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Time-of-flight neutron diffraction measurements have been carried out on 10 mol% NaNOj3 solution in D2 O.
The isotopic substitution technique was applied to nitrogen atoms in the solution in order to determine both
hydration structure around the nitrate ion, NOj3 , and intramolecular geometry of NO3 in the aqueous solution.
It has become apparent that there exist 5.0+0.5 water molecules coordinated to NOj; with the intermolecular
distance r(N---D) =2.80 A. The intramolecular bond distance and the root mean square amplitude in NO3 have
been determined to be rno=1.253+£0.006 A and lno=0.058+0.008 A, respectively.

It has been a matter of interest for a long time to
elucidate the hydration structure of nitrate ion, NOj3,
and the solvation effect on the intermolecular struc-
ture of water molecules in the aqueous solution. This
nitrate ion has been classified as the “order-destroy-
ing anion” in hydrogen-bonded liquid water, reflect-
ing its large effective ionic radius and relatively small
charge.) The hydration number of NO3 in an aqueous
NaNOj solution has been reported to be 0.5 from NMR
measurements.? This indicates that water molecules di-
rectly coordinated to NOj is extremely slight in the
aqueous solution. A recent double-difference infrared
spectroscopic study on a Ni(NOj), solution® has ex-
hibited that an uncoupled O-D stretching vibrational
band of HDO molecules neighboring with NO3 is con-
siderably broadened, which implies a wide distribution
of NOj ---water distances. The hydration number of
NOj3 has been estimated to be 3.7 in this spectroscopic
study, which disagrees with the NMR results.

The hydration structure of NO; has more directly
been investigated by X-ray diffraction for concentrated
NH4NO3* and NaNO3*» aqueous solutions. The in-
termolecular distances and the root mean square dis-
placements have been obtained by a least squares fit of
the measured X-ray interference functions to the the-
oretical ones on the basis of a short-range structure
model around the constituent ions. The intermolec-
ular distance between the oxygen atoms within NOj
and the neighboring water molecules reported in these
diffraction measurements is 2.9 A for both solutions.
This value suggests that NO3 and neighboring water
molecules are mutually hydrogen-bonded in the aque-
ous solution. However, it is considerably difficult to
deduce the detailed hydration structure of NOjz from
the X-ray diffraction data alone, because several inter-
atomic correlations overlap in the range of the radial
distance, 2<r<4 A, where the NO3 ---H2O correlation
should be contained. In particular, the information on
the orientational configuration between NOj and the
surrounding H2O molecules cannot be given from the
X-ray diffraction measurement owing to the extremely
weak scattering power of hydrogen atoms.

Much clearer structural information has been sup-

plied through a neutron diffraction study for 12.3 mol%
NaNOj3 solution® applying the *N/1°N isotopic sub-
stitution technique. The distribution function around
the nitrogen atom, Gn(7) obtained in this study, has
proved that there exist five water molecules coordinated
to NOj3 as a total, both axially (rnp=2.05 A) and ra-
dially (rwp=2.65 A), in the first hydration shell of this
jon. The intermolecular distance, rnp=2.05 A, between
the nitrogen atom and deuteron atoms axially coordi-
nated is much shorter than the sum of van der Waals
radii of both atoms (2.8 A). This result evidenced that
the strong hydrogen bond between N and D atoms is
formed in the aqueous solution. However, the Gx(r)
obtained for other aqueous solutions, i.e., concentrated
ND4NO3"® and LiNO3® solutions gives no indication
of the pronounced peak around r=2 A. After all, it
seems that there still remain some problems on the hy-
dration structure of NOj3 in the aqueous solution.

Another question emerges on the intramolecular N—
O bond length of NOj in the aqueous solution. Recent
results of time-of-flight (TOF) neutron diffraction stud-
ies for some molten alkali metal nitrates have shown
that the intramolecular N-O distance is cation-inde-
pendent and has the value of rvo=1.251 A.1%!D) This
value in the molten state is 0.03 A larger than that in
the crystalline state reported by X-ray diffraction of a
single NaNOj crystal (rwvo=1.218 A).'» On the other
hand, Raman spectroscopic studies have indicated that
the vibrational frequency associated with the symmet-
rical stretching mode of NO3 has only a small shift
(at most ca. 20 cm~!) among crystalline'® and molten
states,!¥ and aqueous solutions.'® This closeness of the
vibrational frequency in different phases is therefore in
conflict with the diffraction data.

The TOF neutron diffraction with the isotopic substi-
tution of 14N /15N is one of the most suitable experimen-
tal methods to solve these problems. In this paper we
report the result of TOF neutron diffraction measure-
ments for 10 mol% NaNOj solutions in D2O including
two kinds of nitrogen isotopes. We will give direct ex-
perimental information both on the hydration structure
around NO3 and on the intramolecular structure of this
anion in the aqueous solution.
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Experimental

Materials. Isotopically enriched sample Na!>NOg
(99.0% '°N, CIL Inc.) and natural NaNO3 (99.6% '*N; nat-
ural abundance) of reagent grade, both dried in vacuo, were
dissolved into D20 (99.8% D, Merck Inc.) to prepare two
kinds of 10 mol% NaNQOj3 aqueous solutions with different
isotopic compositions of the N atoms. Isotopic compositions
and mean scattering lengths of the N atoms in the solutions
are listed up in Table 1, repectively. These solutions were
sealed into cylindrical quartz cells (8 mm in inner diameter
and 0.4 mm in thickness).

Neutron Diffraction Measurement. The TOF neu-
tron diffraction measurement was carried out at 25 °C us-
ing the HIT spectrometer’® installed at the pulsed spal-
lation neutron source (KENS) in National Laboratory for
High Energy Physics, Tsukuba, Japan. Scattered neutrons
were detected by ®He counters located at respective scatter-
ing angles of 260=8, 14, 25, 32, 44, 91, and 150°. The data
accumulation time was ca. 8 h for both samples. Measure-
ments were made in advance for an empty cell, background
and a vanadium rod which has the same dimension as the
sample.

Data Reduction. The measured scattering data were
corrected for the background intensity, the absorption of
both sample and cell,!” the multiple'® and the incoherent
scatterings. The obtained count rate for the sample was
converted to the absolute scale by the use of scattering in-
tensity from the vanadium rod. The first-order difference
function,'® An(Q), was determined from the numerical dif-
ference in the normalized scattering cross section between
the two solutions. The inelasticity effect, arising from the
self scattering contribution of deuterium atoms, is expected
to be canceled out in the term of Ax(Q) through the sub-
traction of two scattering data sets in which the identical
inelasticity distortion is individually included. After all, it
was recognized in the present work that the inelasticity ef-
fect is negligibly small in An (@) even at the large scattering
angle such as 20=91°.%2% Since An(Q)s obtained exper-
imentally at various scattering angles, 20=14—91°, agree
well each other within the statistical errors, it was allowed
to combine the data of the scattering angles from 20=14 to
91°. The whole An(Q) for the 10 mol% NaNOjs aqueous
solution was determined in this way as in Fig. la.

AN(Q) can be represented by the linear combination of
the four partial structure factors including contributions
concerning the nitrogen atom, i.e.,

An(Q) = Alano(Q) — 1] + Blann(Q) — 1]
+Clanna(Q) — 1] + Dfann(Q) — 1], 1)

where
A = 2encobo (bran — bisn)
B = 2cnepbp (bian — bisN)
C = 2¢enenNabna(bian — bisn)
D = en?(bian? — bisn?),

and c; is the number of +th atom in the stoichiometric unit
(NaNO3)g.1(D20)o.9. The value of weighting factors A, B,
C, and D is numerically listed up in Table 2.

The Fourier transform of An((Q) yields the distribution
function around the nitrogen atom, Gn(r),
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Fig. 1. a) Circles: The observed difference function,

AN(Q), for 10 mol% NaNOQOgs solution in D2O. The
solid line: Smoothed An(@) used for Fourier trans-
form (Fig. 2a). b) Circles: The observed An(@Q).
The solid line: The intramolecular N-O contribution,
I™2(Q). ¢) Circles: The intermolecular contribution,
AT (). The solid line: The back Fourier transform

of 6;““(7") shown in Fig. 2b.

Gn(r) =1+ (A+B+C+D)"'(2n’pr)”!
x [T Qan(@sin (@raQ

[Agno(r) 4+ Bgnp(r) + Cgnna(r) + Dgnn(r)]
x(A+B+C+D)™?, (2)

which is given in Fig. 2a. Gn(r) is mainly dominated by
gno(r) and gnp(r) terms since contribution factors, A and
B, are much larger than those, C and D, as indicated in
Table 2.

Results and Discussion

The observed An(@Q), shown in Fig. 1a, has a domi-
nant first peak at Q~2 A~!, partly splitted second peak
at Q~6 A~1 and periodic oscillational structure at the
higher-(@) side. These features in the present An(Q) are
in agreement with those reported previously by Neilson
and Enderby.®) Figure 2a gives the distribution func-
tion around the nitrogen atom, Gn(r), obtained by the
Fourier transform of the solid line in Fig. 1a. The upper
limit of the integral, Qmax, was set to be 20.0 A~1. The
first peak at r=1.25 A in Gx(r) can be assigned to the
intramolecular N-O interaction in NO3 . Termination
ripples on the Fourier integration, caused by the set-
up of finite upper limit Qumax=20.0 A~!, appear around
the first peak. The intramolecular N-O correlation in
the Q-space, I"*'2(Q), can be theoretically described as
follows,
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Table 1.
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The Isotopic Compositions and Mean Scattering Lengths by of Nitro-

gen Atoms, Mean Scattering and Absorption Cross Sections and the Number
Densities Scaled in the Stoichiometric Unit (NaNQO3)o.1(D20)o.9, 05, 0a, and p,
Respectively, for the Samples Used in This Study

Samples 14N/% 15N/% bN/10'12 cm  os/barns aa/barnsa) p/A‘3
Nal*NOs 99.6 0.4 0.936 20.552 0.245

0.0308
Nal'®NOs 1.0 99.0 0.649 19.932 0.055

a) For the incident neutron wavelength of 1.8 A.

Table 2. Values of the Coefficients of ay;(Q) in Eq. 1
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Fig. 2. a) The total and b) intermolecular distribu-
tion function around the nitrogen atom, Gn(r) and
—~inter

Gx ' (7), truncated at Qmax=20.0 A~ for 10 mol%
NaNOs solution in D20O.

B/barns
0.0694

C/barns
0.0021

D/barns
0.0046

GN(")

oiten
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Iin"a(Q) = 2ennnobo (bian — bisn)

xexp (~lno’Q?/2)TL@NO - (3)
QrNo

where nyo is the coordination number of oxygen atoms
around the nitrogen atom, and Ixo and m™~o denote
the root mean square amplitude and internuclear dis-
tance of the N-O bond, respectively. Parameters, nno,
Ino, and mvo in Eq. 3 were determined to be 3.24+0.3,
0.05840.008 A, and 1.253+0.006 A, respectively, from
a least-squares fitting in the range with 7<Q<20 A~!
between Eq. 3 and the observed An((Q). The fitting
procedure was performed using the SALS program.?V
The closeness of the magnitude of nyo to the expected
value (three) proves the validity of the present data
corrections and normalization procedure. The value
of intramolecular distance, rno, obtained is in com-
plete agreement with o =1.25 A reported previously
in TOF neutron!®!?? and X-ray diffraction?®*2?% stud-
ies for some molten alkali nitrates. The result that the
intramolecular structure of NOj3 in the aqueous solution

is the same as that in the molten state is also supported
by spectroscopic studies.!*=» On the other hand, the
value of rvo=1.218+0.004 A, reported by the X-ray
diffraction study for a NaNOj single crystal,'? is 0.03
A shorter than that obtained in the aqueous solution or
in the molten state. If this were valid, one might ex-
pect that a marked difference in vibrational frequency
of the symmetrical stretching mode for NOj3 is present
between the crystalline and solution states. However,
the difference in this frequency has been observed to be
at most ca. 20 cm~1.13—1%) The reason for this discrep-
ancy mentioned above are still less clear at present.
The Fourier transform of the difference function at @-
space obtained by subtracting the theoretical I"*"2((Q)
from observed Ax(@Q) (Figs. 1b and 1c) tprovides the in-
termolecular distribution function, Gy () (Fig. 2b),
in which unphysical termination ripples below r=2
are much reduced. The structural components appear-
ing at r>2 A in G() remain unchanged after removing
the intramolecular N-O contribution. Then, these com-
ponents is considered to denote a real intermolecular
structure. The overall feature of the present Gx(r) con-
taining a broadened peak at r=3.8 A with unresolved
shoulder around 2.8 A is very similar to the Gn(7) re-
ported for other concentrated aqueous solutions such as
LiNO3? and ND4NO3? solutions by the first-order dif-
ference method of the neutron diffraction experiments;
this result suggests little effect of the counter-cation on
the hydration structure of NO3 . However, the nearest
neighbor N---D peak at r=2.05 A, reported previously
for 12.3 mol% NaNOj solution (Qpnax=10.2 A‘l),‘"’) is
not observed in the present Gyn(r). In order to discuss
this disagreement, we transformed the observed An(Q)
to Gn(r) with truncating at various upper limits, Qmax,
the result of which is represented in Fig. 3. With de-
creasing value of Qnax, the height of the intramolecu-
lar N-O peak decreases while its peak width increases.
In addition, the position of the N-O peak exhibits a
systematic shift toward the lower values of r with de-
creasing Quax: ™o=1.22 A for Qmax=10.0 A~! and
1.19 A for Qumax=7.4 A='. The peak position of 1.25
A in Gy(r) truncated at Qmax=20.0 A~ agrees well
with the intramolecular N~O distance obtained by the
least-squares fitting to An(@Q). The value of rvo, 1.22
A, in Gn(7) truncated at Qmax=10.0 A1 corresponds
to that reported in the previous work by Neilson and
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Fig. 3. The effect of different truncations of Qmax on

the Gn(r) for 10 mol% NaNQs3 solution in D2O.

Enderby (mvo=1.2340.02 A at Qmax=10.2 A~19),

Termination ripples around the N-O peak also indi-
cate a systematic change in their period. The ghost
maxima arising from the termination effect should ap-
pear in due order at distances from the main peak,
Ar~441/2 Qmax, ~+97/2@Qmax, and so on.?® Thus,
the positions of ghost maxima at higher side will be
r=2.04 and 2.66 A in the present case of ryo=1.25 A
and Qunax=10.0 A-1. This result corresponds well to
positions of ghost maxima in present G (7) for Qmax=
10.0 A~1 as seen in Fig. 3. In the previous work for
Qmax=10.2 A~ by Neilson and Enderby, they have
assigned the peaks at r=2.05 and 2.65 A in Gy(7)
to the nearest neighbor N---D and N---O distances,
respectively.®) However, it is possible from the above
discussion that substantial termination ripples are su-
perimposed on their Gx(r) because of lower termination
limit Quax. In contrast, the termination effect con-
tained in present @;\?ter(r) can be much smaller since
Qmax=20.0 A~! was used and the intramolecular N-O
contribution has been eliminated.

The broadened shape of ﬁ;\?te'(r) in Fig. 2b seems
to represent the weak hydration nature of NO3. Nev-
ertheless, the features appearing at r~2.8 and r~3.8
A in _@;\?ter(r) indicate the existence of a preferred
orientation between NO3 and the neighboring water
molecules in the solution. According to the model struc-
ture for NO3 hydration proposed from X-ray diffraction
results,*® in which six water molecules are hydrogen-
bonded with the oxygen atoms of NOj3 in the first hy-
dration shell, the feature at r~2.8 A in @;‘ter(r), al-
though poorly resolved, can be ascribed to the near-
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est neighbor N---D distance. The coordination number,
nND, 18 tentatively derived from the following integral,
3.15 .
nND = M / dmeppr> G (r)dr
B 2.21
= 5.0+0.5, (4)

where the local minimum in @K;ter(r) curve was taken
as the upper limit of the integral. The error in nnp
mainly arises from the uncertainty in the overall nor-
malization constant for the observed An(Q), which is
nearly 10% judging from the error in the intramolecular
coordination number nyo=3.24+0.3 within NO3. The
value of nyp obtained in the present study is roughly
regarded as the hydration number, n(NOj ---H20) =6,
reported in the X-ray diffraction studies.*® Then, the
hydration structure around NOj3 can be characterized
by the following local configuration; one of hydrogen
atoms of each water molecule within the first hydration
shell is facing the oxygen atom of NOj3 as illustrated
in Fig. 4. The peak located around 3.8 & in Gy = (r)
can reasonably be identified with the intermolecular
N..-O,,. In addition, it is probable that N---Ds inter-
actions are absorbed in this peak. On the basis of this
local structure model around NOj, the structural pa-
rameters concerning the nearest neighbor N---D30 con-
tribution can be estimated using the present rﬁi\?ter(r)
curve (Fig. 4). The nearest neighbor N---D7, N---Oy
and N---Dy interactions have been described by their
Gaussians. Further, the coordination number for re-
spective peaks was taken to be 5.0. In this result, the
peak position r(N---D;) =2.8 A and full width at half
maximum w(N---D;) =0.6 A, were determined by a
Gaussian fitting to the experimental rﬁi\?ter(r) within
the range of r<2.8 A (peak-a in Fig. 4). The parame-
ters for N---Oy and N---Dy contributions were also ob-
tained to be 7(N---Oy) =3.78 A and w(N---Oy) =0.6

rGg\?ter(r)

A possible decomposition of the rﬁi\?ter(r)

curve into the contributions from the nearest neigh-
bor interactions N---D; (a), N---Oy (b) and N---D2

(c).

Fig. 4.
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A (peak-b), r(N---Dy) =4.16 A and w(N-- Dy) =1.0 A
(peak-c) through the Gaussian fittings to rGN "(r) in
the range of 7<5 A. These parameters correspond well
to the intermolecular distance 7{O---Oy) =2.9 A% pre-
viously reported (denoted by d in Fig. 4) and molecular
geometries known for NO3 and D20.2% Therefore, the
prominent features in the experimental rG}fIl er(r) below
r~4 A are satisfactorily described by the present model
for the nearest neighbor NOj3 ---D2O correlation. Since
the 1ntegral over the wide range of 2.21<r<4.38 A in
GN is given as a total 9.8 water molecules, it appears
that nearly a half of the water molecules in this r re-
gion is present in the well defined hydration geometry
around NOj.

The present result on the hydration structure of NOz
in aqueous 10 mol% NaNOj solution can be compared
with our previous one of aqueous 10 mol% NaNO,
solution,?” in which experimental procedure (TOF neu-
tron diffraction) and data treatment were all identical
to those in the present work. GN "(r) functions for
both solutions exhibit a similar weak hydration behav-
ior, such as poorly resolved nearest neighbor N---D and
N---O peaks. However, a significant difference can be
seen for the intermolecular peak positions. For exam-
ple, the nearest neighbor N-.-D dlstance, correspond-
ing to the first-peak position in GN "(r), is 2.8 A, for
NaNOj solution, whereas, 2.7 A for NaNO, solution.
The nearest neighbor N---O distance for hydrated NO3
is nearly 0.3 A longer than that for hydrated NO;.
These differences may be considered to come from the
difference in the hydration geometry rater than that in
the chemical property between NO3 and NO;. How-
ever, it should be essential that partial pair distribu-
tion functions, gnp(r) and gno(7), are separately ob-
tained, to discuss more fully the difference on the hy-
dration structure between both ions. This requires fur-
ther diffraction experiments which involve not only the
14N /15N isotopic substitution technique but also H/D
one, which will be a near-future subject.

We would like to acknowledge the member of HIT
group during the course of diffraction measurements.
All calculations were carried out with the ACOS 3600
computer at the computing Center of Yamagata Uni-
versity.
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