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Polarized Raman scattering, X-ray, and time-of-flight (TOF) neutron-diffraction measurements were carried out for
highly concentrated aqueous phosphoric acid solutions, in order to deduce detailed structural information on both the
PQjs-intramolecular geometry and intermolecular hydrogen bonds in the solution. Isotropic Raman spectra observed for
(H3PO4)x(H,0) —x with x = 0.1—0.6 exhibited a single band assigned to the symmetrical stretching vibrational mode
of the PO, structural unit, which suggests that all P-O bonds in the unit are spectroscopically equivalent. The results
of X-ray and neutron-diffraction measurements for the 53 mol% phosphoric acid solution indicated that the structure of
the PO, unit is a regular tetrahedron with a PO bond-length of 1.540(3) A. From a least-squares fit to the observed X-
ray and neutron intermolecular interference terms, the nearest-neighbor intermolecular distances, reflecting intermolecular
hydrogen-bonded interactions in the solution, were determined to be r(O---D) = 1.77(1) A and HO---0) = 2.73(2) A,
respectively, which are both ca. 0.1 A shorter than those observed for pure liquid water. Therefore, it has been clarified
that a strongly hydrogen-bonded network exists in such concentrated aqueous phosphoric acid solutions.

Phosphoric acid is one of the most important compounds
over the extensive field of industrial, inorganic and biolog-
ical chemistry. The geometry of H3PO,4 molecules in crys-
talline phosphoric acid has been known to be a distorted
tetrahedron with three longer P-O(H) bonds (1.568—1.577
A, 1.547—1.563 A 2), and one shorter P=O one (1.517 A,
1.494—1502 A ?), respectively. A significant difference be-
tween the P-O(H) (1.542—1.561 A) and P=O (1.477—1.503
A) bond distances has also been reported in crystalline hy-
drate, H3PQ,-1/2H,0.? On the other hand, a recent neutron-
diffraction study has revealed that intramolecular P-O bonds
in pure liquid phosphoric acid have a symmetrical distribu-
tion centered at » = 1.54(1)A, * corresponding to the regular
tetrahedral geometry of the POy structural unit in the liquid
state. According to an X-ray diffraction study by Caminiti et
al., the average P-O distance has been observed to be 1.60
A in an aqueous 3.84 mol% H3PO, solution and 1.55 A in
a 11.47 mol% H3PQ, solution, respectively.’ These values
were derived from the intramolecular O---O distance within
the POy4 unit employing a least-squares fitting analysis on the
basis of the regular tetrahedral geometry of this unit. More
direct information on the geometry of the PO, unit in aque-
ous phosphoric acid solutions can be provided by a least-
squares fitting analysis to the observed X-ray and neutron in-
terference terms in a sufficiently high-Q region. Regarding
the fitting procedure, a more detailed structural model for
chemically dominant species, H;PO,4 and H,PO, ™, should
be adopted, in which the intramolecular P=O and P-O(H)
bond-lengths are allowed to vary independently.

Studies on the intermolecular hydrogen-bonded structure
in aqueous acidic solutions have long been a matter of in-

terest, in connection with the fast proton transfer phenom-
ena, which play an important role in chemical and biological
processes in aqueous solution. Earlier X-ray diffraction stud-
ies for concentrated aqueous HCI solutions have indicated
that the hydrogen-bonded network structure in the aqueous
acidic solution is characterized by a very short intermolec-
ular O---O distance (2.56 A, ¢ 2.5—2.6 A, 7 2.44(1) A, ¢
and 2.52(2) A °) between H3O* and the nearest-neighbor
H,0 molecules. However, it has generally been difficult to
obtain corrected information concerning the distribution of
hydrogen atoms in the aqueous solution from X-ray diffrac-
tion data alone. A neutron-diffraction measurement may be
considered to be more suitable, because the positions of the
hydrogen atoms in the hydrogen-bonded network structure
can be specified. Triolo and Narten have carried out X-
ray and neutron-diffraction measurements for aqueous HCl
and DCI solutions over an extended concentration range.’
They have reported a very short intermolecular hydrogen-
bonded O---D distance, 1.61(2) A, between D;O* and the
nearest-neighbor D,O molecules, which corresponds well
to the shorter O---O distance given in earlier X-ray diffrac-
tion studies. This short O---D distance has been confirmed
by a recent neutron diffraction measurement for an aqueous
21 mol% HCI solution by the authors,'’ in which the H/D
isotopic substitution technique was applied to obtain partial
structure factors, agu(Q), axu(Q), and axx(Q), (X: O, Cl)
separately. The authors have obtained the nearest-neighbor
O---H(D) distance, 1.69(2) A, by a least-squares fitting anal-
ysis to the observed axu(Q). Recently, the authors have esti-
mated highly resolved X-ray and neutron distribution func-
tions in an aqueous sulfuric acid solution,'! and obtained con-
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siderably short intermolecular hydrogen-bonded distances of
r(O---D) = 1.7 A and r(O---0) = 2.7 A, which implies the
presence of the hydrogen bonds between the sulfuric acid
and the nearest-neighbor water molecules. In this work, it
has also been confirmed that the hydrogen bonds among sul-
furic acid molecules are more strongly formed than in the
case among water molecules in pure liquid water. Moreover,
Andreani et al. have investigated intermolecular hydrogen-
bonded correlations in concentrated aqueous sulfuric acid so-
lutions by combining X-ray and neutron-diffraction data.'*'?
Therefore, it seems of considerable interest to investigate the
hydrogen-bonded network structure in much weaker oxoacid
solutions, in which both hydrogen bonds between the oxo-
acid molecule and the nearest-neighbor H,O molecules, as
well as those among oxoacid molecules, should play an im-
portant role concerning the physical and chemical properties
of the solution.

In the present paper we describe the results of X-ray and
neutron diffraction measurements for highly concentrated
aqueous 53 mol% phosphoric acid solutions to investigate
both the intramolecular geometry within the H3PO,4 molecule
and the intermolecular hydrogen-bonded network structure
in the solution. In addition, the concentration dependence of
the symmetrical stretching vibrational band of the PO, unitin
the aqueous phosphoric acid solution has been investigated
by means of the isotropic Raman spectroscopy.

Experimental

Raman Scattering Measurements. Aqueous phosphoric acid
solutions, (H3PO4)x(H20):-x with x = 0.1, 0.2, 0.3, 0.4, 0.5, and
0.6, respectively, were prepared by dissolving weighted amounts
of crystalline anhydrous H3;PO4 (Merck, Guaranteed grade) into
distilled H,O. The composition of the solution was checked by the
standard acid-base titration. All of the sample solutions were fil-
tered through a 0.45 pm Teflon® millipore filter to remove any dust
particle before introducing them into a Pyrex® Raman cell (10x10
mm and 40 mm H). Polarized Raman spectra were recorded at 25
°C in the frequency range of 800 < v < 1000 cm ™" using a JASCO
NR-1100 spectrometer with a 514.5 nm line of NEC GLG-3200 Ar*
laser operated at 100 mW. The calibration of the monochromator
was made using 89 neon emission lines. The efficiency of the polar-
ization filter was carefully checked through a measurement of the
depolarization ratio of the v;, v, and v4 bands of the CCls molecule
in the liquid state. Details of the Raman scattering measurement
are all identical to those described in our previous papers.'*!3

X-Ray Diffraction Measurement. X-ray diffraction intensities
with the MoK a radiation (A = 0.7107 A) were measured at 25 °C for
an aqueous 53 mol% H3PO, solution under the reflection geometry
using a 6—0 X-ray diffractometer manufactured by Rigaku Co.
Scattered X-ray intensities were collected at an interval of 0.2°
over the angular range 3 <26 < 150°, corresponding to that of the
scattering vector magnitude, 0.5 < Q < 17.1 A~! (Q = 4msin 6/1),
with a fixed counting time of 100 s. The whole angular range in each
measurement was scanned three times to maintain good statistics
of the diffraction data, and to minimize any long-term instrumental
drift. The total number of counts per one data-point reached at
least 2.9x 10°. Details of the X-ray diffraction measurement have
already been described elsewhere.'®

Neutron Diffraction Measurement. A fully deuterated 53
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mol% Ds;PO4—D,0 solution (99% D, Aldrich Chemical Co.) was
sealed into a cylindrical quartz cell with 7.3 mm in inner diameter
and 0.5 mm in thickness. A 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 En-
ergy Acceleration Research Organization (KEK), Tsukuba, Japan.
The data-acquisition time in the present measurement was 6.5 h.
Measurements for an empty cell, a vanadium rod with the same
dimension as that of the sample and background, were made in
advance.

Data Reduction

Raman Scattering Data. The isotropic Raman intensity
(I'*°(v)) after a correction for the Bose—Einstein factor,'®—2!
can be obtained by

W) =" (v) = 4/3-I (), (1)

where I'(v) and I (v) denote the corrected parallel and
perpendicular spectra, respectively. The phosphorescence
background, which is often unavoidable for a sample con-
taining P atoms, is preferably eliminated in the isotropic
spectrum. Since vibrational modes with a higher symmetry
in the solution should appear in the isotropic spectrum, band
components in the spectrum will be simply interpreted.

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

ix(Q) = Ul @) — (/) @
where
) =S al(@+f ) +£ 1 ©)
and
1= [Setr@+)) +[Sef] @

respectively. I.,(Q) expresses the normalized coherent scat-
tering intensity in the electron unit, and f;(Q) corresponds to
the atomic scattering factor of atom i. The real and imaginary
parts for the anomalous dispersion factor are denoted by f!
and f!', respectively. The X-ray distribution function (gx(r))
can be evaluated by a Fourier transform of ix(Q) with the
upper limit of the integral, Qma, = 17.1 A~1;

Qmax
gx(r) =1+’ pr)™" / . Qix(Q)sin (Qr)dQ. %)

ix(Q), scaled by the stoichiometric unit, (H3PO4),(H,0);_;,
is the sum of intra- and intermolecular interference terms,

ix(Q) = R™(Q) +iX*"(Q), (6)

where

Q) = (x — y)-in™(Q) (for HsPO4) + y-it™(Q) (for HyPOs ™)
+y-i™(Q) (for H30")+(1 — x — y)-iX"™(Q) (for H;0).(7)

The value of y when x = 0.53 can approximately be evaluated
to be 0.0236 from the acid dissociation constant for H;PO,,%
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indicating that 96% of the phosphoric acid molecule exists
in the H3PO,4 form. Contributions from highly dissociated
species, HPO,2~ and PO,3—, are neglected because of the
small contribution to the total interference term. The in-
tramolecular interference term for each chemical species in
Eq. 7 can be estimated through the Debye’s equation,

20 =3 SR+ @ +,) + £ ]

i
xexp (~I507/2)sin (Qry)/@r/(f)*,  (8)

where, I;; and r; denote the root-mean-square displacement
and interatomic distance for i—j pair, respectively. The least
squares fit to the observed total interference term was per-
formed in the range of 9.0 < Q < 17.1 A~! using the SALS
program.? The following assumptions were made for setting
up the calculated intramolecular interference term: (a) The
intramolecular O-H and H-H distances, roy and #ygy, within
H,0 and H30O* molecules and their r.m.s. displacements,
lon and lyy, are fixed at values reported in our previous TOF
neutron diffraction study.?* (b) The intramolecular P=0O and
P—O(H) distances, their r.m.s. displacements, and the bond
angle £ O=P-O(H) were allowed to vary independently in the
preliminary analysis, but even if different initial values such
as r(P=0) = 1.50 A and r(P-O(H)) = 1.55 A, were adopted
in the least squares calculation, both values were finally con-
verged around 1.54 A, in other words, it appears that all
P-O bonds have the same distance in the aqueous 53 mol%
phosphoric acid solution. Consequently, we can assume the
tetrahedral geometry for the PO4 unit. The P-O distance
and its r.m.s. displacement, and the r.m.s. displacement for
the O---O interaction within the PO, unit were treated as
independent parameters in the present fitting procedure.

The observed X-ray intermolecular interference term was
derived by subtracting the calculated intramolecular contri-
bution from the observed total interference term. The calcu-
'lated intermolecular interference term, iij(alc(Q), was set up by
summing the nearest-neighbor short-range interaction term,
i%(Q), and the long-range one for all possible atom pairs in
the solution, #(Q),

5°(Q) = %(Q) +ix(Q), )
where
Q=" ix,(Q) (10)

and

ix; (@)= 2 — 8y)ciny[(UQ) +£ K@ +£) +f: £ 1
xexp (=12 Q% D) sin (Qry/(@ra)/ (f)*.

8=1G=j)
{5.;:0(#1'). (b

The long-range interaction term was given using the follow-
ing equation:?>—2’
Q=410 i l(F QD+ +£) +£ £ ]
xexp (~lozQ@" /2)[Qro; cos (Qrog) — sin (Qro)1Q >,
(12)
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where, rg; denotes the distance beyond which a continuous
distribution of atom j around atom i is assumed. The pa-
rameter ly; describes the sharpness of the boundary at ro;.
Parameters ny;, [, and ry;, in Eq. 11, and ly; and ry; in Eq. 12
were, respectively, determined by a least-squares fit of Eq. 9
to the observed #i1'"(Q). The present fitting procedure was
performed in the range 1.0< Q0 < 15.0 A-! using the SALS
program.? In the procedure, values of ly; and ry; in i (Q)
were respectively assumed to have the same value for all i~
pairs because of the reduction of the number of independent
parameters.

Neutron Diffraction Data. The observed scattering
intensities were corrected for background, absorption,* and
multiple” and incoherent scattering. The corrected intensi-
ties were converted to the absolute scale using the corrected
scattering intensities from the vanadium rod. Scattering data
from 64 sets of lower scattering angle detectors located at
10 <26 < 51° were combined so as to minimize the inelas-
ticity distortion of the observed cross section, were then
employed for a subsequent analysis. A correction for low-
frequency systematic errors was made in the same manner
as that indicated in a previous paper.?*

The observed neutron total interference term, scaled by
the stoichiometric unit, (D3P04),(D,0),_,, is divided into
intra- and intermolecular interference terms:

in(Q) = Q) +iN(Q), (13)
where

N"(0) = (x — y)-iN"™(Q) (for DsPO4) + y-i™(Q) (for D,PO4 ")
+y-ig™(Q) (for D30")+(1 — x—)-if ™(Q) (for D;0).(14)

The neutron intramolecular interference terms for D3POy,
D,PO;, D;0*, and D,O, respectively, are obtained from
Eq. 8 by replacing the atomic scattering factor for X-rays
(fi(Q)) by the coherent neutron scattering length (b;). A least-
squares fit to the observed in(Q) was applied in the range of
12.0 < 0 <40.0 A~ using Eq. 14. In the fitting procedure,
the structural parameters for D;O* and D,O molecules were
referred to those obtained in our previous paper.?* The tetra-
hedral geometry of the PO, unit was assumed as mentioned
in the above section. The parameters, r(P-0), /(P-O), and
{(O---0), respectively, were allowed to vary independently.
Contributions from the intramolecular O-D and P---D corre-
lations within the D;PO, and D,PO4~ molecules were added
in the calculated ii?"(Q) because of the relatively large value
of bp. Structural parameters, {(O-D), [(O-D), /(P---D), and
ZP-0O-D, respectively, were treated as independent param-
eters. The observed ig“e'(Q) was derived by subtracting the
calculated i}{}"a(Q) from the observed in(Q). The calculated
iTer(Q) is given by Egs. 9, 10, 11, and 12 by replacing £,(Q)
by b;. A least-squares fit to the observed iM*'(Q) was car-
ried out in the 1.0< Q< 15.0 A~! range using the SALS
program.” In the fitting procedure, short-range structural pa-
rameters (ry, l;;, and n;) and long-range ones (rg; and ;)
respectively, were allowed to vary independently. The neu-
tron distribution function, gn(r), was obtained by the Fourier
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transform of in(Q) by the following equation:

Qmux
en(r =1+’ ™' O eb)™? /0 Qin(Q)sin (Qr)dQ.
(%)

The upper limits of the integral, Qpax =40.0 and 17.1 A1,
respectively, were adopted for the total- and intermolecular
distribution functions.

Results and Discussion

The observed isotropic Raman spectra in (H3PO4),(H;-
0)1—x solutions with x = 0.1—0.6 are shown in Fig. 1, in
which vibrational modes with the higher symmetry should
be involved. The polarized peak at ca. 900 cm™! is at-
tributed to the symmetrical stretching vibrational mode of
the POy unit. Although the position of the peak slightly
shifts toward the higher frequency side with increasing x,
only a single peak is observed at all x. If P=O and P-O(H)
bonds with different bond-lengths were present in these so-
lutions, two independent peaks corresponding to these bonds
should appear, possibly at around 865 cm~' (P-O(H)) and
976 cm™! (P=0) as has been observed in an aqueous K;HPOy
solution.**?' Therefore, the present Raman result implies that
all P-O bonds are spectroscopically identical in concentrated
aqueous H3POy solutions, which is in contrast to that in the
concentrated aqueous sulfuric acid solution in which various
S—O stretching vibrational bands separately appear.*

The observed ix(Q) and the corresponding gx(r) in the
aqueous 53 mol% H3PO, solution are represented in Figs. 2
and 3, respectively. The dominant first peak at r ~ 1.5 A in
gx(r) is assigned to the intramolecular P-O interactions. The
second peak at r ~ 2.5 A is attributable to the intramolecular
O---O interactions within the tetrahedral PO4 unit. Struc-
tural parameters, rpo, lpo, and log, respectively, within the
PO, unit are determined by a least-squares fit of the cal-
culated 1‘“‘“’(Q) (Eq. 7) to the observed ix(Q) in the range
9.0<Q<17.1 A~!, where intermolecular interference con-
tributions can be regarded to dump out. The fitting result

? (H3PO4)x{H20)1-x

s.‘
M’J‘ B PRGN x=06
2.5 Wttt {

0.1
%00 850 900 950 1000
v/em-1
Fig. 1. Observed isotropic Raman spectra in the P~O stretch-

ing region for (H3PO4)x(H20),_x, x=0.1, 0.2,0.3, 0.4, 0.5,
and 0.6.
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Fig. 2. Observed X-ray total interference term, ix(Q), for

aqueous 53 mol% H3 POy solution (circles) and the best-fit
results for intramolecular contribution (solid line). Residual
functions are given below (circles).
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Fig. 3. Observed X-ray total distribution function, gx(r), for

aqueous 53 mol% H3PO, solution (circles) and the Fourier
transform of the calculated intramolecular interference term
(solid line).

is summarized in Table 1. The present value of the P-O
distance (1.539(2) A) is in complete agreement with that
reported in pure liquid phosphoric acid (rpo = 1.54(1) A),*
and also agrees well with the average of the shorter P=O and
longer P-O(H) distances, rpo = 1.544 A, in a single-crystal of

Table 1.  Intramolecular Parameters for H3PO4 (D3PO.)
Unit in Aqueous 53 mol% H3POy (D3PO;) Solutions®
Neutron X-ray
12<0<40 A~ 9<0<174™"
r(P-0)/A 1.5396(6) 1.539(2)
p-0)/A 0.0573(2) 0.099(2)
10---0)/A 0.1029(5) 0.120(3)
r(O-D)/A 0.9769(6) —
O-D)/A 0.1036(3) —
I(P--D)/A 0.0908(7) —
ZP-0-D/° 113.0(1) —

a) Estimated standard deviations are given in parentheses.
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anhydrous phosphoric acid.? Further, the value is very close
to rpo = 1.548 A observed in phosphoric acid hemihydrate.’

The observed in(Q) and the corresponding gn(r) in an
aqueous 53 mol% D3 POy solution in D,0 are given in Figs. 4
and 5, respectively. The first peak at r~ 1 A in gn(r) is as-
signed to the intramolecular O-D interactions within D;O,
D;0%, D3P0y, and D,POs~ molecules, respectively. The
second peak at r =~ 1.5 A is attributable to the sum of con-
tributions from the intramolecular P-O correlations within
the PO4 unit and from intramolecular non-bonding D---D
interactions within D,O and D;O* molecules, respectively.
The O---O interactions within the POy unit are observable as
the third peak of gn(r) at r ~2.5 A. The partially resolved
hump at r=~2.1 A may be attributable to the intramolecu-
lar P---D interactions within D;PO4 and D,PO4~ molecules,
respectively. Structural parameters for these molecules can
be obtained by a least-squares fit of the calculated i7™(Q)
(Eq. 14) to the observed in(Q) in the range of 12.0 < 0 < 40.0

1
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in(Q), iN3(Q)
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Fig. 4. Observed neutron total interference term, in(Q), for
aqueous 53 mol% D3;PO;4 solution in DO (circles) and the
best-fit results for intramolecular contribution (solid line).
Residual functions are given below (circles).
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Fig. 5. Observed neutron total distribution function, gn(r),

for aqueous 53 mol% D;PO4 solution in D,O (circle) and
the Fourier transform of the calculated intramolecular in-
terference term (solid line).

Bull. Chem. Soc. Jpn., 73, No. 5 (2000) 1109

A~!, under the assumption that statistical errors uniformly
distribute in this Q range. The fitting results are summa-
rized also in Table 1. The P—O distance obtained from the
neutron diffraction data is in complete agreement with that
from the X-ray ones. However, the value of I[(P—O) from the
neutron data is somewhat smaller than that from the X-ray
ones. This discrepancy may be explained by the difference
of the Q-range covered in the least-squares fit between both
data, because the amplitude of the P-O intramolecular inter-
ference term has larger values beyond the higher-Q region
than that of the O---O one owing to smaller values of both the
interatomic distance and the r.m.s. amplitude. The value of
{(P-0) obtained from the neutron data is therefore considered
to be more reliable than that from X-ray data with the limited
Q-range. Although the present values of the intramolecu-
lar O-D distance within D;PO,4 and D,PO,~ molecules are
similar to that observed for liquid pure D;0O, the relatively
large {(O-D) obtained for D3PO4 (and for D,PQO, ™) indicates
that a considerable fluctuation of the O-D distance occurs in
a concentrated aqueous phosphoric acid solution. The bond
angle of /P-O-D is determined to be 113.0(1)° in the present
work.

The intermolecular distribution functions, g%{}‘e’(r) and
gimer(r), (Fig. 6) were respectively derived by the Fourier
transform of the observed intermolecular interference terms,
iner(Q) and i (), obtained by subtracting the calculated
intramolecular interference term from the observed total in-
terference term. The neutron intermolecular distribution
function, g;’}w‘(r), is characterized by the well-defined first
peak at r =~ 1.8 A, attributed to nearest neighbor hydrogen-
bonded O---D interactions in the solution. Further, the par-
tially resolved peak at r~3.6 A and a shoulder at r~2.7
A are observed in g**(r). The difference of the observed
giMer(r) and gi2'*'(r) reflects that of the scattering amplitude
of constituent atoms against incident neutron and X-ray ra-
diations. The observed g™ (r) is given by the weighted sum
of six partial distribution functions. The relative weightings
of the partial distribution functions observed for neutron and
X-ray diffraction data are indicated in Table 2. However, the
contribution from at least one atomic pair can be canceled
out by taking the difference between the observed gi?®(r)
and gi)'(“e’(r). In order to delete the O—O contribution, we can

15 - —_— .
Neutron
SEE
£ E
c
5 0.5 -
0
=
B 0.5
€
% 0 B gninter(n) - 0.4337 gyinter(p)
< 08 T T |
g o0 J
=
2 -os . . - . — - , ,
2 8 10
/A

Fig. 6. Neutron and X-ray intermolecular distribution
functions (solid lines). Difference distribution function,
Ag™(r), in which contribution from O-O pair has been
deleted, is shown by a broken line.
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Table 2. Relative Weightings of Partial Distribution Func-
tions for Neutron and X-Ray Total gn(r), gx(r) Func-
tions, and for the Difference Distribution Function,
Ag(r) (=gn(r) — 0.4337gx(r)), Respectively

i~ P-P P-O P-H 0-0 O-H H-H
an(r) 0.006 0.069 0076 0.191 0423 0.235
gx(r) 0.065 0338 0041 0441 0.108 0.007
Ag(r) —0.022 -0.078 0.058 O 0376 0.232
choose 0.4337 as a coefficient for gi)?‘e‘(r),
Ag™(r) = gN"'(r) — 0.4337gx(r). (16)

Since Ag'™¢(r) is mainly dominated by contributions from
O-H and H-H interactions because of large weightings of
gon(r) and guu(r), the first two peaks at r ~ 1.8 Aand r ~ 2.4
A in Ag™e*(r), can be assigned to the nearest neighbor hy-
drogen-bonded O---H and H.--H interactions, respectively.
We next perform the least squares fit to the observed
ii;(“‘“(Q) (Fig. 7a), in order to determine the structural param-
eters of the nearest-neighbor intermolecular correlations (r;;,
l;;, and n;;). In the fitting procedure, the short-range contribu-
tions from O---O, P---O, and P- - -P interactions, respectively,
and the long-range one due to the random distribution of
atoms, were taken into account using Eq. 9. The fit was made
in the range 1.0 < Q < 15.0 A™!, assuming that statistical er-
rors are uniformly distributed. The calculated é*"(Q) and
ginter(r) are compared with the corresponding observed ones
in Figs. 7a and 8a, respectively. A satisfactory agreement is
obtained between the calculated and observed ii;(’““(Q) over
the Q-range covered in the fit. Structural features appear-
ing at r < 5 A in the observed gt (r) are well reproduced
by the calculated one. The final values of all independent
parameters are summarized in Table 3. The value of the near-
est-neighbor hydrogen-bonded O- - -O distance, roo =2.73(2)
A, is ca. 0.1 A shorter than that reported for liquid pure

water,”*—3 indicating that a strong hydrogen-bonded net-
0.2 ~ T — T v ™ .
L X-ray |
g .
5O 1
b3
I
(H3PO4)0.53(H20)0.47
-0.2
a
1 T T T T
Neutron
s) _—
g 0 e A
E
=z
-1} (D3aP04)0.53(020)0.47 A
P U
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Fig. 7. Observed X-ray and neutron intermolecular interfer-

ence terms, a) £2°"(Q) and b) i2"(Q), for aqueous 53 mol%
phosphoric acid solutions (circles). The best-fit results are
indicated by solid lines.
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Fig. 8. Observed X-ray and neutron intermolecular distri-

bution functions, a) g (r) and b) gif*"(r), for aqueous 53
mol% phosphoric acid solutions (circles). Fourier trans-
form of calculated intermolecular interference terms are in-
dicated by solid lines. Short- and long-range contributions
are shown by broken and dotted lines, respectively.

Table 3. Intermolecular Parameters for Aqueous 53 mol%
Phosphoric Acid Solutions Determined from the Ob-
served X-Ray Intermolecular Interference Term®

) ry/A /A nj
0---0; 2.73(2) 0.18(1H) 1.6(1)
0---02 3.22(1) 0.25(2) 2.8(2)
P---O 3.57(1) 0.42(1) 5.2(5)
P---P 3.63(2) 0.22(1H) 3.6(2)
0--:03 4.10(1) 0.32(2) 5.5(2)
0---04 4.77(2) 0.36(2) 5.5(5)
roi/ A loj/A
Long range 4.11(1) 0.63(1)

a) Estimated standard deviations are given in parentheses.

work is formed in the concentrated aqueous phosphoric acid
solution. The extremely short O---O distance, 2.51(1) A,
which has already been reported based on a previous neutron
diffraction study for pure liquid HyPOy,* reflects the near-
est-neighbor hydrogen bonds among H3PO,4 molecules. The
present value of the O---O distance can be regarded as the av-
erage value of all hydrogen-bonded O- --O distances between
H3;PO, and H,0, between H;PO,4 and H3POy, and between
H;0 and H,O molecules. The nearest-neighbor intermolec-
ular P---O distance, 3.57(1) A, in the present work agrees
well with that found for liquid pure phosphoric acid (3.7(1)
A)* and values reported for more dilute aqueous phosphoric
acid solutions (3.60—3.73 A).> The second nearest-neighbor
O---O, interaction at r = 3.22(1) A, may be attributed to a
weakly- or non-hydrogen bonded O---O interaction, which
has been reported in pure water®” and in concentrated aque-
ous solutions.” The present value of the nearest-neighbor
P---P distance, 3.63(2) A, is ca. 0.4 A shorter than that ob-
served in pure H3PO, crystal (r(P---P) =4.0 A)' in which
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Table 4. Intermolecular Parameters for Aqueous 53 mol%
Phosphoric Acid Solutions Determined from the Ob-
served Neutron Intermolecular Interference Term®

lj r,,/A l,‘j/A Ryj
0---Dy 1.77(1) 0.16(1) 0.71(2)
D---D 2.39(1) 0.19(1) 2.7(1)
P---D 2.75(2) 0.19(2) 8(2)
O---D, 3.21(2) 0.27(9) 3.8(3)
O---Ds 3.75(8) 0.45(2) 11.4(4)
rogi/ A lo/ A
Long range 4.21(D) 0.62(1)

a) Estimated standard deviations are given in parentheses.

each H3;PO4 molecule is connected by two hydrogen bonds.
In the present concentrated aqueous H3POy solution, hydro-
gen bonds among H; PO, molecules are replaced by hydrogen
bonds between H3 PO, and H,O molecules, which may lead
to a substantial deformation of a regular array of the hydro-
gen-bonded H3PO,4 network. The O---O; interaction may be
assigned to the non-bonded O---O interaction between neigh-
boring POy units. The present value of the O---O4 distance,
4.77(2) A, can be interpreted as the distance of the second
nearest-neighbor hydrogen-bonded interaction, such as the
0---0---O type.

A least-squares fit for the observed i%*"(Q) (Fig. 7b) was
then performed in the range 1.0 < Q< 15.0 A~'. In the fit-
ting procedure, short-range structural parameters for O---O,
P---O, and P- - -P interactions were fixed at values determined
from the X-ray diffraction data mentioned above. A sat-
isfactory agreement is obtained between the calculated and
observed iT7(Q), as shown in Fig. 7b. The calculated and
observed gi%"(r) are compared in Fig. 8b. Structural features
at r <4 A in the observed gixer(r) are well reproduced by
the calculated one. The final results of the least-squares fit
are listed in Table 4. The nearest-neighbor hydrogen-bonded
O---D distance is determined to be 1.77(1) A, the value of
which corresponds to the linear hydrogen bond. The present
value of H(O---D) is ca. 0.1 A shorter than that reported for
pure liquid water,”*" indicating that a strong hydrogen bond
is present in the concentrated aqueous phosphoric acid so-
lution. Since the intermolecular hydrogen-bonded O---D(H)
distance, 1.54(1) A, reported for liquid pure phosphoric acid
is much shorter than the present one in the concentrated
aqueous phosphoric acid solution, it may be considered that
the hydrogen-bonded network structure in the pure phos-
phoric acid is considerably modified by water molecules.
Intermolecular distances for the nearest neighbor D---D and
P---D interactions in the present phosphoric acid solution are
determined to be 2.39(1) A and 2.75(2) A, respectively.
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