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Neutron and X-ray Diffraction Studies on the Structure of
Concentrated Aqueous Sodium Acetate Solutions
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Time-of-Flight (TOF) neutron and X-ray diffraction measurements were carried out for aque-
ous 8 mol% CH3COONa solution (CD3COONa solution in D>O was employed for the neutron
diffraction measurement) to obtain detailed information on the hydration structure of both Na*
and CH3COO™ in the concentrated aqueous solution. The intramolecular structural parameters
within CD3COO~ were determined to be rco = 1.24(1) A, rep = 1.09(1) A, rec = 1.51(2) A
and Z0—C—O = 126(3)°, respectively, through a least-squares fitting analysis of the observed
neutron total interference term in the hi§h-Q region (10 < Q < 32 A~!). Hydration parameters,
r(Nat---H20) = 2.39(1) A and n(Na™---H,0) = 4.7(1) for Na*t, r(O---H,0) = 2.78(1) A
and n(O---H20) = 4.0(1) for CH3COO™, were respectively determined from the least-squares
refinement of observed X-ray intermolecular interference term. It is revealed that the carboxyl
group within the acetate ion forms hydrogen bonds with 4 water molecules in the first hydration
shell. Hydrogen-bonded distances between the solvent water molecules were determined to be
r(0---D) = 1.89(1) A and r(D---D) = 2.44(1) A, from the observed neutron intermolecular

interference term.
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§1. Introduction

Hydration structure of the acetate ion, CH3;COO™,
has long been a matter of interest. X-ray diffraction
studies on concentrated aqueous solution of various di-
valent transition metal acetate by Caminiti et al,)) have
revealed structural properties on the metal acetate com-
plex in aqueous solution, however, unambiguous hydra-
tion structure of the acetate ion itself has not yet been de-
termined. In this paper, we describe results of X-ray and
TOF neutron diffraction measurements on the aqueous
8 mol% sodium acetate solution. Intramolecular struc-
tural parameters of the acetate ion in the aqueous solu-
tion were determined from a least-squares fitting analy-
sis of the observed neutron total interference term in the
high-@ region. The structural information on the first
hydration shell of both CH3COO~ and Na™ in the so-
lution, and information on the intermolecular hydrogen-
bonded network between solvent water molecules, were
respectively obtained from the least-squares refinements
for observed X-ray and neutron intermolecular interfer-
ence terms.

§2. Experimental

2.1 Neutron diffraction measurement

A fully deuterated aqueous 8 mol% CD3COONa so-
lution was prepared by dissolving the required amount
of CD3COONa (99.0 % D, Aldrich Chemical Co.) into
D,0 (99.9 % D, Aldrich Chemical Co.). The sample
solution was sealed in a cylindrical quartz sample cell
(7.3 mm in inner diameter and 0.5 mm in thickness).
The TOF neutron diffraction measurement was carried
out at 25 °C using the HIT-II spectrometer installed

at the pulsed spallation neutron source (KENS) at the
High Energy Accelerator Research Organization (KEK),
Tsukuba, Japan. Scattered neutrons were detected by
104 3He detectors covering scattering angles of 10 < 26
< 157°. The data accumulation time was ca. 5 h. Diffrac-
tion measurements were made in advance for an empty
cell, background and a vanadium rod of 8 mm in diam-
eter. After corrections for absorption,? multiple®) and
incoherent scatterings, observed count rates were con-
verted to the absolute scale by using corrected scatter-
ing intensities from the vanadium rod. The observed
neutron total interference term, in(Q), scaled at the sto-
ichiometric unit, (CD3COONa),(D20);_,, was derived
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Fig.1. The observed neutron total interference term (dots) and
the best-fit with the calculated interference term of Eq. (2.1)
(solid line) for aqueous 8 mol% CD3zCOONa solution in D2O.

The residual function (dots) is shown below.
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by the same manner as described in our previous paper.?)

2.2  X-ray diffraction measurement

X-ray diffraction with MoKa radiation (A = 0.7107
A) was measured at 25 °C on an aqueous 8 mol%
CH3COONa solution under the reflection geometry us-
ing a -0 X-ray diffractometer manufactured by Rigaku
Co. The scattered X-ray intensities from the sample were
collected at an interval of 0.2° over an angular range of
3 < 26 < 150°, corresponding to the scattering vector
range, 0.5 < Q < 17.1 A=! (Q = 4wsin6/)), with a
fixed counting time of 100 s. The whole angular range
was scanned four times in order to keep good statistics
for the scattering data, and to minimize any long-term
instrumental drift. After correction and normalization
procedures, scattering data were then converted to the
observed X-ray interference term ix (@). Details concern-
ing the X-ray diffraction measurement were previously
described.?)

2.8 Data analysis

Intramolecular parameters for CD3COO™ are deter-
mined from the least squares fitting analysis of the ob-
served in(Q) in the high-Q region (10 < Q < 32 A~1),
where contributions from intermolecular interactions are
expected to be negligibly small. The calculated in-
tramolecular interference term il***(Q)) can be evaluated
by the following equation,

i(Q) = o - i§"*(Q) (for CD5CO0")

+(1 — z) - ildt2(Q)(for D,0), (2.1)
where
intra () (for CD3CO0™)
=Y > bibjexp(—15Q%/2) sin(Qry) / (Qr), (2.2)
i#j
and

iA272(Q) (for D;0)
= 4bobD exp(—l%DQ2/2) Sin(QTOD)/(Q’r‘OD)
+2b% exp(—13pQ?/2) sin(Qrpp)/(Qrop). (2.3)

Parameters rj; and l;; denote the internuclear distance
and rms amplitude for i—j atom pair, respectively. b; is
the coherent scattering length of the atom i. In evalu-
ation of ii#*2(Q) for CD3COO~, contributions from all
possible i—j pair within the molecule were taken into ac-
count. Internuclear distances, rcc, rco and rcp, and the
bond angle, /0CO, within the CD3COO~ were treated
as independent parameters. The corresponding rms am-
plitudes were fixed to values calculated from the nor-
mal coordinate analysis by Derissen.®) Parameters for
the DO molecule, rop, Tpp, lop and Ipp, were allowed
to vary independently. The fit was performed in the
range of 10 < Q < 32 A~1. The observed in(Q) and its
Fourier transform, gn(r), are represented in Figs. 1 and
2, respectively.

The X-ray intermolecular interference term, gnter( ),
was derived by subtracting intramolecular contribution
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Fig.2. The neutron total distribution function, gn(Q) (dots), and
the Fourier transform of the model function, ii,f,‘"a(Q) (solid
line). Contributions from CD3COO~ and D20 molecules are
indicated by dotted and broken lines, respectively.

from the observed total ix(Q). The intramolecular con-
tribution was evaluated by the use of molecular parame-
ters determined from the present neutron data described
in the next section. Intermolecular structural parame-
ters for the nearest neighbor Na* ---H,0, H,0O---Hy0
and CH3COO™ ---H,0 pairs as well as the second and
third nearest neighbor H2O- - -H5O interactions were ob-
tained by the least-squares fitting analysis of the ob-
served i*"(Q) using the model function involving the
short- and long-range interactions,

imodel(Q) = (2 — 8y) fi fy exp(—15Q°/2)
x sin(Qri;) / (Qrj)
+4mpexp(—15Q*%/2)
X [Qro cos(Qro) — sin(Qro)]Q'3, (2.4)

where, f; and p denote the atomic scattering factor of
atom i and the number density, respectively. In order
to describe the CH3COO™ - - -H5O interaction, the near-
est neighbor O(acetate)- - -H>O distance, rms amplitude
and coordination number, were treated as independent
parameters. In addition, the bond angle Z/C—O---H30
and the dihedral angle a between the plane involving
carboxyl group and the plane involving C—O---H,0
atoms were determined independently. The neutron in-
termolecular interference term, i\*°"(Q)), was derived by
subtracting calculated intramolecular ii*"#(Q) from the
observed total in(Q). Structural parameters for inter-
molecular hydrogen-bonded O---D and D---D interac-
tions were derived from the least squares fit of the ob-
served iN*T(Q).

§3. Results and Discussion

3.1 Intramolecular structure of CD3COO~ and D50
molecules
Intramolecular distances and the bond angle ZOCO
within the CD3COO~ determined from the analysis of
the observed ix(Q) (Fig. 1), rcc = 1.51(2) A, rco =
1.24(1) A, r¢p = 1.09(1) A and £OCO = 126(3)°, are
in good agreement with those found in the crystalline
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Fig.3. Observed X-ray and neutron intermolecular interference
terms (circles). The best-fit of calculated interference terms of
Eq. (2.4) are denoted by solid lines.
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Fig.4. Observed X-ray and neutron intermolecular distribution

functions (circles). Contributions from the short- and long-range
interactions are indicated by broken lines.

CH3COONH,,” indicating that the molecular structure
of acetate ion remains unchanged in the concentrated
aqueous solution. Present values for intramolecular pa-
rameters of D2O (rop = 0.983(1) A, lop = 0.075(1) A,
rpp = 1.565(3) A and Ipp = 0.120(2) A) agree well with
those reported for pure liquid D, 0.4

3.2 Hydration structure of CH3COO~ and Na*t
Observed intermolecular interference terms (iii**"(Q)
and i*°"(Q)) and distribution functions (gi®***(r) and
ginter(r)) are represented in Figs. 3 and 4, respectively.
Since contributions from H—X (X: O, C, Na and H)
pairs are much small in the observed X-ray interference
term due to small scattering power of H atom, struc-
tural parameters for the nearest neighbor Na*t ---H,0,
CH3COO™ ---H30 and H50O---H,O interactions have
been determined by a least squares fit of Eq. (2.4) to the
observed %" (Q) in the range of 1.0 < Q < 17.1 A1,
The nearest neighbor O(acetate)---H,O distance, rms
amplitude and coordination number were respectively
determined to be 2.78(1) A, 0.21(1) A and 4.0(1), im-
plying that four H,O molecules are hydrogen-bonded to
the carboxyl oxygen of the acetate ion. The bond an-

gle, /C—O0---H,0, and the dihedral angle a were ob-
tained to be 101(1)° and 40(1)°, respectively. These
values are very similar to those observed for the for-
mate ion, HCOO~ (£/C—O0---HyO = 103(2)° and a =
33(3)°®)), suggesting the similarity in the structure of the
first hydration shell around the carboxyl group. Present
values for the nearest neighbor Nat ---H,O interaction,
TNat...-H,O = 239(1) A, lNa+-~~H20 = 023(1) A and
NNa+...H,0 = 4.7(1), are in good agreement with those
observed for concentrated aqueous NaX (X: HCOO,®
Cl, Br, Cl04 and NO3?) solutions.

3.8 Intermolecular hydrogen-bonded structure

Relative weightings for O—D (38 %) and D—D (42 %)
pairs are dominated in the present il?**r(Q)). The short-
range parameters for O—D and D—D interactions have
been derived from a least squares fitting analysis of
the ii?*7(Q) in the range of 1.0 < Q < 17.1 A-1. In
the fitting procedure, contributions from Nat ---D,0,
CD3CO0O™ ---D20O and D20O---Dy0O pairs are involved
in the model function employing structural parameters
which have already been obtained from the analysis of
the iP*r(Q) as described in the former section. The
nearest neighbor O- - -D and D- - -D hydrogen-bonded dis-
tances determined from the present ii1*°"(Q) (ro..p =
1.89(1) A and rp.p = 2.44(1) A) agree well with
those observed for pure liquid water.'% 1) However, the
present values of no..p (= 1.1(1)) is much smaller than
that for pure water (no..p = 2.0(2)'")), indicating that
the hydrogen-bonded network structure among water
molecules is significantly modified by coexisting ions in
the present solution.
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