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Structure of Concentrated Aqueous Sodium Formate Solutions
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Time-of-flight neutron and X-ray diffraction as well as Raman spectroscopic measurements were carried out on an
aqueous 15 mol% HCOONa solution in order to investigate the hydration structure of both the formate and sodium ions in
the concentrated aqueous solution. The intramolecular bond distances of DCOO™ (rcp=1.07£0.01 A, reo=1.2724+0.007
A and roo =2.1840.02 A) were determined through a least-squares fit of the observed neutron interference term in the
high-Q region. The average hydrogen-bond distances between the D,O molecules in the solution (#(O---D)=1.92+0.02
A and r(D---D)=2.4240.02 A) were also obtained. The hydration parameters on the formate ion were estimated to be
FOrommae---Ho0 = 2.8240.01 A and noy,,,..-.-1,0 =4.420.2 from a least-squares fit of the X-ray intermolecular interference
term. A preferred orientation between the formate ion and hydrated water molecules was suggested from the present
X-ray data. The hydration number of Na* in the solution was given to be 4.610.2, besides the intermolecular distance
(rNa*-..1,0 =2.37£0.01 A). The symmetrical stretching vibrational band of the hydrated sodium ion, Na*(H>0)y, in a 15
mol% HCOONa solution was observed at 225 cm ™! in the present isotropic Raman spectrum.

Studies of the formate ion, HCOO™, have occupied an
important position in the field of coordination chemistry, be-
cause of its versatile coordination behavior. A number of fac-
ultative complexes having HCOO™ as the ligand have been
synthesized, and the crystalline structures of these complexes
have been extensively clarified.” On the other hand, the struc-
ture of aqueous solutions including the formate ion—~metal
complexes, and the hydration structure of HCOO™, itself, in
solution have been reported only a little (as described below).

Edwards and Knowles have pointed out from their Raman
spectroscopic study that HCOO™ does not exhibit complex
formation with Ni** in an aqueous 2 mol dm~3 (HCOO),Ni
solution.” The polarized Raman spectra in a concentrated
aqueous HCOONa solution (6 molkg™') have suggested
that HCOO™ has a planer molecular structure in aqueous
solution.*® An X-ray diffraction study of an aqueous 10.77
moldm~—3 HCOOT! solution has suggested the formation
of the tetramer for HCOO™, TI4(0O,CH),, in solution.” A
Monte-Carlo simulation for a system containing one HCOO™

“and 256 H,O molecules has predicted that the number of H,O
molecules hydrogen-bonded to the oxygen atom of HCOO™
is ca. 7 per HCOO™.9 A further accumulation of structural
data is presently needed to elucidate the exact hydration
structure of the formate ion in aqueous solution.

In the present paper we report on results concerning the
time-of-flight (TOF) neutron and X-ray diffractions, and po-
larized Raman scattering measurements of an aqueous 15
mol% HCOONa solution. Information concerning the in-
tramolecular structure of HCOO™ and the intermolecular
hydrogen-bonded structure in solution have been determined
by a least-squares fitting analysis of the observed neutron in-
terference term. Moreover, the hydration structure of Na* in

a concentrated aqueous solution was also investigated using
the results of X-ray diffraction data with the help of low-
frequency isotropic Raman spectra.

Experimental

Neutron Diffraction Measurement. A fully deuterated aque-
ous 15 mol% DCOONa solution was prepared by dissolving the
required amount of DCOONa (99.0% D, MSD ISOTOPES) into
D,0 (99.8% D, Aldrich Chemical Co., Inc.). A sample solution
was sealed in a cylindrical quartz sample cell (7.3 mm in inner di-
ameter and 0.5 mm in thicknesss). A TOF neutron-diffraction mea-
surement was carried out at 25 °C using the HIT-I spectrometer”
installed at the pulsed-spallation neutron source (KENS) at the Na-
tional Laboratory for High Energy Physics (KEK), Tsukuba, Japan.
Measurements on an empty cell, background and a vanadium rod
having the same dimensions as that of the sample, were made in
advance.

X-Ray Diffraction Measurement.  X-Ray diffraction with
Mo K radiation (4 =0.7107 A) was measured at 25 °C on a 15
mol% HCOONa solution under the reflection geometry using a
6—-0 X-ray diffractometer manufactured by Rigaku Co. The iso-
topic compositions of the constituent atoms in the sample were
all natural abundances. The scattered X-ray intensities from the
sample were counted at an interval of 0.2° over an angular range
of 3°<26<150°, corresponding to the scattering vector range,
0.550<517.1 A~! (Q =4 sin O/4), with a fixed counting time of
40 s. The whole angular range was scanned eight times in order
to keep good statistics for the scattering data, and to minimize any
long-term instrumental drift. The total number of counts reached at
least 1.5 10°, and amounted, on the average, to as much as 3.5 x 10°
counts. Details concerning the X-ray diffraction measurement were
previously described.® '

Raman Scattering Measurement. Sample solutions of 5
and 15 mol% HCOONa were prepared by dissolving a weighted
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amount of anhydrous HCOONa (Nacalai Tesque Inc., Guaranteed
grade) in distilled water and in D,O (99.8% D, Aldrich Chemical
Inc., Co.). Aqueous 5 and 10 mol% NaCl and NaBr solutions were
also prepared by dissolving dried anhydrous salts (Nacalai Tesque
Inc., Guaranteed grade) in distilled water for a Raman-scattering
measurement. All of the solutions were filtered through a 0.45
um Teflon® millipore filter before introducing them into a Pyrex®
Raman cell (10x10 mm, 40 mm H), so as to remove any dust
particles. The polarized Raman spectra were recorded at 25 °C in
the frequency range of 305v<1000 cm™' using a JASCO NR-
1100 spectrometer with a 514.5 nm line of an NEC GLG-3200
Ar* laser operated at 200 mW. The details concerning the Raman-
scattering measurement are completely identical to those described
in our previous papers.”'?

Data Reduction

Neutron Diffraction Data. The observed scattering in-
tensities from the sample were corrected for any background
and absorption'" as well as multiple'” and incoherent scat-
tering. The corrected intensities were then converted to the
absolute scale using scattering intensities from a vanadium
rod. The scattering data from 66 sets of lower scattering-
angle detectors located at 10526<51° were combined so as
to minimize the inelasticity-distortion effect for the observed
scattering cross section, and then employed for a subsequent
analysis. A correction for any low-frequency systematic er-
ror was also applied in the same way as that described in our
previous paper.!?

The observed total-interference term, scaled by the stoi-
chiometric unit, (DCOONa), (D,0);_,, can be divided into
two contributions, namely, the intra- and intermolecular in-
terference terms:

in(Q) = iN"™(Q) +in(Q), ¢))
where

N™(Q)=x-in"™ (Q) (for DCOO™)+(1—x)-iN"™(Q) (for D,0), (2)

iN"™(Q) (for DCOO™) = 2bchpexp (—lgpQ’ /2)sin (Qrep)/(Qrep)
+4bchoexp (— o0 /2)sin (Qrco)/(Qrco)
+4bobpexp (= IppQ” /2)sin (Qrov)/(Qrop)
+2b3exp (—IpoQ /2)sin (Qroo)/(Qroo)
3

and

N"(Q) (for D;0) = dbobpexp (—lop Q" /2)sin (Qrop)/(Qrop)
+2bhexp (—IpQ*/2)sin (Qrop)/(Qrop).  (4)

Here, b;, [, and r; denote the coherent-scattering length
of atom i, the root-mean-square amplitude and the internu-
clear distance of the i—j pair, respectively. Contributions
from the nearest-neighbor intermolecular O---D and D---D
correlations in Q-space, which give direct information con-
cerning the intermolecular hydrogen-bonded structure in the
solution, were evaluated as follows (assuming the Gaussian
distribution):
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N (Q) (for O -- D) = 2conopbobpexp (~I5b 0 /2)
x sin (Qrgp)/(Qrop) )

and

iT(Q) (for D- - D) = cpnppbpexp (—l5p0° /2)
x sin (Qrpp)/(Qrbp), 6)

where, ¢; and n;; indicate the number of atom i and the coordi-
nation number of the i—j pair, respectively. The correlations
of the Na*---O and Na*---D pairs (described below) are also
included in the model function, although they seem to con-
tribute only slightly to the total interference function:

N (Q) (for Na* - - - 0) = 2enannzobnaboexp (— R0 07 /2)
% sin (Qrnao)/(QrNeo) (7

and

72" (Q) (for Na* - - D) = 2cnanapbrabpexp (—Zap 0 /2)
x sin (Qrap)/(QrNap)- (3

A least-squares fitting analysis of the observed total-interfer-
ence term in the range of 6.0<0<32.0 A~! was made using
the following theoretical model function:

£4(0) = i) (for DCOO™ and D;0)
+i(0) (for O---D,D---D,Na* ---0,and Na* - -- D pairs).(9)

The fitting procedure was performed using the SALS
program,'® while assuming that statistical errors uniformly
distribute over the entire range of Q covered.

The neutron total-distribution function (gn(7)) can be
given by the Fourier transform of ix(Q) according to

_ Qmax
ax(=1+@2%pn ™" (ab) ™ /0 Qin(Q)sin (Qr)dQ, (10)

where p denotes the number density of the stoichiometric
unit, (DCOONa),(D,0);_,. The upper limit of the integral
(Omax) in the present study was set to be 32.0 A1,

X-Ray Diffraction Data.  The correction and normal-
ization procedures for the observed X-ray intensities were
almost similar to those given in our previous paper.® The
observed X-ray total interference term (ix(Q)) is

ix(Q) = (I(Q) = (FN/ (), (1n
where
) = alf @+ +f™ (12)
and s s
¢ = [ @+] +[>oef] (13)

Here, I.,(Q) expresses the normalized coherent-scattering
intensity in electron units, and f;(Q) corresponds to the atomic
scattering factor of atom i. The real and imaginary parts
for the anomalous dispersion factor are given by f; and f/’,
respectively. The X-ray distribution function (gx(r)) can
be evaluated by a Fourier transform of ix(Q) with an upper
integral limit of Q: Omax=17.1 A"1;
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. Qmax
gx(r) =1+ QP pr)~! /0 Qix(Q)sin (Qr)}dQ.  (14)

The observed total X-ray interference term, scaled by the

stoichiometric unit, (HCOONa),(H,0);_,, can also be rep-

resented by the sum of the intra- and intermolecular interfer-
ence terms,

ix(Q) = iX™(Q) +ix(Q), (15)

where
iX™(Q) = x-ix™(Q) (for HCOO ™) + (1 — x)-iX(Q) (for H,0).(16)

The X-ray intramolecular interference terms for HCOO™
and H,O can be derived from Egs. 3 and 4, respectively, by
substituting the atomic scattering factor for X-rays (;(Q))
for the neutron coherent scattering length (b;). In the present
analysis, i1™(Q) was evaluated by using the interatomic
distances and their root-mean-square displacements for both
the formate ions and the water molecules in the solution,
which were already determined in a neutron data analysis.
The calculated i2%(Q) was then subtracted from the observed
ix(Q) term to obtain the intermolecular interference term,
Q).

The theoretical intermolecular interference term (zg(alC(Q))
was calculated by summing the nearest-neighbor short-range
interaction (#%(Q)) and the long-range interaction (ig((Q)) for
all possible atom pairs in the solution,

5°(0) = i%(Q) + i (Q), (17)
where
&K@ =) i@ (18)
and
i5(Q) = (2 ~ &)z [(FQ) + )@ +£) +f'F
xexp (—0% /2)sin (Qry) /(Qry) ] () (19)
& =1(3=j)
6 =0 (i #j).

The long-range interaction was evaluated using the following
equation:*—17

ix(Q) =4mp0 3 cici[(F(Q) + Q) +£) +£'f]
xexp (—I5;0° /2)[Qro; cos (Qroz) — sin (Qro)10 >/ ()2,
(20)

where, ry; denotes the distance beyond which a continuous
distribution of j atoms around atom i is assumed. The pa-
rameter lo; describes the sharpness of the boundary at ro;.
The parameters ni, lj, and r;; in Eq. 19, and loj and ry; in
Eq. 20 were determined through a least-squares fit of Eq. 17
to the observed ii,'(“e‘(Q). The fitting procedure was performed
in the 1.0S0<17.1 A~ range using the SALS program.'¥

Raman Scattering Data. A correction of the observed
Raman spectra for the Bose—Einstein factor, which is needed
to distinguish the low-frequency components, was made us-
ing the following equation:!5—2!

Iy = (w — v) T e[l — exp(—kv/KDI-C®(v),  (21)
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where v and v, are the Stokes-Raman shift and the wavenum-
ber of the incident light, respectively. The isotropic Raman
intensity (I'°(v)) can be obtained using

vy =1"(v) — 4/3-1* (v), (22)

where Ill(v) and I*-(v) denote the corrected parallel and
perpendicular spectra, respectively. A peak analysis of the
isotropic spectra was carried out with the SALS program,'¥
assuming a Gaussian-type peak function.

Results and Discussion

The least-squares fit for the observed neutron total-in-
terference term (in(Q)) is shown in Fig. 1. A satisfactory
agreement was obtained between the observed and calcu-
lated in(Q) in the 6.050<32.0 A~ range. Figure 2 gives the
neutron distribution function (gn(r)), evaluated by a Fourier
transform of the observed in(Q). The sharp peak at r=1 A
is attributed to an intramolecular O-D interaction within the
D,0 molecule. The intramolecular C—D interaction within
DCOO™ must be involved in this peak. Periodic ripples oc-
curring at <0.8 A and 1.2<r<3.0 A in gn(r) may possibly
be due to a termination error and/or the statistical uncertainty
in the observed in(Q) in the high-Q region. Contributions
from the Na*-.-O and Na*---D pairs in gn(r) may appear as
a very small peak at around r~3 A.

The fitting result of the observed in(Q) is summarized in
Table 1. The present value of the intramolecular C-O dis-
tance within DCOO™ (rco=1.272+0.007 A) is in reasonable
agreement with that reported by X-ray diffraction studies
for crystalline HCOONa (rco=1.27 A2 1.246 A?) and
HCOOK (rco=1.2426 A2» 1.242 A®). The present value
of rep (1.0740.01 A) also agrees with that in pure liquid for-
mic acid based on a neutron-diffraction study (rcp=1.10 A29)
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Fig. 1. The observed neutron total interference term (dots)

and the best fit with the theoretical interference term of
Eq. 9 (solid line) for aqueous 15 mol% DCOONa solution
in D,0. The residual function (dots) is shown below.
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Table 1.

Structure of HCOONa Solutions

Results of the Least-Squares Refinements for the Neutron Interfer-

ence Term of Aqueous 15 mol% DCOONa Solution in D,0”

Interaction rg/A I;/A nij
Intramolecular C-D 1.07(1) 0.07(2) 1.o»
Structure C-0 1.272(7) 0.05(1) 2.0%
DCOO™ 0---0 2.18(2) 0.07(4) 1.0®
O---D 2.04(3) 0.11(5) 2.0”
D,0O O0-D 0.984(2) 0.064(2) 2.0”
D---D 1.546(9) 0.124(8) 1.0Y
Hydrogen bond 0O---D 1.92(2) 0.22(2) 1.92)
D---D 2.42(2) 0.24(3) 6.2(6)
Na*---D,0 Na---O 2.5(5) 0.3(3) 4.0”
Na---D 2.9(2) 0.2(D) 8.0%
a) Estimated standard deviations are given in the parentheses. b) Fixed.

0 1 2 3. 4 5 6
r/7A
Fig. 2. The neutron total distribution function, gn(r),

(crosses) and the Fourier transform of the model function,
i$2°(Q), (solid line-a) which is composed of intramolecular
contribution from DCOO™ and D,0O molecules and short
range intermolecular O---D (solid line-b), D---D (solid line-
c), and Na*---O+Na*---D (dotted line-d) pairs. The Fourier
transform of the difference, in(Q) —i2°(Q), is denoted by
the dotted line-e.

and those in gaseous formic acid (rcy=1.09—1.10 A?2),
The bond angles within DCOO~ (LOCO=118+3°, ZDCO=
12144°), calculated from the present rcp, rco, roo, and rop
values, apparently indicate a planer molecular structure of
the formate ion in aqueous solution. The structural parame-
ters for the D,O molecule in an aqueous 15 mol% DCOONa
solution is in complete agreement with those reported in pure
liquid D,O within the experimental error,'** implying that
the structure of the D,O molecule remains unchanged in such

a concentrated DCOONa solution. Further, the present in-
termolecular hydrogen-bond distances (#(O---D)=1.92+0.02
A, r(D---D)=2.4240.02 A) are almost identical to those re-
ported in pure liquid water (7(O---D)=1.9 A, r(D---D)=2.4
A).393D The coordination number (n(O---D)), determined in
the present analysis, is close to 2, suggesting that a tetrahe-
dral hydrogen-bonded network among H,O molecules exists
in solution. It may be difficult to discuss the Na*---D,0
correlation by employing only neutron data, because this
correlation has only a small contribution to the total in(Q).
The hydration structure of Na* in solution is discussed later
based on the X-ray and Raman spectroscopic data.

The observed total X-ray interference term (ix(Q)) and
the X-ray total-distribution function (gx(r)) are shown in
Figs. 3a and 4a, respectively. A sharp peak located at r~1.3
A in gx(r) can be assigned to the intramolecular C-O interac-
tion within HCOO~. Unphysical ripples appearing around
this peak may be due to a termination effect in the Fourier
transform. In order to obtain more definitive information on
the nearest-neighbor intermolecular structure in solution, we
subtracted the calculated intramolecular interference term for
both the HCOO™ and H,O molecules (denoted by the solid
line in Fig. 3a) from the observed total-interference term
(ix(Q)). In the calculation, the intramolecular parameters for
the formate ion and water molecule were all fixed at values
which had already been determined from the present neutron
data. Figures 3b and 4b represent the intermolecular inter-
ference term (ii2'°'(Q)) and its Fourier transform (gi1*(r)),
respectively. The fact that the value of gi3'*"(r)~0 in the r<2
A range maybe evidence that the correction and normaliza-
tion procedures have been properly applied in the present
data analysis. The termination ripples associated with the
intramolecular C—O peak in the total gx(r) is significantly
reduced in the gif(r) function. Although the functional
form gi?**(r) appears to be relatively featureless, the peaks
at r=2.4 and 2.8 A remain at a certain position when varying
the value of the upper limit (Qmax) on the Fourier transform.
These peaks are therefore considered to reflect a real struc-
ture, and are not the consequence of a termination error. The
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(a) Circles: The observed X-ray total interference term, ix(Q), for the 15 mol% HCOONa solution in H>O. Solid line: The

calculated intramolecular contributions from HCOO™ and H,O molecules. (b) Circles: The observed intermolecular interference
term, ix""(Q). Solid line: Smoothed i (Q) used for the Fourier transform.
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Fig. 4. The X-ray total (a) and intermolecular (b) distribution functions for the 15 mol% HCOONa solution in H,O.

peak located at r=2.4 A may be attributed to the nearest-
neighbor Na*---H,O interaction. This peak position is al-
most equivalent to the sum of the ionic radius of Na* (1.0
A®) and the effective radius of H,O molecule (1.4 A) in
aqueous solution.>® The peak at 7=2.8 A can be ascribed to
the hydrogen-bonded H,O---H,O interaction. The nearest-
neighbor Ofymate - -Hp O interaction may be involved in this
peak. The features appearing at r~3.5 and 4.5 A in gif*"(r)
may indicate the existence of some preferred orientation be-
tween HCOO™ and the neighboring water molecules in the
solution.

We next performed a least-squares fitting analysis for
i%er(), in light of information from the experimental ginter(r)

in order to determine the structural parameters of the near-
est-neighbor intermolecular correlation (ry, lj, and ny).
The following assumptions were employed in evaluating
the theoretical interference terms: (a) The correlation be-
tween Na* and H,O molecule in the first hydration shell
can be calculated by two different models. In the first
model, the intermolecular distance (rna...H,0), its root-mean-
square displacement (Ina...n,0), and the coordination num-
ber (nNa...p,0) are allowed to vary independently. In an-
other model, the tetrahedral hydration geometry around Na*
(nNa---m,0=4, fixed) is adopted, introducing the H,O---H,O
interaction in the coordination polyhedron around Na*, in
which the parameters (7na...1,0 and INa...m,0) are both re-
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fined as being independent. In this model, the intermolec-
ular distance within the Na*(H,0)4 unit (ry,0..m,0) was
evaluated from the value of rn,...m,0 through the relation
H1,0.--1,0=(8/3)"/?rna...11,0, While its root-mean-square dis-
placement (/y,0...u,0) Was allowed to vary independently.
(b) Hydrogen-bonded interaction parameters between the
bulk H,O molecules (ry,0...1,0, H,0.--1,0, and ny,0...1,0)
were refined so as to vary independently. (c) The interac-
tion between the formate ion and the nearest-neighbor water
molecules was taken into account in the following man-
ner: i) The nearest-neighbor bond distance (ro,,,,..--H,0)
its root-mean-square displacement (lo,.....---H,0), and the co-
ordination number (no,,,..-.-H,0) Were treated as indepen-
dent parameters. ii) The independent parameters, dihedral
angle a between the molecular plane of HCOO™ and the
plane involving C, Oformaes and HyO, and the bond angle
S (=£C—Otyrmare- - -H20) were introduced in order to deter-
mine the configuration of HCOO™---H,O complex, and to

calculate the non-bonded interatomic distances within the -

complex. iii) The root-mean-square displacement for the
non-bonded interaction within the HCOO™---H,0 complex
(I) was approximated using the following equation:'?

l’] = lofmmale‘"HZO-(rij/roforma&e‘"H20)1/27 (23)

where r;; denotes the calculated intermolecular distance.
Since the nearest-neighbor Na*---H,0, H,0---H,0, and
Oformate - -HoO distances are rather similar to each other, it
is generally difficult to carry out a least-squares fit with-
out any assumption concerning initial values, which are ap-

Structure of HCOONa Solutions

plied in the calculation. We therefore inserted initial values
(rNa...H20=2.4 A, r}[zo...H20=2.8 A and erem‘e...Hzo =2.8 A),
which were suggested from the present g"'(r) function. A
reliable determination for the long-range parameters may be
more difficult. The initial value of the distance parameter
(ro7) was taken to be 3.0 A for all of the atom pairs in the
structure model, assuming sna...n,0=free. For a structure
model involving a tetrahedral geometry of hydrated Na*, the
initial value of ry;=5.0 A was applied for solute—solute in-
teractions, while rg;=3.0 A was adopted for solute—solvent
and solvent—solvent interactions.

In Fig. 5, the theoretical interference term (ii)‘g‘“(Q)) and
the distribution function (gi)‘(“e'(r)), obtained from the best fit
of the first model (nn,...n,0=fTee), are compared with the cor-
responding observed ones. A satisfactory agreement was ob-
tained between the observed and calculated i;‘(“""(Q) inthe 0>
4 A—! range. The peaks at r=2.4 and 2.8 A in the observed
gier(r) are well reproduced by the contributions from the
nearest-neighbor Na*---H,O and HyO- - -Hy O+Oformate* - -H2 O
interactions, respectively. The structural features appearing
at r~3.5 and 4.5 A in the experimental distribution func-
tion may be attributed to non-bonded interactions, C---H,O
and Ofy e - -H20, within the HCOO™ - --H, O complex. The
double peak at O~3 A~ in the observed ii)‘(“er(Q) is not well
reproduced, probably because the long-range water—water
interactions (beyond the second nearest neighbor) are not
taken into account in the present model function.'” The fi-
nal values of all independent parameters are summarized in
Table 2. The present value of ry,...n,0 (=2.37£0.01 A) isin

016
0.08
0

" -008

-0.16

008

-xinter Q )

Fig. 5.

/A 6 8 10

inter

(a) Circles: The observed X-ray intermolecular interference term, ix - (Q). Solid line: The calculated interference term,

i1°(Q), with nya+..m0=free. The differences between i2ter(0) and £7°(Q) at 0>1.0 A~ are shown below. (b) Circles: The
observed X-ray intermolecular distribution function, g¥**'(r). Solid line: The contributions from the nearest neighbor Na*---H,0
(A), hydrogen-bonded H,O---H,O (B), HCOO™ ---H,O (C) pairs. The contribution from the long-range interaction is denoted by

D.
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Table 2. Results of the Least-Squares Refinements for the X-ray Intermolecular Interference
Term of Aqueous 15 mol% HCOONa Solution®
NNa*...,0=free Interaction ri/ A I;/A nij a/®  B/ov
Na*---H,O 237(1)  0.16(1) 4.6(2)
Nearest neighbor H0---H,0? 2.81(1)  0.16(1) 1.9(1)
Orormare - - H 0P 2.82(2) 0.15(1) 442 3303 103(2)
Interaction roi/A log /A
Na*.--H,O 3.0(1) 0.2(1)
H,0---H,0 3.002)  0.18(3)
Continuous HCOO™---H,0 2.98(3) 0.17(9)
Na*---Na* 3.4(2) 0.3(2)
HCOO™---Na* 3.0(1) 0.2(1)
HCOO™---HCOO™ 3.2(1) 0.3(1)
nNa+...H20=4 Interaction F,J/A l,J/A njj a/°g) ﬁ/Oh)
Na*---H,0 237(1)  0.16(1) 47
Nearest neighbor H,0---H,0° 3.879 0.47(6) 6.0
Oformate - - - H20” 277(1) 0.14(2)  4.8(2)  25(5 104(2)
H,0---H,0% 2.83(1)  0.13(1)  0.9(1)
Interaction roi /A loj/A
Na*---H,0 295(6)  0.2(1)
H;0---H,0 2.82(6)  0.54(8)
Continuous HCOO™ ---H,0 3.01(2) 0.2003)
Na*---Na* 5.4(5) 0.7(2)
HCOO™---Na* 4.52) 0.4(1)
HCOO™ ---HCOO™ 5.2(1) 0.3(1)

a) Estimated standard deviations are given in the parentheses.

b) Fixed. c¢) Interaction within the

Na*(H,0)4 unit.  d) Calculated from +/8/ 3.rNa+...H,0-  €) Interaction among the bulk water molecules.

f) Interaction between formate oxygen and water molecule.

g) Dihedral angle between molecular plane

of HCOO™ and the plane includes, C, Oformate, and H,O.  h) Bond angle, ZC~Oformare - -H2O.

good agreement with that reported by X-ray diffraction stud-
ies for various aqueous solutions containing Na*.®!73—3®
The mean hydration number (nn,...1,0=4.610.2) determined
in this work, which agrees well with the value obtained for
a saturated (6.18 molkg™") NaCl solution,'” may indicate
that the coexistence of Na* ions which have a different num-
ber (4, 5 or 6) of the nearest-neighbor H,O molecules, or
an extended distribution of the hydration number of Na*,
may exist in a 15 mol% HCOONa solution. The present
value of the intermolecular H,O---H,0 distance (ry,0...4,0
(2.81£0.01 A)) agrees well with that reported in pure liquid
water.***®—) The distance between the carboxyl oxygen of
the formate ion and the nearest-neighbor H,O molecule was
determined to be 2.82+0.02 A, in good agreement with the
hydrogen-bond distance between the bulk water molecules
in this solution, indicating the formation of a hydrogen bond
between the carboxyl oxygen and the nearest-neighbor H,O
molecule. The hydration number of the formate ion was de-
termined to be 4.44-0.2. The sum of the hydration number for
solute ions in the present solution (MNa...H,0 10 e H,0) 18
equal to 9.0, indicating that a considerable amount of the wa-
ter-bridged ion pair (Na*---H,0---HCOO™) may be formed
in a 15 mol% HCOONa solution in which there are only 5.7
(=85/15) water molecules per one HCOONa. The dihedral
angle (@) and the bond angle (f) were determined to be
33+£3° and 103£2°, respectively. It may be considered that
a preferred orientation between HCOO™ and H,O exists in

the solution.

In order to examine the effect of introducing the
H,0---H,0O interaction within hydrated Na* in the struc-
ture model, we next carried out a least-squares fit using a
model function involving the H,O---H,O interaction within
the Na*(H,0),, structural unit, where n was assumed to be 4.
In Fig. 6, the theoretical interference term (i%‘("e‘(Q)) and the
distribution function (gg'(“e‘(r)),,obtained from the best fit of
the second model (nna...1,0=4), are compared with the cor-
responding observed one. A satisfactory agreement is again
obtained between the observed and calculated ii)'(“e’(Q). The
final values of all the independent parameters are also given in
Table 2. In this model, the agreement between the observed
ier(Q) and the calculated one was slightly improved in the
1<Q<4 A-! range. However, the result of a least-squares
fit indicated that a very large value of Iy,0...q,0 (Within the
Na*(H,0), unit) is necessary for an optimized fitting. This
is probably because the calculated distance (ri,0...m,0 (=3.9
A)) within the Na*(H,0), unit falls on the shallow dip of
the observed gi)‘(“"r(r). The large value of /ly,0...1,0 may im-
ply that a considerable fluctuation of the hydration geometry
of Na* can exist in this solution. The final values for the
bond distance between Na* and H,O, the hydration number
of HCOO™ and its hydration geometry showed a reasonable
agreement with the values determined using the first struc-
tural model assuming nn,...p,0=free.

Figure 7 shows the low-frequency isotropic Raman spec-
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(a) Circles: The observed X-ray intermolecular interference term, ix <(Q). Solid line: The calculated interference term,

i°(Q), with Ana+...H,0=4. The differences between 2= () and i€°(Q) at 0>1.0 A~" are shown below. (b) Circles: The observed
X-ray intermolecular distribution function, g¥'*"(r). Solid line: The contributions from the nearest neighbor Na*---H,0 (A), hy-
drogen-bonded H,0---H,0 (B), HCOO™ :--H,0 (C), and H,0---H,O pairs within Na*(H,0)4 structural unit (D). The contribution

from the long-range interaction is denoted by E.

tra in aqueous 5 and 15 mol% HCOONa solutions in H,O
and partially in D,O. For the purpose of a comparison, the
isotropic spectra in aqueous 5 and 10 mol% NaBr and NaCl
solutions are also given in Fig. 7. A sharp Raman peak
appearing at v~770 cm~' in the HCOONa solution can
be ascribed to the intramolecular COO deformation band
(6(COy)) within HCOO™.*» Moreover, a broad polarized
peak can be observed in the vicinity of 200 cm~! in all spec-
tra, the intensity of which increases with increasing the salt
concentration. The position of this peak agrees well with
that of the intermolecular stretching mode between neigh-
boring HO molecules in pure liquid water.?’#® However,
this broad band appears to involve an alternative polarized
component, because the H,O---H, O stretching mode in pure
liquid water has been proved to have a purely depolarized
nature.*” Michaerian and Moskovits examined the low-fre-
quency Raman spectra of aqueous NaCl and NaBr solutions
by a difference method.*” They found a completely polarized
band at 170 cm™~! in both solutions, and assigned the band
to the symmetric stretching vibrational mode of a tetrahe-
drally hydrated sodium ion, Na*(H;0)4. One of the possible
interpretations may be that the peak in the vicinity of 200
cm™! observed in the present spectra contains the symmetri-
cal stretching vibrational mode of the hydrated sodium ion,
Na*(H,0),, which was commonly present in all of the solu-
tions investigated in the present work.

Y10 soln/ W,0 soln = (Mi,0/m,0)" % = 0.95. (24)

If this might be the case, the ratio of the vibrational fre-
quency of this mode between D,O and H,O solutions
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Fig. 7. Isotropic Raman spectra for aqueous HCOONa,
NaBr, and NaCl solutions at 25 °C.
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Table 3. The Observed Symmetrical Stretching Vibrational
Frequency, vi, of Na*(H,0),, Structural Unit in Aqueous
Solution (NaX),(H,0);_,"

X y vi/cm™!
HCOO 0.15 225(2)
0.05 190(4)
0.15% 219(2)
Br 0.10 172(1)
0.05 164(1)
Cl 0.10 184(2)
0.05 181(2)

a) Estimated standard deviations are given in the parentheses.
b) for D,O solution.

can be approximated as follows,*” considering the hydra-
tion geometry around Nat with n=4 (tetrahedral) or n=6
(octahedral): Itappears that this value corresponds well to the
ratio ¥p,0 soln/ Vi,0 soln=0.97+0.02 in an aqueous 15 mol%
HCOONa solution. According to the X-ray diffraction result
described above, the hydration number of Na™ in this solution
has been proven to be 4.6. The peak around v~200 cm™'
in the isotropic Raman spectrum in the 15 mol% HCOONa
solution can be assigned to the totally symmetric stretching
mode of the Na*(H,0),, (=4 or 6) structural unit. The peak
position derived from a Gaussian fit is listed in Table 3. It
can be seen from the data that the peak frequency is strongly
anion dependent. A similar anion dependence was observed
in our previous work concerning the low-frequency isotropic
Raman spectra of aqueous LiBr and LiCl solutions.” The
relatively large composition dependence of the peak position
in the sodium formate solution may indicate the effect of a
solvent-shared ion pair, which is considered to be formed in
a 15 mol% HCOONa solution.
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