds, partial charges
for these 26 atoms were inaccurate, although their contribution
to the DOM molecule is negligible. The missing bonds lacked
valence parameters, necessitating inspection for physically un-
realistic behavior during the course of calculations.

The following simulation procedure, based on that outlined
by Diallo et al. [18], was designed to determine whether the
model molecule could produce realistic values for dry bulk
density and the Hildebrand solubility parameter (defined be-
low). First, a packing procedure involving both EM and MD
calculations was used to adjust the density of the DOM mol-
ecule. The procedure began with minimization of anonperiodic
DOM system using the Cerius> Smart Minimizer (Accelrys)
and high-level convergence criteria [24]. The three-dimen-
sional Ewald summation method [28] was used to calculate
electrostatic interactions (real-space cutoff, 9 A; reciprocal
space cutoff, 3 A-1), whereas direct summation was used to
determine van der Waals interactions, using areal-space cutoff
of 9 A. The energy-minimized DOM structure was inserted
into a periodic cell at a density of 0.50 g/cm?®. The periodic
system was subjected to an EM-annealing MD-EM sequence:
EM was followed by MD (with number of atoms, simulation
cell volume, and temperature constant; NVT ensemble) cal-
culations using the Berendsen method of temperature control
(relaxation constant, 0.1 picosecond [ps]) [28], a 0.5-femto-
second time step, and initial velocities assigned using a Max-
well-Boltzmann distribution centered at 300 K. A complete
annealing cycle was performed from 300 to 600 K and back,
using 30,000 steps (15 ps) at each 100 K stage. Final atom
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positions and velocities from each preceding annealing stage
were used as initial input for the next stage. The annealing
cycle ended at 400 K, so afinal MD (NVT ensemble) simu-
lation of 15 ps at 300 K brought the system back to its initial
temperature. A minimization completed this sequence.

The cell dimensions of the periodic DOM system were
reduced to yield a density of 0.60 g/cm?, and a second EM-
annealing MD-EM sequence was performed, using 10 ps at
each annealing stage. This sequence was repeated for the den-
sities 0.70, 0.85, 1.0, 1.15, and 1.25 g/cm?. After the packing
procedure, MD (with number of atoms, pressure, and temper-
ature constant; NPT ensemble) simulation for 50 ps using the
Andersen pressure-control method (0.0001 GPa; cell mass pre-
factor, 0.04) [28] allowed the DOM system to achieve a bulk
density appropriate for a temperature of 300 K through vari-
ation of cell dimensions, and subsequent EM provided the
optimized organic structure.

The density, molecular volume, solvent-accessible Con-
nolly surface area (solvent molecule radius, 1.4 A) [24], and
dipole moment were calculated for the final configuration of
the DOM molecule. The simulation cell volume occupiable by
solvent molecules with 1.4 A radii was calculated as well.
Hydrogen bonds were determined for periodic and nonperiodic
DOM systems using a maximum H-acceptor distance of 1.8
A and a minimum donor-H-acceptor angle of 120° [29]. The
total potential energy, a relative value, was obtained through
summation of the energy contributions of all valence and non-
bond interactions present in the dry, densely packed DOM
system. Determination of the gas-phase strain energy, or the
potential energy of the DOM molecule in a nonperiodic en-
vironment, provided information for calculation of the Hil-
debrand solubility parameter:

7(Ep B Enp)

S =
NAV,

@
where E, is the condensed (solid or liquid) phase (periodic)
potential energy, E,, is the gas phase (nonperiodic) potential
energy (the cohesive energy is obtained through subtraction
of E,, from E,), N, is Avogadro’'s number, and V, is the cell
volume [18]. Because the Ewald summation method cannot
be used for nonperiodic systems [28], a cubic spline-switching
method (r,, = 20.0 A, ry = 21.0 A) was used to sum elec-
trostatic and van der Waals contributions to the potential en-
ergy of the nonperiodic DOM molecule [24]. The modeling
data then were compared to simulation results published by
Schulten [16] as well as to available experimental measure-
ments. Because all properties of the model DOM were derived
from a single configuration of this molecule, standard devia-
tions associated with these data are not available.

Solvation of the Schulten DOM molecule

A model humic molecule must be able to mimic the be-
havior of humic substances in hydrated environments typical
of natural soil and water systems. Simulations of the DOM
molecule under conditions resembling dilute aqueous solution
provided information concerning the interactions of this model
organic material with water molecules. To simulate DOM with-
in a near-neutral pH environment, the molecule’'s carboxyl
groups were deprotonated to form carboxylates, and the re-
sulting negative charge was balanced with Na*. Despite the
preference of carboxylate groups for more highly charged met-
al cations [6], to our knowledge the literature contains no
previous simulations of a humic polyanion saturated with di-
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valent metal cations (e.g., Ceé?*). An assessment of the COM-
PASS water model preceded studies of the DOM molecule
under hydrated and deprotonated, Na- or Ca-saturated con-
ditions to assure that the force field produced no unusual bulk
solvent behavior. .

Bulk water system. A periodic cell measuring 20.000 A on
each side was filled with 267 water molecules, with initial O-
H bond lengths of 0.9572 A and H-O-H angles of 104.52°
[30], producing a density of 0.998 g/cm3. An EM-annealing
MD-EM sequence was performed using the parameters de-
scribed above but with 10,000 steps (5 ps) at each 100 K stage.
The final configuration was used as input for 25 ps of MD
(NVT ensemble) calculations at 300 K. Average potential en-
ergies were divided by the number of water molecules in the
simulation cell to determine energy values per mole of water.
Thefirst 2 ps of the MD run were ignored, because the system
temperature had not reached 300 K during this period. The
distributions of bond lengths and angles and the number of H-
bonds present were determined. Comparisons of simulation
data to experimental measurements of bulk water properties
are provided below. Further comparison with the three most
common and effective water models used in simulations of
hydrated mineral and organic systems is supplied by Sutton
[30].

The total potential energy of COMPASS water at 300 K is
—35.47 = 0.26 kJmol. The cohesive energy, or the inter-
molecular potential energy arising from nonbond (van der
Waals and electrostatic) interactions, is —41.87 + 0.67 kJ/mol,
a value that compares favorably with the experimentally de-
termined intermolecular potential energy of water (—41.4 kJ/
mol) [31]. The average O-H bond length of 0.975 + 0.026 A
for the COMPA SS water molecule was similar to the empirical
value of 0.98 A for liquid water at 25°C [32]. However, the
average COMPASS H-O-H bond angle of 99.90 + 4.66° was
smaller than the 105.4° measured experimentally [32]. This
indicates that a bias favoring smaller H-O-H bond angles, per-
haps taking the form of weak H-H repulsion or strong angular
force, isinherent to the COMPASS force field. A H-O-H bond
angle substantially reduced from that of a strictly tetrahedral
conformation (109.5°) is likely to inhibit the formation of net-
works of H-bonds within the model water system. Only 47 H-
bonds existed after MD simulation at 300 K, just 9% of those
possible for an idealized tetrahedral network featuring 267
molecules [30]. Although the small average bond angle of the
COMPA SS water molecul e reduced its ability to form H-bond-
ed networks within bulk solution, this geometric property was
not expected to inhibit the formation of H-bonds between water
and organic or mineral functional groups.

Hydrated DOM molecule. Using Insightll V2000.1 (Ac-
celrys), 733 water molecules were arranged around the dry,
densely packed DOM molecule, forming a solvation layer with
a thickness of 5 A. This hydrated DOM system was nonper-
iodic, designed to simulate the structure of the organic mol-
ecule in a dilute solution. It was subjected to minimization
and then to four annealing MD-EM sequences, with calcula-
tions representing 20 ps for each temperature stage. The cubic
spline-switching method was used to sum electrostatic and van
der Waals energy contributions. Afterwards, a MD (NVT en-
semble) calculation of 50 ps at 300 K was followed by afinal
minimization, providing a well-minimized structure for the
DOM hydrate. Calculation of potential energy and volume was
performed for the final configuration of the DOM hydrate, both
with and without associated water molecules. The molar po-
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tential energy of water molecules was determined by subtract-
ing the potential energy of the DOM molecule in its hydrated
configuration, but without associated water molecules, from
the potential energy of the hydrated DOM system and then
dividing this value by the number of water molecules present.
The solvent-accessible surface area and dipole moment of the
DOM molecule were calculated as well. Because all these
properties were associated with a single system realization,
standard deviations are not available for the values cal cul ated.
Cerius? provided the radius of gyration of the organic mole-
cule. Intra- and intermolecular H-bonds were enumerated as
described above.

Deprotonated, Na-saturated DOM hydrate. Published
methods for modeling deprotonated, Na-saturated organic mol-
ecules have ignored the hydration state of Na* [33—-35], despite
experimental evidence indicating that these cations are octa-
hedrally coordinated in agueous solution [36]. Presented here
is a novel simulation technique designed to titrate the DOM
molecule with hydrated Na* in a stepwise fashion. Eleven
carboxyl H atoms were removed from exterior locations of the
final dry DOM conformation. Atom type and charge adjust-
ments provided by the COMPASS force field recognized these
modified functional groups as carboxylates. Eleven energy-
minimized Na*-6H,0 hydrates were placed near the carbox-
ylates such that both Na-carboxylate O distances were near
52 + 02 A (5.2 A being the length of one Na* radius, an
interceding [water] O diameter, and one [carboxylate] O radius
[http://www.webel ements.com]). The nonperiodic system was
subjected to an EM-annealing MD-EM sequence, with MD
calculations representing 10 ps at each temperature stage.
These steps were repeated six times, with deprotonation mov-
ing from exterior to interior carboxyl groups to emulate the
process of exchange postulated by von Wandruszka et al. [37],
until all 77 carboxyl groups weretransformed into carboxylates
associated with Na-hydrates. Occasionally, cramped condi-
tions in the interior region of the DOM molecule required
shorter initial Na-carboxyl O distances of approximately 4 A.

Insightll was used to coat the Na-DOM structure with a
layer (thickness, 5 A) of water. With the 1,272 water molecules
composing this hydration shell, a total of 1,734 water mole-
cules were now present in the Na-DOM hydrate. An EM-
annealing MD-EM sequence with 5 psfor each annealing stage
was performed to equilibrate the system. This was followed
by a MD (NVT ensemble) simulation of 50 ps at 300 K and
afinal EM calculation. Dataanalysesfor thefinal configuration
of the hydrated Na-DOM structure, as well as for the dehy-
drated organic polyanion, were performed as described above.
The radius of gyration was calculated for the Na-DOM struc-
ture without associated water molecules or cations, because
the small angle x-ray scattering methods typically used to mea-
surethis property experimentally are capable of timeresolution
on the order of 102 s [38] while electrostatic associations
involving water or cations typically have residence times of
107 s or less [39]. Radial distribution functions (RDFs; rep-
resented mathematically as g,.[r]) for Na-total O, Na-water
O, and Na-carboxylate O atom pairs were calculated using a
cutoff distance of 9A abininterval of 0. lA and thefollowing
equation:

N )
dn, = 4~rrvgua(r)r dr 2

where dn,, is the average number of B species atoms (out of
atotal of N,) within a spherical shell of radius r and thickness
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Fig. 1. A portion of the Na-dissolved organic matter structurefeaturing
an outer-sphere Na—carboxylate complex (left), a doubly inner-sphere
Na—carboxylate complex (top), and a singly inner-sphere Na—carbox-
ylate complex, which also happens to possess inner-sphere coordi-
nation with an alcohol group (right). Gray spheres represent C, red
spheres O, white spheres H, and purple spheres Na*. Measurements
indicate distances between atoms (A).

dr centered on an « species atom [40]. For nonperiodic sys-
tems, V is defined as 1 A3, and as r approaches a value equal
to half that of the longest dimension of the system, g.4(r) is
made to approach zero, without the use of mathematical means
of normalization. The coordination number (CN) values, which
in this case represent the average number of O atoms sur-
rounding a cation within a radius (p) defined by the first min-
imum of the cation total-O RDF, were calculated for each RDF
using the following equation:

N. [
CN.s(p) = 41TVBJ Qop(r)r2 dr ©)
0

Integration was accomplished using the trapezoidal rule in
Matlab® (V5.3; MathWorks, Natick, MA, USA). The local
environment of each cation was evaluated to determine the
nature of its association with the DOM molecule and the type
of carboxylate groups involved. To be considered part of an
inner-sphere complex, a carboxylate O must be within the
distance p, defined by the first RDF Na-O peak as being con-
sistent with inner-sphere complexation. An ion was defined as
singly inner-sphere coordinated when it was within the p dis-
tance for only one of the carboxylate O and as doubly inner-
sphere coordinated when it was within the p distance for both
carboxylate O (Fig. 1). An ion was defined as outer-sphere
coordinated when the O of the nearest carboxylate groups were
outside the p value. In addition, each cation was examined for
signs of exchange movement, defined as movement away from
the carboxylate group near which it was placed originally and
toward a different carboxylate group.

Deprotonated, Ca-saturated DOM hydrate. The titration
procedure outlined above was modified for simulation of a Ca-
DOM hydrate. Eleven pairs of adjacent carboxyl groups on
the exterior of the dry DOM molecule were deprotonated,
providing a total of 22 carboxylate groups. Eleven energy-
minimized Ca&*-6H,0 hydrates were placed near each car-
boxylate pair such that the shorter of the Ca-carboxylate O
distances of each carboxylate was approximately 5.2 A (the
length of one Ca?* radius, an interceding [water] O diameter,
and one [carboxylate] O radius [http://www.webelements.
com]). An EM-annealing MD-EM sequence was performed as
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Fig. 2. The dry, densely packed dissolved organic matter molecule. Gray spheres represent C, red spheres O, white spheres H, blue spheres N,

and yellow spheres S.

described above. These steps were repeated three times, be-
ginning with exterior carboxyl groups and moving inward.
During the fourth titration step, only 10 carboxylate groups
were created, and five Ca+ were added,o for atotal of 38 Ca?*.
One of these Ca** was placed just 3 A from carboxylate O
within the crowded interior environment. To maintain charge
balance, one of the 77 carboxyl groups of the DOM molecule
was not deprotonated. This carboxyl group was located at the
end of an alkyl fragment that may be described as 2-pentenoic
acid, which has the highest dissociation constant (~4.72 [41])
of any isolated carboxyl-containing molecular fragmentsin the
DOM molecule. After titration, the Ca-DOM structure was
hydrated with 994 water molecules, for a total of 1,222 water
moleculesin the system, and subjected to the same cal culations
and analyses described for the Na-DOM system.

RESULTS AND DISCUSSION
Energetic and structural properties of the DOM molecule

The total potential energy of the Schulten DOM molecule
under dry, densely packed conditions was —1.809 X 10* kJ/
mol (potential energy contributions [kJ/mol]: electrostatic,
—1.328 X 10% van der Waals, —324.8; bond, 668.6; angle,
2,604; torsion, —6,826; inversion, 54.65; cross-term, —982.2).
The gas-phase potential (strain) energy of the dry, densely
packed DOM molecule was —1.527 X 10* kJ/mol. The Hil-
debrand solubility parameter (Egn. 1), calculated from the dif-
ference in potential energies of the DOM molecule in periodic
and nonperiodic states, therefore was 19.2 JV2 cm~2372, just be-
low the range of experimental estimates, (20.5-27.6 J'?
cm~32) [18]. Kopinke et a. [42] considered the solubility pa-
rameter to be an indication of polarizability. The solubility
parameter calculated here thus suggests that the DOM mole-
cule, as represented by the COMPASS force field, may be
somewhat less polar, or more hydrophobic, than natural humic

substances [18]. Despite a potentially reduced polarity, the
minimized DOM molecule exhibited 47 intramolecular H-
bonds as well as 41 intermolecular H-bonds, the latter indi-
cating substantial interaction with periodic reflections of the
molecule. The nonperiodic DOM molecule described by
Schulten [16] had only 24 intramolecular H-bonds, likely be-
cause of the less dense configuration. The dipole moment of
the minimized molecule is 44.4 D, indicating organization of
dipoles within the model DOM. It is possible that dipole—
dipole interactions formed between the central DOM molecule
and its densely packed periodic images [28].

The final configuration of the DOM molecule (Fig. 2) fea-
tured a bulk density of 1.36 g/cm?3, within the range of ex-
perimental estimates (1.2—1.4 g/cm?) for the dry bulk density
of humic substances [18]. The DOM model had a solvent-
accessible surface area of 4,397.0 A2, approximately 1,000 A?
smaller than the area provided by Schulten [16] for a similar
DOM configuration that included 35 water molecules and that
had not been subjected to a packing procedure. The volume
of the dry, densely packed DOM molecule was 8,190.4 A3,
marginally smaller than that documented by Schulten [16] for
the partially hydrated DOM configuration. A third of the total
periodic cell volume was empty, but only 6% of the cell volume
was occupiable by probe molecules with radii of 1.4 A, ac-
cording to Cerius?> volume calculations. The dry, densely
packed DOM molecule therefore has a limited capacity to
absorb guest species.

Energetic and structural properties of solvated DOM
systems

Theutility of amodel humic molecule dependsonits ability
to mimic the behavior of humic substances under conditions
relevant to soil and water environments—conditions that are
invariably hydrated and rarely acidic enough to encourage full
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Table 1. Properties of the protonated and deprotonated, cation-
saturated dissolved organic matter (DOM) molecules

H-DOM NaDOM Ca-DOM

Surface area (,&2) 4,415.4 5,731.4 5,638.6
Volume (A3) 8,233.9 8,033.1 8,037.1
Porosity . 0.637 0.815 0.753
Radius of gyration (A) 12.76 13.28 13.26
Dipole moment (D) 42.5 273.0 210.1
Water potential energy? (kJmol) —333.4 —400.2 —401.6
H-bonds

Total 28 109 61

Intramolecular 15 20 17

DOM-water 13 89 44

aThese values cannot be compared to the molar potential energy of
bulk water provided in Materials and Methods because of differ-
ences in simulation methodol ogy.

protonation of carboxyl functional groups. Hydrated DOM sys-
tems investigated include the fully protonated species as well
as deprotonated polyanions associated with hydrated Na* or
Ce&* counter-ions.

Hydrated DOM molecule. The total potential energy of the
hydrated DOM molecule with associated water molecules was
—2.560 X 10° kJ/mol, whereas the potential energy of the
DOM molecule by itself was —1.158 X 10* kJmol. The latter
potential energy is higher than that of the nonperiodic dry
DOM molecule (—1.527 X 10* kJ/mol), suggesting that struc-
tural reorganization (necessary to optimize interactions with
water) resulted in a configuration that was less suited to de-
hydrated conditions. The potential energy of the water mol-
ecules associated with the hydrated DOM was —333.4 kJ/mol
(Table 1).

The dipole moment of the hydrated DOM molecule in iso-
lation was 42.5 D (Table 1), similar to that of the dry, densely
packed DOM molecule (44.4 D). The porosity of the hydrated
DOM system, calculated as the volume ratio ([Viga — Vooml/
Vo), Was 0.637, whereas the solvent-accessible surface area
of the DOM moleculeinitshydrated conformation was4,415.4
A2 The radius of gyration of the DOM molecule was 12.76
A, well within the experimental range of 4.7 to 33 A reported
for aquatic humic substances [43,44] but less than the typical
values of 30 to 100 A reported for soil humic substances [45].

To accommodate its agqueous environment, the hydrated
DOM adopted subtle structural changes, resulting in the re-
duction of intramolecular H-bonds and the appearance of
DOM-—water H-bonds. The hydrated DOM featured 15 intra-
molecular H-bonds and 13 H-bonds with water molecules, far
fewer in total than the 47 intramolecular H-bonds observed in
the dry DOM molecule. Graber and Borisover [46] suggested
that on hydration, noncovalent links, such as H-bonds, between
humic moieties would be disrupted as water molecules pen-
etrated pores and hydrated polar organic functional groups.
The results of this simulation indicate that penetration and
hydration by water molecules may not be necessary to disrupt
H-bonds between humic moieties, because water molecules
did not enter interior regions of the DOM molecule during the
course of the simulations. More DOM—water H-bonds would
be expected if the added water moleculeswere ableto penetrate
the organic matrix rather than simply coating its external sur-
face.

Deprotonated, Na- and Ca-saturated DOM hydrates. En-
ergy-minimized, octahedrally coordinated Na* described by
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the COMPASS force field featured a Na-O distance of 2.395
A, whereas Ce&?** featured a Ca-O distance of 2.357 A. The
total potential energy of the Ca?* hydrate was —1,036 kJ/mol,
more than twice the total potential energy of the Na* hydrate
(—449.9 kJ/mal), primarily because of a larger electrostatic
contribution, given the divalent charge of the former, and the
somewhat smaller cation-O distance.

The total potential energy of the Na-DOM hydrate was
—7.262 X 10° kJ/mol, whereas that of the Ca-DOM hydrate
was —5.585 X 10° kJ/mol. The total potential energy of the
Na-saturated organic polyanion without associated water mol-
ecules was —3.233 X 10* kJ/mol, roughly threefold that of the
fully protonated DOM hydrate structure without its associated
water molecules (—1.158 X 10* kJmol). The Ca-saturated
version of the polyanion had atotal potential energy of —6.775
X 10* kJ/mol, approximately sixfold that of the protonated
DOM molecule. The presence of carboxylate sites and com-
pensating cations in the Na-DOM and Ca-DOM systems cre-
ated electrostatic interactions, resulting in lower potential en-
ergies. Although the Ca-saturated system contained just under
half the number of cations present in the Na-saturated system,
the divalent charges on these cations resulted in a doubling of
the potential energy found in the Ca-DOM conformation with-
out associated water molecules as compared to Na-DOM. The
potential energies of water molecules in the Na- and Ca-DOM
hydrates were —400.2 and —401.6 kJ/mol, respectively (Table
1). The similarity of these values suggests that the effect of
ion valence on the hydrophilicity of the cation-saturated po-
lyanions was cancelled by variation in the number and ar-
rangement of water molecules. These values are lower than
that of water in the protonated DOM hydrate (—333.4 kJ/mal),
indicating that the deprotonated, cation-saturated organic mol-
ecules were more hydrophilic than the protonated molecule.
Dipole moments of 273.0 and 210.1 D calculated for the de-
protonated organic structures within the Na-DOM and Ca-
DOM hydrates, respectively, are much larger than the 42.5 D
dipole moment calculated for the protonated DOM molecule,
providing further evidence for the formation of a polar, hy-
drophilic environment with deprotonation. The slightly less
negative charge of Ca-DOM (—76€) relative to Na-DOM
(—=77e) contributed to the reduced dipole moment of the for-
mer, as did subtle differences in conformation.

Porosities of 0.815 and 0.753 calculated for the Na- and
Ca-DOM hydrates, respectively (Table 1), revealed a more
porous organic structure than that seen for the protonated DOM
molecule, with its porosity of 0.637. Insertion of fully hydrated
cations within the organic matrices of the DOM molecule dur-
ing titration triggered creation of intramolecular pores. The
increase in hydrophilicity with deprotonation, indicated by the
molar potential energies of water molecules associated with
protonated and deprotonated versions of the DOM molecule,
created conditions favorabl e to the maintenance of these water-
filled pores. Molecular reconfiguration with pore formation
produced expanded organic conformations with gyration radii
of 13.28 and 13.26 A for the Na- and Ca-DOM polyanions,
respectively, relative to the value of 12.76 A for the protonated
DOM molecule. Surface areas likewise increased to 5,731.4
and 5,638.6 A*for the Na- and Ca-DOM, respectively, relative
to the value of 4,415.4 A? for the protonated molecule. The
creation of intramolecular pores and subsequent expansion of
the deprotonated molecul es influenced the porosity calculation
by increasing the number of water molecules required to coat
these cation-saturated polyanions to a depth of 5 A and, thus,
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increasing the total volumes of the simulation systems used
to calculate porosity, from 2.266 X 10* A% for the protonated
molecule to 4.343 X 10* and 3.259 X 10* A3 for the Na- and
Ca-DOM molecules, respectively. The difference in the total
volumes of the simulation systems and, therefore, porosity for
Na- and Ca-DOM s linked to the presence of fewer hydrated
cations in the latter system. Reorganization into less compact
structures containing many voids after deprotonation is con-
sistent with atomic force microscopy images of dilute humic
substances adsorbed to muscovites under agueous conditions
[47], which indicate that these natural organic molecules form
dense clusters when influenced by acidic solutions and more
elongated networks when surrounded by solutions close to
neutral pH.

The Na-DOM system contained a total of 109 DOM H-
bonds, or 20 intramolecular H-bonds and 89 H-bonds between
the organic matter and associated water molecules (Table 1).
The Ca-DOM system contained a total of 61 DOM H-bonds,
or 17 intramolecular H-bonds and 44 DOM-water H-bonds
(Table 1). Both systems displayed a dramatic increase in
DOM-water H-bonds, relative to the protonated DOM system,
which featured 13 such H-bonds (Table 1). This increase was
linked to formation of water-filled pores within the DOM struc-
tures, which expanded the organic surface area available for
interactions with water molecules. The Ca-DOM hydrate de-
veloped fewer H-bonds than the Na-DOM hydrate, because
fewer water molecules were present. In addition, it is possible
that the stronger electrostatic field produced by the divalent
cation forced water molecules and humic functional groups
into rigid positions near the Ca&* and discouraged subtle
changes to the structure of the polyanion that would lead to
the formation of H-bonds. Analysis of sorption and desorption
of probe molecules by cation-saturated humic acids [7] indi-
catesthat the identity of the cation-saturating humic substances
can affect sorption of nonionic organic compounds via both
H-bonding and hydrophobic mechanisms.

Plots of Na-O and Ca-O RDFs provided information con-
cerning the average coordination states of these cations (Fig.
3). The Na-O profile indicated substantial coordination at
Na-O distances of 2 A or less, and the relative heights of the
Na-Ocapoxyiate @A Na-O, profiles suggested that most of the
O involved in these complexes was part of carboxylate func-
tional groups. The CN values (Table 2) were calculated using
a maximum r-value (p) for inner-sphere coordination of 2.6
A. Water O represented more than two-thirds of the average
2.66 O surrounding Na+, whereas carboxylate O represented
just under a quarter of this value. The first peak of the Ca
O.wa RDF occurred at a slightly higher r-value than that seen
in the Na-DOM system and also resulted, primarily, from co-
ordination with carboxylate O (Fig. 3). Although Ca&** and Na*
have similar radii, the higher charge of Ca#* attracted more O
atoms within a distance of 2.8 A, and this crowding discour-
aged occupation of positions closer to the cation. The Ca-O
CN values (Table 2) reflect the high O coordination of these
cations relative to Na*. The Ca?* were coordinated to a total
of 4.15 O on average, including 1.29 carboxylate O, demon-
strating significant inner-sphere coordination with organic
functional groups. The Ca** were coordinated to more water
O than the Na* were because of the larger energy of hydration
of the divalent cation. Organic, noncarboxylate O functional
groups provided a similar amount of inner-sphere coordination
to both cations.

The average number of O atoms surrounding Na* and Ca?**

R. Sutton et al.
0.00025 +----- T----- T--==- === === |
| 1 I 1 I |
I 1 | | 1
| 1 I total 0 I 1
! SV | !
0.00020 + - - -~ PN | o A I i
I 1 | | ]
| 1 Lo ] 1
I 1 il | 1
I 1 . 1 I 1
I 1 " 1 | 1
I 1 ' l 1
=TT == 1

1
1
. 1
1
1
v 1
i T, "1~~~ 77 aAaTT T T T
1
1
1
I
I

0.00015
I

Ena-olr)

0.00005

0.00000

0.0003 +----- il R e e et 1
1 I B I
2eao() | sl : |
| : S :

00002 Lo mmm ol e

r(A)

Fig. 3. Radial distribution functions (RDFs) between the cation and
total O (gray, dashed line), carboxylate O (black, solid line), and water
O (gray, solid line) for Na— and Ca—dissolved organic matter (DOM;
top and bottom, respectively) hydrates. No normalization is applied
to these RDFs, and as r approaches a value equal to half that of the
longest dimension of the system, g(r) approaches zero. Peak heights
inthe Na-DOM system are roughly half those in the Ca-DOM system,
because approximately twice as many Na* as Ca?* were present.

Table 2. Cation coordination numbers for Na- and Ca-dissolved
organic matter hydrates

Cation-O pairs Na* Ca?*
Total O 2.66 4.15
Carboxylate O 0.65 1.29
Water O 1.84 2.70
Other O 0.17 0.16
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was lower than the experimentally determined agueous CN
values of approximately six for both cations [36]. Restrictions
in the stereochemical environment of cations experiencing in-
ner-sphere coordination with DOM, or complexation, may
have resulted in substantially reduced coordination overall.
Cations directly coordinated to carboxylate O were located
close to other organic moieties as well. Further coordination
of these cations by water molecules would be restricted to
positions not impinged on by fragments of the DOM molecule.
The longer average Ca-O coordination distance described
above, created through packing of O around the more hydro-
philic divalent cation, reduced the effect of stereochemical
barriers to coordination for Ca?* relative to Na*. It is possible
that the method used to create these cation-saturated systems
also contributed to the low CN values of the cations relative
to experimental values. To reduce the calculations needed to
titrate the DOM molecule, the only water present in the systems
was the six molecul es associated with each cation added. With-
in this relatively dehydrated environment, hydrophilic func-
tional groups of the DOM may have drawn water molecules
away from cations. A layer of water molecules was placed
around the cation-saturated DOM polyanion after the titration
was complete, but abiasfavoring lower coordination of cations
may have been introduced by these initial conditions. A similar
titration procedure performed on a hydrated DOM molecule
might result in cations with larger CN values.

With a carboxylate O CN value of 0.65, Na" experienced
approximately half the complexation of Ca**, with its corre-
sponding value of 1.29. Monovalent cations are expected to
participate in fewer inner-sphere associations with carboxylate
groups compared to divalent cations [6], but even this rela-
tively low amount of Nat complexation is inconsistent with
currently accepted models of cation complexation by humic
substances, which suggest that Na* interacts with natural or-
ganic matter primarily as a diffuse layer of fully hydrated
cations removed from specific organic charge sites [6]. Acid-
imetric titration experiments show that the amount of cation
associated with a humic acid is dependent on pH only, not on
the concentration of Na* in solution, supporting the prevalence
of a nonspecific charge neutralization interaction rather than
direct organic complexation [8]. The model titration procedure
used for these simulations may produce results favoring or-
ganic complexation interactions over more distant, charge-neu-
tralization activity, because cations are placed near newly de-
protonated carboxylate groups at the beginning of each step
in the sequence. The relatively dehydrated conditions during
titration described above may encourage formation of inner-
sphere complexes as well.

In contrast, the complexation behavior of Ca** observed in
these simulations is consistent with currently accepted models
of cation complexation by humic substances, which suggest
divalent cations can form inner-sphere complexes with humic
carboxylate groups [6]. Conductimetric titration of a humic
acid with Ca(OH), [9] revealed alarge portion of the titration
curve for which additions of Ca?* produced almost no increase
in conductivity, which is evidence for strong association be-
tween the divalent cation and the organic molecules, as seen
in the simulations. The same titration performed with NaOH
provided further evidence for minimal strong binding of Na*
to humic acid [9]. Infrared spectra of dehydrated Ca-DOM
samples feature areduction in the carboxy! peak, coupled with
an increase in the carboxylate peak, indicating that the cations
interact with carboxylate groups directly [48,49]. However,
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Fig. 4. A portion of the Ca—dissolved organic matter structure fea-
turing a Ca?+ doubly inner-sphere coordinated to one carboxyl ate (I eft)
and singly inner-sphere coordinated to two others (top and right).
Gray spheres represent C, red spheres O, white spheres H, blue sphere
N, and the brown sphere Ce?*. Measurements indicate distances be-
tween atoms (A).

spectra of partially hydrated Ca-DOM samples do not exhibit
this pattern [50], suggesting that Ca?* may not participate pri-
marily in inner-sphere complexes when more water molecules
are present. Similar caution concerning the effect of water
content must apply to the results of these simulations. The
limited number of water molecules present during the initial
deprotonation and cation-saturation sequence may have cre-
ated a bias favoring formation of inner-sphere complexes.
Examination of the local environment of each cation re-
vealed acomplex view of cation—carboxylateinteractions. The
Na-DOM hydrate contained 9 Na* that were doubly inner-
sphere coordinated to carboxylate groups and 34 that were
singly inner-sphere coordinated. Two of the former and eight
of the latter cations were singly inner-sphere coordinated with
an O of another carboxylate group as well. Neighboring car-
boxylate groups attached to benzene rings were capable of
capturing Na* via separate inner-sphere coordination inter-
actions, contributing to a preference for benzene carboxylates
to form inner-sphere associations. The 34 remaining Na* were
in outer-sphere positions relative to carboxylate groups. Two
of these cations were more than 6 A away from the nearest
carboxylate, indicating transition from an outer-sphere asso-
ciation to a more independent existence within the shell of
water surrounding the deprotonated DOM molecule.
Evaluation of thelocal cation environments of the Ca-DOM
hydrate uncovered greater variation in the coordination states
adopted by Ca?*. Three of these cations were doubly inner-
sphere coordinated to one carboxylate group and singly inner-
sphere coordinated to two others (Fig. 4). Two Ca&* were
doubly inner-sphere coordinated to one carboxylate group and
singly inner-sphere coordinated to one other. Nine cations par-
ticipated in doubly inner-sphere coordination complexes with
just one carboxylate group. Two Ca2+ were singly inner-sphere
coordinated to two carboxylate groups simultaneously, where-
as 13 Ca* were singly inner-sphere coordinated to just one
carboxylate group. The Ca-DOM hydrate featured a total of
15 doubly inner-sphere complexes and 24 singly inner-sphere
complexes. Relative to alkyl carboxylate groups, aromatic car-
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boxylate groups were more likely to form doubly inner-sphere
complexes. A total of just 10 of the 38 Ca?* were associated
with the DOM molecule through outer-sphere complexes, and
none of these displayed the drift into the water shell seen in
the Na-DOM hydrate.

Comparison of the cation complexation occurring in the
Na- and Ca-DOM hydrates indicates that Na* is more weakly
bound to the DOM polyanion than Ca**. Nearly half the Na*
interacted with the organic molecule via outer-sphere associ-
ations, as opposed to stronger inner-sphere complexes, whereas
just more than a quarter of the Ca?* took part in outer-sphere
associations. All the outer-sphere Ca¢+ were located within 6
A of a carboxylate O, whereas two of the outer-sphere Na-
occupied positions at distances greater than 6 A, suggesting
they were associated less directly with the DOM. A survey of
exchange movement indicated that 42 Na*, or more than half
the cations present, moved away from the carboxylate groups
to which they were originally paired. Within the Ca-DOM
hydrate, exchange of the original carboxylate group coordi-
nated to a specific Ce?* for another occurred for only 22 of
the 76 initial associations created during titration (two for each
Ca** present, because originally, each was placed near two
carboxylate groups). This movement is evidence of the weaker
interaction of Na* with carboxylate groups aswell asitsgreater
mobility in the hydrated organic system compared to Ca?*.
Although the titration procedure used to model the Na-DOM
system may have favored the formation of inner-sphere co-
ordinated complexes, it is evident that Na* was not as strongly
bound to the organic polyanion as Ca?* was, a trend that is
consistent with current theory [6] and experimental evidence
[8,9]. In contrast to Na*, Ca?* was more likely to be doubly
inner-sphere coordinated with carboxylate groups and to re-
main near both the DOM molecule and the carboxylate groups
associated with initial placement during titration, which are
characteristics that support the idea of atightly bound cation.

CONCLUSION

The DOM molecule, designed by Schulten [16] and mod-
eled using the COMPASS force field, displayed physical and
chemical characteristics consistent with experimental data. The
model humic molecule reproduced avalue for dry bulk density
within the range of those determined for humic substances and
a value for the Hildebrand solubility parameter just less than
those estimated from experimental measurements. Explora-
tions of a hydrated DOM system indicated that the subtle
structural reorganization triggered by solvation was enough to
disrupt numerous intramolecular H-bonds, despite the fact that
few water molecules penetrated the organic matrix. The radius
of gyration of the hydrated DOM molecul e was consistent with
those measured for aquatic humic substances.

To examine the structure of humic substances under pH
conditions closer to neutral, a novel method of stepwise titra-
tion was developed in which hydrated cations were placed near
deprotonated carboxyl functional groups. Both Na- and Ca-
DOM structures created in this manner were more porous and
featured more DOM—water H-bonds than the protonated hy-
drate. The Ca?** displayed stronger organic complexation and
reduced mobility relative to the Na* as well as a greater level
of hydration by water molecules, all of which result from its
greater charge.

The DOM molecule, as simulated by the COMPASS force
field, is a potentially valuable tool for investigating the struc-
ture and function of aqueous humic molecules under acidic
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and near-neutral pH conditions. The work presented here is
the first rigorous computational exploration regarding the be-
havior of a model humic molecule under a variety of physical
conditions that are typical of soil and water systems. Broad
comparison of the properties of model molecules and natural
humic fractions is an essential step toward a mechanistic un-
derstanding of processes involving humic substances. Further
studies using other model molecules should lead to improved
three-dimensional organic structures that capture functional
qualities of humic materials and can be used to make predic-
tions about contaminant mobility in natural systems.
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