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Unveiling the structure of aqueous magnesium
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The structure of aqueous magnesium nitrate solution is gaining significant interest among researchers,
especially whether contact ion pairs exist in concentrated solutions. Here, combining X-ray diffraction
experiments, quantum chemical calculations and ab initio molecular dynamics simulations, we report
that the [Mg(NOs),] molecular structure in solution from the coexistence of a free [Mg(HZO)G]2+
octahedral supramolecular structure with a free [NOs(H,0),l~ (n = 11-13) supramolecular structure to
an [Mg®>* (H,O)n(NOz )l (n = 3, 4, 5; m = 3, 2, 1) associated structure with increasing concentration.
Interestingly, two hydration modes of NOz™ —the nearest neighbor hydration with a hydration distance
less than 3.9 A and the next nearest neighbor hydration with hydration distance ranging from 3.9 to
4.3 A—were distinguished. With an increase in the solution concentration, the hydrated NOs~ ions lost
outer layer water molecules, and the hexagonal octahedral hydration structure of [Mg(H,O)s>*] was
destroyed, resulting in direct contact between Mg®* and NOsz~ ions in a monodentate way. As the
concentration of the solution further increased, NOs™ ions replaced water molecules in the hydration

rsc.li/pccp

1. Introduction

Magnesium ions (Mg>") and nitrate ions (NO; ) are important
members of the Hofmeister series' and display ion-specific
effects.” They are present in chloride-type salt lakes and mag-
nesium sulfate sub-type salt lakes and become concentrated by
wind evaporation. The solution structure is an important basis
for establishing the phase equilibrium and metastable phase
equilibrium models of multi-element water-salt systems to
construct macroscopic thermodynamic models of solutions,
especially for the accurate acquisition of Pitzer parameters at
high concentrations. An accurate understanding of the struc-
ture of magnesium nitrate solutions is important to promote
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layer of Mg?* to form three-ion clusters and even more complex chains or linear ion clusters.

the green development and utilization of salt lake resources
and refine the theory of electrolyte solutions.

Researchers carried out extensive studies on the structure of
magnesium nitrate solutions; however, this research has
focused on whether contact ion pairs (CIP) exist in concen-
trated magnesium nitrate solutions and the hydration structure
of NO; . In the crystal structure of magnesium nitrate hexahy-
drate Mg(NOj3),-6H,0,>° a solvent-shared ion pair (SIP)
[Mg(H,0)s**](NO; ") forms between magnesium hexahydrate
and NO;~ without the formation of CIPs. Many researchers
also believe that no CIPs exist in concentrated magnesium
nitrate solutions. Xu et al. reported that Pb>* more easily forms
ion pairs than Sr**, Ca**, and Mg>".*’ They also pointed out
that due to the high energy barrier of hydrated Mg, it is
difficult to remove the water molecules in the first hydration
layer of Mg®>" from the hydration sphere. However, some
researchers take an opposite view. Using Raman spectroscopy,
Peleg et al.® reported that CIPs formed when the water-salt
ratio (WSR) was less than 6. For example, a CIP was present in
the molten salt of Mg(NO3),-2H,0 and Mg(NO;),-1.35NaNO;.
Irish et al.® suggested that Mg**, NH,", and NO;~ had very weak
abilities to form CIPs in solution, but upon increasing the
divalent metal ion radius, the possibility of forming a CIP
between Pb>" and NO;~ increased. Chang et al.'® found that
no CIPs were present in a saturated magnesium nitrate solution
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at 25 °C, while monodentate contact ion pairs (MCIPs) and
bidentate contact ion pairs (BCIPs) formed as the concentration
gradually increased. Minofar et al.'" noted that the tendency to
form CIPs in magnesium acetate solution was stronger than
that in magnesium nitrate solution. Zhang et al.'> employed
Raman spectroscopy and electrodynamic balance to study
magnesium nitrate solution and found that CIPs formed when
the water salt ratio (WSR) was 6.

Many researchers believe that it is difficult to form CIPs in
magnesium nitrate solutions,”” while MCIPs/BCIPs are formed
in molten hydrated magnesium nitrate;>'> however, most of
the above conclusions are drawn from Raman/infrared spectro-
scopy, and there is a lack of supporting evidence from other
characterization techniques. Moreover, Raman spectroscopy
meets the problem of whether it has a particular sensitivity to
certain motifs. Other structural probes such as X-ray spectro-
scopy suffer from how the electronic similarities between water
molecules and the atomic species of the counter ions make
chemical disambiguation difficult. Although it is difficult to see
the presence of ion pairs because the weightings of strongly
specific pair correlation terms contribute to the measured
structure factors, the sensitivity of X-ray diffraction and neutron
diffraction techniques to structural contributions is linear.
Moreover, we can use atomistic modelling techniques such as
the empirical potential structure refinement method to simu-
late, subject to known bulk and atomic/molecular scale physi-
cal and chemical constraints, the differential scattering cross
section F(Q) and the total pair distribution function G(r) to
extract the partial pair distribution functions of key impor-
tance. Therefore, X-ray diffraction is a good way to study the
solution structure of Mg(NO3),, which can provide information
about short-range ordered structures in this system. To date
few studies have investigated magnesium nitrate solutions
using this method, although X-ray diffraction has been used
to study aqueous systems of nitric acid (Ca*>*, Cr**, Cd**, NH,",
Zn**, and AI’") to obtain information about the hydration
structure of anions and cations in the solution, as well as
structural information of CIPs."*™®

The hydration structure of NO;~ has also been investigated.
NO;™ is a planar polyatomic ion with two hydration modes—
planar and non-planar.’®?* Many methods such as neutron
diffraction, X-ray diffraction, quantitative calculations, and
molecular dynamics simulations have been used to study the
hydration structure of NO;~."*7**?%> For example, Caminiti
et al.'® used X-ray diffraction to study an ammonium nitrate
solution and found that each oxygen atom in NO;™ interacted
with three water molecules to form a tetrahedral structure, so
that the hydration number was 9 in the first hydration layer of
NO; ™~ with an rn_ogw) of 3.4 A, while Bowron et al.>’ investigated
1 M Cr(NO3); solution using neutron diffraction and found that
when the radial distance of the first hydration layer ry_ow) was
5.1, there were almost 12 water molecules within it. Using ab
initio calculations, Wang and Salvador®®*' studied the structure
of [NO3; (H,0),] hydrate clusters and found that three water
molecules directly interacted with NO;™. They also suggested
that indirect hydrated water molecules existed in the first
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hydration layer. Based on the above, although the hydration
number and hydration distance of NO; ™ have been determined,
the details of the hydration structure of NO; ™ are still unclear
in magnesium nitrate solutions.

In the present work, the CIPs and hydration structure of
NO;™ in magnesium nitrate solution were investigated. X-Ray
diffraction was used to obtain scattering data, which was
analyzed using empirical potential structure refinement (EPSR)
modeling®*?® to obtain the distribution function of atom pairs.
Important structural information such as the distance between
atoms and the coordination number were also obtained. More-
over, EPSR resolved the structural details of hydrated Mg-O(W)
and associated Mg-O(NO; ") to accurately analyze the structure
of the magnesium nitrate solution. Based on this, quantitative
calculation methods were used to further verify the structural
details of ion pairs in the solution. This work is expected to
provide a new understanding of the structure of magnesium
nitrate aqueous solutions and offer guidance for developing
and utilizing magnesium nitrate resources in salt lakes.

2. Experimental and
theoretical methods

2.1. X-Ray diffraction experiment and data analysis

Analytical grade magnesium nitrate hexahydrate was pur-
chased from Sigma Aldrich. Weight was used to confirm the
compositions of aqueous magnesium nitrate solutions with
WSR of 100, 60, 30, and 15, and these compositions are shown
in the ESI} (Table S1). A quartz glass capillary with a diameter
of 2 mm and a wall thickness of 0.1 mm was used to encapsu-
late the magnesium nitrate solution. The data were collected at
room temperature (21 + 1 °C) using an X'pert Pro diffract-
ometer (Panalytical) taking Ko radiation from an Rh-filtered Ag-
anode (1 = 0.5609 A) operating at 60 kv. Air background and
empty capillary scattering were also measured to correct the
diffraction data. After polarization, Bremsstrahlung component
of the X-ray beam, absorption, multiple scattering, fluorescence
and Compton scattering from the sample, and air background
and empty capillary scattering corrections, the reduced data are
scaled to oscillate around the self-scattering from the sample
and normalized to the single atom scattering F(Q).

F(Q) =" (2= dup)eacs £o(Q)fp(Q)Sp(Q) — 1 (1)

o B>a

where Q is the scattering vector, Q = 4nsin 0/4; 4 is the X-ray
wavelength; 0 is the half-scattering angle; ¢, and cg are the
concentration of o and B atoms; £,(Q) and fj3(Q) are the atomic
scattering factors; p is the density of the sample; §; is the
Kronecker function; S,(Q) is the Faber-Ziman partial structure
factor, its expression is as follows:

Sup(Q) — 1= 4Ttpf:r2 (gaB(r) — l)SiZVQrdr (2)
__ nap(r)
aalr) = 00 ®)
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where n,p(r) is the coordination number of p atoms in the range
from r to r + dr with o atom as the center in the partial radial
distribution function.

The F(Q) obtained by the experiment is Fourier transformed
to obtain the total pair distribution function G(r):

. 1 Omax 5 sin Qr
6(r) = e pJQm 4nQ*F(0)"

dQ 4)

The abovementioned data corrections were performed using
the GudrunX program.*®*’

In the following step the X-ray scattering data were analyzed
using the EPSR method.>*** The EPSR program is designed for
extracting structural information from neutron or X-ray diffrac-
tion data. EPSR first performs a standard Monte Carlo simula-
tion of a system using the intramolecular structure, the bulk
atomic density, and a set of Lennard-Jones atomic reference
potentials, followed by a model refinement process driven by a
comparison between simulated and experimental scattering
data. The details of the structural models and simulation box
are shown in Tables S2, S3 and Fig. S1 (ESIY). Fig. 1 shows the
experimentally-determined and EPSR simulated F(Q) and G(r)
values for Mg(NOj3), solutions. In the intermolecular range of
primary structural interest, there is a good agreement between
the experimental and the EPSR simulated data (the difference
between experimental and simulated F(Q) is shown in Fig. S1d,
ESIT), which indicates that the refined structures are close to
the real structures. There is a discrepancy at low r. The low r at
0.98 A is the distance of OH, but X-ray is not sensitive to the
light atom such as H. Therefore, this is the main reason for the
discrepancy. However, in this work we mainly focus on longer r
from 2 to 5 A, so this discrepancy has little effect on our results.
To compare the effect of the ion charge on the polarization
effect, a full charge and scaled charges*®*° 1.5, 1.7 and 1.9 for
Mg>" ions and —0.75, —0.85 and —0.95 for NO; ™~ ions were used
to perform EPSR simulations. It shows that the result from full
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charge is better than that using scaled charges (Tables S2, S4,
S5 and Fig. S2, S3, ESIT). Therefore, we mainly use the EPSR
simulation result with full charge for discussion in this work.

2.2. Computational modelling of hydrated ion structures

The equilibrium optimized geometry parameters of the
[Mg?",,(NO3)™,(H,0),] clusters were obtained by means of
“geometry optimization” type of calculations performed by
using the ®B97XD method,*® based on density functional
theory (DFT), and the def2-TZVP*'*? basis set. The vibrational
harmonic wavenumbers of the investigated clusters were also
obtained by means of “frequency calculations” at the ®B97XD/
def2-TZVP level of theory and then they were used in examining
whether the model used in the calculation corresponds to a
local minimum on the potential energy surface of the investi-
gated cluster. The zero-point vibrational energies (ZPE) and
basis set superposition error (BSSE) were also used to correct
the energy of the hydrated clusters. To assess the uncertainty
related to the choice of different functionals, the structures of
[Mg**,,(NO3)~,(H,0),] clusters were also optimized using other
methods/basis (M06-2X?%/6-311++G(d,p),>* B3LYP**/def2-TZVP)
(see the Fig. S4 and Tables S6, S7, ESIt). All of the calculations
were carried out using the Gaussion16 package.*®

2.3. Ab initio molecular dynamics (AIMD) simulations

AIMD simulations were performed with the CP2K package.®”
We used a hybrid Gaussian and augmented plane waves
(GAPW)?® scheme, in which the electronic density is expanded
in the form of plane waves with a cutoff of 280 Ry. In addition,
Grimme’s empirical dispersion corrections are also included.*
The revised Perdew-Burke-Ernzerhof'® was chosen as the
exchange and correlation functional. Goedecker-Teter-Hutter
pseudopotentials®* were used to treat the core electrons.
Double-zeta split valence basis sets were used for all atomic
kinds. The motion of nuclei follows Newton’s equation of

WSR=100

L
0 2 4 6 8 10
rA

Fig. 1 Experimentally obtained (blue points) and EPSR simulated (red solid line) F(Q) (left panel) and G(r) (right panel) for magnesium nitrate solutions.
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motion and was propagated based on the velocity
Verlet algorithm with a time step of 1 fs. At each time step,
the wavefunction was optimized based on the orbital transfor-
mation method, and the self-consistent field convergence cri-
terion was set to 1.0 x 107> a.u. All systems are first
equilibrated with the TIP3P water model**> and OPLS-AA force
field*® for the ions for periods of at least 1 ns carried out with
the Gromacs package.** The last snapshot of the equilibration
phase from empirical simulations was chosen as the initial
structure in the AIMD simulations. Generally in each AIMD
run, the system was equilibrated in the canonical ensemble
(NVT) using a Nosé-Hoover thermostat at 298 K for at least 100
ps. Experimental densities (p) were used for Mg(NO;), solutions
at 298 K (see Table S1, ESIt). The side length of cubic boxes and
the number of water molecules and ions are shown in Table S1
(ESIT), which are consistent with the atom number density of
EPSR. The calculation parameters of AIMD in this work are
close to that of other researchers.*™*’

3. Results and discussion
3.1. Mg*" hydration structure

Table 1 and Fig. 2a show that the Mg**-O(W) hydration
distance (ryg-ow)) remained 2.10 A and did not change with
the concentration. Fig. S2a (ESIT) shows the pair distribution
functions of Mg>*-O(W) obtained from EPSR and AIMD are
similar, which increases the credibility of the results. This
distance equals the value in MgCl, solution reported by Waluyo
et al."® The hydration number of the first hydration layer
gradually decreased from 5.40 £ 0.66 at WSR = 100 to 4.30 £
1.16 at WSR = 15, indicating that increasing amounts of NO;™
enter the first hydration layer of Mg>* to form a CIP as the
solution concentration increased. Fig. 2b shows the coordina-
tion number (CN) distributions of the first hydration layer of
Mg>". The CNs of the first hydration layer of Mg*>* were 6 and
5 when WSR = 100. Their distribution probabilities were 50%
and 40%, respectively, and the distribution probability of other
structures was less than 10%. When WSR = 60, the distribution
probabilities of hydration numbers 5 and 6 were about 45%,
and the distribution probability of other structures was less
than 15%. When WSR = 30, the first hydration layer of Mg>" was
dominated by a coordination number of 5, with a probability of
approximately 48%, while the probability of coordination
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numbers of 4 and 6 was close to 26% respectively. These results
suggest that when WSR = 30, structures with hydration numbers
of 4, 5, and 6 all existed in the solution, which produced a solution
with a complex structure. When the solution concentration was
further increased to WSR = 15, Mg”" existed mainly as tetrahydrate
and pentahydrate, which accounted for about 30% each. These
results indicate that in agreement with literature studies of dilute
solutions, Mg** mainly existed in the hexahydrate form in lower
concentration solutions but also as tetrahydrate and pentahydrate
structures in concentrated solution. Using Monte Carlo simula-
tions, researchers have previously found that ryg_omw) was 2.12 A
with CN = 6.%° [Mg(H,0)s]*" existed as an octahedral supramole-
cular structure because of the strong hydration ability of Mg,
Waluyo et al.*® also pointed out that Mg** formed stable, highly-
ordered, high-density hydration shells; therefore, the saturated
hydration number of Mg>" is 6, which decreases to 5 or 4 in
concentrated solutions.

From the O(W)-Mg-O(W) angular distribution diagram
(Fig. 2¢) and spatial density function (SDF) diagram (Fig. 2¢
and Fig. S5, ESIT), the O(W)-Mg-O(W) angles of Mg®* in the
investigated concentration range were 90° and 180°. This
indicates that when there are six water molecules around
Mg™*, the first hydration layer of Mg>* favors the adoption of
a stable octahedral hydration configuration, and this geometry
is favored even in a highly concentrated nitrate solution. This is
consistent with the conclusion that the hydrated Mg** forms a
six-coordinate supramolecular structure.**”° As shown in
Fig. 2a, there is an obvious gap between the first hydration
layer and the second hydration layer of Mg>". Therefore, it can
be inferred that the water molecules on the second hydration
layer have little influence on the inner hydration layer, and the
first hydration layer of Mg®" forms a stable six-coordinated
octahedral ‘“supramolecular” hydrated structure. The for-
mation of this supramolecular hydration layer makes NO;™
mainly exchange with water molecules in the second hydration
layer, and hardly enter the inner hydration layer. But there is no
obvious gap in geca-ow) Of calcium nitrate solutions,” which
further confirms the stronger hydration ability of Mg>*.

Density functional theory was then used to study the struc-
tures and related energies of [Mg(H,0),-1_11]*" to further verify
the hydration ability of Mg>". Within the assumptions and
approximations involved in the adopted theory, the structure
and associated energy of “isolated” [Mg(H,0),-;_11]°" are

Table1 The positions and the average coordination numbers of the atom pairs in agueous Mg(NOs), solutions. r( pealy denotes the peak positions of the
first shells. CN, represents the average coordination numbers of the first shells

EPSR AIMD EPSR AIMD
Atom pair WSR ¢ (mol L) r([’peakJ/A CN; r(I,peak]/A CN; Atom pair rllypeak)/fx CN; r(Lpeak)/A CN;
MgO(W) 100 0.54 2.10 5.4 2.11 6.0 N—O(W] 3.59 12.4 3.47 15.7
60 0.89 2.10 5.3 2.09 5.5 3.58 12.8 3.47 14.9
30 1.71 2.10 4.9 2.11 4.8 3.59 12.4 3.47 14.8
15 3.15 2.15 4.3 2.09 4.6 3.56 11.4 3.49 14.0
Mg-O(N) 100 0.54 2.10 0.6 — — Mg-N 3.27 0.6 — —
60 0.89 2.10 0.7 2.17 0.5 3.30 0.7 3.15 0.5
30 1.71 2.09 1.1 2.17 1.3 3.28 1.1 3.13 1.2
15 3.15 2.07 1.7 217 1.4 3.21 1.7 3.15 1.4
22942 | Phys. Chem. Chem. Phys., 2022, 24, 22939-22949 This journal is © the Owner Societies 2022
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Fig. 2 (a) Pair distribution functions gmg-ow(r) in magnesium nitrate solutions obtained using EPSR modeling and AIMD. (b) CN distribution of the first

hydration layer of Mg?*, determined using a cutoff distance of 3.0 A. (c) O(W)-Mg?"~O(W) bond angle distributions of Mg—O(W) under various
concentrations obtained from EPSR modeling. SDFs of the distribution of water molecules in the 1.8-3.5 A range around Mg?*. The yellow block
represents the first hydration layer of Mgz*, whose fractional isosurface levelis 0.6 and 0.8 respectively, and the green ball in the middle represents Mgz+.
(d) The hydration distance in the first hydration layer of Mg2*, (e) the charge of Mg?*, and the continuous hydration energy of water molecules (f) as a

function of the hydration number (n) in [Mg(HZO)n:l,M]2+ cluster by DFT.

shown in Fig. S6 and Table S8 (ESIt). As shown in Fig. 2d,
T'mg-o(w) increased from 1.96 Aatn=1to 211 A at n = 6,
and then remained constant at a value close to that obtained
from X-ray scattering experiments and molecular dynamics
simulations.*®*%*>*3 From the curve showing the relationship
between the charge g of Mg®>" and the hydration number n
(Fig. 2e and Table S9, ESIt), the water molecules in the outer
hydration layer have little effect on the charge of Mg>". The
successive hydration energy AEq,, 1 was 310 k] mol " when a
water molecule hydrated the first hydration layer of Mg>*
(Fig. 2f), which is close to values calculated at the B3LYP/aVDZ
level.”* The hydration capacity decreased upon increasing the
metal ion radius with the same charge. In addition, the hydra-
tion capacity of alkaline earth metal ions is generally stronger
than that of monovalent alkali metal ions. The lifetime of water
molecules in the first hydration layer of Mg>" was microse-
conds, while that of Ca®**, K", and Na" was only a few
picoseconds.” Researchers also reported that the free energy
of hydration of Mg®" is greater than that of Ca®".>® These
studies show the strong hydration capacity of Mg**, which
has a six-coordinate octahedral hydration structure.

3.2. NOj; hydration structure

Table 1 shows that the experimental hydration distance of
NO; ™ (rn-omw)) ranged from 2.7 to 4.6 A, and the hydration

This journal is © the Owner Societies 2022

peak was at 3.58 A, almost 0.1 A larger than our AIMD result.
This error may be caused by different calculation ways of the
two methods, but the overall trend of rv_ow) and coordination
number obtained by these two methods is the same. The
hydration parameters of NO;  are similar to those obtained
from other methods, such as MD simulations®” and neutron
diffraction®® experiments. Metal cations also affect the hydra-
tion distance and hydration number of NO;~.'*'>7%2257 gor
example, due to strong interactions between Cr’* and water
molecules, there is only a weak peak at 3.35 A in the radial
distribution function (RDF) of aqueous Cr(NO;); solution.'®
Further investigation of the hydration structure of NO;~ in 1 M
Cr(NO;); solution by neutron diffraction, found that the hydra-
tion number CNy_ow) was 12 when the integral radius rv_ow)
was 5.1 A.>® Due to the broad hydration peak of gn_o(w), there
are many hydration forms of water molecules in hydrated NO;™~
(2.7-4.85 A); however, we are still unclear about the hydration
details.

Fig. 3a shows the SDFs of hydrated water molecules in the
range of 2.7-4.6 A around the central NO;~ with the fractional
isosurface value of 0.15 (the detailed information is shown in
Fig. S7 and S8, ESIt). It displays that water molecules tend to
hydrate in the planar direction of NO;~, while the probability of
hydration at the axial position is relatively small. There are
mainly two kinds of hydrated water molecules around NO; .

Phys. Chem. Chem. Phys., 2022, 24, 22939-22949 | 22943
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(a) The spatial density functions (SDFs) of water molecules within a cutoff distance of 4.6 A around NO3~ with a fractional isosurface value of 0.15.

The cyan and silver leaf petals represent the probability density of water molecules in the range of 2.7-3.9 A and 3.9-4.6 A, respectively. The blue and red
balls in the center represent the N and O atoms of NO3™, respectively. (b) The pair distribution functions gn_ow(r) with two different cutoffs: 3.95 A,
related to the maximum N-O(W) distance in monoclinic Mg(NOsz),-6H,0, and 4.6 A, corresponding to the maximum distance in calculating SDF. The
numbers indicate the CNy_ow value for each cutoff. (c) The coordination number distribution of N—O(W), determined using the cutoff distance of 4.5 A.

One is the nearest neighbor (NN) hydrated water molecule
represented by the cyan region, with ry_ow) of 2.7-3.9 A In
addition, when WSR = 100, the first hydration layer of NO;™
ends at 3.95 A, obtained from AIMD (Fig. S2d, ESIt). The other
is the next nearest neighbor (NNN) hydrated water molecule
represented by the silver region. Bowron et al.*® investigated
chromium nitrate solution by neutron diffraction and found
that the ry_ow) of the first hydration layer was 5.1 A. This is
mainly due to the overlay of the first and second hydration
layers of NO; ™.

Since the partial pair distribution function gn_ow)(r) is an
asymmetric wide peak, the coordination number calculation of
N-O(W) (CNy-ow)) is difficult. In this work, the CNy_ow) is
discussed in detail by the following methods. (1) As shown in
Fig. 3b, taking the maximum N-O(W) interatomic distance in
monoclinic Mg(NO;),-6H,0 (ri%sw = 3.952 A)* as a cutoff, the
N-O(W) coordination number appears to be CNy_ow) = 6-8.
SDF shows that the maximum hydration distance of the first
hydration layer is also 3.9 A (the yellow solid line), which

A ! 4.33A
S 342A
g" | :9

Q. 1 ¢

.

c d <
, 5 ) .
/-...ef’-' v

indicates that the number of hydrated water molecules in the
NN hydration layer is ~6. (2) Taking the maximum in calculat-
ing SDF at 4.60 A as a cutoff (Fig. 3b, the red dash line), results
in a CNy_ow) of 11-13. It can be speculated that the hydration
number of the NNN hydration layer is about 5-7. A wide
distribution of the local N-O(W) coordination numbers, corres-
ponding to a cutoff distance of 4.5 A and a (CNy_o(w)) of 12, is
shown in Fig. 3c. We note that CNy_o(w) of 12 accounted for the
largest proportion, followed by 11- and 13-fold hydration
nitrate. Therefore, the coordination number obtained by
method 1 is relatively small, because the number of water
molecules in the NNN hydration layer is not taken into account.
The result obtained by method 2 is consistent with the conclu-
sion obtained in Fig. 3c. The total hydration number of NO;™
(CNn-o(w)) in solution is less than 13, which is consistent with
the results of neutron scattering experimental result CNy_ow) =
12. Based on the above, previous researchers did not distin-
guish the NN and NNN hydration layers of NO; . In the present
work, it is demonstrated that the NN hydration distance is less

Fig. 4 Three kinds of NO3™ hydration structures. (A and B) NOz(H,O)e ", (C) NO3(H,O)1,>. Short distance (S), intermediate distance (1), and long distance

(L) represent water molecules 3.48, 3.74, and 4.33 A away from N.
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than 3.9 A with a hydration number of ~6 and the NNN
hydration distance is 4.12 A with a hydration number of 5-7.
According to the above research, the structural model of
hydrated NO;~ was constructed and optimized with DFT to
obtain three lower energy structures (A, B and C) as shown in
Fig. 4, and more detailed information and other structures are
shown Fig. S9 (ESIf). In structure A, 3 water molecules (S)
directly hydrate on NO;, where the distance between water
molecule, S and NO; ™ ry_opw) is 3.42 A. 3 water molecules (L)
indirectly hydrate on NO;~, where the distance between water
molecule L and NO; ™ ry_o(w) is 4.33 A. The hydration distance
of these water molecules is consistent with the hydration
regions in SDF. In structure B, all six water molecules hydrate
at the plane equatorial position of the nitrate ion, eventually
forming a structure that resembles a “three-petaled flower”
shape. The hydration distance of ry_ow) ranges from 3.70 to
3.75 A. In structure C, 12 water molecules hydrate on both sides
parallel to the NO;~ plane, presenting a centrosymmetric
distribution. These hydration water molecules are also divided
into two types, including the inner 6 water molecules S directly
hydrate on NO;~ with an ry_ow) of about 3.44 A, and the I'N-O(W)
of the outer 6 water molecules L are about 4.33 A. X-ray
diffraction results show that the hydration number of NO;™ is
about 11-13, which is close to the number of water molecules
in structure C. Therefore, structure C can represent a real
hydration structure of NO;™ in the solution. Fig. 4 also shows
that 6 water molecules directly form hydrogen bonds with
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NO; ", and these water molecules are in the first hydration
layer, while the remaining outer 6 water molecules indirectly
interact with NO;™, located in the second hydration layer.
Salvador and Simeon'®®® also reported that NO;~ had two
hydration structures, but did not provide specific hydration
structures. Triolo et al.®" studied the hydration number of the
nitrate ion in lithium nitrate solution and found that 5 water
molecules hydrated NO;™, of which three hydrated at the
equatorial position, and the other two hydrated at the axial
position. Many researchers support that the N-O(W) distance is
in the range of 3.45 = 0.05 A,*%*¢*86%63 byt they did not report
hydration distances of 3.7 A and 4.3 A. Herein, both kinds of
hydration details were studied in this work. According to the
hydration distance, the hydration interaction is the strongest at
'n-ow) = 3.4 A in the first hydration layer, while ry_ow) = 4.3 A
has a weaker interaction in the second hydration zone. As the
solution concentration increases, more water molecules at 4.3 A
are replaced by Mg**, forming solvent-shared ion pairs (SIPs) or
contact ion pairs (CIPs).

3.3. Ion association

The structure of ion pairs in magnesium nitrate solution was
represented by the Mg-O(N) bond between Mg”" and oxygen
atoms in NO; ~, and the Mg-N bond between Mg** and N atoms
in NO;~ (Fig. 5a, b and Fig. S2b, e, ESIf). The first RDF peak
obtained by EPSR and AIMD simulation overlaps well in the
short distance. The first peaks of gugom)(r) at ~2.1 A and

b 124[Epsr 321 A
WSR=15 | M
51A
1 1
33.0[EPSR 307 A
WSR=100
S
= . 51A
§ S8lamD 315 A "
WSR=15(} 0/‘ }
o o4 -
6-3 [AmD -
WSR=100 o 4
0.0— A
2 4 6 8

2M2

2M1

Fig. 5 The pair distribution functions of Mg—O(N) (a) and Mg—N (b) obtained by EPSR and AIMD in magnesium nitrate solutions obtained by AIMD. The
association structures formed by Mg?* and NOs~ corresponding to the peaks of Img-om(r) and gug-n(r) are given. (c) Four structural models of ion pairs

(S, M) and ion clusters (2M1 and 2M2) calculated by DFT.
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Zug-n(r) at ~3.2 A denote to the distance between Mg”* and the
nearest O atoms and N atoms from NO;™ in CIPs, respectively
(Fig. 5a and b). While, there are some differences of gyz—om(7)
in medium and long distance obtained by these two methods.
The second peak of gye_om(7) at 3.0-5.0 A from EPSR is broad
without splitting, while there are two split peaks in the same r
range from AIMD (Fig. 5a). The peak at ~3.45 A denotes the
distance between Mg>" and the second nearest O(NO;~) in
CIPs. The other one at ~4.25 A denotes the distance between
Mg>" and the nearest O(NO; ) in SIPs. The reason for this
discrepancy is that the two simulation methods are based on
different principles. AIMD simulation is time consuming.
Considering the calculation cost and accuracy of results, the
atomic number of AIMD simulation box is ~1/30 of the EPSR
simulation box at the same concentration (Table S1, ESIT).
Therefore, the EPSR result represents the statistical average,
but AIMD result hardly represents the average value because of
the little number of ions. What needs illustration is that when
WSR = 100, only one Mg*>* and two NO; ™ are placed in the AIMD
simulation box, which makes it almost impossible to form CIP,
so there is no peak at around 2.1 A.

Table 1 shows that ryg_ o = 2.1 A, which is almost equal to
I'vig-o(w)- The CN increased from 0.6 to 1.6 as the concentration
increased, which indicates that CIPs were present in the
investigated concentration range. In particular, the ion associa-
tion phenomenon plays a significant role in highly concen-
trated solutions where WSR = 15. ry,_n remained at 3.3 A as the

“ap \
r—A/ A
cp __TIC, /

WSR=30

WSR=15
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concentration changed (Fig. 5b and Fig. S2e, ESI}), but CNyg
increased from 0.63 to 1.68 as the concentration increased,
which is consistent with the trend (0-1.7) calculated by AIMD
(Table 1). If Mg>* and NO; ™ existed as a monodentate coordina-
tion complex, the coordination number of Mg-O(N) and Mg-N
were equal; if they exist in the form of a bidentate coordination
complex, the ratio of CNpyg_0/CNpg- i 2: 1. Table 1 shows that
this ratio is 1; therefore, Mg2+ and NO;  existed as a mono-
dentate coordination complex. When WSR = 15, the CN of both
Mg-O(N) and Mg-N was 1.68, which does not fit the values of
the bidentate/monodentate coordination complexes. This sug-
gests that there are two NO;~ ions around each Mg>" ion, ie.,
CIPs gradually transformed into triple ion clusters (TICs) or
multiple ion clusters (MICs). Using Raman and infrared
spectroscopy, Chang et al.'® reported that NO;~ first forms a
SIP with Mg>", and then the SIPs gradually change to MCIPs
and BCIPs. Many researchers believe that the CIP formation
probability in magnesium nitrate solutions is low, or that CIPs
may form when the WSR < 6 ° This conclusion disagrees with
our present study. We also verified the existence of CIPs in
Mg(NO;), droplets at WSR < 35 using Raman spectroscopy in
our previous work.®* The latest research manifests that ions
have an effect on the water structure of the hydration sphere,
but have little effect on the water structure of bulk water.®®
Therefore, when the solution concentration increases, the
electrostatic interaction between Mg”* and NO;~ dominates
to form direct CIPs because the influence of Mg”* and NO;~ on
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Fig. 6 EPSR and AIMD simulation boxes of magnesium nitrate solutions at WSR = 30 (a and b) and WSR = 15 (c and d), and main microscopic species in

each box.
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the water structure of the inner hydration layer decreases.
Besides, NO; ™ is the water structure breaker,®® which also has
a strong influence on the form of CIP, especially in concen-
trated solution.

DFT was used to further study the structural details of ion
pairs in this solution. According to the X-ray diffraction experi-
ment results, ion-pair/cluster models are as follows: one SIP
model (S, Fig. 5¢) and two solvent-shared ion clusters (251 and
282, Fig. S4, ESIT) were suggested, and their detailed structure
parameters are shown in the ESIt (Tables S6 and S7). When
Mg”>* and NO;~ formed an MCIP, the 'vig-on) Of 2.05 A in
structure M is very close to the X-ray diffraction value of 2.10 A,
and the calculated value of ryg x 2.99 A was 0.3 A less than the
X-ray diffraction experimental value of 3.3 A. When Mg*" and
NO;™~ formed a BCIP, ryg_on) = 2.03 A in structure B, which is
close to the X-ray scattering value, but the value of rygn =
2.43 A is nearly 1 A less than the X-ray scattering value; there-
fore, Mg®" mainly interacts with NO,~ in the monodentate form
in the investigated concentration range. The X-ray diffraction
results show that a TIC or MIC formed in solution when
WSR = 15. In structure 2M2, rygn = 3.2 A, which is only 0.1 A
less than the experimental value, and the rygmg value of 6.4 A
is close to the peak value of 6.0 A in gy wmg (Fig. S2f, ESIT). Note
that, the CN of both Mg-O(N) and Mg-N was 1.68, which imply
that structures 2M1 or 3M exist in concentrated solution.
Therefore, this shows that Mg®" and NO;~ mainly exist in the
monodentate form in MIC. Other TIC structures and their
structural parameters are shown in Fig. S4 and Tables S6, S7
(ESIf), but these values do not match the experimental ones, so
there is a low probability that they exist in solution.

Fig. 6 shows snapshots of the ion pair structures at WSR =15
and 30 extracted from EPSR simulation boxes and AIMD,
respectively. The other snapshots are shown in Fig. S10 (ESIT).
Most NO;™ ions in dilute solution formed free hydrated ions,
and fewer ion-pairs were formed; however, in the concentrated
solution, especially when WSR = 15, most Mg>" and NO; ™ ions
formed triple-ion clusters, and even more complex cyclic and
chain-like structures. Fig. 6 also shows that Mg®" and NO;~
exist in the monodentate form in CIPs and MICs. Therefore, it
can be seen that SIPs or free hydrated ions mainly exist in dilute
magnesium nitrate solutions. NO;~ enters the first hydration
layer of Mg>" to form a MCIP [Mg>*(H,0)sNO; ] at higher
concentrations. TICs [Mg>"(H,0),(NO; ),], MICs and even
more complex chain ion clusters [(Mg>"),(NO; )n(H20)6n—ml,
formed when the solution concentration continued to increase.
This trend is consistent with Zhang’s research on magnesium
nitrate droplets using electrodynamic balance combined with
Raman spectroscopy.'”> However, Mg®" and NO;~ exist in the
form of SIPs in Mg(NO3),-6H,0 crystals, rather than CIPs. This
mystery will be further solved in our future work.

4. Conclusions

In this work, the ion hydration and association in aqueous
magnesium nitrate solutions were studied and the formation of

This journal is © the Owner Societies 2022
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direct contact ion pairs in solutions was discovered using
multitechnique. The results show that the first hydration layer
of magnesium ions in dilute solutions existed as hexahydrate
octahedra, whose boundary with the second hydration layer
was obvious. The nearest neighbor hydration layer of NO;™ is
shorter than 3.9 A with ~6 water molecules in this hydration
layer, where the water molecules can be divided into two
hydration modes and their hydration distance is 3.4 and
3.7 A. The next nearest neighbor hydration layer of NO; ™~ ranges
from 3.9 to 4.3 A with a hydration number of ~6. When WSR >
60 solvent-sharing ion pairs and/or freely-hydrated ions are
the main species in the solution. When the solution concen-
tration increases, nitrate ions enter the first hydration layer
of magnesium ions and a monodentate contact ion pair
[Mg**(H,0)sNO; | is formed. As the concentration of the
solution further increased, nitrate ions replaced water mole-
cules in the magnesium ion hydration layer to form mono-
dentate triple-ion clusters, as well as more complex chains or
linear ion clusters. Our findings provide a basic molecular
picture of magnesium nitrate in aqueous solution, and help
to understand its related physical, chemical and biological
properties in solution.
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