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The neutron diffraction measurement with the H/D isotopic substitution technique has been carried out on the
aqueous 21 mol% hydrochloric acid solutions, in order to investigate the short-range structure in the concentrated aqueous
acid solution, in comparison with the structural information available on liquid pure water. Observed partial structure
factors : apn(Q), axu(Q), and axx(Q) (X: O, Cl), determined by the least-squares fitting analysis, have exhibited that
the nearest-neighbor intermolecular hydrogen-bond distances, r(H:--H) and r(O---H), between oxonium ion and water
molecule in the 21 mol% hydrochloric acid solution were 2.0220.05 and 1.694-0.02 A, respectively; such values are much
smaller than those in liquid pure water. Consequently, a strong intermolecular hydrogen bond between oxonium ion and
its nearest-neighbor water molecules is concluded to be present in the concentrated aqueous hydrochloric acid solution.

The elucidation of the solvation structure around H3;O™ in
the aqueous solution is indispensable for understanding the
mechanism of the proton transfer reaction, which plays an
important role in various chemical and biological processes."
Previous X-ray diffraction studies for concentrated aque-
ous hydrochloric acid solutions have indicated that the hy-
drogen-bond distance between H;O" and its nearest-neigh-
bor H,0 molecules is quite short (2.56 A,2 2.5—2.6 A)»
2.44 A®) compared with that reported for pure liquid water
(2.85 A>19). Triolo and Narten have analyzed in detail the
hydration structure of H30O* combining X-ray and neutron
diffraction data; they postulated that H;O* has the tetrahe-
dral hydration structure, in which one of neighboring H,O
molecules points its O atom toward the O atom of the central
H;0".» However, this structural model seems to be unlikely
from the point of view of the electrostatistics. Theoretical
studies by molecular orbital (MO)"> 29 and molecular dy-
namics (MD)?'—2® simulations have recently focused upon
the proton transfer reaction in the aqueous acidic solution.
For example, the ab initio MO calculation for protonated wa-
ter clusters, H;O*(H,0),,, by Komatsuzaki and Ohmine, has
pointed out that the proton transfer reaction goes on in spite of
barriers with a small potential energy of only a few kcal/mol
or less.”® The ab initio MD study by Lobaugh and Voth?? has
suggested that the shorter O- - -O distance in the aqueous acid
solution observed by X-ray diffraction studies is attributed
to that within protonated water dimer, HsO3. The idea that
HsO3 is a dominant species in concentrated aqueous acidic
solution, has recently been suggested by Agmon, who gave a
reasonable interpretation of the results observed by previous
diffraction and spectroscopic studies.?** On the other hand,
Laasonen and Klein have proposed that hydrogen-bonded
species such as CI-H:--Cl~ are formed in the concentrated
aqueous hydrochloric acid solution with HC1/H,0=1/3.6.2

» Consequently, further structural information of the partial

structure function experimentally obtained is necessary for
elucidating the solvation structure of H;O" in the concen-
trated aqueous acidic solution.

The neutron diffraction experiment with the H/D isotopic
substitution technique is one of the most desirable meth-
ods to solve the problem. In the present paper, we describe
results of the neutron diffraction measurement for three aque-
ous 21 mol% hydrochloric acid solutions with different H/D
isotopic compositions. We discuss the intermolecular hy-
drogen-bonded structure in the highly concentrated aqueous
solution through the comparison of partial structure functions
for the solutions and for liquid pure water.

Experimental and Data Analysis

Materials. Weighed amounts of concentrated DCI-D,0O
(99.5% D, Aldrich Chemical Inc., Co.) and HCI-H,O (Nacalai
tesque, Guaranteed grade) solutions were mixed to prepare three
aqueous 21 mol% *HCl solutions with different H/D isotopic com-
positions, (99.5% D, 35.9% D, and 67.7% D, respectively). The
concentration of each sample was checked by the standard acid-
base titration. Liquid pure water samples with different H/D ratios
were also prepared by mixing weighed amounts of D,0 (99.9% D,
Aldrich Chemical Inc., Co.) and distilled H,O. These samples were
sealed into a cylindrical quartz cell (11.4 mm in inner diameter and
1.2 mm in thickness). Sample parameters are listed in Table 1. The
coherent scattering length, scattering and absorption cross sections
for nuclei, O and Cl, were derived from the corresponding values
tabulated by Sears.”® The scattering cross sections for H and D
nuclei calculated from observed total cross sections for liquid H,O
and D,0,””*® were applied to the absorption correction for diffrac-
tion intensities. The sample with the isotopic composition of the
“null mixture”, in which the mean scattering length of H is zero,
was prepared with the purpose of depressing enhanced uncertain-
ties due to extremely large incoherent scattering of H in the data
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Table 1.

Structure of Aqueous HCI Solutions

Isotopic Compositions, Mean Scattering Lengths, by, for Hydrogen Atom,

Total Cross-Sections, and the Number Density Scaled in the Stoichiometric Unit
C*HCD)(H,0),_x, a1, and po, Respectively, for Sample Solutions Used in This Study

Samples H%  DI%  ba/107%cm®  o/bams®  p/A7°
(DC1o21(D20)0.79 0.5 99.5 0.662 21.45
(CHCD)o.21CH20)0.70° 64.1 35.9 0 55.26 0.0323
(PHCo21(“?H20)0.70 323 67.7 0.331 38.35
D,0 0.1 99.9 0.666 1245
’H,0 64.1 359 0 50.47 0.0333
24,0 32.1 67.9 0.333 31.46

a) Taken from Ref. 26. b) Calculated using total cross sections of D,O and H,0272%) for the incident
neutron wavelength of 0.999 A. ¢) The superscript O denotes the isotopic mixture with by =0.

correction procedure.

Neutron Diffraction Measurements. The neutron diffraction
measurement was carried out at 25 °C using the ISSP diffractome-
ter (PANSI) at the JRR-2 reactor operated at 10 MW in The Japan
Atomic Energy Research Institute, Tokai, Japan. The incident neu-
tron wavelength, A =0.999+0.006 A, was determined by Bragg re-
flections from the KC1 powder. Collimations used were 40'—40’ in
going from the reactor to the detector. The aperture of the collimated
beam was 20 mm in width and 40 mm in height. Scattered neutrons
from the sample were collected in the BF; proportional counter over
the angular range of 3<26<102°, corresponding to the scattering
vector magnitude range of 0.33<(0<9.78 A~! (Q=4n sin 8/4).
The step interval was chosen to be A(26)=0.5° in the range of
3<260<40° and A(26)=1.0° in the range of 41<26<102°, re-
spectively. The preset time was 240—360 s. Scattering intensities
from the vanadium rod (10 mm in diameter), empty cell and back-
ground, were measured in advance.

Data Analysis. The measured scattering intensities were
corrected for the background scattering and absorptions of both
the sample and cell.”” The count rate of the sample observed was
converted to the absolute scale by the use of scattering intensities
from the vanadium rod.

Although several theoretical approaches have been proposed in
the literature,’* > no generalized procedure seems to be estab-
lished for the multiple and inelasticity scattering correction in the
aqueous solutions involving *H,0 and *H;0", such as the present
sample. Previous Monte-Carlo calculations have indicated that ob-
served scattering intensities in the liquid formic acid containing a
considerable amount of H depend markedly on Q, reflecting the
strong O-dependence of the multiple scattering term.*" The present
samples exhibit also strong Q-dependent scattering intensities ow-
ing to the inelasticity effect of H, that is to say, they decrease with
increasing 26. Then, since it is difficult to evaluate the multiple
scattering contribution for the present sample adequately by a sim-
ple isotropic approximation of Blech and Averbach,*” we employ in
the present study the empirical method of the polynomial expansion
which has been frequently applied to the data correction for samples
containing complexed molecules, such as liquid methanol,*”*® eth-
anol,* and b-glycerol.*> More recently, Bellicent-Funel et al. have
indicated that the polynomial expansion method supplies reliable
inelasticity corrections for liquid D,O and D,O/H,0 mixtures.*?

Observed total scattering intensities, (do/d£2)°*, involving co-
herent, incoherent and multiple scattering contributions can be ap-
proximated by the following equation:

(d0/d2)™ = a[(do/dQ2)n™ + (do /AR +(do/d2)*™), (1)

where ¢ is the normalization factor, in which the uncertainty in
the absorption correction is included. (do/d$2)""™ and (do/d 2)Me
stand for intra- and intermolecular interference terms relating to the
liquid structure. (do/dQ)R™ is represented by two contributions
from *H,0 molecule and *H;0", i.e.,

(do/dQ)nm = (1 — 2x)(do/d2)E™ (for *H,0)
+x(do/dQ)m® (for *H;0™), )

where

(do/dQ)in (for *Ho0)=4bobuexp (—I5a Q" /2)sin (Qron)/(Qrox)
+2bjiexp (— i Q” /2)sin (Qrun)/(Qran),
A3)

and

(do/dQ)in™ (for *Hs0"=6bobuexp (~ I 55 Q% /2)sin (Orom)/(Qrow)
+6biiexp (—'fuQ*/2)sin (Qrim)/(Qrim)-
@

The self term in Eq. 1 can be expanded in the following manner
as a polynomial function of Q:

(do/dQY* =(do/d2)"" + (do/dQ2)™ + (do /d2)™"
=A+BQ*+CQ* +DQ* +EQ®. 5)

(do/d Q)™ decays much faster against Q than (do/d Q)" because
the former is composed by atomic pair correlations with larger
internuclear distances and root mean square amplitudes. Then, the
total (do/d€2)°™ in the higher-Q region can be approximated as
the sum of intramolecular and self scattering terms. Coefficients
(A—E) in Eq. 5 are determined by the least-squares fitting procedure
under the condition of minimizing the value of U defined below:

= [ [(do/dR2)*” —a{(do/dQ)m*+(da /) }PdQ. (6)
Omin
Since the range of the observed scattering data is limited to 0<9.7
A~ in the present study, the value of the upper limit of the integral,
Omax, is fixed at 9.7 A~!. The lower limit, Qmin, is chosen to be
3.0 A~! in the present analysis, considering the following criteria
in determining a reliable (do/d )™ term.
1) Amplitude of the intermolecular term, (do/d )", should be
small in the Q-region above Qmin.
2) The low-Q limit of deduced (do/dQ)™ approaches to the
theoretical value, (pyrksT—1)3"b? —(do/d2)E™ (0=0), where
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r and kg denote the isothermal compressibility and the Boltzmann
constant, respectively.

3) The value of the intermolecular distribution function, calcu-

lated by the Fourier transform of the (do/d$2){%" in the low-r region
between r=0 and 1.5 A, is minimized.
In the fitting procedure using the SALS program,*” intramolecular
parameters for H,O molecule and H;0" were fixed as follows : rog=
0.983 A, lon=0.067 A, run=1.55 A, ky=0.12 A, r{»=1.04 A,
I5=0.07 A, riz=1.63 A and [;jz=0.12 A, respectively. These
values have been referred from our previous neutron diffraction
study.*

(do/dQ) is rewritten as the following equation:

(do/dQ)m =(do/dQR)™ /a —(do/dQ)n" ~ (do/dR)™. (7)

H-H, X-H, and X-X (X: O, Cl) partial structure factors, anu(Q),
axu(Q), and axx(Q), are respectively deduced from the combination
of observed (do/d )™ terms, for three sample solutions : namely,
(DCDx(D20)1-x, "HCDx("H20)1—x, and (""HCDx(*?Hz0)1—x.
The superscript ‘0’ denotes the null mixture for H atom. In the
third solution, the isotopic composition of H atom has been cho-
sen to be the average value of the first and second solutions, i.e.,
bo—,2H=(bD+boH)/2.

The intermolecular interference term, scaled by a stoichiometric
unit, (H,C1)x(Hw20)1—x, can be written as the weighted sum of ten
partial structure factors:

(Ao /dQ)i5" =x" b [amma(Q) — 11+ x"balaca(Q) — 1]

+22% buabailacima(Q) — 1]

+4x(1 ~ x)buabuw[apanw(Q) — 1]

+2x(1 ~ X)buabolaona(Q) — 1]

+4x(1 ~ X)brabar[acna(Q) — 1]

+2x(1 — x)bobcilaoci(Q) — 1]

+4(1 — x) bigy [amwm(Q) — 1]

+4(1 — )’ bobsw[aonw(Q) — 1]

+(1 — x)’b3laco(Q) — 1], ®)
where H, and Hy, denote the acidic and the water hydrogen, respec-
tively. Since hydrogen atom is exchangeable between the oxonium
ion and water molecule in the present solutions, the values of coher-
ent scattering lengths in Eq. 8, bua and by, should be identical. The
hydrogen-hydrogen partial structure factor is obtained by the com-

bination of observed (do/d Q)™ terms for three sample solutions
which are identical in all details except for the H/D ratio:

(do/d)= (for D}Hdo/d )" (for "H)—2(d0/d )% (for *~*H)

=x"bp /2[amana(Q)— 11+4x(1—x)b3 / 2 anariw(Q) —1]
+4(1-x)’bp /2 [anwiw(Q)—11

=(2—x)’bp /2lann(Q)—1], )

where

ann(Q) — 1=2* /(2 — x)*[amama(Q) — 1]
+4x(1 = x)/(2 — 2’ [amaw(Q) ~ 1]
+#4(1 —x)° /2 — 0 lanwaw(Q) — 1].  (10)

The observed apu(Q) can be regarded as a weighed average of
QHaHa, QHaHw, and apwaw terms. Similarly, the weighted sum of
hydrogen—oxygen and hydrogen—chlorine partial structure factors
can be deduced by combining the three observed intermolecular
interference terms as follows:
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4(do/dQ2)™ (for **H)—(do/d 2)™ (for D)—3(d0/d Q)i (for "H)
=2x"bpbailacia(Q)—11+4x(1—x)bpbci[aciw(Q)—1]
+2x(1—x)bpbolaona(Q)—11+4(1—x)bobolaouw(Q)—11
=2(2—x)(1—x)bobplaon(Q)—11+2x(2—x)babplacu(Q)—1]
=22—x){(1—x)bo+xba Haxs(Q)—1], (11)

where

acu(Q) — 1=x/(2 — x)[acu(Q) — 1]
+2(1 —x)/@2 — x)lacuw(Q) — 1], (12)

aon(Q) — 1=x/(2 — x)[aom(Q) — 1]
+2(1 — x)/(2 — x)laomw(Q) — 1], 13)

and

axu(Q) ~ 1 =xbc/{(1 — x)bo + xba1 Hacu(Q) — 1]
+(1 = X)bo/{(1 — x)bo + xba Haon(Q) — 11. (14)
The intermolecular interference term for the sample of “null mix-

ture” is directly connected with the sum of contributions from O-O,
CI-Cl, and CI-O pairs,

(do/dQ)m (for °H) = (1 —x)*bplaco(Q) — 11+x° b acici(Q) — 1]
+2x(1 — x)bobailacio(Q) — 11
= {xba + (1 — 0)bo Y laxx(Q) — 11, (15)

where

axx(Q) — 1 = (1 — x)*by / {xbai + (1 — )bo }[aoo(Q) — 1]
+2°bgy [ {xba + (1 — x)bo Y lacici(Q) — 1]
+2x(1 — X)bobai [ {xber + (1 — )bo Flaco(@) —11.  (16)

The intermolecular distance, root mean square amplitude of i—j pair
and coordination number of j atoms around i atom, 7y, l;;, and nyj,
are respectively determined by the least-squares fit of observed par-
tial structure factors to the corresponding theoretical ones a,?;‘lc(Q),
which involve the contribution from the long-range random distri-
bution of ators as below:5*44%)

@ (Q)=>_ Bynyexp (1507 /2) sin (Qry)/(Qry)
+ampexp (—Ip;0” /2)[Qroi cos (Qrog) — sin (Qro)1Q >,
an

where p gives the number density of the stoichiometric unit
(HCDx(H20)1—x. The parameter, ry;, denotes the distance beyond
which the uniform distribution of j atoms around i atom is assumed
and ly;; means the sharpness of the boundary at ry;;. The coefficient
[ in Eq. 17 is written as

=2 -x"", (18)
and
Bru = peul2 — {1 — x)bo +xba }1 7", (19)

where YoH = (1 —X)bo and YcH = xbc1,

and

Brx = Sxx[(1 — x)bo +xbai] 2. (20)
Here oo = (1—x)b}, dcici = xb;, and Scio = 2xbaibo. The fitting
procedure was made in the range of 0.33 < 0 <9.78 A~! using the
SALS program.*?
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The partial distribution function, g;;(r), is represented as the
Fourier transform of the observed a;;(Q):

Qmax
gi(N =1+’ pr) ™! / 0 [ay(Q) — 11dQ. (21)

0

The upper limit, Qmay, in the integral was taken to be 9.78 A1,
Results and Discussion

Liquid Pure Water. The observed cross sections,
(do/dQ)°b, for three H,O-D, O mixtures with different H/D
ratios are shown in Fig. 1a. A marked difference in the neu-
tron diffraction patterns is seen among these mixtures. The
decrease in the intensity of (do/d€)°* at a larger-Q range
due to the inelasticity effect, becomes more pronounced for
H-richer mixtures. On the other hand, the observed in-
termolecular interference function, (do/d€2)™, for these
mixtures in Fig. 1b preferably oscillates around the asymp-
totic value O, although some differences in the amplitude

of (do/dQ2)™* due to that in the mean coherent scattering
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Fig. 1. a)Observed single+multiple scattering cross sections,

(do/d)°™, for liquid pure water with the different iso-
topic ratio of H/D (circles). Calculated intramolecular+self
scattering contributions are indicated by solid lines. b)
Observed intermolecular interference terms (do/d€)Rter
(circles).

Structure of Aqueous HCI Solutions

length of H are found among these solutions. The functional
form of the present (do/d2)™ for 99.9% D0 is almost
identical to that reported in the previous neutron diffraction
studies. 34647

Partial structure factors : agn(Q), aou(Q), and apgo(Q) ob-
tained by the combination of the observed (do/d€2)iner
through Egs. 9, 11, and 15, are given in Fig. 2. The usual
procedure has been to deduce structural parameters for the
nearest-neighbor atomic pair from the partial distribution
function, g;;(r), which can be derived by the Fourier trans-
form of the observed a;;(Q). However, because of the limited
observable Q-range (Qmax=9.78 A~1) and relatively large
statistical uncertainties in the observed a;;(Q), we determine

Fig. 2. Circles: Observed H-H, O-H, and O-O partial struc-
ture factors a;;(Q) for liquid pure water. Solid lines: The
best-fit of calculated interference terms in Eq. 17. The dif-
ference between observed and calculated a;;(Q) is shown
below.
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these structural parameters by the least-squares fit between
the observed a;(Q) and theoretical one including the long-
range random distribution of atoms in Eq. 17. The cor-
rection for low-frequency systematic errors in the observed
a;(Q) was applied in advance.*” In the present fitting proce-
dure, it is assumed that statistical errors distribute uniformly
over the whole range of Q covered. While contributions
from the first- and the second nearest-neighbor interactions
are involved in the theoretical agy(Q) and apu(Q), the third-
nearest neighbor interaction in the theoretical apo(Q) is ad-
ditionally taken into account.

The result of the least squares refinements is summa-
rized in Table 2. The nearest-neighbor H---H distance,
ran=2.3940.02 A, is in complete agreement with that re-
ported previously.**—? The nearest-neighbor H---H coordi-
nation number, agp=3.940.2, is smaller than that obtained
earlier (ngp=~6).**=? One of the causes for the disagree-
ment may be because the overlapping of the first nearest-
neighbor peak and subsequent long-range interactions was
ignored in the earlier studies. The nearest-neighbor inter-
molecular O---H distance, rog=2.021+0.02 A, is somewhat
larger than that, 1.85 A, reported by Soper,*® although the
general feature of the present gop(r) agrees well with that
reported in previous works.***'2 The corresponding coordi-
nation number, nog=2.01+0.2, is very close to the literature
value, 1.8.*¥ The agreement in the value of noy may show
also that the present data correction and normalization pro-
cedures are correctly adopted.

A well-defined first peak in goo(r) in Fig. 3 corresponds
to the nearest-neighbor hydrogen-bonded O---O correlation.
An additional peak can be found at 7~3.5 A in the higher-
r side of the first peak. The first peak position in goo(r),
2.8 A, is in reasonable agreement with that reported for
the hydrogen-bonded distance among water molecules by
previous X-ray diffraction studies.”'>'® The separation of
2.8 and 3.5 A peaks in the present neutron goo(r) seems
to be more pronounced, compared with the X-ray distri-

Table 2. Results of the Least-Square Refinement for Partial
Structure Factors, aup(Q), aou(Q), and aoo(Q), for Pure

Liquid Water?
amn(@—1 aon(@)—1 aoco(@)—1

Istnearest ry;/A  2.39(2) 2.02(2) 2.75(2)
neighbor  [;/A  0.30(1) 0.23(1) 0.13(1)

i 3.92) 2.02) 2.6(2)
2nd nearest r;/A  3.96(2) 3.28(2) 3.40(2)
neighbor I;/A  0.73Q1) 0.52(2) 0.16(2)

n 20(1) 9.5(5) 2.02)
3rd nearest r;/A — — 4.46(2)
neighbor I;/A — — 0.58(1)

n — — 11(3)
Long-range ro/A  4.56(5) 3.58(4) 5.02(2)
interaction  lo/A  0.81(1) 0.72(3) 0.79(2)

a) Estimated standard deviations are given in parentheses.
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S
*H,0

8 10

0o 2

Fig. 3. Circles: Observed H-H, O-H, and 0-O partial dis-
tribution functions, g;;(r), for liquid pure water. Solid lines:
The Fourier transform of the solid lines in Fig. 2. Contribu-
tions from both the short-range and long-range interactions
are denoted by broken lines.

bution function previously reported. However, the present
goo(r) has unphysical ripples below the first peak. The pe-
riod of the ripples, Ar~0.7 A, roughly corresponds to the
value Ar=27/Qmn.x=0.64 A, indicating that they are due
to the termination error associated with the Fourier trans-
form. Further, deeper minima at r~3.0 and 3.9 A in goo(r)
are supposed also to be due to the termination error. The
hydrogen-bonded O---O distance, 2.75+0.02 A, is slightly
shorter than that reported by previous X-ray diffraction stud-
ies, 2.85—2.89 A maybe due to the difference in the
scattering mechanism between X-ray and neutron diffrac-
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Fig. 4. a) Observed single+multiple scattering cross sec-

tions, (do/d£2)°, for aqueous 21 mol% HCI solutions with
the different isotopic ratio of H/D (circles). Calculated
intramolecular+self scattering contributions are indicated
by solid lines. b) Observed intermolecular interference
terms, (do/d£2)"" (circles).

tion methods.*® The second nearest-neighbor O---O distance,
3.4040.02 A, is in good agreement with the value, 3.41 A,
reported by the recent X-ray diffraction study of Yamanaka
et al.'® The sum of the coordination number of the first
two nearest-neighbor O-O interactions is estimated to be
4.6+0.4, which agrees well with the value, 4.4, obtained by
previous X-ray diffraction studies.*!*!!3 These again con-
firm that the data correction and normalization procedures in
the present study have been correctly carried out and that the
partial structure factors derived are sufficiently reliable.
Aqueous 21 mol% HCI Solution. The total cross
section, (do/d$2)°* and intermolecular interference func-
tion, (do/d )it observed for three HCI solutions with the
different H/D isotopic ratio, are shown in Figs. 4a and 4b, re-
spectively. A remarkable difference in (do/d Q)" among
these solutions appears due to different isotopic composi-
tions. Partial structure factors, ayy(Q), axu(Q), and axx(Q),
derived by combining the observed (do/d Q)i by applying
Egs. 9, 11, and 15, are given in Fig. 5. For the present solu-

Structure of Aqueous HCI Solutions

"0 2 4

6
Q/A-1

Fig. 5. Circles: Observed H-H, X-H, and X-X (X: O, Cl)
partial structure factors, a;;(Q), for the aqueous 21 mol%
HCI solution. Solid lines: The best-fit of calculated inter-
ference terms in Eq. 17. The difference between observed
and calculated a;;(Q) is shown below.

tions, axu(Q) denotes the linear combination of apy(Q) and
acia(Q), as described in Eq. 14. axx(Q) denotes the weighted
sum of aopo(Q), acici(@), and acio(Q) (see for example,
Eq. 16). The Fourier transforms of apy(Q), axu(Q), and
axx(Q) give partial distribution functions : ggu(r), gxu(r),
and gxx(r), respectively, which are described in Fig. 6.

The partially resolved first peak located at r~2 A in
guu(r), corresponds apparently to the nearest-neighbor in-
termolecular H---H interaction, the position of which is ca.
0.4 A shorter than that observed for pure water (ca. 2.4 A).
Therefore, this H: - -H interaction in the concentrated aqueous
HCI solution cannot be explained in term of the formation
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Fig. 6. Circles: Observed H-H, X-H, and X-X (X: O,
Cl) partial distribution functions, g;;(r), for the aqueous 21
mol% HCIl solution. Solid lines: The Fourier transform of
the solid lines in Fig. 4. Contributions from both the short-
range and long-range interactions are denoted by broken
lines.

of normal hydrogen bonds among H,O molecules. This
shorter H---H interaction can be reasonably assigned to the
intermolecular H---H one between H3;O* and H,O molecule,
which are strongly hydrogen-bonded to form the protonated
water dimer, HsO3, in the solution. A hump in gyu(r) at
ra2.5 A is judged to have a certain magnitude, maybe cor-
responding to H---H interactions between H,O molecules.
Although the first peak position, r~2 A, in gxu(r) agrees,
in appearance, with that in gog(r) for liquid pure water, its
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Table 3. Results of the Least-Square Refinement for Partial
Structure Factors, aun(Q), axu(Q), and axx(Q), for the
Aqueous 21 mol% HCI Solution® .

agn(@—1 axu(@-1 axx(Q)~1

i H-H O-H 0-0

Istnearest ry/A  2.02(5) 1.69(2) 2.37(2)
neighbor  I;/A  0.13(1) 0.20(1) 0.09(1)
n 0.8(2) 2.0(2) 0.8(1)

i4  HH Cl-H 00

2nd nearest r;/A  2.3(1) 2.14(2) 2.89(2)
neighbor /A 0.1(1) 0.14Q2) 0.1(1)
ni 0.4Q2) 4512) 0.6(2)

i H-H o*-H Cl-0

3rd nearest 7;/A  3.6(3) 3.59(2) 3.18(2)
neighbor I;/A  05403) 0.72(1) 0.19(2)
n 10Q2) 42(2) 3.5(2)
Long-range ro/A  3.8(2) 4.45(2) 3.24(2)
interaction  ly/A  0.5(3) 0.78(1) 0.60(1)

a) Estimated standard deviations are given in parentheses. b) In-

cluding both O-H and CI-H contributions.

asymmetrical peak-shape with a partial splitting may suggest
that the peak contains plural interactions. It seems reasonable
that contributions from both the nearest-neighbor O---H and
Cl---H interactions are involved in the peak. The presence
of the nearest-neighbor Cl---O interaction at r~3.2 A>*?
has been confirmed according to previous X-ray diffraction
studies for concentrated aqueous HCI solutions. In addition,
the distance agrees with the ClI---O distance in a variety of
aqueous metal-chloride solutions, where H,O molecules in
the first hydration shell point one of the H atoms toward
Cl~. The distance between Cl~ and its nearest-neighbor H
atom in such the local configuration has been reported to be
2.23—2.29 A by neutron diffraction studies.’>*® Then, we
carry out the least-squares fitting analysis for axg(Q) to de-
termine structural parameters for the H-X interaction under
the assumption that contributions from O---H and Cl---H in-
teractions are both involved in the first peak in the gxy(r).
The second nearest-neighbor O---H and Cl.--H interactions
are, of course, involved in the second peak region (3<r<4
A)inthe present gxu(r). However, the second nearest-neigh-
bor contributions were treated as a single interaction in the
fitting procedure, because the unambiguous decomposition
of the second peak is impossible in the present gxu(r).

The X-ray total distribution function for the concentrated
HCI solution investigated previously has peaks located at
ra~2.5 A and 3.2 A>*® The present gxx(r) provides sim-
ilar structural information to the X-ray total distribution
function except for the difference in the ratio of scattering
amplitudes for O and Cl atoms between the two diffrac-
tion techniques. Pronounced short-range peaks are found at
r~2.4 and ~3.2 A in the neutron gxx(r) in Fig. 6. These
short-range peaks in gxx(r) are attributable to the nearest-
neighbor H30%---H,0 and Cl~---H,O interactions, respec-
tively. In this result, the nearest-neighbor interactions for
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O(H3;0%)---O(H,0), O(H,0)---O(H,0), and C1~---O(H,0)
are added as short-range contributions in the present fitting
analysis of axx(Q).

Results of the least-squares fit for a;;(Q) for the concen-
trated aqueous HCI solution are summarized in Table 3. The
first nearest-neighbor H- - -H distance, r=2.0240.05 A is con-
siderably shorter than that obtained for liquid pure water
(2.39+0.02 A). Recent ab initio MD simulation has revealed
that the first peak position in guu(r) for pure water signifi-
cantly shifts toward a lower-r side by ca. 0.5 A in the aque-
ous solution with excess protons.”? This shorter interatomic
distance has been pointed out to correspond to the H---H
distance within the protonated water dimer, H50,* 22?2
Therefore, the present shorter H:--H interaction may sug-
gest the formation of HsO,* in the concentrated 21 mol%
HCI solution. The second nearest-neighbor H---H distance,
2.340.1 A obtained from the fitting of agp(Q) corresponds
well to that in Table 2 obtained for pure water (2.39 A),
implying that this H---H interaction is ascribed by the near-
est-neighbor H,O---H,0 correlation. The nearest-neighbor
O---H distance, 1.69+0.02 A, is ca. 0.3 A shorter than that
obtained for pure water, suggesting the presence of the ex-
tremely strong hydrogen bond in the concentrated aqueous
HCI solution. The Cl---H distance, 2.14:£0.02 4, is ca.
0.1 A shorter than that from the neutron diffraction mea-
surement with the 3*C1/37Cl isotopic substitution in various
aqueous metal-chloride solutions (2.22—2.29 A).3*59 This
points out that further neutron diffraction measurements with
_the 3*C1/*Cl isotopic substitution are necessary for obtaining
more detailed structural information concerning the Cl.--H
interaction in the concentrated aqueous HCI solution. This
will be a future subject for research.

The nearest neighbor O---O distance, 2.3740.02 A, for
the present HCI solution determined by the least-squares
fit to the observed axx(Q), is much shorter than that ob-
tained for pure water. This short intermolecular distance is
in good agreement with the hydrogen-bonded O---O distance
within the HsO,* structural unit found in crystalline hydrates,
such as HCI-2H,0 (2.41 A)® and HCI-3H,0 (2.43 A).
This shows the possibility that the hydrogen bond between
H;O0* and its nearest-neighbor H,O molecules is very strong
to form such the structural unit in the highly concentrated
HCl solution. The second nearest-neighbor O---O distance,
2.89:40.02 A, in Table 3 can be assigned to the hydrogen-
bonded O(H,0): --O(H,0) interaction. The nearest-neighbor
Cl---O distance, 3.184+0.02 A, in Table 3 is roughly identi-
cal to that, 3.10—3.20 A, reported for various aqueous
metal chloride solutions. It appears that each C1~ in the 21
mol% HCI solution is surrounded by, on the average, four O
atoms which belong to its nearest-neighbor H,O or H50,"*
molecules.

The formation of hydrogen-bonded bi-chloride species,
Cl-H---Cl, as predicted by the ab initio MD calculation,*®
could not be proved in the present study. The combina-
tion of the 3>C1/*’Cl isotopic substitution experiment and the
second-order difference method in the neutron diffraction
measurement®®** will provide the C1-Cl partial distribution

Structure of Aqueous HCI Solutions

function, gcici(r). This will also be researched in the near
future.
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