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However, accurately simulating the interaction between metal ions and amino acid side chain
analogs using high-level wave function theories remains challenging due to the significant
computational costs involved. In this study, deep potential molecular dynamics (DeePMD)
simulation was employed to investigate the solvation structure of the Mg2+-Ac_ ion pair in
aqueous solution. To address the computational bottleneck associated with expensive quan-
tum mechanics (QM) methods, the Deep Kohn-Sham (DeePKS) approach was utilized, which
allows us to generate highly accurate self-consistent energy functionals while significantly re-
ducing computational costs. The root mean square error and mean absolute error of energies
and atomic forces indicate close agreement between DeePKS predictions and QM strongly
constrained and appropriately normed (SCAN) calculations. Moreover, the neural network
potential (NNP) generated using the SCAN-level dataset predicted by DeePKS exhibits high-
er accuracy compared to previous work, which employed a moderate BLYP functional. The
potential of mean force for the Mg2+—AC_ system was further examined, revealing a prefer-
ence for monodentate coordination of Mg2+ with a ~5.8 kcal/mol energy barrier between
bidentate and monodentate geometries. Overall, this work provides a comprehensive, precise,
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and reliable methodology for investigating metal ions’ properties in aqueous solutions.

Key words: Molecular dynamics simulation, Umbrella sampling, Neural network potential,

Machine learning

I. INTRODUCTION

Ton-selective interactions have long been recognized
as fundamental phenomena in numerous chemical, envi-
ronmental, and biological processes that occur in aque-
ous solution. Metal ions play a central role in various bi-
ological functions, including maintaining homeostasis,
regulating muscle contraction, and facilitating enzyme
catalysis [1-3]. In proteins, metal ions often coordinate
with the carboxylate of the side chain of residues such
as ASP, GLU, CYS, and HIS, which significantly im-
pact protein association and enzymatic activity [4].
Mg2+, one of the most abundant elements in the hu-
man body, plays critical roles in various biomolecular
processes, including binding with ATP to activate it bi-
ologically [5] and stabilizing the tertiary structure of
DNA and RNA [2]. Therefore, it is of paramount impor-
tance to thoroughly investigate the energetic interac-
tion mechanisms between metal ions and amino acid
side chain analogs, such as acetate anions, to compre-
hend the chemical and physical behaviors underlying
cellular processes.

Over the past few decades, researchers have exten-
sively utilized both experimental and theoretical ap-
proaches to explore the metal carboxylate binding con-
stant and the hydration shell properties of Mg>t in
aqueous solution. X-ray diffraction [6—10] and neutron
diffraction [11, 12] have provided valuable insights into
the ionic coordination number and the solvation struc-
ture of Mg?" in aqueous solution [9]. The sequential
bond energies of [Mg(H20),>" (n=2-10) were mea-
sured using the threshold collision-induced dissociation
[13]. Vibrational spectroscopic methods have also been
employed to determine the metal acetate binding con-
stants, although inconsistencies in results have been re-
ported [14, 15]. Denilson et al. introduced a novel Ra-
man multivariate curve resolution approach to obtain
the binding free energies for Ac™++-M?T in aqueous so-
lution (where M=Zn, Mg, and Ca) [16]. Theoretically,
molecular dynamics (MD) simulations that effectively
model electronic polarization via charge scaling have
been utilized to calculate the binding free energies of
different cations (Ca?", Zn?*, and Mg?") to an acetate
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ion [16]. Studies combining ab initio methods with MD
simulations have provided insights into the bidental na-
ture of the -COO™ and X' (X=Li, Na, K, and NHy) in-
teractions in aqueous solution [17]. Jing et al. demon-
strated the importance of the many-body effects on
Ca’* selectivity compared to Mg2+ through ab initio
calculations on model compounds of the binding pock-
ets [18]. Although ab
(AIMD) studies have predicted coordination number of

initio  molecular dynamics

Ca’T ranges from 2 to 10 and Mg?T coordinates with 6
water molecules [19—21], the computational cost limits
its applicability to relatively small systems and short
time scales [22—24].

In recent years, machine learning (ML) methods
have emerged as promising solutions to the computa-
tional challenges associated with AIMD, offering the po-
tential to construct potential energy surfaces with high
accuracy and efficiency [25—29]. Zhang et al. introduced
the deep potential molecular dynamics (DeePMD)
scheme, which utilizes the deep neural networks to fit
potential energy surfaces based on expensive ab initio
data. This approach enables the simulation of large-size
systems over long-time scales with first-principles accu-
racy, significantly reducing computational cost [29—30].
Researchers have explored various systems using DeeP-
MD, including aqueous solutions of NaCl, KCl, and
NaBr, revealing insights into how salt ions affect the
structure of water under different conditions [31]. Liu et
al. employed DeePMD to investigate the solvation
structures and properties of ion pairs such as Ca?T-OH~
and Mg>*-OH™ in water, shedding light on their inter-
actions in aqueous environment [32]. However, a signifi-
cant challenge in utilizing ML approaches is the re-
liance on reference datasets obtained from high-level
quantum mechanics (QM) methods, which can be com-
putationally expensive. The accuracy of the trained
neural network potentials (NNPs) is thus limited by the
quality of the reference data. To address this limitation,
Liu et al. developed a deep potential based on fragment-
based theory (DP-MP2) for water, offering an alterna-
tive approach for training NNPs [33].

In this work, DeePMD simulation was utilized to ex-
plore the solvation structure of the Mg>*-Ac™ ion pair

© 2025 Chinese Physical Society
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FIG. 1 The procedure for the construction of the neutral
network potential.

in aqueous solution. To address the computational bot-
tleneck associated with expensive QM methods, the
deep Kohn-Sham (DeePKS) approach [34, 35] was used
for the generation of highly accurate self-consistent en-
ergy functionals while significantly reducing computa-
tional costs. The procedure for constructing the neutral
network potential is illustrated in FIG. 1. The accuracy
of DeePKS model and the trained neutral network po-
tential were examined to ensure reliability in our simu-
lations. Overall, this work provides a comprehensive,
precise, and reliable methodology for investigating met-
al ions’ properties in aqueous solutions.

Il. METHODS

A. Models

For Mg?t-Ac™ system, the initial configurations with
different distances between MgQJr and the carbon atom
of carboxyl group were obtained from our previous work
[36], generated through short AIMD simulations. In the
system, MggJr and Ac were immersed in a cubic water
box with the dimension 16 A (128 water molecules in to-
tal), and 41 windows spanning the reaction coordinate
from 2.0 A to 6.0 A, with an interval of 0.1 A, were set
to comprehensively examine the system’s dynamic be-
havior.

B. DeePKS model generation

DeePKS is a machine learning-based DFT model
that utilizes a computationally efficient neural network-
based functional model to develop a correction term ap-
plied to an economical DFT model. The detailed princi-
ples of the DeePKS method have been extensively
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demonstrated in previous literatures [37, 38]. It has un-
dergone through testing and shows that the DeePKS
model reproduces the target energies and forces even
when trained on a significantly small dataset. In this
work, the DeePKS method serves as a bridging mecha-
nism between cost-effective Perdew-Burke-Ernzerhof
(PBE) [39] GGA functional and expensive strongly con-
strained and appropriately normed (SCAN) meta-GGA
[40] calculations, facilitating the prediction of energy
and atomic forces during the deep potential generation
procedure. To get the DeePKS model from PBE to
SCAN, a total of 410 frames, consisting of 10 frames
from each configuration across 41 distance windows,
were calculated using CP2K [41] to acquire their ener-
gies and atomic forces. The SCAN functional for the ex-
change and correlation terms, in conjunction with the
Grimme’s D3 correction, were employed ensuring accu-
rate descriptions of molecular structures [42]. Core-va-
lence interactions were described utilizing
Goedecker—Teter—Hutter (GTH) pseudopotentials opti-
mized for the SCAN functional. Double-zeta valence po-
larized basis set MOLOPT (DZVP-MOLOPT-SR-
GTH) was employed to represent atomic species [43],
with a plane wave kinetic energy cutoff (Ecyt) set to
1000 Ry.

The energies and forces from 155 structures were al-
located for the training set, while 255 structures were
reserved for the validation set during the DeePKS train-
ing. In this work, a radius cutoff of 5 Bohr was em-
ployed, with a kinetic energy cutoff set at 100 Ry. Ini-
tially, the DeePHF model was trained and utilized as
the starting point for DeePKS training. During each
training round of DeePKS, SCF calculations were per-
formed and only converged structures were retained for
subsequent training iterations. The DeePKS model
comprised a neural network with three hidden layers,
each containing 108 neurons. Training utilized the
Adam optimizer with a batch size of 16 and a learning
rate of 1x107% The learning rate exponentially de-
cayed by a factor of 0.5 every 1000 epochs. The total
number of epochs was capped at 5,000. Iterative train-
ing of DeePKS ceased once the mean absolute error
(MAE) of the training and validation sets converged.

C. Deep potential generation

The deep potential generator (DP-GEN) [44] was
utilized for generating deep potential (DP) models. A
dataset comprising 2027 data points, with 50 data
points for each configuration, was derived from DeePKS

© 2025 Chinese Physical Society


https://doi.org/10.1063/1674-0068/cjcp2402023
https://doi.org/10.1063/1674-0068/cjcp2402023
https://doi.org/10.1063/1674-0068/cjcp2402023
https://doi.org/10.1063/1674-0068/cjcp2402023
https://doi.org/10.1063/1674-0068/cjcp2402023

98 Chin. J. Chem. Phys., Vol. 38, No. 1

calculations and subsequently trained using the DeeP-
MD-kit package [45], integrated with the DP-GEN
package. During each training iteration, the embedding
network consisted of three hidden layers with the sizes
of (25, 50, 100), while the fitting network comprised
three hidden layers with the sizes of (240, 240, 240). An
exponentially decaying learning rate, ranging from
1.0x 103 to 3.5 x 1078, was applied. The prefactors of the
energy and the force terms in the loss function were dy-
namically adjusted, transitioning from 0.02 to 1 and
from 1000 to 1, respectively. The DP model underwent
training for 2 x 10° steps. T'o ensure robustness, four DP
models were generated for each training session, and
each initialized with different weights but trained on
the same reference dataset. Concurrent learning algo-
rithm was employed to ensure comprehensive coverage
of the target chemical space. Subsequently, the initial
four NNP models were subjected to restrained MD sim-
ulations in each window using LAMMPS software [46]
combined with the umbrella sampling method [47, 48].
Periodic boundary conditions were applied and
PLUMED plugin [48] was utilized to constrain the reac-
tion coordinates. Within DP-GEN;, the model deviation,
denoted as e, represented the maximum standard devi-
ation of the predictions for the atomic forces, serving as
a key metric to assess differences between models,

e = max (15 = flD% F=()

where f; denotes the predicted force on the atom i, f;
denotes the mean of the forces predicted by the four
NNP models. During the MD simulations, atomic struc-
tures with force deviations falling within the range of
0.15 eV/A<e<0.3 eV/A were identified as candidate
configurations. In each iteration, up to 50 candidates
from each window were selected, which were incorpo-
rated into the training set for the next iteration after
predicting their energies and atomic forces using the
DeePKS model. Additionally, the simulation time was
gradually increased in each iteration, until the target
simulation time of 4 ns was reached.

lll. RESULTS AND DISCUSSION

A. Verification of the DeePKS model

To validate the robustness of the CP2K calculation,
energies and atomic forces for 7 randomly selected
structures were calculated employing SCAN functional
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TABLE I The performance of DeePKS prediction for the
Mg?t-Ac™ system.

Force/ Energy/
DeePKS  (kcal-mol '-A™1) (1073 keal- mol !+ atom ™)
MAE RMSE MAE RMSE
Train set 0.899 1.267 0.899 1.129
Validation set  0.899 1.313 1.728 2.442
Test set 0.876 1.198 1.728 2.304

with the GTH pseudopotentials optimized for the PBE
functional using both CP2K and VASP. The root mean
square error (RMSE) for energies and forces are
4.9 kcal/mol and 1.4 kcal-molfl-Afl, respectively, af-
firming the accuracy of the CP2K approach. Subse-
quently, SCAN functional with the GTH pseudopoten-
tials optimized for SCAN were employed to calculate
the energies and forces of 410 frames, yielding a broad
range of energy (—1411718.40  kcal/mol  to
—1411523.87 kcal/mol) and force (—121.50to 118.59
kcal-molfLA*l) respectively, indicating comprehen-
sive exploration of the conformational space. The 410
frames with the SCAN energy and force labels were
used to train the PBE-based DeePKS model. The ener-
gy and force RMSEs for the 155-train set and 255-vali-
dation set were shown in Table I. For the train set, the
RMSE of the energy and the force were
1.13x1073 keal-mol *-atom ™ and 1.27 keal-mol '+ A1,
and for the validation set, the RMSE of the energy and
the force were 2.44x1073 keal-mol 'atom™ and 1.31
keal-mol - A7l FIG. 2 depicts the correlation between
energies and atomic forces as predicted by the DeePKS
model and those calculated by CP2K across the overall
410 data set. It can be seen that with a few frames, the
DeePKS model yields highly accurate predictions. To
further validate the DeePKS model’s performance, 41
new frames were generated as a test set. Compared to
CP2K calculations, the DeePKS model exhibited
RMSE values of 2.30x1073 kcal-mol ' atom™ for ener-
gy and 1.20 kcal-mol '-A™! for force, demonstrating
comparable accuracy to the train and validation sets.
Notably, while a single SCAN calculation by CP2K
takes approximately 2 h on the 36-core processor to
complete, the DeePKS model can accurately reproduce
these results within 35 min with the same core proces-
sor, a remarkable computational time-saving of over 3
orders of magnitude. Thus, the DeePKS model can
serve as a reliable bridge between computationally ex-
pensive ab initio calculations such as SCAN and cost-ef-

© 2025 Chinese Physical Society


https://doi.org/10.1063/1674-0068/cjcp2402023
https://doi.org/10.1063/1674-0068/cjcp2402023
https://doi.org/10.1063/1674-0068/cjcp2402023
https://doi.org/10.1063/1674-0068/cjcp2402023
https://doi.org/10.1063/1674-0068/cjcp2402023

Chin. J. Chem. Phys., Vol. 38, No. 1

X2.25x103

-0.40
-0.45

. ~0.50

©
£
w© -0.55
o
<
§ -0.60 / 10
[ d
=
S .
) -065
¥
o
[
] -o70
RMSE: 2.04 kcal/mol
-0.70 -0.65 -0.60 -055 -050 -0.45 x2.25x103
DFT energy (kcal/mol)

0.100 N 10*
<70.075
<

5 0.050

PeePKS forces (kcal-mol
o o o o o
> © o o o
S & 8 8 R
s 3 & 8 &

& MAE : 0.90 kcal-mol-"-A!
—0.1001 -&* RMSE: 1.29 kcal-mol*.A"!

-0.10 -0.05 0.00 0.05 0.
DFT forces (kcal-mol-'-A")

10

FIG. 2 The correlation of energies (upper) and atomic
forces (lower) predicted by the DeePKS model and those
calculated by CP2K across the overall 410 data set. The
color bar indicates the density of data points.

fective DFT calculations, offering an efficient and pre-
cise approach to computational chemistry investiga-
tions.

B. Performance of the NNP

For atomic forces, the MAE between the NNP pre-

diction and the DeePKS calculation is
1.22kcal-mol »*A7!,  with  the RMSE  of
1.66 kcal-mol "-A™".  For the energy, it is
8.13 x1072 kcal-mol - atom ™! with RMSE of

9.52x107% kcal-mol '-atom L. FIG. 3 displays the corre-
lation between energies and atomic forces as predicted
by the NNP model and those calculated by CP2K for
the 410 data set. The MAE and RMSE indicate that the
atomic forces and energies obtained from NNP and
DeePKS are in close agreement. In our previous work,
DFT calculations were conducted using the BLYP func-
tional with a double-{ valence polarized (DZVP) basis
set along with GTH pseudopotentials due to computa-
tional affords. The MAE and RMSE between NNP pre-
dictions and DFT calculations for atomic forces were
1.31 and 2.00 kcal-molfl-Afl, respectively, which are
larger than those obtained in the current work.
Additionally, for  energy, the RMSE was
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culated by CP2K across the 410 data set. The color bar in-
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36.87x1073 keal-mol - atom ™, significantly higher than
9.52x107% kcal-mol '-atom ! observed in the present
work. These differences highlight the importance of the
accuracy of the label dataset, which should be obtained
through high-level QM method calculations, determin-
ing the performance of the NNP.

C. Modeling Mg?t-Ac™ system in water solution

Following the MD simulations conducted with
NNPs, the potential of mean force (PMF) curve for the
MthAc_ system was computed with respect to the re-
action coordinates using the weighted histogram analy-
sis method (WHAM) [49]. As depicted in FIG. 4, the
PMF curve reveals three distinct minima. The first min-
imum, located at a reaction coordinate of 2.5 A, corre-
sponds to the formation of the contact bidentate struc-
ture. In this configuration, both oxygen atoms on the
carboxyl group are coordinated with Mg2+. The second
minimum, observed at a reaction coordinate of 3.2 A,
represents a monodentate structure where Mg2Jr inter-
acts with only one oxygen atom in the carboxyl group.
The third minimum, situated around the reaction coor-
dinate of 5.2 A, corresponds to a solvent-shared struc-
ture. In this configuration, Mg?* coordinates with 6 wa-

© 2025 Chinese Physical Society
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FIG. 4 (A) Potential of mean force curve of Mg%—Acf ion pairs in aqueous solution. (B) Representative structures corre-
sponding to the minima points of the PMF curve in the MD simulation. I, II, and III refer to contact bidentate structure,
monodentate structure and solvent-shared structure, respectively. Red: oxygen atom, white: hydrogen atom, green: car-

bon atom, pink: magnesium atom.

ter molecules, forming an octahedral solvation struc-
ture. The PMF results are consistent with previous
study and demonstrate the reliability of the trained
NNP model. Furthermore, the preference of Mg>t for
the monodentate structure over the contact bidentate
structure is observed from the PMF curve, with the en-
ergy barrier of ~5.8 kcal/mol, which is higher than our
previous work. In addition, the energy barrier is 3.9
kcal/mol between the monodentate structure and the
solvent-share structure when the Mg2+ and Ac™ ions are
separated. The observation suggests that the smaller ra-
dius of Mg?* (86 pm) compared to Ca?" (114 pm) re-
sults in stronger electrostatic repulsion with the ligand.
Consequently, MgQJr favors an octahedral coordination
geometry with 6 ligands and is less inclined to adopt a

bidentate coordination arrangement.

IV. CONCLUSION

In this work, we used DeePMD simulation to investi-
gate the solvation structure of the Mg?T-A¢™ ion pair in
aqueous solution. The accuracy of NNP within DeeP-
MD simulations hinges on the precision of the label
dataset, specifically the accuracy of the QM method
employed. To circumvent the bottleneck posted by
costly QM methods in DeePMD simulations, DeePKS
method was used as an intermediary between inexpen-
sive PBE and expensive SCAN calculation to predict
the energy and atomic forces during the generation of
the deep potential. Results demonstrated that the
DeePKS model accurately predicts the correlation be-
tween energies and atomic forces compared to CP2K for
the 410 data set and indicated that with significantly a
few frames, the DeePKS model achieves accurate pre-
dictions. Moreover, the accuracy of the NNP generated
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using the SCAN-level data set predicted by DeePKS
surpassed that of previous work, which is obtained by a
moderate DFT method considering the computational
effort. The MAE and RMSE analyses suggested close
agreement between the atomic forces and energies ob-
tained from NNP and DeePKS. The solvation structure
and structural properties of the Mg2+—A(f ion pair in
aqueous solutions were then investigated using DeeP-
MD simulation. The potential of mean force for the
Mg?T-Ac™ system indicated three representative struc-
tures, consistent with previous research. Furthermore,
it is observed that MgQJr tends to form monodentate co-
ordination with the acetate ion in octahedral geometry
with 5 water molecules indicated by a ~5.8 kcal/mol en-
ergy barrier between the monodentate and bidentate
geometries. In the work, the significant challenge in uti-
lizing machine learning approaches, that is the reliance
on reference datasets obtained from high-level QM
methods, is alleivated by the DeePKS methodology. In
addition, DeePMD was used to generate the NNP based
on the data with the accuracy of high-level wave func-
tion theory. In summary, the overall approach outlined
provides a comprehensive, precise, and reliable frame-
work for quantitative predictions of the properties of
metal ions’ systems or other condensed-phase systems.
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