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Abstract: The structure of aq. sodium acetate solution (CH3COONa, NaOAc) was studied by X-ray scattering
and density function theory (DFT). For the ﬁrst hydrated layer of Na+, coordination number (CN) between Na+
and O(W, I) decreases from 5.02 ± 0.85 at 0.976 mol/L to 3.62 ± 1.21 at 4.453 mol/L. The hydration of carbonyl
oxygen (OC) and hydroxyl oxygen (OOC) of CH3COO− were investigated separately and the OC shows a stronger
hydration bonds comparing with OOC. With concentrations increasing, the hydration shell structures of
CH3COO− are not affected by the presence of large number of ions, each CH3COO− group binds about 6.23 ± 2.01
to 7.35 ± 1.73 water molecules, which indicates a relatively strong interaction between CH3COO− and water
molecules. The larger uncertainty of the CN of Na+ and OC(OOC) reﬂects the relative looseness of Na-OC and NaOOC ion pairs in aq. NaOAc solutions, even at the highest concentration (4.453 mol/L), suggesting the lack of
contact ion pair (CIP) formation. In aq. NaOAc solutions, the so called “structure breaking” property of Na+ and
CH3COO− become effective only for the second hydration sphere of bulk water. The DFT calculations of
CH3COONa (H2O)n=5–7 clusters suggest that the solvent-shared ion pair (SIP) structures appear at n = 6 and
become dominant at n = 7, which is well consistent with the result from X-ray scattering.
Keywords: density function theory; empirical potential structure refinement; ICSC-36; sodium acetate; solution structure; X-ray scattering.

Introduction
Recent interest in studying carboxylates and carboxylic acids in aqueous solution stems from their importance
as the constituents in biomolecules such as amino acids, fatty acids and surfactants, among others [1–3].
Sodium acetate (NaOAc) is one of the important salts that is widely used in the industry and daily life. In
addition, sodium acetate can be used as a simple model because some proteins have carboxylate groups to
which alkali cations can bind for interrogating the interactions between cations and proteins [4]. Therefore,
many theoretical [5–11] and experimental [2, 3, 12–16] works have been done to investigate the microscopic
structure of aq. NaOAc solutions.
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Zhang [8] investigated the structures of NaOAc(H2O)n-(n = 0–5) anions and NaOAc(H2O)n (n = 0–7) neutrals
by density function theory (DFT) at LC-ωPBE/6-311++G(d, p) level. The study showed that the solvent-shared
ion pair (SIP) structures of the neutral NaOAc(H2O)n clusters became dominant at n = 7. Hajari [10] considered
the cation-anion pair potential of mean force (PMF) in a temperature range from 278 to 328 K. The simulations
indicated that a larger afﬁnity of Na+ over K+ in the contact ion pair (CIP) state is of entropic origin with the CIP
state becoming increasingly populated at higher temperature. Other studies indirectly probing the structure of
aq. NaOAc solutions particularity of acetate experimentally shown that the acetate ion did not form CIP with
Na+ [17]. Zhang [18] found the hydration shell structure and dynamics of acetate ion were not affected by the
presence of large quantities of ions by ab initio molecular dynamics. Payaka [19] found both HF/MM and
B3LYP/MM simulations clearly indicated relatively stronger hydrogen bonds between CH3COO− oxygens and
their nearest-neighbor waters compared with those of water–water hydrogen bonds in the bulk. Minofar [9]
found that sodium acetate shown a more hydrotropic behavior with surface active anions by MD. According to
nuclear magnetic resonance experiments for carboxylate acids, it had been suggested that each RCOO- group
binds about 5.0–6.5 water molecules [20]. Caminiti investigated the divalent transition metal acetates by X-ray
diffraction, which proved the hydrogen bond was formed between the oxygen atoms of CH3COO− and water
molecules, with nearest-neighbor distances of 2.77 and 2.95 Å, respectively [21]. In addition, X-ray diffraction
was also employed for aqueous 8 mol % NaOAc solutions, in which the distance of the nearest-neighbor OO-OW
(OO: carboxylate oxygen atom, OW: water oxygen atom) was determined to be 2.78 Å, with the coordination
number (CN) of 4.0 per CH3COO− [22]. Recently, the hydration structure around the –COO− group of CH3COO−
has been studied by neutron diffraction (ND) measurements for the aqueous 8 mol % NaOAc solutions in D2O,
and CO-OW (Co: carboxylate carbon atom) distances were obtained to be 3.23 Å, with the average CN of 4.0 [23].
In previous works [1, 7, 10], the hydration of CH3COO− always be considered as a whole, the hydration of
carbonyl oxygen (OC) and hydroxyl oxygen (OOC) of CH3COO− didn’t well understand separately. In addition,
the molecular mechanism of the formation of ion pairs is still unclear. Thus, it is necessary to further reveal the
detailed structure information of aq. NaOAc solutions. In the present work, the structure of aq. NaOAc solutions were analyzed in detail. Especially, the CH3COO− was divided into two parts and their hydration structural
characteristics were discussed separately by X-ray scattering and DFT.

Experimental and methods
Sample preparation and analysis
Aqueous sodium acetate solutions at different concentrations were prepared by sodium acetate (AR, Macklin).
The concentration of the solution was determined by titration using HClO4 [24].
The concentration, c; water to CH3COONa molar ratio, WSR; density, d; linear absorption coefﬁcient for Mo
Kα radiation, μ; stoichiometric volume V per sodium atom and temperature T of the sample solutions are
collected in Table 1.

X-ray scattering measurements
X-Ray scattering experiments were carried out on Shanghai Synchrotron Radiation Facility (SSRF), BL14B1
beamline [25]. Each solution was encapsulated in a glass capillary (Charlessuper company, USA) with 2 mm in
diameter and 0.01 mm in wall thickness. The X-ray scattering intensities were measured for the sample
solutions and an empty glass capillary at ambient condition (T = 298 ± 1 K) with an X-ray diffractometer (Huber
5021 6-cycle) and a Mythen linear detector. X-ray wavelength (λ) was set as 0.6888 Å. The exposure time was
1.5 h for each measurement. The scattering angle range spanned over 1°≤ 2θ ≤ 132°. The scattering vector range
of Q (Q = 4πsinθ/λ) from 0.31Å–1 ≤ s ≤ 16.2 Å−1 was used for Fourier transform [26].
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Table : Composition and properties of the sample solutions.
NO.
ACN
ACN
ACN
ACN
ACN

c/mol·dm−3

WSR

d/g.cm−3

μ/cm−1

V/Å3
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.
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.
.
.
.

.
.
.
.
.


.
.
.
.

X-ray data pretreatment
The polarization and compton scattering corrections were performed [26], after the corrections of the air
scattering and the absorption of the solution and the empty capillary [27]. The corrected intensity was
normalized to the electron unit by comparing the asymptote of the experimental data with calculated coherent
intensity at large scattering vector (Q > 13 Å−1). The structural function i(Q) was calculated by subtracting the
independent scattering (self-scattering), which is the sum of incoherent and coherent scattering calculated
from all the atoms in the solution from the normalized intensity as
N atom

2

i(Q)  KI p (Q) − ∑ xi fi2 (Q) + Δf i″  + I incoh
(Q)
i

(1)

i1

Here, K is a normalization factor, Ip(Q) is the experimental intensity corrected for polarization; xi is the number
of the ith atom in the stoichiometric volume V containing a calcium atom; fi(Q) expresses the atomic scattering
factor of atom i corrected for the real part of the anomalous dispersion; Δfi’’ is the imaginary part, taken from
Ref. [28]. Iiincoh(Q) presents the incoherent scattering including a Breat–Dirac recoil factor correction for atom i
cited from Ref. [28].
The Q-weighted structure function Q⋅i(Q) was Fourier-transformed into the radial distribution functions
(RDFs)
2r max
∫ Q ⋅ i(Q) ⋅ M(Q) ⋅ sin(Qr)dQ
(2)
π 0
where ρ0 stands for the average electron density of the sample solution (ρ0  [∑xi f i (0)]2 /V), 0 and max are the
integration lower limit and the upper limit in the experiments, respectively. The modiﬁcation function M(Q)
has the form
D(r)  4πr2 ρ0 +

2

2

M(Q)  ∑xi fi2 (0) + Δf i″  ∑xi fi2 (Q) + Δf i″   ñ exp−kQ2 

(3)

The constant k is a damping factor chosen as 0.01 Å2. By calculating the peak shape and performing Fourier
transformation again, the spurious ripples below 1 Å−1 were removed from RDF. All diffraction data were
analyzed with the KURVLR programs [29]. More details information can be found elsewhere [26, 30]

Empirical potential structure refinement (EPSR) modeling
EPSR uses Monte Carlo to minimize the difference between the experimental structure factor and the structure
factor generated by simulated box. The experimental total normalized structure factor used in EPSR is defined
as Eq. (4)
2

F exp (Q) 

I coh (Q) − ∑ni f i (Q)
2

∑ni f i (Q)

The simulated Fsim(Q) is calculated as Eq. (5) and compared with the experimental data

(4)
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F sim (Q)  ∑∑2 − δij cj f i (Q)f j (Q) ⋅
i j≥i

∞

Aij (Q) − 1  4πρ ∫ r2 g ij (r) − 1
0

Aij (Q) − 1

(5)

2

∑ci f i (Q)

sinQr
dQ
Qr

(6)

where Fsim(Q) is the total structure factor, ci and cj are the atomic fractions of atom types i and j, fi(Q) and fj(Q) are
the Q dependent atomic scattering factors of atom types i and j, δij is the Kronecker function to avoid double
counting pairs of atoms of the same type, Aij(Q) is the Faber-Ziman partial structure factor, gij(r) is the site-site
pair correlation function for all of the atoms present in the sample.
The total radial distribution functions (G(r)) is calculated as Eq. (7).
G(r)  ∑∑2 − δij ci cj f i (Q)f j (Q)g ij (r) − 1

(7)

i j≥i

The initial structure of EPSR simulation is generated by putting an appropriate number of ions and molecules
into a box to obtain the required density. The potential energy of the simulation box is calculated as Eqs. (8)
and (9),
12

6

qq ⎠
⎝4εij ⎣
⎡σ ij  − σij  ⎦⎤ + i j ⎞
U tot  U intra + ∑⎛
+ U EP
rij
r ij
4πε0 rij
i
1

εij  εi εj 2 , σij 

1
2σi + σj 

(8)

(9)

where Uintra is described by using a series of harmonic potentials, εij and σij are the Lennard-Jones
parameters for the potential well depth and effective atom size, respectively, ε0 is the vacuum permittivity,

Table : EPSR simulation boxes setup details.
NO.
ACN
ACN
ACN
ACN
ACN

Water moleculars

Na+

CH3COO−

Density/ atoms Å−3

Box side Length/Å

Interaction times



















.
.
.
.
.

.
.
.
.
.

,
,
,
,
,

Table : Reference potential parameters used in EPSR modeling.

Na []
CT []
C []
HC []
OC []
OOC []
OW []
HW []

ε/(kJ∙mol−1)

σ/Å

Mass

Charge*

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
−.
.
.
−.
−.
−.
.

The CT and C refer to alkyl carbon and carboxyl carbon, respectively. The HC refers to hydrogen on alkyl. The OC and OOC refer to
carbonyl oxygen and hydroxyl oxygen of carboxyl, respectively.
*
NBO charge of fully optimized structures of CHCOO− at ωBXD/def-TZVPP level.
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rij is the interatomic spacing, qi is the atomic charge, UEP is the empirical potential which is generated in
EPSR [31–33].
The EPSR simulation boxes were set up using a cubic box containing 1000 water molecules, the numbers
of Na+ and CH3COO− corresponding to concentrations of experimental NaOAc solutions. The parameters used
to describe the molecules in the simulations are detailed in Table 2. The potential parameters used in the EPSR
modeling are listed in Table 3.
Then, the regular Monte Carlo simulation was performed by EPSR. The difference between EPSR and
traditional Monte Carlo is the potential energy function used in EPSR (Eq. 9), has an additional perturbation
term (UEP), which is obtained by ﬁtting the simulation results with the experimental scattering data. This
empirical potential term makes the simulated structure factor as close to the experimental scattering data as
possible without violating the atomic overlap, van der Waals force and hydrogen bond constraints. Figure 1
shows the calculation ﬂow of EPSR.

DFT calculation
The ωB97XD [34, 35] is a reliable DFT method to describe the weak interaction cluster system, which has
obvious advantages in describing dispersion interaction and long-range correlation. The coulomb-ﬁtting basis
set, def2-TZVPP, was employed for all the atoms [36, 37]. Firstly, various possible conﬁgurations of CH3COONa(H2O)n=5–7 were optimized at the level of ωB97XD/def2-TZVP, and some low-energy structures were optimized at the level of ωB97XD/def2-TZVPP to optimize and calculate the vibration frequency, so as to determine
the properties of the stationary point on the plane (no virtual frequency). In order to consider the long-range
electrostatic effect of the solvent, the hydration energy of CH3COONa(H2O)n=5–7 was calculated by the single
point polarization continuum model (PCM) [41]. The hydration energy of CH3COONa(H2O)n=5–7 was divided into
CH3COO−, Na+, (H2O)n fragments to correct the basis set superposition error (BSSE). All the geometric optimization and frequency analysis were done with Gaussian 16B software package [38], and more detailed calculations could be found in elsewhere [39, 40]. The quantitively electrostatic surface potentials (ESP) on the
0.001 au molecular surfaces of CH3COO− molecular by DFT at ωB97XD/def2-TZVPP with Gaussian 16B and wave
function analysis with Multiwfn [41]. The VMD 1.9 [42] program was employed to render the color ESP.

Fig. 1: Scheme for the EPSR calculation flow.
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Results and discussion
DFT calculations for CH3COONa(H2O)n=5–7 clusters
The structures of CH3COONa(H2O)n=5–7 clusters were calculated at ωB97XD/def2-TZVPP level by DFT, and the
stable clusters were given in Fig. 2. The structural parameters and energy parameters of the typical low-lying
isomers are collected in Table 4. The average interaction distance between Na+ and O(W, I) is 2.37 Å, which is
consistent with the conclusions of the previous works [26, 43]. The average interaction distance of Na-OC is
2.30 Å in ﬁrst hydration shell, which is slightly smaller than the distance of Na-OOC, 2.34 Å, and these data are
in good agreement with the literature [8].
Figure 3 shows the ESP mapping on the 0.001 au molecular surfaces of CH3COO− molecular. The color scale
bar on the left of ESP mapping represents the electrostatic potential values corresponding to different colors,
and the range of values is −160 ∼ −70 kcal/mol. The ESP values of OC and OOC in CH3COO− are −143.59
and −138.92 kcal/mol, respectively, suggesting that OC is easier to combine with cations, and has stronger
interaction and shorter interaction distance, which can explain why the distance between Na+ and OC is shorter
than that between Na+ and OOC. However, from Fig. 2, we can see that the conﬁguration of OOC associated with
Na+ or the conﬁguration of OOC shared water molecule with Na+ accounts for the majority, and the energy is
relatively low, which contradicts the conclusion of ESP that the binding energy of OC and Na is strong, so we
can only say that the conﬁguration formed by the interaction between OOC and Na+ is more stable.
The distance between OC and O(W, I) is 2.73 Å, which is shorter than that between OOC and O(W, I), 2.78 Å,
it verifies the view point that OC has a stronger interaction between OC and O(W, I) comparing with COO also.
The Boltzmann distribution histogram of proportions of different optimal structures for CH3COONa
(H2O)n=5–7 clusters was displayed in Fig. 4. The population of the CH3COONa(H2O)n=5–7 clusters was computed
as Eq. (10)
pi  exp( − Gi RT)∑exp( − Gi RT)

(10)

Fig. 2: Optimized lowest-energy structures, the Na-OOC
distance in Å and the relative energy (in kcal/mol) to the
most stable clusters of CH3COONa(H2O)n=5–7 at
ωB97XD/def2-TZVPP level. The purple, red, gray and
white balls represent Na, O, C and H, respectively.
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Table : The structural and energy parameters of CHCOONa(HO)n=– clusters.
Isomers

W-A
W-B
W-C
W-A
W-B
W-C
W-A
W-B
W-C

Bond parameters/Å
Na-O(W, I)

Na-OC

Na-OOC

OC-O(W, I)

OOC-O(W, I)

.
.
.
.
.
.
.
.
.

.
/
.
/
/
/
/
/
.

/
.
/
.
.
.
.
.
/

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

ΔG0,gas

ΔG0,solv
kcal/mol

−.
−.
−.
−.
−.
−.
−.
−.
−.

−.
−.
−.
−.
−.
−.
−.
−.
−.

Fig. 3: The computed ESP on the 0.001 au molecular
surfaces of CH3COO− molecular. The color scale bar on
the left of ESP represents the electrostatic potential
values corresponding to different colors, and the range
of the values from −160 to −70 kcal/mol.

Here, pi is relative population, Gi is Gibbs free energy of CH3COONa(H2O)n=5–7 clusters, R is the ideal gas
constant, T is temperature in kelvin. The detailed information about the Boltzmann distribution histogram is
available in the literature [44].
When n = 5, the clusters mainly exist in the form of CIP without SIP, where Na+ contacts with OOC or OC to
form a single contact ion pair form. When n = 6, the SIP appears (lowest energy) with Na-OOC distance of 3.56 Å.
The proportion of SIP is 50.4%, and that of CIP is 49.6%, there is no signiﬁcant proportion difference between
between CIP and SIP. When n = 7, the SIP (W7-A) with the Na-OOC distance of 3.76 Å is the lowest energy
cluster. The SIP accounts for up to 87.5%, while CIP accounts for only about 12.5%, indicating that the SIP is the
dominant one.

Experimental structure functions and RDFs by X-ray scattering
Experimental structure functions of aq. NaOAc solutions have been shown in Fig. 5a. The bimodal peak at 2.1
and 2.9 Å−1 shows the characteristic of the tetrahedral-like structure of solvent water in aqueous solutions. The
ﬁrst peak slightly shifts to the lower Q and the second one moves obviously to the large Q with increasing the
concentrations of aq. NaOAc solutions. In addition, the intensity of both peaks decreases with the increase of
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Fig. 4: The Boltzmann distribution of typical optimized
structures for CH3COONa(H2O)n=5–7 clusters.

the NaOAc solutions concentration, which implies that the tetrahedral structure of water is gradually broken
down. The RDFs of NaOAc solutions are shown in Fig. 5b. The ﬁrst peak at 0.96 Å can be assigned to the
intramolecular O–H interactions in H2O molecules. The second peak at the position of 2.25 ∼ 2.45 Å is the
superposition of multiple interactions, which can be attributed to the interaction of Na-OC(I), Na-OOC(I) or NaO(W, I) [8, 12, 45], because the radius of Na+ is 1.02 Å, and the radius of a water molecule is 1.40 Å, with the sum
of 2.42 Å. The third peak with a range of 2.6 ∼ 3.48 Å for the solution is very broad because it could be composed
of several different interactions. It can be assigned to the H-bonding of bulk water [46], the OC-O(W, I) distance,
the distance of OOC-O(W, I). However, as the interactions over 3.0 Å are usually the superposition of multiple
interactions, it is difﬁcult to describe them qualitatively. Detailed structure analysis can be found in the
subsequent EPSR modeling.

EPSR modeling
Figure 6a,b show the experimental and simulated F(Q) and G(r) of aq. NaOAc solutions at different concentrations. As Fig. 6 shows the experimental results of F(Q) and G(r) are in good agreement with the EPSR ﬁtting
data. The tiny difference between the two functions in the low Q range may be due to the limited size of the
simulation box [26, 30].

Na+ hydration
The hydration characteristics of Na+ have been widely reported [45, 47–49]. From Fig. 7a, we can see that the
ﬁrst peak position does not change signiﬁcantly with concentration increasing, and the small change is the
decrease of peak intensity.

Fig. 5: Experimental structure
functions (a) and the
D(r)-4πr2ρ0 RDFs (b) for the aq.
NaOAc solutions.
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Fig. 6: Experimental (points
lines) and EPSR simulated
(solid lines) F(Q) (a) and G(r)
(b) for aq. NaOAc solutions at
different concentrations.

The free energy surface along the chosen coordinate is known as a PMF [50] (Fig. 7b). The PMF incorporates
solvent effects as well as the intrinsic interaction between the two particles is in a solvent system. Various
methods have been proposed for PMF calculation [51–53]. The simplest type of PMF is the free energy change as
the separation (r) between two particles PMFs can direct from the part radial distribution functions (PDFs)
using the following expression for the Gibbs free energy [10],
ΔG(r)  −RT ln g(r)

(11)

Here, R is the ideal gas constant, T is temperature in kelvin, g(r) is PDF. The speciﬁc values are collected in
Table 5. For the ﬁrst hydration shell of Na+, the ΔG(r) is gradually increasing in trend with the increase of
concentration, i. e., the cluster stability of ions is gradually reducing, and the hydration capacity of Na+ is
weaken.
The coordination numbers (CN) are calculated by Eq. (12)
r max

CN ij  4πρj ∫ g ij (r)r2 dr

(12)

r min

Fig. 7: The PDFs (a), PMFs (b),
the CN distributions (c), and
the angle distributions of
∠O(W)-Na-O(W) angle (d) of the
Na–O(W, I) interaction as a
function of concentrations by
EPSR modeling.
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Table : The interaction distance, CN and thermodynamics properties (kJ/mol) of different atom pairs.
Interactions
(rrange/Å)
ACN

ACN

ACN

ACN

ACN

rpeak/Å
CN
ΔG
rpeak/Å
CN
ΔG
rpeak/Å
CN
ΔG
rpeak/Å
CN
ΔG
rpeak/Å
CN
ΔG

O(W)-O(W, I)
(2.00–3.42)

Na-O(W, I)
(2.00–3.03)

Na-OC(I)
(2.00–3.06)

Na-OOC(I)
(2.00–3.18)

OC-O(W, I)
(2.00–3.30)

OOC-O(W, I)
(2.00–3.42)

.
. ± .
−.
.
. ± .
−.
.
. ± .
−.
.
. ± .
−.
.
. ± .
−.

.
. ± .
−.
.
. ± .
−.
.
. ± .
−.
.
. ± .
−.
.
. ± .
−.

.
. ± .
−.
.
. ± .
−.
.
. ± .
−.
.
. ± .
−.
.
. ± .
−.

.
. ± .
−.
.
. ± .
−.
.
. ± .
−.
.
. ± .
−.
.
. ± .
−.

.
. ± .
−.
.
. ± .
−.
.
. ± .
−.
.
. ± .
−.
.
. ± .
−.

.
. ± .
−.
.
. ± .
−.
.
. ± .
−.
.
. ± .
−.
.
. ± .
−.

rpeak with a error bar of ±. Å.

Here, ρj is the number density of atom j, rmax and rmin represent the maximum distance and the minimum
distance of the hydrated shell of the ion, respectively.
Figure 7c shows the CN distributions of the Na–O(W, I) interaction. The speciﬁc values of CN and interaction distance between the atomic pairs are listed in Table 5. The hydration distance of Na+, Na–O(W, I) is
2.37 Å which is in good agreement with DFT calculations and literatures [8, 12, 45]. CN between Na+ and O(W, I)
decreases from 5.02 ± 0.85 at 0.976 mol/L to 3.62 ± 1.21 at 4.453 mol/L which is consistent with literatures
reported that Na+ hydrates with six water molecules exists in the form of octahedron in low concentration
solution [49, 54]. The decrease of CN means that the hydration capacity of Na+ is relatively weakening, which is
consistent with the gradual increase of ΔGNa-O(W, I) with concentration increasing. This is due to that the large
number of ions are in the solution as the concentration increasing.
Figure 7d shows the ∠O(W)-Na-O(W) angle distribution among the water molecules in the ﬁrst hydration
sphere of the Na+. There are two peaks around 90° and 180° which correspond to the ∠O(W)-Na-O(W) angle for
the water molecules on the ortho and para positions of octahedron, respectively. Which also indicates the six
hydrated octahedral hydrated Na+. With concentration increasing, the position of the ﬁrst peak shifts to the left
side, and the strength of the second peak weakens, indicating that the octahedral conﬁguration is deformed a
little.

CH3COO− hydration
Here, the acetate was divided into two parts, OC and OOC, and their hydration characteristics were discussed
separately. From Table 5 and the upper part of Fig. 8a,b, we can see that the distance of OC-O(W) and OOC-O(W)
interactions do not change obviously with the increase of NaOAc concentration, while the intensity is gradually weakening. In addition, the PDF shows the acetate ion in sodium acetate solution has a second solvation
shells, as found by the peak at ∼5 Å, which is well consistent with the observation of the previous study by MD
[18]. Figure 8a,b show the PMF at the bottom of the panel, and the PMF data is collected in Table 5.
For 0.976 mol/L aq. NaOAc solutions, the interaction distance between OC and O(W, I) is 2.73 Å which is
shorter than that between OOC and O(W, I), 2.79 Å. The result is consistent with the value of the DFT calculation. In addition, the CN between OC and water molecules is 3.48 ± 0.84 in the ﬁrst hydrated layer, while the
CN between OOC and water molecules is 3.87 ± 0.89. In addition, these results indicate that each of its oxygen
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Fig. 8: The PDFs (upper panel of a and b), PMFs (lower panel of a and b) and the CN distributions (c and d) between OC(OOC) and
O(W) interactions as a function of concentrations by EPSR modeling.

atoms of acetate forms around three or four hydrogen bonds averagely, which is consistent with the observation of the previous studies [55]. Comparing with OOC, the smaller interaction distance and CN between OC
and water molecules are due to the larger ESP value of OC (Fig. 3). OC is more likely to attract hydrogen atoms
on water molecules, resulting in the decrease of interaction distance and the increase of steric hindrance effect,
which ultimately leads to the decrease of CN. At the same time, we can see that the values of ΔGNa-O(W, I) are
smaller than ΔGOOC–O(W, I) and ΔGOC–O(W, I) showing that the hydrate formed by Na+ and water is more stable
which suggested the hydration ability of Na+ is relatively stronger than that of acetic acid ion.
A more graphical way to visualize the structure of CH3COO− is the spatial density function (SDF), which
provides a three-dimensional representation of the pair correlation function after averaging over orientations
of the neighboring molecule derived from a spherical harmonic expansion in the modeling box. Figure 9 shows
the SDF of the neighboring water molecules around a central CH3COO−. It can be seen from the SDFs, that water
molecules mainly distribute around OC and OOC, and the size of the isosurface is approximately the same,
which also conﬁrms the conclusion that the acetate forms three hydrogen bonds with each oxygen atom of
CH3COO− on average. There is a “hole” in the middle of the isosurface, which is caused by the steric effect. There
is no signiﬁcant change in SDF with the increase of NaOAc concentration, suggesting that the hydration shell
structure of CH3COO− is not sensitive to concentration. The results also indicate that the interaction between
CH3COO− and water molecules is relatively strong, and each CH3COO− group binds about 6.23 ± 2.01 to
7.35 ± 1.73 water molecules, which is well consistent with the observation of the previous studies [18, 20].

Fig. 9: SDFs of the neighboring
water molecules around a
central CH3COO− with the cutoff distance, 0 ∼ 3.5 Å. Cyan
indicates the distribution of
water molecules around OC,
and red indicates the distribution of water molecules around
OOC.
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Ion association
Figure 10 shows the information about the association of Na-OC and Na-OOC ion pairs. Table 5 shows that the
distance between Na+ and OC interactions is 2.28 Å, which is shorter than that between OOC and O(W, I), 2.34 Å,
and these data are in good agreement with the values of DFT calculation and literature [8]. The values of
ΔGNa-OC are larger than ΔGNa-OOC showing that Na+ tend to combine with OOC, which is well consistent with the
conclusion of DFT.
Figure 10c,d show the CN distribution between Na+ and OC(OOC) interactions. For 0.976 mol/L aq. NaAOc
solution, their average CNs for Na-OC and Na-OOC are 0.32 ± 0.47 and 0.32 ± 0.47, respectively. The larger
uncertainty reﬂects the Na-OC and Na-OOC ion pairs in 0.976 mol/L aq. NaOAc solutions may be neglectable.
Even at the highest concentration, their average CNs for Na-OC and Na-OOC are 1.01 ± 0.78 and 1.02 ± 0.78,
respectively, the uncertainty is larger or nearly equal than the CN, indicating probability of the existence of CIP
is relatively small. There is a lack of formation of CIP according to the conclusion of CH3COO− and Na+
association, which is in agreement with the previous studies [17, 18]. Combining with the conclusion of DFT, we
can verify that Na+ and CH3COO− mainly exist in the form of SIP, when the concentration of solution is relatively
low (or with the WSR larger than 10:1).

Bulk water
Figure 11a,b show the PDFs and CN distribution of O(W)-O(W) interaction of water molecules in NaOAc
solutions. The position of the ﬁrst peak is about 2.79 Å, which is well consistent with the results reported in the
literatures [56, 57]. However, the peak begins to shift to the right side with concentration increasing, 2.82 Å,
indicating that the interaction between water molecules turns to weaken. For 0.976 mol/L aq. NaOAc solutions,
the CN is 4.63 ± 1.03, indicating that the central water molecule may hydrate with four water molecules in the
form of tetrahedron, which is consistent with the literatures [33, 56, 57]. In addition, even at the highest
concentration, the coordination number is still 4.03 ± 1.13, which implies that the ﬁrst hydration layer of water
molecule is not affected by ions in NaOAc solutions.
Figure 11c shows the angle distribution of ∠O(W)-O(W)-O(W) angle of the O(W)–O(W) interaction. First of
all, the angle distribution is quite wide, extending from 60° to 180°, far from being well-deﬁned tetrahedral
around 109.47°. Secondly, there are not one but two peaks in this distribution, one is very broad peak at around
101°, the other is obvious around 55°. In the traditional sense, three water molecules involved in the latter peak
are obviously impossible to be hydrogen bonds unless one or the other water molecules is deﬁned by extremely
curved hydrogen bonds. A peak value of 55° in the triangular distribution of O(W)-O(W)-O(W) means that even
in the nearest adjacent shell there will be some water molecules without hydrogen bond [57].
Figure 12 shows the SDF of the neighboring water molecules around a central water molecule, which we
can see clearly that the central water molecule is in the form of tetrahedron. There is a hole caused by steric

Fig. 10: The PDFs (upper panel of
a and b), PMFs (lower panel of a
and b) and the CN distributions
(c and d) between Na+ and
OC(OOC) interactions as a
function of concentrations by
EPSR modeling.
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Fig. 11: The PDFs (a), the CN distributions (b), and the
angle distributions of ∠O(W)-O(W)-O(W) angle (c) of the
O(W)–O(W) interaction as a function of concentrations
by EPSR modeling.

Fig. 12: Spatial density
functions of the neighboring
water molecules around a
central water molecule, with
the cut-off distance, 1 ∼ 5.4 Å.
The red and cyan isosurface
represent the first and the
second hydrated layer of the
central water molecule,
respectively.

hindrance effect in the lower part of the ﬁrst hydration layer, and water molecules will not participate in the
hydration of central water molecule at this position. When concentration increases the ﬁrst shell of the water
molecule keeps the tetrahedral coordination, accompanied by no obvious changes in the distribution range,
indicating the tendency for keeping a tetrahedron structure independent of NaOAc concentration.
However, the cyan transparent of the second sphere began to decrease. It should be noted that, instantaneously, each Na+ is surrounded by 3.62 water molecules and each CH3COO− is surrounded by 6.23 water
molecules in 4.453 mol/L aq. NaOAc solutions. Thus, about 9.85 water molecules correspond to each
CH3COONa molecule, which implies subject sharing of the water molecules between the Na+ and CH3COO− in
4.453 mol/L solution (WSR = 10). This suggests that the second hydration layer is difﬁcult to form or exist stably
at high concentration. The well-know “structure breaking” property of Na+ and CH3COO− becomes effective
only for the second hydration sphere of bulk water, which

Conclusions
In the present work, aq. NaOAc solutions at different concentrations are studied by X-ray scattering at ambient
template. The experimental total scattering structure factors are extracted and subjected to EPSR modeling to
reveal the detailed structural information. The following conclusions can be drawn:
(1) DFT calculations of CH3COONa(H2O)n=5–7 clusters show the average interaction distance between Na+ and
O(W, I) is 2.37 Å, and the average interaction distance of Na-OC and Na-OOC are 2.30 and 2.34 Å,
respectively. The distance between OC and O(W, I) is 2.73 Å, which is shorter than that between OOC and
O(W, I), 2.78 Å. The Boltzmann distribution histogram suggests that when n = 5, the clusters mainly exist in
the form of CIP, while when n = 6, the SIP begin to appear and when n = 7, the SIP is dominant.
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(2) Hydration Na+ mainly exists in the form of octahedron when the concentration is relatively low
(0.976 mol/L). The distance of Na–O(W, I) is 2.37 Å with the CN of 5.02 ± 0.85 in the ﬁrst hydrated layer in
0.976 mol/L aq. NaOAc solutions.
(3) The hydration distance and the hydration number between OC (OOC) and water molecules are 2.73 Å
(2.79 Å) and 3.48 ± 0.48 (3.87 ± 0.89) in the ﬁrst hydrated layer in 0.976 mol/L aq. NaOAc solutions,
respectively.
(4) With concentration increasing, there is no signiﬁcant change in SDF of CH3COO−, suggesting the hydration
shell structure of CH3COO− is not affected by the presence of a great quantity of ions, which indicates that
the interaction between CH3COO− and water molecules is relatively strong.
(5) The larger uncertainty of the coordination number of Na+ and OC(OOC) reﬂects the relative looseness of NaOC and Na-OOC ion pairs in sodium acetate solution, even at the highest concentration, suggesting that the
neglectable CIP formation in aq. NaOAc solutions with concentration is up to 4.453 mol/L.
(6) In aq. NaOAc solutions, the so called “structure breaking” property of Na+ and CH3COO− become effective
only for the second sphere of bulk water.
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X-ray scattering shows that
CH3COO− and Na+ mainly exist in
the form of SIP, which is
consistent with the result from
density function theory; and each
CH3COO− group binds about 6.23
± 2.01 to 7.35 ± 1.73 water
molecules, suggesting the
interaction between CH3COO− and
water molecules is relatively
strong.
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