2788 © 7982 The Chemical Society of Japan

Bull. Chem. Soc. Jpn., 55, 2788—2795 (1982)

[Vol. 55, No. 9
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The structure factors for heavy water at 25, 50, 70, and 95 °C were determined in the range of Q, 1.4—20
A-1, by means of the time-of-flight (TOF) neutron diffraction method using the electron linear accelerator
(LINAC). An analysis of the neutron diffraction data was made by applying a new general theoretical pro-

cedure of analysis for the fluid system composed of molecular clusters with various sizes.

Structure factors were

calculated according to the general procedure for the pentamer-monomer mixture model as a mixture of regular
tetrahedral pentamers and non-bonded monomers with a due assignment of pentamer fraction at each temper-

ature.

Excellent agreement was obtained between the calculated and observed structure factors at temperatures

in 25—95°C. Combined with the preceding result (N. Ohtomo, K. Tokiwano, and K. Arakawa, Bull. Chem.
Soc. Jpn., 54, 1802 (1981)), it was concluded that the pentamer-monomer mixture model is the best one for water

from room temperature to near the boiling point.

In the preceding paper!# we reported an analysis
of the liquid structure of water by combining neutron
and X-ray diffraction data, and showed that liquid
water at room temperature has a basic structure as
an aggregate of regular tetrahedral pentamers. The
analysis was performed concerning the structure of wa-
ter only at a temperature, 15 °C. Then, we attempt
here to perform structure analysis of liquid water at
more elevated temperatures. For this purpose, we
have carried out a neutron diffraction measurement
on water at 25—95 °C, and further, have made an
analysis of the data by applying a newly devised the-
oretical procedure of analysis for the fluid system com-
posed of molecular clusters with various sizes.

Neutron Diffraction Data

Measurement. Neutron scattering intensities
were measured for liquid water at 25, 50, 70, and
95 °C by means of the LINAC-TOF neutron diffrac-
tion method. Basic architecture of the diffractometer
and experimental procedures were reported elsewhere.?
In the present study measurements were made sim-
ultaneously at two scattering angles (20=40° and 65°).
Neutrons scattered towards two directions were detect-
ed in a bifurcated array of two counters (Fig. 1).
The angular divergence of the Soller slit as a colli-
mator, which governs primarily the resolving power,
was 30" and 38 for the slit used at lower and higher
scattering angles, respectively.

A sample of 99.99, deuterium oxide contained in a
thin-walled cylindrical quartz vessel (100 mm long, 10
mm internal diameter, and 0.1 mm wall thickness) was
placed within a thin aluminum cylindrical reflector of
an elliptical contour (Fig. 1). A Digital Thermometer
(FLUKE Model 2190A) and a rod heater were used,
and the vertical axis of the heating rod and the cy-
lindrical sample container are placed exactly at the
two focussing points of the elliptic contour. Temper-
ature measurement was made by thermocouples insert-
ed into the top and bottom of the sample. The tem-
perature was controlled within the fluctuation of 1 °C
through all the measurements in the present experi-

# We cite Ref, 1 as paper I in the following.
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Fig. 1. A perspective view of the diffractometer.
n,: Incident neutron beam, ng: scattered neutron
beam, S: sample, H,: heater rod, H,: auxiliary heater,
R: reflector, T: thermocouple, C: Soller collimator,
D: detector, 26: scattering angle. Suffixs H and L
denote higher and lower scattering angles, respectively.

100
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Fig. 2. Temperature of D,O sample through all the
measurements.

ment (Fig. 2).

Correction Procedures and Structure Factors. For ob-
taining the structure factors S, (Q) from the measured
raw data, several corrections (multiple scattering, ab-
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Fig. 3. Temperature variation of background counting
including the scattering from the container (20=
65°).
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Fig. 4. Partially-corrected neutron structure factors
Sn(Q) (corrected with respect to background count-
ing, multiple scattering, and absorption).

sorption, background counting, inelastic scattering, and
incoherent scattering) and absolute normalization of
data were carried out according to similar procedures
as made in the preceding studies.?% In applying
these correction procedures to the present raw data,
however, a due consideration on the influence of tem-
perature variations must have been taken into account.
In order to examine the temperature variation of back-
ground counting including the scattering from the con-
tainer, we measured the intensity of neutrons scattered
from the empty container at two temperatures (25
and 95 °C). It was found that differences between the
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Fig. 5. Observed neutron structure factors Sy, (Q) for

heavy water at 25, 50, 70, and 95 °C, together with
the previous data at 15 °C.

two temperatures were negligibly small (Fig. 3). This
is attributed to the thin wall-width of the container.
Then, for the background counting, we could safely
use the value at 25 °C through all the temperatures.
With respect to multiple scattering and absorption, the
temperature-dependent variation was assumed to be
negligible for the temperature range in the present
study. The partially-corrected S,,(Q) curves after cor-
rected with respect to background counting, multiple
scattering, and absorption are shown in Fig. 4.

With respect to inelastic scattering which is impor-
tant for D,O, the following feature is clearly seen in
Fig. 4. All the §,(Q) data at the same scattering
angle at different temperatures are in full agreement
with each other except the first peak and the hump
at 4 A-1. This indicates that the inelastic correction
is insensitive to temperature variation within the range
of the present experiment. The S, (Q) data at 260=
65° in Fig. 4 exhibit a larger effect due to inelastic
scattering than the data at 20=40°. This is explained
theoretically as follows: the greater descending trend
in the §,(Q) curve with increasing Q at larger scat-
tering angle is typical of the Placzek corrections® and
is almost entirely due to the self-scattering by the
deuterons.5® It can be said that the inelastic cor-
rection contributes a temperature-independent mono-
tonic variation as a function of Q. Thus, the Placzek
and Wick correction methods used in the previous
studies at room temperature?4 were safely applied to
the present data in lower and higher Q region, respec-
tively, at 25—95 °C.

Absolute normalization of data was carried out with
the use of scattering data from a vanadium standard.
Calibration of absolute values for high Q data was
performed according to the limiting procedure that
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Sn(Q)—b,2/(Xb,)% as Q—co, where incoherent scat-
tering is duely considered. Calibration for low Q data
was done by overlapping the S,,(Q) curves in the Q
range of 3—5 A-1.  Combining the two corrected data
at each scattering angle, the final S, (Q) curves for a
range of Q=1.4—10.5A-1 and those for a range of
0=2.5—-20 A-1 were obtained from the data sets of
20=40° and from those of 260==65°, respectively. The
values are tabulated in Table 1. These data at two
angles at the same temperature agree very well in the
region of Q=2.5—10.5 A-1 (Table 1). Thus, by com-
bining these data at two angles, we obtain the final
Sm(Q) curves at each temperature as shown in Fig.
5, together with the curve at 15°C obtained previ-
ously.)) A marked feature of the structure factors ob-
tained is a gradual falling of the hump at ca. 4 A1
as the temperature is raised.

Experimental accuracy has been improved at more
satisfactory level in this study. The statistical error
for values of S, (Q) is smaller than 0.5%, in the range
of Q=2—6 A-1, and the resolving power AQ/Q less
than a few 9, in the whole range of Q.

Theoretical Procedure of Analysis

Theory. In paper I we derived a formula of
$.(Q) for liquid consisting of identical clusters (Egs.
7—I11 in I). For the analysis of the present data, the
Sn(Q) formula for liquid composed of molecular
clusters of various sizes including monomers is required.
In the following, we will state the details of derivation
of the formula, which is an extension of the theory
reported in I, with the addition of due assumptions.

The coherent neutron structure factor S, (Q) is given
in general by

Sm(Q) = N T3S} 3 boybo, exp (10 1), ()
i,j ny,ny

where i and j label molecules in a liquid and n; denotes

the n-th nucleus in the molecule i. 7yn, is the vector
distance between the nuclei n; and nj, bn, the scat-

tering length of nucleus n;, Q the scattering vector,
and Y=3b,. We sum over all the scatterers in the
n

N,, molecules in the system.

We now consider the case of a fluid system consisting
of molecular cluster of various sizes including mono-
mers, where the number of clusters composed of »
molecules is N,, and its fraction in molecular number
x

pe

";évv y and E'VNV = nyNm = Nm,

@=1,2, ).
Then, Eq. 1 is written as follows,
Su(Q) = N IS DS 2 bubuy oxp (10 1anyr))

v ay L1 np,nyp

+ Nm_12_2<2 2 2 2 bn;bn. exp (ié’,';;lﬂx)>’

vopt @y,Br 1,8 npyng
(ay#pu)
2)
a, denotes the a-th cluster in the clusters composed of
» molecules, ﬁﬂ the g-th one in the ones composed of
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# molecules («,=1,--, N, and §,=1,--, N,), | and
I’ the I-th and I'-th molecule within the cluster a,
(L, I': 1,---, ») respectively, and £ the £-th molecule
within the cluster f,(k=1, -, ). The first term in
Eq. 2 is the contribution of atom pairs within clusters
and the second term the one of inter-cluster atom
pairs.

Let us use r,,’ to denote the vector distance from
the center of the 1-th molecule to that of the I'-th one

within the cluster «,, and reix the vector distance from
the center of the I-th molecule in the cluster «, to
the center of the £-th molecule in the cluster .- Then,

—

g g — — g g End
Tniny =Te11' —Ten;~+Teny aNd Tnjng=7e1e—7en, +7en,, Where

Ten; 1s the vector distance from the center of the
molecule 1 to its n-th nucleus, and Eq. 2 is re-
written as follows,

Sm(Q) = Ny 13-4 5 S exp (iQ-ronr) 33 bagbay

v oa, L1 ny, ny’
X exp {IQ' (_;an + ;:m')}>
+ Nm-lz'—-2<2 > exp (lé,;;h:) > bnlan

v, ¢ ay,fe 1k ny,ne
(ay+Bu)
X exp {iQ+ (—Tony +en,) - 3)

We adopt here the following assumption: all clusters
of equal size have an identical structure on the average
(assumption I). Then, the first term of Eq. 3 becomes
as follows,

the first term in Eq. 3

= N 1325 N,,([IZV exp (iQ - renr) 33 bobay

ny, ny’

X €xp {i0- (—Fen +Fenr)}, )
and further, with respect to the second term in Eq. 3,

we assume that ?cm, r—,:n,, fenx are all statistically in-
dependent. That is, the molecules belonging to differ-
ent clusters are assumed to be orientationally-uncor-
related (assumption II). Then,

the second term in Eq. 3

= Np 1323 S (S exp (G- ran))

v, av,fr Lk

X (3 boy exp (—iQ 7o) (X b, €xp (10 Fem )
~ Nut 325N, 5 Coxp (G 7))

X (35 by €xp (—iQ- 7en) (S buy exP (i Feny)-
np ny’
(5)
From Eqs. 3—5, the §,(Q) for the liquid becomes
Sm(Q) = =221*(Q)

+ Na 1325 5] S Cexp (iQ-7ate))

v pt @y, e Lk

X (S by €xp (10 7en)Y(S bn, €xp (10 7ens ),
(6)
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where

S(Q) = Y2 exp (Q-rnr) 2 bnbny

ny, ny’
X exp {iQ- (= 7en,+Teny) })
- 121:'<6Xp (1Q-7e,y) )X by, exp (—iQ 7en)))
s nj

X (2 by xXp (10 Feny))], - (7)

ny’
In order to express the second term in Eq. 6

as a practically applicable form, we take the factor

{3 boyexp(iQ-7em)) to be independent of » and re-
n

place it by the averaged value
1/2

(2[5 132 ocemp (87| 17

(assumption IIT). (8)

Thus, we obtain finally the formula for the S (Q)
in the form

Sa(Q) = S2F7(Q) + 84(Q)-Fn(Q), ©)
$:(Q) = Na™X(3 exp (0 7ers)d
=14 No %S exp (iQ-7e17)s (10)
i#])

%y

Fl@) = 23 [; [ buexp (ié-Zm»]z]. (11)

v

v

The Egs. 7—11 are an extension of the formula Egs.
7—11 in I, which are applicable to the liquid consisting
of molecular clusters of various sizes including monomer
molecules. For x,=1 and x, (~,y=0, Eq. 9 reproduces
Eq. 7in L

Further, in order to elucidate the physical meaning
of Eqs. 7—11, we rewrite Eq. 9 and obtain, separating
the intramolecular contribution from the intermolecular
one, in the form

Sm(Q) = 2 x; Fi(Q) + fu(Q)Se(Q) 1]

+ =2 F0Q), (12)
v22 Y

£1(Q) = I2(S 3 by exp (0 - 7en) 1., (13)

and

F2(Q) = TS exp (0 rew) 2 buibo

nj,ny/
X exp {ié' (—"_;Cm +7CI!1')>
— 33 Cexp (G o)) by exp (—iQ. 7o)
ny

X (S bay exp (10 7enr)d],, (14)

ny’
where f;°(Q) is the intramolecular contribution within

the cluster composed of » molecules. The first sum
S 2)(Q) (==/1(Q)) is the overall averaged intra-

molecular contribution in the liquid. The Egs. 12—14
are compared to Egs. 176—179 in a text by Hansen
and McDonald? (originally derived by Gubbins et
@l.59), though the latters are impractical except for
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very simple cases because of the difficulties arising from
the calculation of higher order spherical harmonics ex-

pansions. The third term X(x./»)f.’(Q) in Eq. 12

corresponds to the sum of the higher order expansion
terms in Gubbins et al.’s formula.

In the expression of Eq. 9, it can be secen that for
Q-0 8,(Q)—8.(Q) because f*(Q)—0 and foy(Q)—>
1. On the other hand, in the expression of Eq. 12,
S.(Q)—f1(Q) when Q—o0 as is directly seen.

Structure Factor S, (Q ) for the Pentamer—Monomer Mix-
ture Model. From Eqgs. 7—11, we can give here
the formula of §,,(Q) for the pentamer-monomer mix-
ture model'®™ for the later analysis of neutron dif-
fraction data, where the form of the pentamer is such
as shown in Fig. 3 of paper I. In this case, we put
#,#0 and x;,#0 (others=zero). Eq. 9 becomes

Sm(Q) = 5fHQ) + £ Q) + fw(@)S(Q),  (19)

where the factors f1(Q) and f3(Q) are expressed by
applying Eq. 7 for the case of »==1 and v=>5, respec-
tively, as

SHR) =f1(Q) — fis(Q)

= £2(Q) — 37 bulexp (O 7em)dTh o (16)

and

1) = SHQ) — fH(@QISEP(Q) + 1]

15 -
=8nQ) — 2 ‘zgzl‘l [ bnexp (iQ 7en) )]0 =5

x [$29(Q)+1]- (17)
The factor fi*(Q) is the intramolecular structure factor
for monomer molecules and the two factors, f3(Q)
and f3(Q), are the molecular form factor for mono-
mers and pentamers, respectively, which are given in
relation to the assumption II. SP(Q) is the intra-
pentamer structure factor (Eq. 13 in I) and S°%(Q)
the contribution from intra-pentamer O-O pairs only
(Eq. 16 in I). For x;=1 and x,=0, Eq. 9 becomes
Eq. 12in T and for x,=1 and x,=0 we obtain a formula
for the completely-uncorrelated orientation model pro-
posed by Egelstaff, Page, and Powles.1%:13)

Eq. 12 becomes

Su(Q) = #/1(Q) + %ﬂ’(QH Seo(Q)[S(Q)—1]

X5
+ 2 A2 Q)
The first two terms in Eq. 18 are the averaged intra-
molecular structure factor for the pentamer-monomer
mixture and are grouped as f;(Q) according to the
definition described above,

(18)

2 fHQ) + 5 fHQ) = Q) (19)

f3Q) (=581(Q), Eq. 15 in I) in Eq. 18 is the

intramolecular contribution within the pentamer and
f3(Q) is obtained from Eq. 14 for the case of y=5 as

B 12Q) = wISHQ) — 51 Q) ~Lo(Q)SEPQ)]. (20)



2792

Interpretation of Experimental Data

Procedure of Calculation of the S, (Q) of Pentamer—
Monomer Mixture Model. Now, we can determine
the liquid structure of water at each temperature by
making the calculated S,,(Q) curve fit with the ob-
served curve shown in Fig. 5. In the preceding study
(paper I) it has turned out that the liquid structure
of water at 15 °C can be regarded as an aggregate of
the regular tetrahedral pentamers. This is the case
#;=1 and x;=0 in Eqs. 15—17. At more elevated
temperatures, a part of the pentamers is supposed to
be destroyed. Then, we can use here Eqs. 15—17 for
the calculation of the S,,(Q) of the pentamer-monomer
mixture model with due assignment of x; values as
parameter.

In applying Eqs. 15—17, the structure of the pen-
tamer is taken to be identical with that shown in Fig.
3in I (rop=0.98 A, r,,=1.60 A, and DOD angle=
109.5°) and the molecular structure of the monomer
is that for the vapour (r,,=0.96 A, r,;=1.52 A, and
DOD angle=104.5°).1:214 For the molecular-centers
structure factor of the liquid, S.(Q ), the observed X-
ray intensity data reported by Narten and Levy (25,
50, 75, and 100 °C)® were used, together with the
data by Hajdu et al. (25 and 50 °C)'®) when required
for comparison. Some appreciable differences are ob-
served in these X-ray data, especially with respect to
the first peak, and a discussion for the X-ray data
will be made in the later section.

Figure 5 shows that a monotonous falling of the
main peak at 2 A-! and the neighboring hump at ca.
4 A-1 is produced by increasing temperature while the
Sn(Q) curves are quite unchanged in the range of
Q =6 A-1, 'This latter fact is explained as: the S,,(Q)
in higher Q region is determined primarily by the intra-
molecular contribution only. The main interest in re-
cent studies of liquid water has been, thus, concen-
trated upon the behaviors of the S, (Q) curves in the
region of Q <6 A-11.13.17)

Determination of the Best Fit Model by Comparison of
Sul(Q)earca wWith Sy (Q )opsar We first determin-
ed the value of pentamer fraction x; by fitting the
calculated S,,(Q) curves with the experimental data.
The calculated S, (Q) associated with the variation of
x were compared with the observed neutron S, (Q)
data at 25, 50, 70, and 95 °C, respectively, in Fig. 6.
For the experimental data at 25 °C, the best fit S (Q)
curve was obtained in the case of x;=0.85, at 50 °C
x5=0.75, at 70 °C x,=0.65, and 95 °C x;=0.55. The
agreement of the calculated S.,(Q) curves with the
experimental ones is very excellent at all temperatures.
Taking account of experimental errors, the deviations
of x; are found to be =+0.05 for all cases. The x;
values determined are shown in Fig. 7 including the
result for the data at 15 °C reported in I.

Thus, the variation of the structure of liquid water
with temperature is fundamentally explained by the
pentamer-monomer mixture model with appropriate
pentamer fractions according to Egs. 15—17. It is
concluded that liquid water is regarded as a mixture
of regular tetrahedral pentamers and non-hydrogen-
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The vertical rod indicates the range of deviations
of x;.

bonded monomers at 25—95°C.

Change of the Principal Peak at 2 A~ with Temperature.
As seen in Table 1, when the temperature is raised,
the intensity of the principal peak at ca. 2 A-1 is found
to decrease gradually, while the position of that to
shift slightly to the higher Q-value side. Temperature
dependence of the peak intensity and that of its po-
sition are shown in Figs. 8(a) and (b), respectively.
The trend of the intensity change of the calculated
result agrees with that of the experimental data, and
the absolute intensity is in agreement with the meas-
ured one within the spread of the X-ray data used
for S,(Q). With respect to the shift in the position
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of the principal peak at 2 A-! with the variation
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Q: Observed by the authors, A: observed by Walford
and Dore (1,=1.13A)," [J: observed by Walford
and Dore (4,=0.84 A),'» X: calculated by the au-
thors with the use of Narten and Levy’s X-ray intensity
data,’® +: calculated by the authors with the use
of Hajdu et al’s X-ray intensity data.'®)

of the peak, the agreement between the calculated and
observed results is very good as a whole within the
experimental accuracy.

X-Ray Intensity Data. We used the observed X-
ray intensity data mainly provided by Narten and
Levy!® for the calculation of S,(Q ). The X-ray data
are shown in Fig. 9, together with the data by Hajdu
et all® As clearly seen in Fig. 9, the two intensity
data show some appreciable discrepancies certainly.
However, with respect to the intensity and position of
the principal peak of S, (Q )eaeq> the influence of the
discrepancies on the final S (Q) for neutrons through
the calculated values of S,(Q) is within the range of
experimental errors: concerning the peak intensities of
Sn(Q), it is within the range of circles and concerning
the positional shift, within the range of vertical rod
(Fig. 8). It is certain that this discrepancies does not
affect the conclusion of the present study, and we
have used the data by Narten and Levy on the whole.

The values of x;[1+S8%(Q )] calculated are shown
together in Fig. 9. The overall agreement of the values
with the experimental data is fairly good except
in the range of Q <2 A-1, though the factor x[1-+
S$%(Q)] is the intra-pentamer contribution only. This
shows that it is a main contribution to total intensities
in the case of X-rays. And, to see in details, the
calculated curves are in better agreement with the
data of Narten at various temperatures on the whole,
except for the deviation in the first peak! and that
in the range of Q—=4.5—6 A-1. Thus, the X-ray data
also is expected to support the essential effectiveness
of the pentamer-monomer mixture model as a whole.

Discussion and Conclusions

Physical Meaning of the Ingredient of S.,(Q ). In
the preceding sections we have shown that the pen-
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Fig. 10. Calculated S,(Q) for the pentamer—-monomer
mixture model.

: x,=0.85 (25 °C), - - -: #,=0.75 (50 °C), —-—:

x;=0.65 (70 °C), : x;=0.55 (95 °C).

tamer—monomer mixture model with a due assignment
of x5 value is a best structure model in the interpre-
tation of neutron diffraction data at 25—95 °C. Here,
overall features of the temperature variation of S -
(Q)earea for the model are shown in Fig. 10. It is
clear in the figure that the intensities in the hump at
ca. 4 A-1 as well as those in the main peak at 2 A-1
decrease gradually with increasing temperature,
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TABLE 1. THE OBSERVED ABSOLUTE NEUTRON SCATTERING FACTOR S, (Q) AS A FUNCTION
OF SCATTERING VECTOR Q /A-! FOR HEAVY WATER
25°C 50 °C 70 °C 95 °C 25°C 50 °C 70 °C 95 °C
(Z/XX_I —_—— P S —_——— —— (l/fx_l x A —_— ———

20= 20= 20 20— 20— 20— 20— 20= 20— 20— 20= 20— 20— 20= 20= 20—
40°  65° 40° 65°  40° 65° 40° 65° 40° 65°  40° 65° 40° 65° 40° 65°
1.40  0.362 0.358 0.389 0.412 4.60  0.270 0.268 0.271 0.266 0.269 0.266 0.273 0.270
1.45 0.361 0.374 0.386 0.411 4,65 0.268 0.267 0.269 0.263 0.268 0.265 0.271 0.269
1.50 0.387 0.391 0.394 0.439 4.70 0.266 0.265 0.268 0.262 0.267 0.264 0.270 0.268
1.55 0.407 0.413 0.407 0.448 4.75 0.265 0.263 0.267 0.260 0.266 0.263 0.270 0.267
1.60  0.444 0.448 0.436 0.467 4.80 0.263 0.262 0.267 0.260 0.266 0.263 0.270 0.267
1.65 0.479 0.485 0.472 0.490 4,85 0.262 0.260 0.266 0.259 0.265 0.263 0.269 0.266
1.70 0.512 0.510 0.505 0.519 4,90 0.262 0.260 0.265 0.259 0.265 0.264 0.270 0.265
1.75  0.548 0.542 0.533 0.542 4.95 0.263 0.259 0.264 0.259 0.265 0.264 0.270 0.265
1.80 0.583 0.566 0.562 0.565 5.00 0.263 0.260 0.264 0.259 0.266 0.264 0.271 0.264
1.85 0.607 0.590 0.592 0.582 5.10 0.263 0.262 0.265 0.261 0.266 0.266 0.273 0.265
1.90  0.630 0.612 0.610 0.538 5.20 0.265 0.265 0.268 0.264 0.269 0.268 0.275 0.267
1.95  0.642 0.629 0.629 0.614 5.30 0.289 0.265 0.271 0.266 0.271 0.270 0.279 0.269
2-000.645 0.638 0.638 0.622 5.40 0.272 0.270 0.274 0.271 0.274 0.274 0.282 0.273
2.05 0.638 0.657 0.636 0.627 5.50 0.276 0.276 0.278 0.276 0.278 0.280 0.285 0.277
2.10 0.621 0.626 0.626 0.625 5.60 0.281 0.281 0.283 0.281 0.282 0.284 0.289 0.281
2.150.597 0.608 0.608 0.615 5.70 0.286 0.287 0.287 0.286 0.286 0.289 0.293 0.286
2.20  0.570 0.585 0.587 0.598 5.80 0.290 0.292 0.291 0.290 0.290 0.294 0.297 0.291
2.25  0.544 0.557 0.565 0.576 5.90 0.295 0.297 0.295 0.295 0.295 0.299 0.302 0.297
2.30  0.515 0.530 0.542 0.555 6.00 0.300 0.301 0.300 0.300 0.300 0.303 0.306 0.302
2.35  0.490 0.507 0.519 0.533 6.10 0.304 0.305 0.304 0.305 0.303 0.307 0.310 0.307
2.40 - 0.467 0.484 0.497 0.510 6.20 0.309 0.309 0.309 0.309 0.308 0.311 0.313 0.312
2.45  0.446 0.462 0.475 0.488 6.30 0.314 0.312 0.313 0.314 0.313 0.314 0.318 0.316
2.50  0.426 0.454 0.442 0.461  0.453 0.478  0.466 0.492 6.40 0.318 0.316 0.318 0.317 0.318 0.322 0.322 0.321
2.55 0.407 0.4351 0,422 0.428  0.430 0.454  0.444 0.467 6.50 0.322 0.320 0.322 0.322 0.321 0.322 0.326 0.325
2.60  0.390 0.411  0.402 0.402  0.409 0.451  0.421 0.442 6.60 0.325 0.323 0.326 0.325 0.324 0.325 0.329 0.330
2.65  0.373 0.389 0.384 0.386 0.390 0.409 0.402 0.417 6.70 0.330 0.326 0.330 0.328 0.328 0.328 0.333 0.334
2.70 0.358 0.577  0.366 0.575 0.571 0.395 0,384 0.405 6.80 0.334 0.320 0.334 0.331 0.331 0.331 0.336 0.337
2.75  0.344 0.363  0.351. 0.360  0.354 0.375  0.366 0.387 6.90 0.337 0.332 0.338 0.335 0.335 0.333 0.339 0.340
2.80 0.330 0.348 0.336 0.344 0.337 0.358 0.349 0.367 200 0.341 0.336 0.312 0.338 0.339 0.357 0.342 0.344
2.85 0.319 0.331  0.525 0.351 0.325 0.334  0.335 0.347 7.10 0,344 0.339 0.346 0.340 0.342 0.339 0.344 0.346
2.90 0.308 0.312 0.312 0.315 0.311 0.316 0.322 0.328 720 0.347 0.342  0.349 0.342 0.345 0.312 0.347 0.348
2.95 0,300 0.299  0.305 0.505 0.301 0.301 0.311 0.311 7.30  0.350 0.345 0.352 0.345 0.348 0.344 0.351 0,351
3.00 0.295 0.287 0.294 0.295 0.295 0.291 0.303 0.296 7.40  0.353 0.348 0.355 0.346 0.351 0,357 0.353 0.353
3.05 0.287 0.282 0.288 0.284 0.288 0.284 0.295 0.287 7.50 0.355 0.351 0.357 0.349 0.354 0.349 0.356 0.355
3.10 0.284 0.280 0.283 0.279 0.283 0.280 0.289 0.285 7.60 0.358 0.353 0.360 0.351 0.356 0.351 0.358 0.358
3.15 0.280 0.277 0.280 0.275 0.279 0.277 0.284 0.277 7.70  0.360 0.354 0.362 0.353 0.358 0.353 0.360 0.359
3.20 0.278 0.277 0.278 0.275 0.276 0.276  0.281 0.275 7.80 0.361 0.357 0.364 0.354 0.359 0.354 0.361 0.361
3.25 0.278 0.278 0.277 0.274 0.275 0.277  0.280 0.273 7.90 0.361 0.359 0.366 0.356 0.361 0.355 0.362 0.362
3.30 0.279 0.279  0.277 0.278 0.275 0.278 0-230 0.272 8.00 0.362 0.360 0.367 0.357 0.362 0.357 0.363 0.363

3,35 0.282 0.282 0.278 0.281 0.277 0.280 0.280 0.272
3.40 0.284 0.283 0.278 0.284 0.278 0.281 0.281 0.272 820 0.6z PR GO G - I
3.45 0.286 0.287 0.282 0.287 0.281 0.283 0.282 0.272 830 0.36s 0.302 0.365 0.350 0363 0.338 0.363 0.303
3.50 0.288 0.291 0.284 0.289 0.283 0.286 0.283 0.276 820 0.361 0.361 0.368 0.350 0.362 0.358 0.362 0362
3.55 0.291 0.293 0.285 0.291 0.284 0.288 0.284 0.277 820 0.360 0.360 0367 0.355 0.361 0.358 0.361 0.362
3.60 0,292 0.295 0.287 0.292 0.285 0.290 0.285 0.277 .00 0.359 0380 0366 0.359 0.3%5 0.337 0360 0.360
3.65 0.293 0.294 0.289 0.293 0.287 0.291 0.285 0.278 870 0.327 0.358  0.364 0.5 0.358 0.336 0.358 ©.360
3.70  0.295 0.295 0.291 0.294 0.289 0.290 0.286 0.279 550 0.35% 0357 0.365 0.3%8 0 3% 0,325 0.3t o 3c8
3.75 0.296 0.296 0.292 0.295 0.290 0.290 0.286 0.279 890 0.354 O30t 00301 0327 o0o3%e o 323 o0l323 ol327
3.80 0.296 0.297 0.293 0.296 0.289 0.290 0.286 0.279 000 0.352 0353 0359 0325 0,353 0392 0351 o0 3%
3.85 0.297 0.209 0.283 0.296 0.290 0.290 0.287 0.279 000 0350 o3t 0l3e olaey oSl olnae olaas oliee
3.90 0.297 0.299 0.293 0.296 0.289 0.290 0.287 0.280 0120 0318 0317 o3me O3l oas 0lsas olite olaes
3.95 0.297 0.298 0.294 0.295 0.289 0.288 0.286 0.280 0120 0 316 0 3te 032s 0308 o 3se o3z 0 aee 0l3%0
4.00 0.297 0.298 0.294 0.294 0.287 0.287 0.286 0.280 030 O xin 0l3e>  olae olzaz osas 03ty 0l343 o 3ty
4.05 0.296 0.297 0.293 0.292 0.286 0.286 0.285 0.281 0t Ovr 0late 0aas O O olase i olaas
4.10 0.295 0.296 0.292 0.291 0.285 0.284 0.284 0.281 0 e0  Oaar 0lse oniE oy i i olass o 341
4.15 0.293 0.295 0.290 0.288 0.283 0.284 0.283 0.281 0.70 0.338 0.334 0.343 0.337 0.338 0.333 0.335 0.338
4.20 0.290 0.293 0.288 0.287 0.281 0.282 0.282 0.280 A e 0 O LA S S0 SR S
4.25 0.288 0.290 0.285 0.284 0.280 0.279 0.281 0.280 9.90 0.333 0.329 0.340 0.333 0.335 0.328 0.332 0.334
Z'gg g'ggg g'ggg 9.283 g'gsé 8'233 g'gzz g'ggg 8'232 10.00 0.331 0.326 0.337 0.350 0.331 0.325 0.330 0.331
Aa el 038 0379 0376 0.976 o0.298 0277 0.274 10.10 0.330 0.323 0.335 0.327 0.328 0.322 0.328 0.329
495 0278 0,378 0.276 0.273 0.274 0.272 0.275 0.274 10.20 0.328 0.321 0.333 0.325 0.326 0.320 0.326 0.327
4,50 0.275 0.274 0.274 0.271 0.272 0.270 0.274 0.272 10.30 0.326 0.319 0.331 0.323 0.324 0.318 0.324 0.325
e e U 0 3rs 0268 0370 0368 0274 o.o71 10.40 0.324 0.317 0.328 0.321 0.322 0.317 0.322 0.324
. . . . . . : : . 10.50 0.321 0.315 0.325 0.319 0.319 0.316 0.319 0.315
In order to elucidate further the physical meaning —1]) corresponds to the S.,(Q) for completely-

of temperature dependence of the structure factor
Sa(Q), we examine ingredients of the S,(Q ), by con-
sidering the terms in Eq. 18. As clearly seen in Fig.
11, the first peak is mainly composed of the sum of
the curve (a)=£;(Q) and the curve (c)=f,,(Q)[S.(Q)
—1], expressing the averaged separation between two
adjacent centers of water molecules to be about 3 A,
and, on the other hand, the hump at ca. 4 A-1 is origi-
nated from the curve (b)=(x;/5)f5(Q), which is as-
cribed to the presence of the tetrahedral pentamer.

The sum of curves (a) and (¢) (=/,(Q) +/f2p(Q)[S.(Q)

uncorrelated (at molecular level) orientation model, as
described by Egelstaff, Page and Powles.12:13) Hence,
it is stated that the contribution of curve (b) (Eq. 20)
originated from the presence of the tetrahedral pen-
tamers forms the essential character of the liquid struc-
ture of water, producing the hump at ca. 4 A-1 in
the S,(Q) curves.

Concluding Remarks. Neutron structure factors
S.(Q) of DO were determined at 25, 50, 70, and
95 °C. The diffraction data were analyzed by using
a general expression of S, (Q) derived from a new
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Fig. 11. Contributions of (a) f1(Q) (Eq. 19), (b)
Z2f3Q) (Eq. 20), and (0) fu(Q)[S(Q)—1] to the

Sm(Q.)calcd (Eq 18)
: x;=0.85, - - —: x;=0.75, —-—: x;=0.65, --.--- :
x;=0.55.

theoretical procedure of analysis which is generally
applicable to the fluid system composed of molecular
clusters with various sizes. The following conclusions
were obtained:

1) The pentamer—-monomer mixture model with the
due value of pentamer fraction x; assigned is the best
one as a fundamental structure model of water at
temperatures, 25—95 °C, for the explanation of diffrac-
tion data.

2) The &x; values determined by fitting the
S(Q)earea With the S, (0Q),.a at each temperature
are x;==0.85+0.05 at 25 °C, x;=0.75%£0.05 at 50 °C,
x;=0.65%0.05 at 70 °C, and x;=0.55+0.05 at 95 °C,
respectively.

3) The decrease of x; with temperature rise in-
dicates the destruction of pentamers expected at elevat-
ed temperatures and the effect of the destruction ap-
pears mainly as the gradual decrease of intensities in
the first peak at 2 A-1 and the hump at ca. 4 A1 in
the neutron structure factor curves.

Structure of Liquid Water by Neutron Scattering

2795

4) The hump at ca. 4 A-1 in the S,(Q) curves is
originated from the presence of the tetrahedral pen-
tamers forming the essential character of the liquid
structure of water.
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