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ABSTRACT

In the introductory chapter, a review is given on
the earlier works for solid hydrogen halides;
with a special emphasis on their structures,
molecular motions, molecular interactions, and
phase transitions. ‘. -

Chapter 2 is devoted to measurements of heat capacity
and vapor pressure of hydrogen halides. A calibration
of the platinum and the germanium resistance
thermometers used will also be described.

In chapters 3 to 5, the thermodynamic properties
obtained are presented. Discussions are given on
the "120 K transition" of single crystal HCl and
‘featureé of the other phase transitions.

In the last chapter, analyses of thermodynamic
properties are made pfimarily in order to elucidate
the mechanism of phase transitions. Both the heat
capacity and the enﬁropy of transitions extracted
suggested the orientational order-disorder tyée of
mechanism. Our discussions will extend to understanding
of the successive phase transitions in terms of

molecular interactions.

[v]



CHAPTER 1

Introductory Remarks

[1]



1-1. Introduction
A hydrogen halide or deuterium. halide molecule
will be treated as a quasi-sphere, though it is

a diatomic molecule, with a protuberance corresponding

to the position of the proton or deuteron. In fact,
all the solids in phase I’aré plastic according to
definition by Timmermanfl) On the other hand, the
molecular dipole and the gquadrupole moment are
significant in molecules HCl, HBr, and HISZ)

The former decreases in this order énd the latter

in a reverse order. When being deuterated, the moment
of inertia of each molecule is approximately doubled.‘
In solid, moreover, the existence of hydrogen bonds
plays an important role in its properties. Therefore,
systematic studies of a series of hydrogen halides

and deuterium halides will make clear the interactions
in solid, the holecular motioh, and the mechanism of
transitions.

Phase transitions in solid hydrogen halides and
deuterium halides were discévered by calorimetric
studies in 1920's and 1947, respectively. Their
transition and triple point temperatures are shown
in table 1-1. Each temperature values are given from
present results as will be described below.

A mile~stone in the history of investigations may

[2]



TABLE 1-1. Transition and triple point temperatures

in hydrogen halides. (in the unit of K)

HCl III 98.67 . I 159.05 1lig.
DC1 III 104.63 I 158.41 1lig.

HBr III 89.53 II 113.60 1I' 117.00 I 186.50 1ligqg.

DBr III 93.67 II 119.96 I 185.64 liqg.
HI III 70.23 II 125.60 _ I 222.50 1ligqg.
DI III 77.48 1II 128.24 I 221.51 1liqg.

be set in the year of 1967. At this turning point,
neutron diffraction studies were for the first time
conducted by SAindor and his coworkers when the
positions of deuterons were determined; In 1969,
subsequently, ferroelectricity of HCl and HBr in phase
III was discovered by Hoshino and his coworkers.

These investigations promoted the studies on the phase
transition mechanism from a microscopic point of view.
A review will be given below on the previous

investigations.

[31]



1-2. Review of previous works
1-2-1. Diffraction studies

X-ray studies before 1967

The earliest diffraction studies were carried out

by Simon et al. and Nattag3—6y The X-ray determinations
of the structure of hydrogen halide crystals were not
entirely satiéfactory, the differént observers did not
agree among themselves and moreover some results were
not in accord with the corresponding measurements using
the polarizing microscopefj) Thus, Natta found a cubic
structure for HBr in phase II whereas the material is
optically anisotropic. To sum up the results obtained;
(i) phaSe I has the cubic face centered structure;

(ii) for HBr and HI, phase II has probably the tetragonal
face centered structure with c¢/a > 1 but the deformation
relative to phase I is not large; (iii) phase III has

é complicated structure which probably approximates

to tetragonal face centered lattice with the axial-

ratio c/a > 1.

X-ray and neutron studies by Sdndor and his coworkers

The structural analees by X-ray diffraction gave no
clue to the locatioh of the hydrogen atoms. More
reliable analyses should be made by neutron diffraction

studies, because they can also determine the positions

[4]



of hydrogen (though practically deuteron). The following
structures were determined from X-ray and neutron powder

diffraction by S4ndor and his coworkers (8713)

[Phase III]
The low temperature forms in HCl and HBr and their
deuterium analogs are isomorphous.
Lattice: Orthorhombic, B-face-centered, with
lattice parameters as shown in table 1l-2.
12 - Bb2;m.

Number of formula units per unit cell: 4.

Space group: C

Atomic positions: All atoms in x, y, 0, with
x =0, vy = 0 for the halogen; and aé in
table 1-2 for D.
The origin used for this description is not the
conventional one given in the International Tables
for X-ray Crystallography; instead, it is chosen on
a mirror plane, midway between two b-glide planes;
‘In the y directidn, where ﬁhe choice is arbitrary,
it has been taken so as to make the ybparameter of
the halogen atom zero. |
The structure is as shown in figure 1-1. All atoms
lie at special positions on mirror planes. Taken by
themselves the halogen atoms form an all—faée-centered

array, but the D atoms do not conform to this.

[5]
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TABLE 1-2. Lattice parameters (in 10710

parameters of HCl, DCl, and DBr in phase III.

m) and atomic position

a b c X Yp

DCl at 77.4 K 5.053 5.373 5.825 0.081 0.170 neutron
DBr at 84 K 5.44 5.614 6.120 0.075 0.179 study
HCL at 92.4 K 5.082 5.410 5.826 X-ray

DCl at 92.4 K 5.069 5.399 5.829

study




PHASE Il

' FIGURE 1l-1. Arrangement of the molecules
in the unit cell of the ordered orthorhombic

phase IIT of HCl, HBr, and their deuterium

analogs.

[7]
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Each D is attached to one halogen, its donor, and
points towards another halogen, the acceptor of its
Cl-D...Cl or Br-D...Br bond. The halogen atoms are
thus bonded in zig-zag chains, with an angle of about
90° between bonds, the chains.extending parallel to
the y direction, with the y components of the Cl-D

or Br-D vectors all pointing in the same sense.

The similar array of infinite zig-zag chains of
hydrogen bonds are also realized in hydrogen
fluoridefl4) The structure can be seen to be polar.
Each molecule is a dipole; since their y components
are all parallel, the crystal has a net dipole moment
or spontaneous polarization. The structure as a
whole can be reversed by an electric field, and the

material is therefore ferroelectric.

There are three possible ways in which the structure

‘might reverse direction (i.e. switching). (i) Each

molecule could change direction by 180°; this means
that the D atoms move from positions marked by small
open circles in figure 1-2(a) to positions marked by
crossed circles. (ii) Each molecule could change
direction by 90°, moving its D atoms from the small
open circles to the crossed circlesvof figure 1-2(b).
(iii) Each D atom could jump to a new>position in its

bonds, again moving from the small open circles to

[8]
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GURE 1-2. Structures of hydrogen halides.

Large open circles represent halogen atoms, and small
circles H or D, actual or average positions. Atoms
shown with heavy line are at height 0, and those with
thin lines at height 1/2. (a), (b), and (c) Effect
of switching the direction of the molecﬁle through
180° flip,}90° flip, and jumping processes,
respectively; the small crossed circles represent

the new position of H or D. (d) and (e) Relation of
the reversed chain at height 0 to the chain in the
original direction at Height 1/2; corresponding to

(a) and , (b) and (c) respectively.

[9]



the crossed circles of figure 1-2(c); it is thus
indistinguishable from (ii) in. its results. In no
case do the halogen atoms move, yet in (i) the position
of the chain has altered by a distance (a/2 + b/2),
as shown in figure 1-2(d), while in (ii) and (iii)
it has remained unaltered, as shown in figure 1-2(e).
It is not known for certain which mechanism actually
occurs in ferroelectric reversal, but all three
posibilities are relevant when we consider what happens
at the transition.

As for DI, in contrast to DCl and DBr, phase III

was found to be ordered monoclinic, space group

6
2h

The molecules form hydrogen bonded squares stacked

c.. - C2/c, with 16 molecules in the unit cell.
along the monoclinic c~axis, the directions of the
bonds alternating in successive layers. HI in phase

IIT is not ferroelectric.

[Phase II]

The structure of phase II, which is missing.in-HCl
and DCl, are isomorphous for HBr, HI, and their
deuterated analogs. It is still orthorhombic, with
a unit cell very nearly the same as in phase III,

containing 4 molecules, but its space group is now

18

oh " Bbem. The structure is shown in figure 1-2(a),

D

[10]
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FIGURE 1-3. Arrangement of the molecules

in phase II of HBr, HI, and their deuterium

analogs.
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if we allow small open and crossed circles both to
represent statistical half atoms. Each molecule has
two equilibrium orientations; one is the same as in

the ordered phase, the other opposite to it. The atomic
position parameters, and the bond lengths are almost
exactly the same as in the low temperature form.

The temperature dependence of the three cell parameters
over the III-II transition region of DBr was studied

by X-ray powder diffraction. The results are shown

in figure 1-4 together with the temperature dependence
of the unit cell vélume and density. They suggest

that III-II transition is gradual. In phase III,

the thermal expansion along a has the greatest
anomalous incréase, giving a large positive peak at

the transition; that along ¢ decreases, giving a fairly
large negative peak, while that along b has a small

but fairly sharp increase. Above the transition they
4 -1

all have constant values: = Oy = 4 x 10 ° R —,
ag = -2 x 107° kL.
[Phase I]

The high temperature form, phase I, is the same for
all the halides. It is cubic with space group
.

Oi -~ Fm3m (see figure 1-5). A detailed neutron

diffraction study of polycrystalline DCl at 111.5 K

[13]



PHASE |

FIGURE 1-5. The structure of phase I

of all the halides.

[141]



showed conclusively that the molecules were not
rotating, but that the average structure had its

D atoms distributed equally over twelve sites with
position parameters very close to those in phase III.
In phase I, the disordered moéels of 4-, 6-, and 8-
fold, and random orientation or free rotation model
are all.excluded. The cell parameters of HCl and

DCl in phase I are shown in table 1-3. It shows that

10

TABLE 1-3. Lattice parameter (in 10~ m) and atomic

position parameters of HCl and DCl.

a XD yD

neutron
DCl at 111.5 K 5.47 0.151 0.151
study
HC1 at 118.5 K  5.482 '~ X-ray
DC1l at 118.5 K 5.475 study

[15]



the unit cell of DCl is significantly smaller.
This can be interpreted as the difference of the
effect of librational molecular motion. The thermal
amplitudes are considerably greater. In fact, D-Cl
bond length in phase I (1.17 i), which is calculated
from the positional parameters of the atoms, is
considerably less than that of phase III (1.25 i).

The intermediate phase I' of HBr was not investigated
by Sadndor. Natta claimed that the phase I' of‘HBr was
a face-centered cubic phase. Recent X-ray study by

Simon(ls) also reported it to be cubic.

Single crystal diffraction studies by Hoshino

and his coworkers

[HC1]

In 1969, some evidences for the existence of a new
phase I' of HCl between 98 and 120 K were discovered
from the single crystal X-ray and neutron diffraction
experiments by Hoshino et al!l6—18) The structure

of phase I' was explained by a synthetic twin relation
of the orthorhombic lattice with thé (101) plane as
the twin boundary. Possible average structure has

the space group D;; - Bbmm or Dg - P21212l as shown

in figures 1-6(a) and (b), the former being the same

as represented in figures 1-2(b) and/or (c).

[16]



FIGURE 1-6. Two possible average structures-

for the phase I' of HCI.

[17]



However, neither structure can explain the observed
intensity of some reflections. As far as the static
structure models are concernéd, there are no posible
structure models to explain the observed data in the
phase I'. The dynamical structure models were thus
considered.

In the phase I' the molecules may also form linear
zig-zag chains as in the ferroelectric phase.
As such chains are formed at an instant, however,
they are destroyed at the next instant to form the
chains stretching in different directions. The average
life time of the chain should be much longer than the

neutron passage time (v10 13

s). Moreover, it was
assumed that the change of the direction of the chain
corresponds to the movement of the twin boundary by
means of the 90° flip of HCl molecules. The mechanism
of the movement of the twin boundary is shown in

figure 1-7. The difference of the phase I and the phase
I' is described by the difference of the length of

the hydrogen bonded zig-zag chains and tﬁe flipping

rate of molecules.
[DC1]

Neutron diffraction measurements of DCl(lg—zz) using

a single crystal revealed that such an anomalous

[18]



FIGURE 1-7. The mechanism of the movement
of the twin boundary by means of the 90°

flip.

1° = (n/180) rad

[19]



transition as obéeryed in the higher temperature

cubic phase of HCl did not occur. However, disk-like
diffuse scattering was recently found in DC1l I below
142 K at positions incommensurate with the cubic cell,
though it was not always obsefved and seemed to depend
on'the sample preparation. Single crystals grown in
quartz containers sometimes éhow anomalous behavior
such as the transition observed at 120 K in HCl.

These are explained thus to result from the influence
of external forces such as stress exerted by the
container wall on the crystal. Further, an investigation
of the phase transitions in both materials by neutron
scattering turned out to be unsuccessful largely due to
the experimental difficulties encountered in‘the growth
of single crystals, their cooling down and their
passage through the transition without fracture of the
crystal.

On the other side, the rotational vibration (i.e.
libration) of DCl molecule was investigated by analysing
anisotropic temperature factors of deuterium in the
powdex neutron diffraction measurement by Sdndor and

(12)

Farrow. A similar analysis was developped by

Hoshino and his coworkers(lg’zl)

using single crystal
diffraction data. Both results are shown in figure 1-8.

The mean angular displacements in and out of the (001)

[20]
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FIGURE 1-8. Temperature variation of mean square

angular displacements due to the molecular

libration of DCl.
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2
out

represents the molecular motion preventing the

plane are represented in the figure. <¢ > which

development of zig-zag chains in the plane (see figure 1l-

9) increases rapidly above 123 K, whereas <¢in> shows

no appreciable change with temperature. The temperature

2
out

the probability for 90° and 60° f£lip motion of the

variation of <¢§n> and <¢ > corresponds to that of

C
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FIGURE 1-9. Twelve-fold disordered structure in the
phase I of DCl. In the phase III, the deuterium
atom of the central molecule $tays at the site 1
and the central molecule ig connected with both
left and right hand side molecules so that coplanar

zig-zag chain formation is made.
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molecule, respectively. The molecular motion Was
also discussed from the NMR and NQR experiments as
will be reviewed below.

1-2-2. Infrared and Raman spéctral studies

A completely unambiguous determination of the crystal
s?ructure by spectral study is out of the question
bﬁt certain features of the structure can be obtained.
In fact, before the neutron diffraction studies of
deuteriumvhalides by Sé&ndor et al., many workers
investigéted(23—26) for the positions of the hydrogen
atoms. |

d(27).the infrared

In 1955, Hornig and Osberg observe
spectra of HCl, HBr, and HI in phase III and concluded
that the HC1 and HBr crystals are built of zig-zag
hydrogen-bonded chains. Savoie and Anderson

remeasured(zs)

the infrared and Raman spectra of HCI,
DCl, HBr, and DBr and suggested the zig-zag chain to
be nonplanar, which is in contrast to planar one
determined by S&ndor et al. Raman study by Ito et al.
indicated that the crystal structure of HCl, DCl, HBr,
and DBr in phase III is Cgv - Pn21a with four molecules
in a unit éell, and the nonplanarity of the chain is

so small that it is not sensitively reflected to the

spectra of lattice vibration region.

[23]

(29)
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The correlation diagram for the proposed crysﬁal
structure (Bbzlm) is shown in figﬁre’l—lo. It predicts
five infrared active lattice modes: three librational
modes (Al, Bl’ and Bz) and two optical transitions
(Al and Bl). Their.modes of the two molecules in a
primitive unit cell are shown in figure 1~-11.

Raman study by Ito et al. also indicated two
characteristic features in phase III: (1) Rotational

lattice vibrations have high frequencies in spite of

Molecule Site Factor
va cs C2v
| Ay
L
(TZ) Al Al
By
B
1
(T ,T.)
x' 7y E, A"
(R_,R_)
X'y Bz

FIGURE 1-10. Correlation diagram for

solid phase III.

[24]
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FIGURE 1-11. Translational and rotational lattice
vibration of the two molecules in a primitive

unit cell of hydrogen halide.
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the weakness of the hydrogen bond. (2) The intensity
of the intermolecular vibrations is about 10 times
stronger than that of libration. These were explained

(30)

by Hanamura as the effects of charge transfer

on Raman scattering. Carlson.and Friedrich measured(Bl)
the absolute absorption intensities of the infrared
active lattice modes of HCl and HBr. It gave evidence
that the molecular dipole moments are less than their
gas—-phase value as theoretically predicted by Hanamura.
The infrared and Raman spectral bandshapes of
internal vibration bénds contain information about
molecular orientation and translational diffusion.v
Raman study by Wang et a1532’33) indicated that

HC1l molecules undergo rapid reorientation in cubic

" phase at temperatures higher than 120 K, and satellite

peaks develop between 120 and 98.4 K suggesting the
evolution of a lower symmetry structure other than
the cubic.

There is one thing bothering. Infrared spectral

studies by Hiebert and Hornig(34'35)

suggested that
there are two additional phase transitions at about
25 and 10 K in phase III of HI. However, present

calorimetric measurement showed no anomaly at both

temperatures as will be mentioned below.

[26]



1-2~3. Resonance studies

The 35Cl quadrupole spectra of HC1l and DCl in phase
III were examined by Marram and Ragle536) Activation

energies for both compounds were 2.70 + 0.05 kcal mo1 ™17

in good agreement with values obtained from dielectric

relaxation measurements by Swenson and Cole(37)

(2.6 kcal mol”l). The data were discussed in terms of
some angular motion of molecule. On the other hand,

1(38)

the proton Tlp measurements by Genin et a gave

thé different activation energy of 1.4 kcal mol L.

The data were interpreted as due to 90° flip motions

of the HC1 molecules in solid III which, however,

are strongly attenuatea in that they occur with
nonequal site occupation probabilities. The fraction
of the time that a molecule spends in the 90° positions
was found to be about 0.0l near the III-I transition.

Activation energy of 2.7 or 2.6 kcal mol ™t was

interpreted by O'Reilly(39)

to be a 180° flip motion
of the molecule which occurs concurrently with the 90°
flip processes.

A single librational frequency was determined by
Okuma et alf40)

3501 and 37

as a function of temperature from

Cl NQR frequencies for HCl and DCl in phase

+ 1 keal mol™t = 4.1840 kJ mol L.

[27]
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III, the guasiharmonic treatment being used for
calculation. It does not fully account for the
temperature dependence probably becauée of the effect

of intermolecular hydrogen bonds. Another interpretation
was given by O'Reilly(39) by means of an attenuated

90° flip process of the molecule mentioned above.

A mechanism for the ferroelectric phase transition

in solid III of HCl is specified which involves the

90° as well as 180° flips of molecules.

In solid I of each hydrogen halide, two types of
molecular motion have been detected: (1) a rapid
rotational reorientation and (2) translational diffusion
of the molecules. From the second moment of the proton
and'chlorine magnetic resonance, the structure of the
high temperature phase was proposed as being a hindered
rotational one. An activation -energy of 0.7 kcal mo]_—l
for rotation was derived by Okuma et al. The self-
diffusion of molecules below tﬁe melting point causes
narrowing of proton resonance line above 130 K, with.
an activation energy of 5.6 kcal mol L.

The activation energies obtained.by different

techniques and workers are summarized in table 1-4

together with the proposed processes.

[28]
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TABLE 1-4.

Activation energies obtained by NMR and NQR methods.

The values for deuterium compounds are shown in parentheses.

substances E_/kcal mol ™t

methods workers processes

HC1

' HBr

HC1

(1.2)

(0.8)

(0.7)

|+

I+

[Phase III]

0.05 35 Marram and Ragle "some angular
} Tl of Ccl motion of
0.05) (1964) molecule"
T1p of H Genin et al. "rotation"
(1968)
1iné width of 79Br Kabada et al. "90° defect
(1970)§ motion"
[Phase I]

T1 of 35Cl and D Powles and Rhodes

(1967) "reorientation"

35

line width of Cl Okuma et al.

(1968) "rotation"

e

o et




TABLE 1-4. Continued.

_[08]

substances Ea/kcal m.ol“l methods workers processes
HC1 0.9 ' Ti of H Genin et al.
e 3 "rotation"
(0.85) Tl of D (1968)
4.4 T, of H Krynicki et al.
) "diffusion®
(1966)
5.6 line width of H Okuma et al.
: "diffusion"
(1968)
(3.9) ) Tl of H Genin et al. :
P "diffusion”
(1968)
HBr (1L.09) Tl of D Genin et al.
: "rotation"
' (1968)
(6.6) Tl of H Norris et al.
} q "diffusion"
(5.5) line width of H (1968)
6.2 Tl of H . Genin et al.
e "diffusion"

(1968)

P aat R LMD
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TABLE 1-4.

Continued.

substances Ea/kcal mol"1 methods workers processes
HI (0.97) Tl of D Genin et al. "rotation"
(1968)
6.1 Tlp of H Genin et al. "diffusion" .

(1968)

§ Kabada, P. K.; O'Reilly, D. E. J. Chem. Phys. 1970, 52, 2403.

§ Norris, M. O.; Strange, J. H.; Powles, J. G.; Rhodes, M.; Marsden, K.;

Krynicki, K. J. Phys. C 1968, 1, 422; 445.

A
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1-2-4. Dielectric measurements
Dielectric constant and loss measurements before_l957,

(42~44)

which were mainly carried out by Powles and

Cole and his coworkers$37'45_49) were summarized by

Cole and Havriliak547) Statié dielectric constants

in logarithmic scale of hydrogeh and deuterium halides

are plotted against_temperature in figure 1-12.

The activation energies from dielectric experiments
. are shown in table 1-5.

4 Ferroelectricity of HCl and HBr in phase III was
discovered by Hoshino et al. in 1967S50) Subsequent
measurement of spontaneous poralization from
pyroelectric current measurement in HCl bj Kobayashi
et alfSl) showed that the maximum value of the
polarization is 3.64 ﬁC cm—z, which can be compared
with 6.4 uC cm™ 2 calculated by using the dipole moment
of HC1l gas molecule. It was concluded that thé dipole

. moment of HCl in crystal must be reduced to half the
value of free molecule. Similar measurement for HI
was not carried out by Hoshino et al. because of
experimental restrictions. They imagined from the
close resemblance of the nature of the thermal and
the dielectric properties to those of HBr that HI is
also ferroelectric in phase III. However, recent

studies of HI by Cichanowski and Cole(49)_gave no

[32]
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FIGURE 1-12. Temperature dependence of static -

dielectric constants of hydrogen and

déuterium halides.
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TABLE 1-5. Activation energies obtained from dielectric
relaxation. The values for deuterium compounds are

shown in parentheses.

 substances . E,/kcal mo1 ™t

[Phase III]

HCl 2.6
HBr 2.7
{
1.6
(1.5)
(3.6)
HI 2.2
(202)
[Phase II]
HBr - (1.5)
HI : 3.6
(3.1)

[34]
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indication of ferroelectricity. As far as that goes,
solid HI is not isostructural to HC1l and HBr in phase

III as mentioned above.

1-2-5., Theoretical works on phase transitions

In 1947, Tisza originally suggested(sz) that the lower
ITI-II transition is due to the onset of disorder in
the dipolar direction while the molecular axes remain
parallel. The upper II-I transition is then due to

a disordering of the molecular axes. It is further
suggested that III-II transition is controlled by
dipolar forces and the II-I transition by dispersion

forces. Powles developed(53)

these idea qualitatively
and semiquantitatively. However, it was somewhat |
hampered both by the paucity of accurate measurements
and of the theoretical work available on the inter-
molecular forces in these materials. Among them,
the lack of neutron diffraction study was fatal.
In fact, the entropy of transitions was explained from
the supposed structures, which are not identical to
those of S&ndor et al. |

In 1954, Krieger and James treated(54) the phase
transitions in hydrogen halides in terms of successive

rotational or orientational transitions. . This model

consists of an array of classical rotators with

[35]
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nextneighbor coupling, the potential energy of

coupling being

E(eij) = APl(cos eij) + BP2(cos eij) (1)

where eij is the angle between the molecular axes of
symmetry. The model shows a Single second-~order
transition, a single first-order transition, two
first-order transitions, or a second-order ttansition_
followed by a first—-order transition as temperature
rises. The modification of this model was developed
by Kobayashi et alfss) in terms of a two-dimensional

rotational transition model with two sublattices of

A and B. The potential energy is assumed to have

the form
3
V=J75Z cos(dp, - ¢.) + > K I cos 2(¢p, - ¢.) (2)
(AR) i 4 (aB) 1 J
(BB)

where J and K represent the dipolar and quadrupolar
(or van der Waals) interactions, respectively.

In 1970, Hanamura indicated(SG)

that many properties
of molecules in molecular crystals of hydrogen halides
can be shown theoretically to deviate from those of

free molecules. The model proposed is that of zig-zag

chain formation by a charge-transfer process of the 7

*
electron to the ¢ antibonding state of the neighboring

[36]



molecule. The strong Raman scattering due to

intermolecular vibrations as observed by Ito et al.

(57)

can be explained. The succeeding paper showed

how essential the hydrogen bonding effects are in

phase transitions and how successive phase transitions
and ferroelectricity are induced by the intermolecular
interactions, i.e. dipole interactions, gquadrupolar

interactions, and hydrogen bonding forces.

A thermodynamical explanation for the entropies of

the lower transitions of HCl, HBr, DCl, and DBr were

(58)

attempted by Aston assuming that the change in
librational frequencies at the transitions.
This assumption, however, is not realistic as shown in

(29)

the Raman study by Ito et al. Another analysis will

be required.

[37]



b Rt
FUUTUTENRNIIEE L1 =~ Tt o
i

1-3. Purpose of the present investigation

As reviewed above, ever since the structures of
hydrogen halides were determined by neutron diffraction
studies, the phase transitions were described as
those of orientational order-disorder type in connection
with the molecular interactions. Nevertheless,
previous thermodynamical consideraﬁions are not

‘ sufficient tc elucidate the mechanism of the phase
transitions. One of the reasons may be found in the
lack of the data with high accuracy and précision.
Since the earlier measurement of heat capacity, what
is worse still, did not extend below 15 K, the heat
capacity associated with transition could nof be
Satisfactorily elucidated. A gquantitative estimate
of the disorder present in the‘crystal should bé
made from the anomalous part of heat capacity and
entropy. The analysis of thermodynamic results

‘. therefore needs reexamination particularly now that
the éonflicting conclusions have been reached from
neutron diffraction experiments for the existence
of "120 K transition” in HCl. One of the aims of
this investigation is, therefore, to improve the
heat capacity data in terms of precision_and of the
shape of anomalies in the transition regions over

the previous works. Through the thermodynamical

[38]
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analyses of the data obtained, our ultimate object
» is to try to understand the mechanism of phase

transitions in hydrogen halides.

[39]
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CHAPTER 2

Experimental
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2-1. Materials

HC1 and DC1l

HC1 in steel bomb with a claimed purity of 99.0 mol per
cent was purchased from Matheson Co., Inc. After being
dried in liquid state over phésphorus pentoxide, it was
distilled three times in vacuo. Solid HC1l with redish
pink color was not observed, which had been described
by Giaugue and Wiebefl) The final purity was 99.980
mol per cent as determined by the fractional melting
method during the calorimetry in the last series of the
measurements. Probable impurities are Hyy C12, and

POC1 the last one being one of the products of the

37
reaction of gaseous HC1l with PZOS' The presence of H2
should affect the heat capacity of HCl1l at about 14 K
as seen in the results of Clusiusfz) who estimated the
amounts of H2 from excess heat capacity. However,
present results showed no such indication (see belowi.
Total amounts of specimen used for the calorimetric
measurements were determined to be (0.20255 + 0.0002)
mol by P-V-T measurements using a calibrated volume of
the external gas-handling system. Non-ideality of HCl}
gas was corrected for by the Berthelot equation with the
critical pressure of 8.26 MPa and the critical
(3)

temperature of 324.7 K. The uncertainty in sample

amounts arising from that of the critical constants is

[45]



not more than 0.0l per cent.

DCl gas was prepared by the reaction:

sicl, + 20,0 ——> S§i0, + 4DCl (2-1)

Commercial SiCl4 and Dzo (CEA{ with an isotopic purity
of 99.84 per cent were separately outgassed and SiCl4
was transferred upon D20. The reaction proceeded slowly
in 24 hr. The DCl thus prepared was stored in the
gaseous state and subsequent purification procedures
were the same as those for HCl. The purity was 99.976
mol per cent. Amounts of specimen used were (0.21066 +

0.0002) mol, the critical constants employed being

8.26 Mpa and 323.5 k(%)

HBr and DBr

HBr (Mathesdn Co., Inc., claimed purity 99.8 mol per
cent) was dried in liquid statefovei phosphorus
pentoxide and distilled three times in vacuo.

The final purity was 99.987 mol per cent as determined
by the fractional melting method. Total amounts of
specimen used for the calorimetric measurements were
determined by P-V-T measurements to be (0.19335; #* 0.0002)

and (0.2046, +.0.0002) mol for Samples I and II,

6
respectively. NonFidéality of HBr gas was corrected

for by the Berthelot equation with the critical pressure

[46]
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of 8.56 MPa(S) and the critical temperature of 363.1
. (®)  The correction amounted to 0.8 per cent of the
total amounts.

DBr gas for Sample I was purchased from Stohler Isotope
Chemicals. Its stated isotopic purity was 99 per éent.

DBr for Sample II was prepared in the dark by the

reaction:

PBr., + 30,0 —> D,PO, + 3DBr (2-2)

3 2 3773

D20 (CEA) used had a stated isotopic'purity of 99.84‘
per cent. For both samples, purification procedures
were‘the same as those for HBr and the purity was
99.927 mol per cent. Amounts of'specimen used were

(0.0965, + 0.0002) and (0.20535 + 0.0002) mol for

3
Samples I and II respectively, the constants employed
being 8.56 MPa and 362.0 k%) The gases contaminated
‘stopcock grease (silicone) of the external gas-handling

system.

" HI and DI
HI (Matheson Co., Inc., claimed purity 98.0 mol per
cent) was dried in the liquid state over phosphorus
pentoxide and distilled three times in vacuo. The
final ?urity was 99.975 mol per cent as determined

by the fractional (intermittent) melting method.

[47]



Total amounts of specimen used‘for the calorimetric
study were determined by P-V-T measurements to be
(0.1890, * 0.0002) mol. Non-ideality of HI gas was
corrected for by the Berthelot equation with the
critical pressure ofﬁ8.40 MPa and the critical
temperature of 424.lMK56)

DI gas was prepared in the dark by the reaction:

P + 5T + 4D.0 ——3 D.PO, + 5DI (2-3)

2° 3774

D,0 (CEA) used had a stated isotopic purity of 99.84
per cent. Purification procedures were the same as
those for HI and the purity was 99.994 mol per cent.
Amounts of specimen used were‘(0.21908 + 0.0002) mol,
the critical constan;s employed being 8.40 MPa and
421.8 K54) The gaséé considefably contaminated

stopcock grease (silicone) of the external gas-handling

system.

[481]
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2-2. Calorimeter

The cryostat and adiabatic calorimeter (gold) designed
for condensed substances have been described previously$7)
A measuring circuitry includi?g the automatic adiabatic
control system was the same as reported earlier57)
except for the use of automatic data acquisition system
for temperature measurements below 5 K. 'Both before and
after the whole series of measurements of HX and DX, the
heat capacity of the empty vessel was measured beiow

300 K. The two independent measurements gave consistent

results, indicating that no permanent reaction such as

corrosion of the calorimeter had taken place.

[49]
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2-3. Temperature scales

The calorimeter is equipped with two thermometers,

a platinum resistance thermometer (Model 8164, Leeds &
Northrup Co.) to use above 14 K and a germanium
resistance thermometer (CR—lOéO,.CryoCal Inc.) to use

below 14 K. We shall now describe their calibrations.

Platinum thermometer

This thermometer was originally calibrated in 1966 by
the U. S. National Bureau of Standards based on the
IPTS-48 and NBS-55 temperature scales. The scale was
then converted to the IPTS—GSSS) In order to check
for the aging effect during the eight years,
recalibration was carried out in 1974(9) against

the triple, boiling, and sublimation points n—H2, Ne,
N2’ 02, and CO2 and also their vapor pressure scales.
However, fixed points of n—Hz’and CO, could not be
realized because of ortho-para conversion phenomenon
and insufficient heat treatment, respectively.

The results shown in.figure 2-1 suggest that the
platinum scale showed increases‘of 203 mK in 8 year's
time between 14 and 90 K. However, it was ascertained
that the slope of the scale did not change appreciably

to such an extent as to affect the heat capacity values.

[50]
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FICURE 2-1. Calibration of the platinum thermometer based on IPTS-68 against

triple (‘) and boiling (I) points and vapor pressure thermometers.

A, n—Hz; A, Ne; o, Nz; o, 02.




Germanium thermometer

The germanium scale was fixed by the 1958 4He vapor
pressure scale below 4.2 K and the 4He gas thermometric
temperature scale between 4.2 and 15 K59)

The following function was used for fitting the
calibration points by the method of least squares.
loglOR = 'Z Ai-T (2-4)

The scale could be determined to within +5 mK as shown
in figure 2-2. However, T58 scale was found to be lower

by about 0.2 per cent at 4.2 K than thermodynamic

temperature scale. This discontinuity is in agreement

" with the one reported at the 10th meeting of the Comité

Consultatif de Thermométrie (CCT) held in Paris in May
1974510) The resulting error in heat éapacity did not
exceed 0.5 per cent, which islmuch smaller than 5 per

cent in this temperature region as will be seen below.

[52]
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2-4. Heat cépacity measurements

The heat capacities of HC1l and DCl were measured

between 2 and 164 K. The temperature increments Were
about 0.3 K at the lowest temperatures and about 1 K

at 10 K. These were increased to about 2.5 K at higher
temperatures, except in the vicinity of transtitions of
HC1l and DC1l and near 120 K in HCl. Where vapor pressure
was significant, the temperature of the filling tube was
so adjusted that the calorimeter was the coldest in order
to prevent distillation of the specimen out of the
calorimeter. Thus, the top of the adiabatic shield

was made slightly warmer (up to 0.3 K) than the
calorimeter vessel. The resulting temperature drift

due to heat leakage was taken into account in calculatiné
the heat capacity. This correction did not usually
exceed about 0.2 per cent of total heat capacity.

Nd helium gas was introduced into the calorimeter vessel
for heat exchange. Equilibration times after heating
were a few seconds at the lowest temperatures, 3 min

at 20 X, and 10 min at 80 K. About 80 K; except for

the transition regions, the sample vapor helped to
improve the eqguilibration time. The calorimeter vessel
contributed ébout 60 per cent of the total heat capacity
at all temperatures covered.

The heat capacities of HBr and DBr were measured

[54]



between‘Z and 190 K. The temperature increments were
about 0.2 K at the lowest temperatures and about 1 K
at 10 XK. These were incréased to about 2.5 K at higher
temperatures, except in the vicinity of transitions.
Above 140 K, where vapor preséures were significant,
the filling tube and also the top of the adiabatic
shield were made slightly warmer than the calorimeter
vessel in order to prevent distillation. No helium
gas was introduced into the vessel for heat exchange.
The calorimeter vessel contributed not more than about
60 per cent of the total heat capacity for HBr and

DBr (Sample II) at all teﬁperatures covered. For DBr
(Sample I), the contribution increased up to about

75 per cent.

The heat capacities of HI and DI were measured
between 2 and 225 K. The temperature increments were
about 0.3 K at the lowest temperatﬁres and about 1 K
at 10 K. These were increased to about 2.5 K at higher
temperatures, except in the vicinity of transitions.
Above 150 K where vapor pressures were significant,
the filling tube and also the top of the adiabatic
shield were made slightly warmer than the calorimeter
vessel in order to prevent distillation. No helium
gas was introduced into the vessel for heat exchange.

The calorimeter vessel contributed about 20 per cent

[55]
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to the total heat capacity at the lowest temperatures.
It increased up to 60 per cent above 50 K except in

the vicinity of transitions.

[56]
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2-5. Vapor pressure measurements
The vapor pressures of the solid in phase I and the
ligquid were measured in conjunction with the heat
capacity measurements. A quartz Bourdon gage (Texas
Instruments Inc., Model l44—0i) was used for pressure
measurements. The gage was calibraﬁed against aimercury
manometer: The ratio of pressure value to gage reading
was a smooth function of the pressure to within 0.1
‘ per cent up to 105 kPa. The mean density of mercury
- at the temperature in a barometric column supported
by the pressure being measured is given by reference 8.
The gravitational acceleration at our laboratory was
taken to be 9.79695 m s—z, which had been corrected for
latitude and altitude from the value of 9.7970375 m s 2
at Osaka International Airport. The precision of
pressure measurements is +1 Pa but the accuracy is

probably somewhat less than this because of undetectable

4’ drift of null point.

[57]



2-6. Dilatometry

After measurements of heat capacity and vapor pressure
for Sample II of HBr were concluded, an attempt was
made to determine the thermal_expansion of solid HBr

by using helium gas as the dilatometric sensor between
65 and 120 K. Tﬁe volumes of the specimen and the
empty vessel were about 6 and 44 cm3, respectively.

The latter volume was separately measured as a function
of temperature after driving the specimen out of the
vessel. The equilibrium temperature and helium pressure
were measured at about 5 K intervals. To obtain the
maximum sensitivity, helium gas pressure was adjusted
to about 100 kPa, some helium gas being withdrawn
each time it tends to exceed the working range of the
Bourdon gage. Expansion of the helium gas and of the
vessel was subtracted from the measured pressure
increment to compute'the change of the specimen.

Since the precision of pressure measurement was 10
parts per million at 100 kPa, the smallest detectable

expansivity o is given by
a-ATe (v/V) = 10 parts per million, (2-5)

where AT is the temperature increment, v the volume
of specimen, and V the volume of helium gas. In the

present experiment, detectable limit of a is estimated

[581]
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to be 1.3 x 10—5 K—l. Since the expansivity of an

average molecular crystal is of the order of 10-4 Knl,

determination of the expansivity to two significant

| figures was anticipated by this experimental technique.

In fact, the volume changes ag three transitions of

HBr were observed. Quantitatively, however, expansivities
obtained were systematically amaller than those estimated
from densities by the ﬁ—ray diffraction method.

The data obtained, therefore, will not be presented.
Supposed origins of error are adsorption or desorption

of the helium gas, undetectable drift of null point

of the Bourdon gage, and inaccuracy of virial

coefficients of helium.
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CHAPTER 3

Thermodynamic Properties of

. HC1l and DC1
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3-1. Heat capacity

The experimental results without curvature corrections
are listed in chronological order in‘appendices 3A and
B for HCl and DC1, reséectively. smoothed values of
the heat capacity of the soliés are given in table 3-1.
Strictly speaking, what was measured was the heat
capacity under the saturated vapor pressure, which is -
commonly denoted by Cqe However, the difference
beﬁween Cg and Cp is negligibly small because the
pressures are low in the measured temperature range.
Above 130 K, corrections for the vaporization of HCL
or DCl, which occurred during the heat capacity
measurements, were significant (about 0.1 per cent

at 130 K). Quantities relevant for these corrections
were evaluated as follows. The vapor volume in the
calorimeter vessel was calculated by using 1.469 and
l.45 g cm™> for the density of ac1 1) at 107 ® ana

at the triple point, respectively, and the liquid
(2)

‘density by Kanda. Density of solid and liquid DCl

was assumed to be larger by 3 per cent than that of

HC1 on the basis of the X-ray diffraction data at

118.5 K(3) and the molecular weight. The heat capacity
of the gasés calculated from the spectroscopic data(4)

is close to (7/2)R in the temperature range where the

values were required. The total corrections amounted

[62]



TABLE 3-1. The heat capacity of -solid HC1 and DCL

ol at rounded values of temperatures.
T Cy
X IR Tmo1™t
HCl | DC1
2 0.0052 0.0053
® 3 ~0.0179 ~0.0180
. 4 0.043 . 0.044
| 5 0.088 0.090
6 0.161 ~0.167
8 0.429 0.439
10 . 0.920 0.944
12 1.647 1.678
15 3.101 3.133
20 5.980 - 6.014
| 25 8.870 - 8.956
® 30 11.54 11.72
35 13.89 14.24
40 15.94 ~ 16.54
45 17.77 v18.65
50 19.43 | 20.63
55 20.98 22.51
60 22.46 24.31
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TARLE 3-1. Continued.

E, JKT;mol .......
HCL DCL
65 23.88 26.03
70 25.27 27.68
75 26.69 29.30
80 28.16 30.93
85 29.75 32.62
90 31.59 34.45
55 34.20 36.49
100 . 39.99 38.86
110 41.45 44.74
120 42.93 26.11
130 44.43 47.50
140 . 46.04 48.94
150 48.00 50.80
153 48.84 52.00
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to at most about 3 per cent of‘the total input energy.
The results for HCl and DCl are shown in figures‘3—l
and 3-2, respectively. Both solid HCl and DCl have
one isothermal phase transition. A discussion of
other "transition" at 120 K iﬂisolid HC1l will be given
below. -
The measured heat cépacities of solid HC1l and DC1l
are campared with earlier results in figures 3-3 and
3-4, respectively. The results are plotted as differences
from a smooth curve corresponding to the values given
in table 3-1. The deviation of the present results from
the smooth curve, which indicates the precision, is +5
per cent at the lowest temperatures, which decreases
to less than +0.5 per cent at 10 K, +0.1 per cent above
20 X, and +0.2 per cent at higher temperatures.
Giauque and Wiebe's results for HCl(S) are systematically
lower than the present results by about 1 per cent below
80 K, but the differences are within the combined limits

(6)

of error. Results of Clusius are similar to those

of Eucken and Karwat57) Both results, however, were
fairly scattered and different from ours. Four results
agree well at about 20 and 90 K, which approximately
correspont to the temperatures of liquid hydrogen and

liquid air. Below 15 K, the results to be compared with

ours are only those of Clusius. Their results are in

[65]
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excess of our smoothed heat capacities by more than
20 per cent, which can't be plotted in figure 3-3.

It was explained to come from 6.25 mol per cent of H2
as an impuritny) |
Heat capacities of DCl have ‘been measured above 15 K
by Clusius and Wolffg) A comparison of their results
with present results shows agreement in absolute value

only at about 20 K. At othet temperatures, however,
they are systematically lower than oursT

A more sensitive comparison in the lower temperature
region can be made by use of equivalent Debye
temperature @D, whose temperature dependence for 3Ny
degrees of freedom is shown in figures 3—5 and 3-6
for HC1l and DCl, respectively. The Debye temperature
curves for HCl and DCl are almost supefimposable below
about 25 K although the former is consistently higher
by a factor of 1.008. Above 25 X the DCi curve declines

more rapidly.

+ It is probably significant to note that Clusius gave,
compared with ours, iarger values in the case of HC1 and

smaller values in the case of DCl.
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3~2. Vapor pressure

Measured vapor pressures of the solid HC1 and DC1l are
tabulated in the second column of tables 3-2 and 3-3,
respectively. The results were fitted to the Antoine

equation as follows by the method of least squares;

HC1 loglO(P/Pa)

= =911.31(K/T)+9.1875+0.004313 (T/K) (3-1)

DC1 loglO(P/Pa)

= ~1079.74 (K/T)+11.5304~0.003896 (T/K) (3-2)

Deviations from equations 3-1 and 3-2 are included in
tables 3-2 and 3-3, respectively. Fitting of the

results was also made to equations of the form
109y, (p/Pa) = -A(K/T)+B (3-3)

The resulting coefficients A and B are given in table
3-4, where they are compared with values reported by
others. A-comparisbn with earlier results of solid
HC1 is shown plotted in figure 3-7 as differences from
equation 3-1. The difference probably arises not only
from the vapor pressure value but also from the
temperature scale used.  Therefore, a comparison of
triple point pressure should be also referred to.

' (5)

In fact, Giauque and Wiebe's pressures are

systematically higher than ours below the triple point,
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T P . p-P(eq. 3-1)
Solid
131.983 0.713  0.002
134.459 0.976 -0.001
137.181 1.366 -0.002
139.873 1.881 ~0.005
142.540 2.562 ~0.002
145.177 3.442 0.003
147.787 4.564 0.008
150.366 5.969 1 0.006
152.914 7.724  0.007
155.392 | 9.862 0.019
155.432 9.877 - =0.005
156.618 11.080 . 0.005
157.402 11.9é8 ~-0.024
157.794 12.364  -0.018
Liguid

160.600 15.744

161.040 16.283

162.913 18.909

165.205 22.543
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TABLE 3~3. Vapor pressures of DCIl.

[75]

- L T
T P . P=P(eq. 3-2)
o E ;;‘; .... kPa
Solid
134.086 0.892 -0.011
136.802 1.285 0.012
139.485 1.786 0.023
142,125 2.395 ~-0.002
144.738 3.195 ~-0.016
147.314 4,212 -0.025
149.856 5}492 ~0.022
152.355 7.081 0.003
153,052 7.584 0.008
154.876 8.981 -0.044
155.214 9.361 0.043
156.782 10.764 -0.020
157.029 11.089 0.057
Liguid
159.542 13.832
159.808 14.058
161.797~ 16.631
164.039 19.855



TABLE 3-4. Coefficients A and B for the vapor

pressure equation:

loglO(P/Pa) = -A(K/T)+B
A B
HC1
present work . 1002.24 10.4424
Ciaugque and Wiebe (1928)%  1011.46  10.5068
Rarwat (1924)°  1026.95  10.6023
pCl
Present work 996.94 10.3929

From reference 5.

b From reference 9.
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whereas their pressure at the triple point is lower
(see table 3-6). As a whole, present results for solid
HC1l are in agreement with those of Giauque and Wiebe
.and Karwatfg)

As for solid DCl, the other measurement reported
near the triple point is only one by lewis et al.flo)
which is about 150 Pa larger than ours. -Isotope effect

of vapor pressure of the solids may be represented by

the following equation led from the type of equation 3-3.

loglO(PHCl/PDCl) = -5,30(K/T)+0.0495 (3-4)

Lewis et al. gave fairly different equation:

1OglO(PHCl/PDCl) = -57.7(X/T)+0.387 (3-5)

Their results on solid DCl consist of only four measured
points above 152 K and equation 3-5 shows that

PHCl = PDCl at 149 K, whereas our experimental results

indicate that P > P

HC1 above 130 K.

DC1
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3-3. Enthalpy of fusion and transition

The heats of fusion and transition were measured in the
usual way of starting the heat input at a temperature
somewhat below the melting or the transition temperature
and terminating the input when the temperature had risen
somewhat above. A correction for the prdT was applied.
The results for fusion are given in table 3-5.

Other measurements are also included for the saké of
comparison. In the series XIV both for HCl and for DC1,
the fusion was done in stages and measurements of the
equilibrium temperatures and pressures were determined
likewise. The results are given in table 3-6.

The triple points of pure HCl and DC1l, given as

(159.052 + 0.005) and (158.410 + 0.005) K, respectively,
were estimated from a plot of the equilibrium temperature
against the reciprocal of the fraction melted;

From this plot, amounts of a 1iquid—soluble solid-
insoluble impurity were also estimated. The triple
poiné pressure of DCl calculated from the smoothed vapor
pressure is not in good agreement with the measured
vapor pressures. In either event, however, Clusius and
Wolf's result is lower than ours. The results for
isothermal phase ﬁransitions are given in table 3-7.

The enthalpy of DCl obtained by Clusius and Wolf is

about 3 per cent smaller than ours. Entropies of the

[79]
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Series T .T2 .H(T2X~H(Ti) AHf
no. X K Jmol t Jmol ™t
HC1
XIII  157.402 - 161.040 2181.0 1970.9
XIv®  157.794 - 160.620 2133.6 1970.0
Average 1970.5
Giaugque and Wiebe (1928}b 1981.6
Fucken and Karwat (1924)% 2110.8
DCl
XIII  156.782 - 159.808 2128.1 1944.6
XIv®  157.029 - 159.542 2097.6 1945.3
Average 1945.0
1979.9

(801l
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TABLE 3-5. Continued.

a . . . .
In- this series, the fusion was done in stages.
b
From reference 5.
c
From reference 7.
d

From reference 8.
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Fraction T P
e melted. ..o Koo ka
HC1
0.344 158.988 13.82
0.619 159.019 13.87
0.757 . 159.022  13.89
1 0.895 159.028 13.90
(1.000). 159.030+0.002  13.899%
T (pure HCL) N 159.052+0.005
Rossini et al. (1952)° 158.94
Milosavljevié (1949)° 159.34 13.791
Clusius (1941)¢ 158.9 13.81240.001
Giaugue and Wiebe (1928)8- 158591ip.05 13.83

Eucken and Karwat (1924)f 159.

Rarwat (1924)9 159.34 13.79
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TABLE 3-6. Continued.

Fraction T .. P
meTtad. e o e
Cl
0.330 158.325 ~12.50
0.598 158.365 . 12.60
0.813 158.377 12.59
0.948 158.380 12.59
(1.000) 158.383+0.002  12.478%

Te (pure DC1)
Clusius and Wolf (l947)h

Lewis et al. (1934)7

158.41040.005
158.44 12.17

158.2

a . .

The value obtained from
b -

From reference 13.
c

From reference 14.
d ' 6

From reference 0.
e .

From reference 5.
£ From reference 7.

From reference 9.
h

From reference 8.
i

From reference 10.

smoothed vapor presSure equation.
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TABLE 3-7. The enthalpy of transition of HC1 and DCL1.

Series ..Tl ‘,Tz ‘ H(TZXeH(Tl) . H{100)-H(97)
no. R R Jmolfl Jmol—l
HC1
1r? 97.313 = 100.233 1295.5 1297.4
11 97.062 - 100.584 1317.2 1296.2
v 97.310 - 100.330 1298.7 1297.1
' 97.089 - 101.353 1347.3 1296.4
Average _ 1296.8+40.6
Ttr AHtr
K Jmo1”t
Present work | 98.67+0.01 118s5.
Giaugque and Wiebe (1928)b ' 98.36+0.05 1190.
Eucken and Karwat (1924)¢  98.75 1229,
Rossini et al. (1952)9 98.38
Clusius (1929)° 98.9
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TABLE 3-7. Continued.

-
Series Tl T2 .H(TZ)aH(Tl) H(106)~-H(103)
no. Koo Reooooon e Jmo]_..‘..l. Jmolnl
DC1
Ix 103.809 - 106.475 1500.4 1514.0
111% 103.153 - 105.784 1500.0 1514.3
v? 102.574 - 106.378 1547.5 1513.5"
" v 103.530 - 105.820 . 1489.5 1514.6
. v
Average 1514.0+0.6
Ttr AHtr
K Jmol”l
Present work : 104.63+0.01 1386.
Clusius and Wolf (l947)f/ 1i05.03 1339.
a

In this series, the transition was done in stages.

b

From reference 5.

From reference 7.
a

From reference 13.
e

From reference 6.
£

From reference 8.

[85]



PRI P e

L S i

latent heat part of transitions were determined to

1 -1

be (12.02 + 0.01) and (13.25 + 0.01) J K ~ mol

for HCl1l and DCl, respectively.
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3-4., 120 K transition in HCL

The heat capacity measurements of HC1l near 120 K

consist of three series. 1In the series I and IXI,

the temperature increments were about 1 K, so as not.

to overlook any small heat anémaly. These were
increased to about 2.5 K in the series XIII.

In an attempt to determine the heat capacity of single
crystal HC1l, the data (series I) shown by filled

circles in figure 3-10 were obtained after the following
heat treatment; the sample was solidified at 159 K

in 100 min, maintained at 157 K for 4 hr, and cooled
down to 113 K at a raﬁe of -0.03 K min—l, where the
measurements of heat capacities were commenced upwards.
The open circles (series III and XIII) in figure 3-8

are considered to correspond to the heat capacity of
polycrystalline sample because the sample was once
cooled down below 98 K. The heat capacity curve is
smooth and continuous throughout the temperature range
between 98 K and the triple point and there is no
anomaly at or near 120 K. The supposedly single crystal
also gives essentially the same heat capacity as the
polycrystalline specimen. Both showed good agreement
with the results by Giaugue and Wiebe within the combined
1limits of error. If we overloocked a small heat anomaly

at 120 K, its corresponding entropy would amount to

[87]
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®10—3 J Knl molnl at most. To amplify whatever anomaly

‘there may be at 120 K, a plot of differential heat

capacity is shown in figure 3~ 9. One may thus safely
conclude that the "transition" at 120 K, if any, can't

be seen by the heat capacity measurements.

(891
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3~-5, Thermodynamic functions.

The thermodynamic functions of HCl and DCl were calculated
from the smoothed heat capacity values and other data
described above. The contribution bf the heat capacities
below the lowest temperature was.estimated by a smooth
extraporation, which was negligibly small. The results
are given in tables 3-8 and 3-9 for ﬁCl and DC1,
respectively. The entropy of liquid HC1l at triple point

1 ..-1

was calculated to be 76.79 J K —~ mol ~—, which is in

good agreement with 76.57 J k1 mo1™t obtained by

(5)

Giauque and Wiebe. The entropy of liquid DC1l at the
triple point, however, was 81.02 J kL mo1™t in contrast
1 -1 (8)

with 79.36 J K = mol ~ by Clusius and Wolf.
This discrepancy arises from the difference in the
results of the heat capacity and-transition enthalpy

measurements as shown above.
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TABLE 3-8. Thermodynamic functions of HCL1.

p 8% (my -8y LrC(ry=uC Yy YT . 2{e° () ~-r%(0) }/T

K I tmo1”t JKflmol‘ 1 A JK_“lmol 1
Solid
10 0.274 0.212 0.062
20 2.296 1712 0.584
30 5.793 4.079 1.714
40 9.745 6.520 3.225
50 13.69 8.764 4.925
60 17.50 10.80 6.705
70 21.18 12.67 | 8.512
80 24.74 14.42 10.32
90 . 28.24 16.12 : 12.12
100 43.88 29,82 - 14.06
110 47.76 | 30.81 ~ 16.95
120 . 51.43 31.76 19.67
130 54.93 32.68 v _22.25V
140 58.28 33.58 24.70
150 61.52 34.47 27.05
159.0 64.40 35.36 ‘ ©29.04
Ligquid
159.0 76.79 47.75 29.04
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o 8% (my=eCoy [ EC (Y= oy e 216 (1) ~uC (0) /T
o ; T S FETO L e IK 'mol
Solid
10 0.281 0.217 0.064
20 2.329 1.735 0.594
30 5.866 4.129 1.737
40 9.919 6.648 3.271
50 14.06 9.046 5.014
60 18.15 11.29 6.863
70 22.15 13.39 8.763
80 26.06 15.38 10.68
90 29.90 17.29 12.61
100 33.75 19.22 14.53
110 51.05 33.95 17.10
120 55.00 34.90 20.10
130 58.74 35.81 22.93
140 62.31 36.70 25.61
150 65.75 37.58 28.17
158.4 68.74 38.49 30.25
Liguid
158.4 81.02 ' 50.77 30.25
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_T- j‘.Cp‘. _T_ . Cp .
K el K 3K mol
52,358 20.15

Series I 53.318 20.44
114.067 42,05 54.282 20.76
115.065 42.20 55.250 21.07
116.059 42.38 56.223 21.35
117.049 42.48 57.201 21.64
118.035 42.60 58.177 21.94
119.016 42.87 59.150 22.20
119.993 42.92 60.129 22.44
120.968 . 42,95 61.118 22.82
121.938 43.15 162.116 23.05
122.905 43.28 63.127 23;34
123.868 43.49 64.149 23.68
124.829 43.72 65.185 23.92
125.786 43.83 66.273 24.22
126.739 | 44.00 67.415 24.54
127.688 44.07 68.572 24.86
| 69.734  25.23
Series II 70.904 25.53
51.390 . 19.85 72.080 25.86
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Appendix 3A. Continued.
T Gy T <,
K ox mert K J% mol™
73.264 26.17 101.426 40.21
74 .457 26.53 102.608 °~  40.38
75.651  26.88 . 104.113  40.61
@ 76.847 27.23 | 105.770 40.88
| 78.044 27.62 107.413 41.09
79.441 27.98 109.042 41.24
81.035 28.45 |

82.074‘ 28.77 Series I1I
83.652 29.31 78.717 = 27.77
85.260 29.86 ~80.230  28.20
86.892 130.39 81.720  28.66
88.535 31.12 83.078 29.12

@ 90.164 31.69 84.619 29.65
© 91.780  32.38 . 86.237  30.11

93.384 33.16 ~ 87.828 30.72
94.973 34.35 89.395 31.28
96.539 36.12 90.948 31.96
97.677 41.70 92.529  32.64
Transition 93.739 33.28
100.575 20.13 94.549 33.80
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Appendix 3A. Continued.

T oy T c,
X lee™ K 3K mol
95.363  34.48 116.476  42.28
96.172 35.29 117.490 | 42.50
96.818 36.04 118.517 42.55
® 97.302 . 37.58 - 119.538 = 42.84
97.771 41.97 120.555 42.90
98.173 75.16 121.568 43.17
Transition 122.569 = 43.21
100.213 39.97  123.552 43.49
101.131 40.09 124.524  43.62
102.380 40.33 125.493 43.82
103.774 40.49 126.456 44.00
105.162 40.68 127.432 44,04
106.539 40.97 128.519  44.24
108.077 41.14
109.775 41.41 “ Series IV
111.293 41.64 : Transition,
112.505 41.82 Continuous Heating
113.528 41.84
114.500 42.03°
115.482 . 42.29
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Appendix 3A. Continued.

B A N L T R S T N i et ot by g B e

T C_.. R C._.

_ P _ p
K I8 tmo1™t K I8 tmo1 ™t
3.531 0.0303
Series V 3.946 0.0430
Transition, 4.364 0.0605
Continuous Heating 4.765 0.0821

Series VI

2.067 0.00548
2.351 0.00858
2.658 0.0132
3.014 0.0188
3.412 0.0270
3.825 1 0.0360
4.231 0.0518
4.613 0.0712 .
Series VII
2.120 0.00601
2.428 0.00952
2.760 0.0139
3.129 0.0213
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Series VIII

2.128

2.440

2.737

3.043

3.355

. 3.668

3.991
4.343

4.732

0.00607
0.0100
0.0136
0.0180
0.0245
0.0347
0.0456
0.0586

0.0784

Serijies IX

4.178
4.564

4,997

0.0461
0.0653

0.0827




Appendix 3A. Continued.

_'-I'— ..... C.p, . . _'I—‘ .Cp,

R 0K molto K 9K ‘mol”
5.491 0.1199 13.220 2.194
6.066 0.1621 14.339 2.751
6.700 0.2352
7.429 0.3377 Series XI
8.280 0.4845 8.884 0.6082

9.630  0.8137
Series X 10.446 1.0693
4.365 0.0552 11.359 1.3956
4.749 0.0757 12.342 1.7902
5.188 0.0959 13.355 2.241
5.734 0.1403 14.396 2.744
6.344 .0.1948 15.311 3.278
7.010 0.2710 16.168 3.731
7.665 0.3648 17.046 4,211
8.265 0.4787 17.961 4.763
8.910 0.6194 18.902 5.316
9.623 0.8070 19.831 5.864
10.367 1.0433
11.184 1.3359 Series XII
12.140 1.7008 14.482 2.846

1991
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B
. i]_f‘_ ..... ' .C.p : ) E . .C.p. )
K aKmerTho o K 9K ol
15.478 3.368 36.380  14.501
16.466 . 3.883 37.489  14.964
17.423 4.453 38.615  15.412
® 18.398 5.015 39.864 15.875
19.378 5.619 41.134  16.363
b 20.382 6.183 42.354  16.815
21.428 6.787 43.609 17.257
22.492 7.410 . 44.849 - 17.729
23.543 8.054 46.107 18.142
24.592 '8.628 47.411  18.583
25.650  9.235 48.755  19.023
26.728 9.805 50.343  19.542
| 27.808 . 10.388
® 28.872 10.942 | Series XIII
29.926 11.520 102.363  40.30
30.975 12.037 105.168 40.80
32.038 12.547 107.625  41.10
33.117 13.044 110.054 41.48
34.198 13.525 © 112.608  41.70
35,285 14.009  ° 115.283  42.14
»
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Appendix 3A. Continued.

. E ...... C o . E Cp‘ :
R oxTmol k9K molT
117.925 42,63
120.537 43.10 Series XIV
123.124 43.37 | 156.005 51.35
125.687 43.87 -~ 157.206 56.67
128.224 44.20 Fusion
130.738 44.61 161.756 58.06
133.221 44,95 -+ 164.059 58.15
135.820 45.32 .
138.527 45.86
141.206 46.22
143.858 46.60..
146.482 47.20 .
- 149.077 47.77
151.640 48.49
154.173 49.22
156.417 51.25
Fusion,

Continuous Heating

. [101]
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E ...... C.p.'. . -‘.'E'- ...... C S
K JR lm°lf¥5 ................... K3;,_,JK_lle '

74.807  29.25

Series I 76.311 29.76

50.421 20.81 77.839  30.25

® 51.560 21.20 79.393  30.73

. | © 52.707  21.63

53.883 22.09 Series II

55.111 22.56 76.981  29.92

56.393 22.99 78.629  30.47

57.719 23.50 . 80.336  31.03

59.048 23.97 ~ 82.052  31.61

60.365 24.47 . 83.779 32.19

61.697  24.92 85.489  32.82

‘@ 63.074 25.37 87.223 33.42

64.486 25.86 88.994  34.19

65.910 26.33 " 90.750  34.79

67.347 26.80 92.507  35.48

68.821 27.26 94.267  36.16

70.321 27.79 96.032 = 36.92

71.819 28.27 . 97.797  37.80

73.314 28.75 99.550  38.62
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Aiopendix 3B. Continued.

O s
_T- ...... C.p.. .']_'.‘- . ...C,p”
..... kK mol™ K I molt
101.279  39.65 101.570  39.74
102.973 41.78 102.627  40.60
Transition, 103.651 46.10
. _ Continuous Heating ' Transition
| 106.284  44.22
‘ Series III 107.283  44.38
79.737 30.79  108.278  44.58
81.433 31.38 109.268  44.68
83.115 31.95 110.256 . 44.74
84.797 32.45 111.240 44.86
86.493 33.12 112.514  45.06
88.160 33.86 - 114.266 - 45.34
| 89.849 34.37
"‘ 91.591 35.09 : Series IV
93.348 35.76 97.758  37.74
95.120 36.52 99.600  38.70
96.894 37.28 100.991  39.33
98.331 38.03 102.048  40.13
99.422 38.50 103.090 . 41.53
100.502 39.09 103.985  50.99
]
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Appendix 3B. Continued.

................................................

. E . ,Cp. . . E[‘- C.p
....... k  mat™ kK hmol™
Transition
105.982 44.31 Series V
106.873 a4.27 Transition,
107.861 44.48 Continuous Heating.
108.844 44.64
109.824 v 44.64 Series VI
110.898 44.94 | 1.985 0.00516
112.160 45.03 2.254 0.00786
113.610 45.20 2.569 0.0111
115.244 45.49 ' 2.886 0.0163
116.940 45.73 3.189 0.0219
118.851 45.97 3.484 0.0286
120.746 46.21 . 3.787 0.0382
122.629 46.38 4.076 0.0446
124.500 46.68 ©4.391 0.0584
126.359 47.01 . 4.764 0.0783
128.205 47.21  5.180 0.1055
130.037 47.42 |

Series.VII

2.051 0.00542
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Appendix 3B. Continued.

. E‘_ o o
K 9K mol’t K IK 'mo1”"
2.322 0.00840
2.655 0.0117 Series IX
2.968 0.0171 4.514 0.0649
3.280 . 0.0228 4.886 0.0853
3.584 0.0325 5.269 0.1147
'3.895 0.0429 5.720 f 0.1393
4.240 0.0554 6.242 0.1942
4.649 0.0727 6.858  0.2526
5.134 0.1038 7.611  0.3662
Series VIII Series X
2.096 0.00580 4,340 0.0500
2.382 0.00920 4.696  0.0716
2.695 0.0132 5.100 0.0971
3.019 0.0178 5.520 0.1277
3.331 0.0247 5.996.  0.1650
3.635 0.0306 6.489 0.2191
3.949 0.0438 7.036 0.2865
4.303  0.0571 7.713  0.3945
'8.521 - 0.5541

[105]



K TR TmolTho K ;K‘lmol_l
9.393 0.7575 19.565 5.763
10.287 1.0431 |
11.236 1.3771 " Series XII
12.232 1.7818 © 14.261 2.737
13.244 2.226  15.165 3.247
14.273 2.732  16.121  3.764
17.166 4.357
Series XI 18.193 4.968
8.393 0.5069 19.129 5.508
9.191 0.7025 20.062 6.069
10.003 0.9423 21.040 - 6.694
10.885 1.2448 21.995 . 7.198
11.849 1.6161 22.899 7.733
12.857 2.049  23.872 . 8.309
13.861 2.529 24.961 8.934
14.806 '3.053 26.101 9.585
15.743 3.556 1 27.256  10.207
16.672 4.079 28.408 10.846
17.601 4.608 29.565 ~ 11.473
18.565 5.168 30.734  12.109
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T c T c,
K .folmolf; .................... Koo JK}%mQ;f;
31.891 12.705 135.444 48.23
33.043 13.274 . 138.143 . 48.73
34.230 13.863 140.805 49.13
35.452 14.459 143.431 49.38
36.677 15.042 146.026  49.87
37.913 15.607 148.585  50.47
39.162 16.164 151.106 51.04
40.429 16.731 . 153.615 52.68
41.720 17.288 155.829 55.21
43.0427 17.837 Fusion,
44,397 18.406 | Continuous Heating
45.789 18.975 o
47.223 19.535 Series XIV
48.654 20.12 154.133 53.54
50.145 20.64  1s6.121 60.21
Fusion
Series XIII 160.670 | 61.11
127.813 47.18  162.918 61.05
130.337 47.54
132.842°  47.91
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CHAPTER 4

Thermodynamic Properties of

HBr and DBr

' [108]



4-1. Heat capacity

The measured heat capacity values are presented as

Cp in appendices 4A and B for HBr and DBr, respectively.
Curvature corrections were not applied, but may be
computed from the values since each series is results
of continuous measurements. The smoothed values at
rounded temperatures are given in table 4-1.

Above 140 K,.corrections arising from vaporization
of HBr or DBr were significant. Relevant quantities
for such corrections were evaluated as follows.

The density of solid HBr in phase I was obtained from
the X-ray data ™) at 120, 130, and 140 X, and the
liquid density from Strunk and Wlngate( )
Densities of DBr were assumed to be identical to those
of HBr. The heat capacity in the gaseous phase is
(7/2)R in the temperature range required.

The results for HBr and DBr are plotted in figures
4-1 and 4-2, respectively. Solid HBr has three
transitions with a tail extending down'to lower
temperatures. In contrast, solid DBr has two gradual
transitions. Such an isotope effect is not seen in
other hydrogen halides.

The measured heat capacities of solid HBr and DBr
are compared with earlier results in figures 4-3 and

A-4, respectively. The results are plotted as

[109]



TABLE 4-1. The heat capacity of solid HBr and DBr

at rounded values of temperatures.

z I
X IR tmo1™t
HBr DBr

2 0.0151 0.0156
3 0.055 ~0.055
4 0.141 ° . 0.138
5. 0.296 0.292
6 0.537 0.533
8 1.374 1.337
10 2,634  2.634
12 4.262 4.198
15 6.846 6.792
20 10.90 10.90
25 14.20 14.34
30 - 16.75  17.12
35 18.79 19.46
40 20.47 21.56
45  22.00 23.43
50 23.46 25.28
55 24.98 27.14
60 26.71 | 29.21
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TABLE 4-1. Continued.
K JK "mol
HBr DBr
" 65 28.68 31.38
70 31.10 33.81
75 34.33 36.80
80 - 39.28 40.94
85 49.80 47.25
90 62.55
95 41.57 46.72
100 43.67 47.84
110 50.50 53.56
120 45.09
130 45,24 49.16
140 45,81 49.77
150 - 46.65 50.56
160 47.69 51.58
170 48.94 53.12
180 50.62

[111]
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FIGURE 4-1. Heat capacity of HBr.
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FIGURE 4-2. Heat capacity of DBr.
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FIGURE 4-3. A comparison of heat capacity results for solid HBr. o, present
{

results; +, Giauque and Wiebe;3) A, Eucken and Karwat54)

A/per cent = [Cp(obs.)—Cp(smooth)] x 100 / [Cp(smooth)]; where Cp(smooth) is
given in table 4-1.
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FIGURE 4-4. A comparison of heat capacity results for solid DBr. o, present
results; e, Clusius and Wolffs) , | . :
A/per cent = [Cp(obs.)—cp(smooth)] x 100 / [Cp(smooth)], where Cp(smooth)-is
given in table 4-1. -



differences from a smooth curve corresponding to the
values given iﬁ table 4-1. The scatter of our measured
points of solid HBr is +5 per cent at the lowest
temperatures, +0.5 per cent at 10 K, +0.1 per cent
above 20 K, and +0.2 per cent at higher temperatures.
Near the transitions, it increased up to *1 per cent
because of small temperature increments.: Since the
amounts of DBr in Sample I are small, the scatter is
somewhat larger than that of HBr. For both HBr and
DBr, two samples gave identical results within the
- extent of scatter except for two points at about 2.5 K
in the Series X of HBr Sample I, which showed larger
values by some tens of per cent than the smooth heat
capacity. They obviously come from poor manual control
of adiabatic condition at the lowest temperature.
Giaugque and Wiebe's results for HBr are in agreement
with the present results within the combined limits
of error. Eucken and Karwat's and Clusius and Wolf's
resultsbindicated the similar systematic deviations
as reported for HC1 and DC1l, respectively.
A more sensitive comparison in the 1owér temperature
region is made by use of equivalent Debye temperature
@D, whose temperature dependence forv3N degrees of
ffeedom is shown in figures 4-5 and 4-6 for HBr and‘

DBr, respectively.
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The Debye temperature curves for HBr and DBr are
almost superimposable below about 20 XK although
the former is slightly lower near 8 and 12 K.

Above 22 K the DBr.curve declines more rapidly.

3
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4-2. Vapor pressure

Measured vapor pressures of the solid and liquid HBr
(Sample I) and DBr (Sample II) are listed in tables
4-2 and 4-3, respectively. The results were fitted to

the following equations by the method of least squares;

HBr log,,(P/Pa)

= -520.14(K/T)+3.9279+0.018146 (T/K) (4-1)

DBr loglo(P/Pa)
= -786.73(K/T)+6.8945+0.009893 (T/K) (4-2)

Deviations from equations 4~1 and 4-2 are included in -
tables 4-2 and 4-3, respectively. A comparison with
the results reported others is given in table 4-4.
The differences are appreciable: for example, at 177 K,

(6)

McIntosh and Steele's results show a pressure

higher than ours by 9 kPa, Henglein's reSults(7)
a pressure lower by 70 Pa. The results of Bates et al.,
which consist of only 3 points for both solids, indicate
no isotope effect in contrast to present results.

The equations 4-1 and 4-2 indicate that a plot of
log P against T_l has such a slope that increases
at higher temperatures. One of possibilities that

might give such an'effect would be decomposition of

hydrogen bromide, to release some hydrogen in the vapor

phase. However, there were no indications of decomposition
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TABLE 4-2. Vapor pressures of HBr .

(121]

T P P-P(eq. 4-1)"
‘E EE; kPa
Solid
150.506  1.619 0.023
153.018 2.019 ~0.001
155.512 2.521 ~0.021
158.017 3.154 ~0.034
'160.507 3.943 ~0.036
162.976 4.915 ~0.025
165.423 6.104 0.004
165.432 6.122 0.017
167.865 7.558 0.052
170.304 9.250 0.045
172.721 11.300 0.064
175.143 " 13.761 0.077
177.518 16.513 -0.046
179.866 20.002 0.054.
179.869 20.012 0.059
181.907 23.352 ~0.057
183.919 27.304 -0.059
184.262 28.140 0.043
185.595 30.975 ~0.151
185.605 31.079 - -0.071




©

Continued.

TABLE 4-2.
T P P-P(eqg. 4-1)
E E;; kPa

Liquid'
187.360 34.500
187.449 34.906
189.271 38.865
189.363 - 39.342
189.375 39.380
191.241 44,244
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TABLE 4-3. Vapor pressurés of DBr.
T P P-p(eq. 4-2)
E‘ ;;; .kPa ' 1
Solid »
156.027 2.494 0.007
158.498 3.153 -0.001
160.949 3.959 -0.010
163.383 4.946 -0.015
165.844 6.178 ~0.007
168.326 7.695 0.007
170.828 9.556 0.027.
173.347 11.798 0.025
175.879 14.518 0.021
. 178.437 17.741 -0.071
181.037 21.914 0.049
183.300 26.012 -0.037
Liquid -
186.881 33.439

[123]



RN~

TABLE 4-4. Coefficients A and B for the vapor

LI pressure equation:

loglo(P/Pa) = -A(K/T)+B

A B
HBr
‘ ‘. Present work ©1035.12 10.0556
Bates et al. (1935)°2 1103 10.434
. .
Henglein (1923)% 1138.6 10.631
McIntosh and Steele (1906)° 807 8.92
DBr
Present work : 1069.80 10.2457
Bates et al. (1935)2 1103 10.431
a From reference 8.
b From reference 7.--
c From reference 6...
¥

[124]



in the temperature drift of heat capacity determinations
nor in the purity determination at the triple point
which was conducted after all the vapor pressure

measurements had been concluded.

[125]



PR T A RARE | Bdecud vadie R e - @i At -~ BRSO,

4-3. Enthalpy of fusion

The results for fusion experiments are given in

table 4-5. A correction for the prdT was applied

to compute the enthalpy of fusion AHf from cumulative
enthalpy H(T2)—H(Tl). Measuréments by other workers
are also included for the sake of cqmparison.

The mean values of the enthalpy of fusion of HBr and
DBr obtained were (2398.7 + 1.0) and (2369 + 4) J mol”
respectively. The rather large uncertainty in DBr
comes from smallness of amount of specimen used as
Sample I.

The triple points of pure HBr and DBr, given as
(186.500 + 0.004) and (185.64 + 0.01) K respectively,
were estimated from a plot of the equilibrium
temperature against the reciprocal qf the fragtion
melted (see table 4-6). Although the melting was
broader in DBr bécause of largér amount of impurities,

this plot was approximately linear. .

[126]
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~ TABLE 4-5. The enthalpy of fusion of HBr and DBr.

Series Tl T H(Tz)—H(¢l) AH

Sample e 2 =T fl
no. - K. | K Jmol Jmol
HBr
I XXIIT  185.595 — 187.360 2502.1  2398.9
I XXIV® 185.605 - 187.449  2505.4 2397.7
Ir v 186.099 - 188.478  2538.4 2399.4

Average 2398.7 + 1.0

Giauque and Wiebe (1928)° 2406

Eucken and Karwat (1924)€ 2594 .

DBr
I X1II® 182.593 - 186.762 2616.0 2369
T XIV 1182.790 - 186.585  2590.4 2365
II x2 183.300 - 186.881  2579.9 2372
Average 2369 + 4
Clusius and Wolf (1947)d 2403
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- TABLE 4-5. Continued.

a . . . s
In this series, the fusion was done in stages.
b E '
From reference 3. .
c
From reference 4.
d

From reference 5.
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TABLE 4-6. .The triple

point of HBr and DBr.

Fraction P
Sample - —
melted K kPa
HBr .
I 0.134 186.416 32.79
/ 0.319 186.453 32.88
0.504 186.467 32.98
0.688 186.476 33.03
0.874 186.482 33.10
(1.000) 186.484 + 0.002  33.31°
IT 0.245 186.440
0.464 186.462
0.684 186.477
0.902 186.483
(1.000) 186.484 + 0.002
‘T (pure HBr) 186.500 + 0.004
Giauque and Wiebe (1928)° 186.24 * + 0.05
Eucken and Karwat (1924)c 187.0
Clusius and Wolf (1947)¢

33.1
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TABLE 4~-6. Continued.

Fraction T | P
Sample : - —_—
melted K kPa
DBr
I 0.251 185.269
| 0.376 185.414
0.495 185.450
0.609 -  185.491
0.735 185.505
0.891 = 185.528
(1.000) 185.548 + 0.005 -
II 0.300 185.343 . 30.16
0.561 185.474 30.73
0.819 185.527 30.96
(1.000) 185.548 + 0.005 30.91°
T, (pure DBr) 185.64 "+ 0.01 .
' Clusius and Wolf (1947)¢ 185.62 30.9
a

The value obtained from smoothed vapor pressure equation.
From reference 3.
From reference 4.

From reference 5.

[130]



4-4. Transitions in solids
Details of thermél behavior of a phase transition
maf be manifested by the enthalpy change through the
transition region. Figure 4-7 refers to the transiﬁion
between phase III and II and figure 4-8 to that bet&een
phase II and I including phase I' of HBr.
The different series of results were normalized on
the high temperature side of transitions. The transition
temperatures were then determined froﬁ the point at
which the rate of change of enthalpy with temperature
is a maximum. | |

In the lower transition of HBr or DBr, the time
to reach equilibrium after heating was off became
an hour or more. At each such point, the rate of
change of temperature with time was followed for 40
min, the results fitted to a first-order rate law,
and the equilibrium temperature (T,) obtained by
extraporation. The temperatures plotted were determined
in this way. In HBr, the time required to come within
0.001 K of T _ was about 40 min. Transitions were found
to be continuous.

The upper two transitions of HBr obviously differ
from each other in equilibration time. On the low
temperature side of the transition at 113.60 K it

requires a very long time; In fact, the time required
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FIGURE 4-7. Enthalpy change in the region phase III + phase II of HBr and DBr.

The different series of measurements are normalized on the high temperature

side of transitions. HBr Sample I: [o, (I); A, (XIII)]. HBr Sample II:

V, (II). DBr Sample I: [e, (VI); A, (VII)].
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HBr Sample I: [o, (XIV); A, (XV), V, (XVI)]. HBr Sample II:
O, (III). DBr Sample I: [e, (VIII), A, (IX)]. |

[133]




until T-T_ becomes 0.001 K was estimated to be about
5 hr from the observation during an hour in contrast
to 20 min in the transition at 117.00 K. The upper
transition of DBr is a discon?inuoué one with a tail
to lower temperature side. The calorimetric studies
of the transitions are, however, complicated by the

occurrence of hysteresis(g) because the geometry of

calorimeter vessel and the method of heating inevitably

cause non-uniform heating of the specimen. Therefore,

there is some ambiguity in the order or type of transition’

to be specified by the experimental results.
The enthalpy changes of the transitions measured are

shown in tables 4-7 and 4-8 for III-II and II-I

transitions, respectively. 1In the transition at 117.00 K

of HBr, AH could be unambiguously estimated because

tr
of its sharpness. It is 4.5 per cent smaller than

(3

the value of Giaugue and Wiebe.
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TABLE 4-7. The enthalpy of transitions between phase III

¢ and II of HBr and DBr including the "normal" part of
heat capacity.
Series T T H(T,)-H(T,) H(90.5)-H(88.5).
g 1 2 2 1
ample —_— =T =T
no. X K Jmol Jmol
® HBr
' I % 88.268 - 90.702  399.0 373.2
* I XII11® 88.506 -~ 90.308 365.2 373.5
II I 88.955 ~ 90.089 316.9 372.1
II 112 88.714 - 90.791 367.3 . 372.0
‘Average 372.7 + 0.8
Ttr
: ' K
Present work 89.53 + 0.01
Giauque and Wiebe (1928)° 89.2
Eucken and Karwat (1924)°. - 90
s .
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TABLE 4-7. Continued.

T

Series Tl 5 H(Tz)—H(Tl) H(94.5)~H(92.5)
Sample — ——7 - =T
no. K K Jmol Jmol
DBx
I vi2 92.450 - 94.760 402.7 " 385.7
I vii® 92.678 - 94.387 363.5 384.9
I VIII 91.823~ -~ 94.265v 429.7 384.2
I IX 90.821 - 94.405 511.0 385.4
Average  385.1 + 0.9
Ttr
K
Present work | 93.67 + 0.01
Clusius and Wolf (1947)¢ 93.5
2 1In this series,‘the transition was done in stages.
b From reference 3.
¢ From reference 4.
4a

From reference 5.

[136]
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TABLE 4-8. The enthalpy of transitions between phase II
and I of HBr and DBr including the "normal" part of

heat capacity.

Series T e H(T,)-H(T,) H(118)-H(113)

[137] B . i . - . N [ .,.n.;._..,.....__i....,..... .

4‘_3'.«4',,‘. o asn

- Sample -1 2 =T =T
no. K : K Jmol Jmol 1
HBr (II~I)
I XXI = 113.143 - 118.165 855.1 855.4
Series T T H(T,)-H(T,) H(115.5)-H(11l3)
5 1 2 2 1
ample —_— -7 -
NO. .. .. XK .. . K Jmol' Jmol
HBr (II-I')
I XIv® 112.508 - 115.344  404.9 385.9
I xv®  113.185 - 115.517 376.0  385.1
I ~ XVII 113.152 - 115.289  366.7 386.1
I XX 112.967 - 115.366 380.1  385.4
II IIT® 113.041 - 115.725 395.7  386.0
Average 385.7 + 0.4
'Ttr
................................... K .
Present work | 113.60 + 0.01
Giauque and Wiebe (1928)° 113.4
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TABLE 4-8. Continued.

Series T T, H(T,)-H(T,) H(118)-H(115.5)
1 2 2 1
Sample —_— =T =T
no. K K Jmol Jmol ,
HBr (L'~I)
I XIv®  115.344 - 117.466 453.7 - 469.6
I xvi®  115.704 - 117.923  455.3 469.4
I XVIII 116.710 - 117.481  380.3 469.5
I XIX 116.273 - 117.745  415.6 468.8
II  IIT®  115.725 - 117.733  445.5  469.3
Average  469.3 + 0.5
Ttr v AHtx
K , Jmol ™t
Present work 117.00 + 0.01 - 343
Giaugque and Wiebe (1928)°  116.8 359

[13s]
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' TABLE 4-8. Continued.
Series Ty T, H(T,)-H(T;) H(121)-H(118)
Sample — . —) =T
no. K K Jmol - Jmol
DBr (II-I)
I VIII® 117.484 - 120.930 898.7  868.7
I IXa 118.062 - 121.409  886.8 870.1
@ 1 X 118.058 - 120.956 865.1 870.7
i\ I XI .117.926 - 120.735 860.5 869.0
Average = 869.6 + 1.1
Ter
..... K
Present work 119.96 + 0.01
| Clusius and Wolf (1924)% 120.26
In this series, the transition was done in stages.
From reference 3.
From reference 5.
.
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4-5. Thermodynamic functions

The thermodynamic functions of HBr and DBr were
calculated. The contribution of the heat capacities
below 2 K was evaluated by a §mooth extraporgtion.
The results are given in tables 4-9 and 4-10 for HBr

and'DBr, respectively. ?he entropy of liguid HBr and

DBr at the triple points was calculated‘tb be 95.88

1 1

mol
-1

and 101.78 J X , which are slightly different

from 96.46 J K T

1 m.olml by Clusius and Wolf, respectively.

mol by Giauque and Wiebe and 100.17
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TABLE 4-9. Thermodynamic functions of HBr.

L |
T s°(m-s°(0) {E°(m)-r°(0)}/T -{c°(T)-m°(0)}/T
K IK Lmo1 ™t JK Tmo1~t IR Tmo1™t
| - Solid _
10 . 0.857 0.653 - 0.204
20 5.080 - 3.736 1344
o 30 10.70 . 7.179 fﬁ  3.524
v 40  16.07 ©10.07 , 6.002
50 20.96 12.45 .. 8.510
60 . 25,52 - 14.54 10.98
70 29.93 16.58 : 13.35
80 34.54 -  18.83 - 15.71
91 44.05 25.59 18.46
100 48.02 . 27.06 . 20.96
110 52.46 28.84° . 23.62
-2 115 57.02 | 32,07 - 24.95
120 62.02  35.62 . 26.40
130 65.64 36.35 . 29.29
140 69.01 ~37.00 - 32.01
150 72.20 . 37.62 | 34.58
160 75.25 38.21  37.04
170 78.18 38.81 . 39.37
¢
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TABLE 4-9. Continued.

s b

T s® (1) -s°(0) {H°(T)-B°(0) }/T ={c°(T)-H®(0)}/T
K IK Imo1™t IK tmo1"t IK tmo1™t
180 81.02 39.41 ' 41.61
186.5 83.02 40.01 43.01
Liquid

186.5 95.88 - 52.87 ‘ 43.01

- [142]



TABLE 4-10. Thérmodynamic'functions of DBr.

T s°(r)-s®(0) (m%(m-u°(0)}/T ~{6°(T)-E°(0) }/T
X IR Tmo1™t K mor™t I tmo1™t
Solid |

10 0.843 0.643 7 0.200

20 5.209 | 3.715 . 1.495

30 10.89 * 7.216 3.674

40 16.44 | 10.27 _ 6.179

50  21.66 12.90 . 8.763

60 26.60 15.28 11.32

70 31.44 | 17.59 13.86

80  36.37  20.01 ~ 16.36

90 42.07 23.19 ° 18.88
100 50.83 29.15 .  21.68
110 55.63 - 31.08" o 24.55
121 66.91 39.26 27.65
130 70.43 39.94 . 30.49
140 74.09  40.62 ' 33.48
150  77.55 41.25 36.30
160 ' 80.84 41.86 | 38.98
170 - 84.01 42.48 41.53
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TABLE 4-10. Continued.

- 2{&°(T)-u°(0) }/T

- 1144]

T s®(r)-s®(0) " {8°(T)-E®(0)}/T
K I tmo1™r . gxlmor™t IK tmo1™t
180 87.15 43.17 43.99
185.5 89.01 43.72 45.29
Liquid
185.5 101.78 -~ 56.49 45.29
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Appendix 4A. Measured heat capacities of HBr.

T c. T . c
- =t = =
K JK “mol K JK "mol

103.913  45.73
- Sample I - 105.106 46.50
Series I 106.286  47.40
84.173 46.70
85.428 50.92 i _Series 1T
86.621 56.80 11.232 3.633
87.733 66.23 11.753 . 3.991
88.726 86.40 12.444 4.639
89.350  357.7 13.153 - 5.226
90.108  167.71 13.820 5.840
91.357 40.56 14.446 6.323
92.663 40.92 - 15.048 6.911
93.961 41.11 15.627 7.394
95.245 41.68 16.191 7.886
96.517 42.17 16.758 8.356
97.778 42.71 17.333  8.819
99,027 43.18 17.918 9.326
£ 100.266 43.74 18.543 9.785
101.493 44.43 19.208 10.293
102.709 45.07 | |
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Appendix 4A. Continued.

[147]

.
T c: T c

K e K IR Imo1”
Series III 25.099  14.265
11.792 4.078 |  25.884  14.691
12.607 4.765  26.680  15.111
13.373 - 5.433 . 27.475 15.526

e 14.077 6.002° 28.270  15.919
v 14.724 6.589 29.065  16.312
15.329 7.150  20.868 - 16.702
15.914 7.622 30.677  17.041
16.485 8.128 ©31.493 17.413
17.046 8.597 32.320  17.723
17.602 . 9.052 133,157 18.070
18.188 9.527 34.008  18.413
18.825  10.028 34.873  18.735

9 19.504 10.535 ©35.756  19.068
20.210 11.067 36.657  19.365

21.006 11.621 37.582  19.673

21.859 12.212 38.532 © 20.00

22.691 12.770 39.480  20.30

23.506 13.311  40.403  20.61

24.307 13.790  41.328  20.88

A

Y



Appendix 4A., Continued.

:I'_ oo C T (o]

K. .. .. JK Tmo1~t K . JK tmo1t
42.257 21.15 4.362  0.1904
43.191 21.44 5.007  0.2888
44,129  21.72 ' 5.546 0.4181
45.075 22.03 1 6.016 0.5294
46.027 22.30 ° 6.494  0.6882
46.989 22.57
47.961 22.85 Series VI
48.943 23.16 6.005 0.5215
49.936 23.44 6.416  0.6587

50.942 23.78 6.931 0.8545
51.960 24.06 7.494  1.106
8.068  1.431
Series IV '8.648  1.739
2.569 0.03381 9.269 2.136
9.963 }'2.615v
Series V 110.783  3.229
2.631 0.03652 11.768 . 4.044
2.954 0.05181 13.012  5.104
3.269 0.07354 |
3.704

10.1099 -

[148] (.
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Appendix 4A. Continued.

. R
T -ic";l T -1C _
K . JK mol..' ........ K ..JK “mol
Series VII 5;936 0.5226
7.499 - 1.113 ~ 6.552 0.6887
'8.138 1.449 7.152 0.9679
® 8.788 1.832
S . 9.483 2.280° . series X
' 10.265 2.839 ~ 1.722  0.01056
11.181 3.555 1.995  0.01519
12.208 4.402 2.254 0.02564
13.345 5.421 | 2.502  0.05462
2.710 . 0.05842
Series VIII ' 2,999 .~ 0.05765
3.856 0.1196  3.453°  0.08328
£.276  0.1764  3.859  0.1349
‘. . 4.694 0.2418 |
5.138 0.3177 - Series XI
5.561 0.4128  4.340  0.1951
4.633 0.2351
Series IX '
4.978 10.2963 Series XII
5.392 0.3798 - - 51.066  23.72
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Appendix 4A. Continued.

« .
o

T c T c
K IK Tmo1™t K IK Tmo1™t

51.612  23.92 71.520  31.93
52.393 24.17 72.440  32.54
53.356 24.51 73.348 33.08
54.416 24.77 74.244  33.75

' 55.457 25.11 75.128  34.42
56.480 25.46 76.000  35.16
57.484  25.80 76.861  35.86
58.505 26.14 77.711  36.71
59.542.  26.53 78.548  37.58
60.563 26.93 79.374  38.65 |
61.602 27.37 80.187  39.51
62.660 27.76 80.989  40.68
63.702 28.18 _:81.777- 42.03
64.728 28.57 82.551  43.43
65.739 °  29.01 ©83.312  44.99
66.736 29.44
67.718 29.92 Series XIII
68.689 30.35 83.617  45.50
69.645 30.97 84.187  47.27
70.589 31.41 48.93

[150]
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Appendix 4A. Continued.

95.729

88

[151]

T Y . T .c.

K. . IR Imol T . X. . 7K Imo1~1
85.297 50.91 96.750 42.37
85.835 53.13 97.800 42.57
86.360 55.56 98.917 43.27
86.864 '58.97 100.438 . 43.93
87.351 62.88 *~ 102.118  44.84
87.829 67.59 103.578 45.60
88.285 74.60 | 105.013‘  46.52
88.713 84.47 . 106.598 47.64
89.104 101.62 1 108.327  48.96
89.386 249.9 110.024 ~ 50.54
Transition 111.686  52.46
89.734 244.7 113.009 = 131.09

' 90.069 58.51 " rransition

90.587 40.90 114.575  59.68

91.143 40.85 116.124 57.38

91.697 40.77 Transition
92.248 £ 40.98 117.228  352.3
118.324 ° 45.02
Series XIV 120.036 45,16
41, |




T : .—.l. . .- . E . .-l -
K ... JK™mol = ... ... .. K. ... JK “mol ™
Series XV |  Transition
110.346  50.65  117.137 = 223.6
110.987 51.42 117.595 ;f 45.02
111.622 52.35 , - 118.250 1 M44.98
112.251 53.16 = 118.905 i"45.1o
112.875 54.16 ~ 119.557  45.29
113.375 133.41
Transition A Series XVII
114.040 80.23 . II-I' Transition,
114.596 56.78 o ContinuouSvHeating
115.207  52.97 | |
115.824 53.59 Series XVIII
116.435 55.29 I'-I Transition,
| | Continuous Heating
Series XVI
114.128 49.33 ~Series XIX
114.764 50.75 '~ I'-I Transition,
115.392 52.18 Continuous Heating
116.001 53373' |

116.591 59.63
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Appendix 4A. Continued. .

E C .-.l.C. . .-l . -'I-.‘. S -.lC : -
K. ..., JK “mol . .. K. .. JK "mol ™

Series XX 141.661 45.92
II-I' Transition, 144.191 46.17
Continuous Heating 146.717 '46;35

149.241 46.65

Series XXI ) 151.762  46.75
II-I Transition, 154.265 47.04
Continuous Heating 156.765 47.31

159.262 " 47.53

Series XXII ~ 161.741 47.93
118.908 45.14 | 164.199 48.15
120.364 = 45.09 166.648 48.48
121.956 - 45,07 169.084 48.74
123.682 45.17 171.512 49.17
125.581 45.17 173.920 49.51
127.752 45.18 176.330 -50.00
130.084 45.21 178.692 50.05
132.402 . 45.34
134.703 45.41 Series XXTIIX
136.990 45.68 180.888 - 50.84
139.264 45.72 . 182.913

[153]
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Appendix 4A. Continued.

T . L . T ... C .
XK . JK tmo1™t K. ... IK Imo1 T

184.758 55.08 _ ' 57.497  63.50
Fusion, 88.005 69.62
Continuous Heating 88.483 78.11
188.316 58.50 88.926 91.57
- 89.291  128.95

Series XXIV : Transition

184.933 59.74 89.667 336.2
Fusion | 89.972 r. 74.20
188.406 59.53 90.495  41.02
190.308 59.93 - 91.086 40.84

91.676 40.89

- Sample II -

Series I : Series III
III-II Transition, ~  110.400  50.93
Continuous Heating 111.011 51.23

111.618  52.34

Series II - 112.218  52.65

85.850 53.30 . 112.779  53.88
86.417 55.90 . 113.301  54.50
86.966 58.77 ' ‘Transition
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..................................................

p p

K...... IR L™ TR IR o1t
113.645  353.9 | Series V
113.941 75.44 1.835  0.01120
114.419 54.60 . 1.849 0.01210
114.940  51.79 2.002  0.01489
115.464 52,57 2.210  0.02099
115.985  53.75 . 2.448 0.02880
116.499 55.79‘,, - 2.757 0.04187
116.861  224.5 3,122 0.06321

. Transition 3.481 = 0.09060
117.416 44.96 | 3.916  0.1320
118.048 44.94 |

, Seriés VI

Series IV | 1.842  0.01140
171.630  49.35 ~2.045 © 0.01605
175.101  49.48 2.282  0.02334
178.538  50.27 ?. 2.511  0.03129
181.634 51.03 ‘ 2.803 - 0.04314
184.566 ' 62.21 . 3.158 1 0.06532

Fusion | 3.522  0.09309

3.880 . 0.1273
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~Appendix 4A. Continued.

i “Tﬁﬁjlﬁ:f E‘ "Tﬁ;ilftf
K JK "mol K JK “mol
4.263 0.1726
Series VII
1.824 0.01142 
® 1.988 0.01516
v 2.202 0.02120
2.542 0.03232
Series VIII
3.902 0.1274
4.293 0.1705
4.652 0.2276
4.969 0.2833"°
9 5.292 0.3435
5.637 0.4228
5.980 0.5208
6.374 - 0.6429
6.879 0.8756
7.456 ‘1.105
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Appendix 4B. Measured heat capacities of DBr.

z % TS
K JK tmo1™t X IR tmo1™t
Series II
- Sample I - 1.884 0.01267
Series I | 2.053 0.01767
1.887 0.01367 2.278 _  0.0231
2.090 0.01763 2.542  0.0345
2.310 0.0256 2.788  0.0434
2.595 . 0.0348 3.038 ~  0.0559
2.899 0.0471 3.292 0.0761
3.209 0.0648 3.533 0.0992
3.492 0.0818 3.782  0.1178
3.760 0.1047  4.045 0.1501
4.027 0.1308 - 4.295  0.1816
4.282 '0.1654 ‘4.561  0.2128
4.544 0.2064 4.840 0.283
4.814 0.259 5.145  0.336
5.105 0.310
5.432 0.388 Series III
5.816 ' 0.485 1.901 0.01484
6.257 0.626 2,119 1 0.01950

[157])
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~ Appendix 4B. Continued.

K JK "mol K JK "mol
2.608 0.0373 9..741 2.453
2.870 0.0484 110.722 3.187
3.154 0.0680 11.735 3.961
3.428 0.0838
3.707 - 0.1093 Series V
3.984 0.1415 5.821 0.464
4.256 0.1861 6.287 0.603
4.530 0.225 6.797 0.783
4.827 0.271 7.484 1.072
5.152 0.347 8.329 _ 1.511
5.525 0.419 9.247 . 2.093
5.581 0.430 10.226 2.797

11.233 3.561

Series IV 12.319 4.458

5.677" 0.420 13.346  5.263
6.102  0.536 14.231  6.077
6.578 0.697 15.103 6.865
7.142 0.942 15.985 7.651
7.883 1.274 16.895 8.417
8.786 1.787 17.853 9.249

[158]




Appendix 4B. Continued.

C

Nl

T : :
K IK o1t IK tmol”
18.886 10.008 66.130  31.96
20.021 10.884 67.167  32.43
68.202 . 32.87
Series VI 69.232  33.30
49.947  25.28 ° 70.262 © 33.97
50.975 25.83 71.303  34.50
51.992 26.03 72.356 . 35.12
53.002 26.32 73.422  : 35.85
54.005 = 26.75 74.500 = 36.49
55.000 27.09 75.595‘ ‘ 37.20
55.985 27.54 76.703  38.09
56.972 27.99 77.819  38.85
- 57.964 28.31 78.927  40.01
58,961 28.78 80.021 - 40.96
59.961 29.26 81.102  42.12
60.967 29.69 82,166} 43.27
61.984 30.08 183.210  44.53
63.010 30.56 84.239  45.89
- 64.046 31.00 85.236  47.95
65.089 31.35

- [159]
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Appendix 4B. Continued.

z _Tr‘ie_____l_ z —
K JK "mol K JK "mol
87.070 51.62 78.357  39.36
87.863 53.71 79.456 - 40.40
88.553 56.10 80.538  41.45
89.192 58.67 81.608  42.67
89.818 61.66 ~ 82.662  43.77
90.431 65.11 183.702  45.16
91.029 69.14 84.720  46.85
91.613 76.19 85.701  48.55
92.175 84.42 86.636  50.41
1 92.706 98.95 87.513 52.24
93.186  131.12 88.294  55.17
93.516  433.0 88.974  57.35
Transition 89.542  60.16
94.117  197.0 ©90.098  63.40
94.451  57.54 90.702 = 67.05
95.089 46.73 91.293  71.73
91.864 . 78.92
Series VII 92.411  89.26
76.139  37.45 92.923   108.31

38.44 93.354

77.246
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. Appendix 4B. Continued.

_'1_' - C 3 cpv.
K IK Imo1™t K I Imo1™t
Transition '108.707  52.61
93.793 404.6 110.075 53.69
94.143 108.58 111.440 54.78
94.777 47.65 112.803 55.83
95.609 46.69 * 114.162 57.46
115.504 59.32
Series VIII 116.825 61.14
III-IXI Transition, 0 118.123 66.74
‘Continuous Heating 119.050 324.6
94.763 47.84 Transition
95,791 46.72 120.432 80.39
96.887 46.95 121.441 49.89
98.054 47.41 122.635  49.15
99.297 47.65
100.596 = 48.08 Series IX
101.923 48.61 III-II Transition,
103.280 49.21 Continuous Heating
104.645 50.03 95.062 46.93
105.997 50.99 96.280 47.02
107.348 51.79 97.439 47.04

[161] .



Appendix 4B. Continued.

z _ % _ S
K I8 tmo1™t K IR mo1™t
98.678 47.36 122.092  49.11
99.976 47.77 o
101.289 48.28 Series X
102.621 48.80 II-I Transition,
103.962 49,52 -~ Continuous Heating
105.302 50.44 | |
106.654 51.27 Series XI
108.014  52.05 II-I Transition,
109.373 53.08 . Continuous Heating
110.719 53.97 1121.482 49.00
112.064 55.22 122.969 48.92

113.415 56.99 124.573  48.90
114.761 58.39 126.291  48.98
116.094  59.68 128.119  49.04
117.408 61.90 130.058  49.18
118.446 ~  72.82 131.983  49.15
119.035  261.5 133.898  49.40

Transition 135.799 49.50
120.153  216.6 137.709 49.62

120.896 49.48  139.696 49.73
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. Appendix 4B. Continued.

T c, T c
K IR Tmo1” K IK Tmo1”

141.724 49.91 54.492 14.04
143.734  50.00  © 25.538  14.66
145.823 50.28 26.594 15.27
147.985 50.36 27.626 15.84
150.134 50.50 28.619 16.39
29.579 16.90
| Series XII 30.511" 17.37
11.547  3.836 31.439 17.82
12.506 4.642 32.385 18.27
13.529 5.523 33.372 18.74
14.578 6.504 34.432 19.22
15.586 7.343 35.542 19.68
16.559 8.195 36.633  20.17
17.492 8.979 37.690 20.53
18.459 9.768 38.718  21.03
19.475 10.529 39.731 21.39
20.565 11.341 40.738  21.81
21.605 12.08 . 41.743 22.22
22.532 12.72 42.741  22.53
23.481 13.37 43.749 22.97
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~ Appendix 4B. Continued.

K JK “mol K JK "mol
44.779 23.35 . 187.638 = 62.60
45.832: 23.76
46.911  24.21 . series XIV
48.018 24.61 Fusion,
‘.f 49.190 25.02 *© ‘ ContinuousiHeating
Series XIII | : - Sample II -
152.399  50.80 . Series I
155.004 51,10 48.438  24.66
157.619 51.15 . 50.176  25.34
1160.266 51.60  52.039  26.05
162.920 51.93 53.839  26.73
165.553 52.26 . 55.581 | 27.40
B 168.189  52.67 57.272  ’28.08
| 170.826 53.63 58.913  28.75
- 173.464 54.09 60.510  29.42
176.103 55.10 62.067  30.09
178.736 56.62 63.738  30.81

181.324 63.85

Fusion

[164]
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Appendix 4B. Continued.

T | c T <,
K ‘JK“lmol-l K IK tmo1™t
Series II 3.892  0.1208
1.880 0.01197 4.217  0.1620
2.122 . 0.01796 4.569  0.2156
2.428 0.0268 4.958  0.2871
2.819 0.0431 + 5.378  0.3822
3.148 0.0610 | |
3.421 0.0825 Series IV
3.713 0.1118 1.879  0.01320
4.056 0.1534 2.129 ~ 0.01903
4.401 0.1918 2.415  0.0295
4.833 0.2787 2.717  0.0390
| 3.014  0.0548
Series III 3.327 0.0729
. 1.888 0.01274 3.651  0.1000
2.126 0.01885 3.983  0.1318
2.401  0.0276 4.343  0.1774
2.707 0.0400
3.004 | 0.0529 | Series V
3.297  0.0727 4.710  0.2274
3.590 0.0949 5.186 0.3174
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Appendix 4B. Continued.

: % T
K IK tmo1 L K IR tmo1™t
5.708 0.4307 12.306 4.451
6.270 0.5978 13.278 5.327
6.870 ° 0.8181
' ‘Series VIII
Series VI N 8.125 1.4010
4.870 0.2528 8.844 1.8518
5.356 ©0.3488 9.546 2.308
5.880 0.4906 10.269 2.825
6.436 0.6629 11.043 3.440
7.032 10.8947 11.881 4.129
7.725 1.2129 12.812 4.934
13.816  5.745
Series VII ’ |
7.417 1.0609 Series IX
8.048 1.3795 157.262 = 51.25
8.664 1.7312 159.723 51.47
9.297 2.148 162.166  51.79
9.957 2.614 164.613  52.31
10.655 3.147 . 167.085  52.60
11.428 3.752 169.577' . 52.98
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Appendix 4B. Continued.

[167]

K JK “mol K ~JK "mol T
172.087 53.67
'174.613 54,32
177.158 56.34
179,737 57.10
182.169 64.00 -
Fusion
188.179 62.15




CHAPTER 5

Thermodynamic Properties of

HI and DI

[168]
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5-1. Heat capacity

The measured heat capacity values are chronologically
presented as Cp in appendices 5A and B for HI and DI,
respectively. Curvature corrections were not applied.
The smoothed values at roundeé temperatures are given
in table 5-1. Above 150 K, corrections arising from
vaporization of HI or DI were significant. Relevant
quantities for such corréctions were evaluated as
follows. The density of solid HI in phase I was

obtained by interpolation of the X-ray data at 125 g (1)

and at triple pointfz) The liquid density was taken

from McIntosh and Steele$3) Densities of DI were
taken to be identical to those of HI. The heat
capacity in the gaseous phase is (7/2)R in the
temperature range Where.the values was required.

The results for HI and DI are plotted in figures
5-1 and 5-2, respectively. The measured heat capacities
are compared with earlier results in figures 5-3 and 5-4
for HI and DI, respectively; in terms of the differences
from a smooth‘curve corresponding to the values given
in table 5-1. The scatter of our measuréd points is
+3 per cent at the lowest temperatures, decreasing £o
+0.5 per cent at 10 K and to +0.1 per cent above 20 K.

It increased, however, up to +0.2 and +l1 per cent at

higher temperatures and near the transitions, respectively.

'[169]



TABLE 5-1. The heat capacity of solid HI and DI

at rounded values of temperatures.

= ‘“Tﬁ;ilfif
K JK “mol
HI DI

2 0.0282 1 0.0267
3 0.100  0.094
4 0.261 0.251
5 0.559 0.545
6 1.023 1 0.996
8 2.447 2.414
10 4.358 4.365
12 6.496 6.501
15 9.649 9.741
20 13.97 14.13
25 17.08 17.37
30 19.40 19.91
35 21.38 22.24
40 ' 23.30 24,68
45 25.44 | 26.77
50 27.98 29.35
55 31.28 32.33

60 36.11 36.03
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TABLE 5-1. Continued.
: e
K JK ‘mol
HI DI

65 44.83 40.95
70 — 48.68
75 36.34 —
80 37.26 43.85
85 38.63 43.92
90 40.24 45.16
95 41.89 46.75
100 43.78 48.60
110 48.74 53.04
120 56.65 59.96
130 44.94 48.66
140 45.03 48.37
150 45.41 48.25
160 45.84 48.21
170 46.32 48.39
180 46.86 48.67
190 47.52 49.30
200 48.21 50.09
210 49.23 50.69
217 50.47 51.21
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A/per cent = [Cp(obs.)-cp(smooth)] x 100 / [Cp(smooth)], where Cp(smooth) is

given in table 5-1.
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Giauque and Wiebe's results for HI are in good
agreement with the present results withih the combined
limits of error. Some of their points near 175 K
showed a broad hump probably due to distillation heat
effects. Euckeﬁ and Karwat's(s) and Clusius and
Wolf's(e) results are strongly scattered and deviate
from ours as reported for other hydrogen halides.

A comparison in the lower temperature region is made

by use of equivalent Debye temperature OD' whose
temperature dependence for 3N degrees of freedom is
shown in figures 5-5 and 5-6 for HI and DI, respectively.
The Debye temperature curVesvfor HI and DI agreed only

between 10 and 15 K: The latter is consistently higher

below 10 K and declines more rapidly above 15 K.

[176]
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5-2. Vapor pressure

Measﬁred vapor pressures of the solid and liquid HI
and DI are listed in tables 5-2 and 5-3, respectively.
The results for solids were plotted as log P against
T-1 in figure 5-7. MeasuremeﬂtS'by other workers are
also included for the sake of comparison. Our results
for both solids and McIntosh and Steele's results(7)
for-HI indicate that the slope decreases at lower
temperatures. In contrast, Henglein's results(a)

for HI, which consist only of three points, are
approximately colinear in this plot. One of
possibilities that might give such an effect would be
existence of permanent gas, which is supposed to be
hydrogen as one of decomposing products. Estimated
amounts of permanent gas are 900 and 410 Pa at 180 K

for HI and DI, respectively. However, no corrections

" for the pressure values obtained were made; There were
no indications of decomposition_in the temperatﬂre drift-
of heat capacity determinations nor in the purity
‘determination at the triple point which was conducted

after all the vapor pressure measurements had been

concluded.
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TABLE 5-2. Vapor pressures of HI.

T P T P
X kPa - K kPa
Solid _ . Liquid
180.905 4.180 223.505 53.152
183.515 4.822 224.188 = 55.145
186.097 5.615
188.670  6.559
191.220 7.688
193.821 9.051 .

196.399  10.665
198.972  12.556
201.566  14.796
204.205  17.459
206.825  20.531
209.432  24.076
212.009  28.126
214.565  32.722
217.085  37.892
217.746  39.511
219.861  44.370
220.218  45.384
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TABLE 5~3. Vapor pressures of DI.

T P T P
K kPa X kPa
Solid . Liquid
178.969 2.838 222.705 51.278
181.836 3.472 222.769 - 51.475
184.615 4.233 223.960 54.572

.~ 187.382 5.168
190.129  6.300
192.864 7.665
195.578 9.288"
198.278  11.218
200.954  13.479
203.672  16.185
206.366  19.228
209.039  22.776
211.757  27.039 i
214.452  31.932
217.379  38.329
219.974  45.281
220.269  45.380
220.941  47.038
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5-3. Enthalpy of fusion

The results of fusion expériments are given in table 5-4.
A correction for the prdT was applied to compute the
enthalpy of fusion AH_ from cuﬁulati#e'enthalpy
H(Tz)—H(Tl). Measurements by Bther workers are also
included for the sake of comparison. The mean values

of the enthalpy of fusion of HI and DI obtained were

2855.3 and 2841.2 J mol *

, respectively.

The triple points of pure HI and DI, (222.497 + 0.005)
and (221.511 + 0.005) K respectively, were estimated
from a plot of the equilibrium temperature against

the reciprocal of the fraction melted (see table 5-5)..
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TABLE 5-4.

The enthalpy of fusion of HI and DI.

H(Tz)-H(T

.Serles Tl T2 l) AHf
no. K - K Jmol_-l Tmo1~ L
HI
XXT 219.861 - 223.505 3051.0 2856.0
XXII® 220.218 - 224.188 3072.4 . 2854.6.
Average 2855.3
Giauque and Wiebe (1929)P  2871.5+2.1
BEucken and Karwat (1924)c 3038.
DI |
XVIII 220.269 - 222.769 2999.8. . 2842.5
XIx?®  219.974 - 222.705 3011.6 2839.9
Average 2841.2
Clusius and Wolf (1947)% 2863.1

(1841



TABLE 5-4. Continued.

a . . . o
In this series, the fusion was done in stages.
b
From reference 4. .
C.
From reference 5.
d

From reference 6.
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TABLE 5-5. The triple point of HI and DI.

Fraction T P
melted E E;;
HI
0.250 222.359 ~ 50.46
0.427 222.400 ' 50.51
' 0.605 222.419 - ~ 50.59
0.746 222.433 50.71
0.890 222.444 50.74
(1.000) 222.449+0.002
T, (pure HI) 222.497+0.005
Giauque and Wiebe (1929)%  222.31+0.05
Eucken and Karwat (1924)b 220.
Bates et al. (1935)€ - ~ 50.5
Miravelles and Moles (1925)d 52,44
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TABLE 5-5. Continued.

Fraction T P

melted: K kPa
DI

0.237 221.472 - 48.31
0.498 221.488 - 48.61
0.676 221.494 49.10
0.854 221.501  49.04
0.945 221.508 49.10
(1.060)  221.501+0.002

T, (pure DI) 221.511+0.005

Clusius and Wolf (1947)% 221.23 48.0

From reference 4.
From reference 5.
From reference 9.
From referénce 10.

From reference 6.
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5-4. Transition in solids

.The thermal behavior of two phase transitions of both
solids can be visualized through enthalpy change in
the transition region. Figure 5-8 refers to the
transition between phase III and II and figure 5-9 to
that between phase IIIand I. The different series of
results were normalized on the high température side of
transitions. The transition temperatures were then
determined from the péint at which the rate of change
of enthalpy with temperature is maximum.

No isothermal heat absorption was detected at the
lower transition of HI and DI. Furthermore, the time
to reach equilibrium after heating was off was about
10 min, which is approximately normal equilibration
time in this temperature region. These facts suggest
that III-II tr#nsition of HI and DI is of the second
or higher order. At the upper transition of HI and
DI, a considerably longer equilibration time was
required; thus the cooling drift at 100 min after
heating was about -0.002 K min—l, which is large
compared with that at the III-I transition of HCl
and DCl, II-I' transition of HBr, or II-I transition
of DBr. Therefore, the II-I transition of HI and of
DI, through it appears diffuse in fiéures 5~1 and 5-2,

is of the first order with a latent heat at the

[188]
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transition point. The enthalpy change at the
transitions measured are shown in tables 5-6 and 5-7
for III-II and II-I transitions, respectively.

As for the "transitions" at ,10 and 25 K, which were
indicated by spectral studies, no anomalies in heat
capacity were observed as shown in figures 5-1 and/or

5-5;
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TABLE 5-6. The enthalpy of III-II transition of HI

and DI including the "normal" part of heat capacity.

Series T, Ty H{Tz)—H(Tl) H(71)-H(68)
no. K K Jmol~ T Jmol_-l
HI
XIV® 68.082 - 71.030" 261.8  265.1
xv2 68.108 - 71.040 260.1. 264.8
XvI® 68.390 - 70.954 239.5 264.8
XVII ~ 67.992 - 70.678 252.1 264.8
XVIII  65.831 - 70.985 377.6 265.2
Average 264.9+0.3
Ter
K
Present work 70.23i0.02
Giauque and Wiebe (1929)% . - 70.1
Eucken and Karwat (1924)c 72.
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TABLE 5-6. Continued.

Series T1 T2 H(T2)—H(Tl) H(78)~H(75)
no. K K Jmol ™t Jmol ™t
DI
12 74.687 - 78.206 350.5 319.2
II 75.205 - 77.956 302.5 . 318.9
r11 75.063 - 78.673 345.8 .319.5"
XV 75.134 - 78.249 323.0 319.7
Average 319.3+0.4
Ttr
K
Present work 77.48+40.02
Clusius and Wolf (1947)9 77.3

From reference 4,
From reference 5,

From reference 6.

[193]
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TABLE 5-7. The enthalpy of II-I transition of HI and

-

DI including the "normal" part of heat capacity.

Series T, T,  H(T,)-H(T,). H(127)-H(124)
no. K K Smo1~L Jmol™ L
HI
112 123.740 - 126.957 959.1 - 945.0
1112 124.136 - 127.303 954.0 948.7
XIX 123.162 - 126.993 1000.6 947.3
XX 122.575 - 126.858 1026.8 946.4
Average - 946.9+1.9
Ttr
K
Present work v 125.60+0.01
Giauque and Wiebe (1929)° 125.6
Eucken and Karwat (1924)cA ‘ 124.
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TABLE 5-7. Continued.

1)

Series Ty T, H(T,)-H(T H(130)-H(127)
no. K K Jmol_l Jmol ™t
DI
IV 126.773 - 129.431 1027.5 1039.5
v 126.892 - 129.903  1041.5 1038.5
vi2 127.540 - 129.838 992.0 . 1038.7
XVI 127.236 - 129.433 996.6 1040.8
Average 1039.4+1.4
Ttr
K
‘Present work 123.24+0.01
Clusius and Wolf (1947)9 128.28

From reference 4.
From reference 5, .

From reference 6.
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5-5. 'Thermodynamic functions

The thermodynamic functions of HI and DI were calculated
by using a smooth extrapolation for the contribution

of the heat capacities below % K. The results are

given in tables 5-8 and 5-9 for HI and DI, respectively.
The entropy of liquid HI and DI at the triple points

1 mol—l,

1 mol'-1

was calculated to be 111.51 and 118.89 J K

which are slightly different from 112.79 J K

1 -1

by Giauque and Wiebe and 117.51 J K - mol ~ by Clusius

and Wolf, respectively.
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TABLE 5-8. Thermodynamic functions of HI.

T s°(m)-s°(0) {E°(m)-8°(0) 1/ ~{c®(T)-E°(0) }/T
K Ik tmo1™1 IR Tmo1™t I8 Tmo1™t
Solid

10 1.528 1.154 - 0.374
20 7.701 5.313 - 2.388
30 14.50 9.188 . 5.307
40 20.62 12.23  8.387
50 26.29 14.89 11.40
60 32.01 '~ 17.66 14.35
70 41.80 23.81 - 17.99
80 45.66 . 25.09 ' 20.57
90 50.21 | 26.60 -~ 23.61
100 54.62 28.13 | 26.49
110 59.01 29.77 ‘ '29.25
120 63.54 31.63 31.91
130 74.08 39.36 , - 34.72
140 77.41 39.75 | 37.66
150 80.53 40.12 40.41
160 83.47 40.46 | 43.01
170 86.26 40.79 | 45.47
180 88.92 41.11 47.81
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TABLE 5-8. Continued.

T s®(m)-s®(0) {u°(T)-u°(0)}/T ~{c°(T)-8° (0) }/T

X IR Imo1™t Ik Imo1™t Ik Tmo1™t
190 91.47 41.43  50.04
200 93.92 41.75 52.17
210 1 96.30 4208 54,22
222.5  98.68 ~ 42.03 . 56.65
Liquid
222.5  111.51 54.86 ! 56.65
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TABLE 5-9. Thermodynamic functions of DI.

s®(m-s°(0) (B°(T)-r°(0)}/T ={c°(T)-E°(0)}/T

T
K I Imo1~t IR tmo1”t IK tmo17t
Solid
10 1.508 1.147 0.361
20 7.722 5.345 N 2,377
30 14.64 9.312 | 5.325
40 21.00 12.54 8.458
50 26.96 15.40 11.57
60 32.86 18.24 14.62
70 39.22 21.55 - 17.67
80 48.35 27.48 20.87
90 53.54 ~29.32 | 24,22
100 58.47 31.07  27.40
110 63.30 32.86 © 30.44
120 .. 68.18 34.80 o 33.38
130 79.94 43.59 | 36.35
140 83.53 " 43.94 | 39.59
150 86.86 44.23 | 42.63

160 89.97 44.48 | 45.49
170 92.90 44.70 48.20
180 95.67 44.92 50.75
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TABLE 5-9. Continued.

r  s°(m-s®(0) {°(m)-r°(0)}/T -{6°(T)-H(0)}/T
E JKmlmol-l JK‘"]'mol-l JK-]'molm1
190 98.32 45.13 53,19
200 100.87 45.36 | ' 55.51
210 103.33 45.60 57.73
221.5 106.06 45.88 ~ 60.18
Liguid
221.5 118.89 58.71 | 60.18
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'

Appendix 5A. Measured heat capacities of HI.

- -—1;;iiqu - ":IEEf:‘
K JK "mol. K JK "mol
114.364 51.57
Series I . 115.317 52.38
95.862 42.08 116.261  53.07
96.961 42.60 117.198  53.92
98.050 ~ 42.93
99,130 43.53 | Series II
100.202 43.85 - 113.127 . 50.15
101.266 44.25 114.097 50.87
102.320 44.81 ~ 115.060  51.76
. 103.366 45.34 116.014 52.25
104.403 45.74 116.959 53.42
105.435 46.29 1;5.895 54,11
106.460 46.81 118.823 -~ 55.29
107.476 47.33 119.740 - . 56.45
108.484 47.73 120.647  57.49
109.484 48.48 121.545 - 58.67
110.476 49.02 © 122.430  60.57
111.461 49.48 123.304  61.62
112.438 50.40 . 124.167 64.06
113.404 50.83 ° 125.014 66.06
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Appendix 5A. Continued.

T c T c
= e = =7
K JK “mol X JK "mol
Transition _ 127.789  45.10
125.933  488.46 128.759  45.13
126.174  360.07 129.727 . 44.95
126.634  107.95 130.750;  44.94
127.442 45.99 131.812  44.90
128.415 44.98 © 133.063 = 44.88
134.503  44.90
Series III- 136.130 . 44.95
118.081 54.86 137.942“_ 44.96
119.275  56.05 139.844° ° 45.03
120.182 57.16 141.740  45.11
121.079 58.43 143.629 . 45.15
121.966 59.63  145.512  45.23
122.843 61.26 147.389:: 45.31
123.707 62.98 149.261 45.38
124.558 64.63
125,337 90.99 ' Series IV
Transition » 10.705 5.070
126.140 156.16 11.078  5.508
126.849 53.52 11.619 6.077
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Appendix 5A. Continued.

- “Tﬁﬁﬁlfif - “fﬁﬁhlfﬁf
K JK "mol K JK "mol
'12.269 6.765" }7.7644f 18.424
12.962 7.531 28.596  18.791
13.682 8.295 . - 29.435 ° 19.153
14.426 9.068 30.283  19.531

15.159 9.816

15.870 10.519 ~ Series V
16.570 11.151 10.781 . 5.170
17.264 11.794 11.260 5.697
17.958 12.385 . 11.894  6.367
18.656 12.927 12.611 7.154
19.362 13.493 13.322 7.907
20.080 14.025 14.066 8.654
20.898 14.601 14.815  9.470
21.800 15.198 ~15.532 . 10.178
22.684 15.756 16.234 10.814
23.555 16.274 16.928  11.505
24,417 16.736 17.618 12.075
25,276 17.225 . 18.310 12.668
26.115 17.651 19.009 13.227
26.937 18.030 19.730 13.779
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Appendix 5A. Continued.

K JK "mol K JK "mol
20.549 14.343 30.747  19.695
21.437 - 14.959  31.897 120.19
22,323 15.541 ©33.056  20.60
23.211 16.066 34.228 - 21.09
24.072 16.570 35.414  21.54
24.910 17.042 36.700  22.03
25,729 17.465 © ’38.156  22.58

'26.531 17.853 39.708  23.19
27.337 18.208 © 41.340  23.84
43.001':‘ 24.52
Series VI | 44.688 ' 25.29
21.153 14.745 46.496  26.13
22.186 15.426 48.318 = 27.05
23.195 16.074 50.064  28.00
24,188  16.645 |
25.169 17.147  series VII
26.166 17.665 20.764  14.469
27.277 18.176 21.672  15.096
28.452 18.723 ' 22.688 . 15.727
29.601 19.224 23.684 . 16.354
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Appendix 5A. Continued.

K JK "mol K JK "mol
24.667 16.900 52.865  29.76
25.683 17.409 54.497 30.94
26.717 17.936
27.752 18.409 " Series VIIT
® 28.815  18.879 1.855 . 0.02186
. . 30.079. 19.437 2.101  0.03311
31.356 19.959 2.347  0.04620
32.476 20.39 ~ 2.597 - 0.06123
33.608 20.84 ' 2.873 0.08798
34.752 21.29 3.118  0.1149
35.946  21.75 3.353  0.1431
37.231 = 22.24 3.637 ©  0.1901
38.618 22.77 3,063 - 0.2518
+@ 40.124 23.35 |
41.775 24.02 Series IX
43.670 24.83 1.897 0.02422
45.681 25.76 © 2.221 . 0.04099
47.595 26.69 2.539 0.05954
49.422 27.66 2.888  0.08827
51.176 28.69 - 3.300  0.1359
L S
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Appendix 5A. Continued.

- “:TSB':T - ‘":TSE“ZT
K JK "mol K JK “mol
3.752 0.2112
| Series XII
Series X ~ 3.753 0.2079
1.876 0.02379 4.334 0,3320
2.149 0.03552 4.888  0.5074
2.430 0.05158 5.364  0.6959
2.795 0.08000  5.857  0.9358
3.240 0.1282 6.415 1.265
- 3.712 10.2035 © 6.942  1.621
4,222 - 0.3176 7.479  2.010
4.727 0.4664 ©8.053 . 2.494
 5.208  0.6480 - 8.668 3.051
5.726 0.8967  9.331  3.686
| 10.050 4.407
Series XI 10.827 5.249
3.999 0.2603 11.657 . 6.144
4.420 0.3719 |
4;865 0.5197 . Series XIII
5.309 0.6993 5.305 0.6696
5.800 0.9319 5.885 0.9489
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Appendix 5A. Continued.

C

T T
- P e e
K JK "mol ‘ K JK "mol
6.467 1.284 63.312 41.18
7.037 1.676 64.447 43.56
7.629 2.134 65.545  46.53
8.269 2.690 66.598 50.29
8.981 3.350 67.597 55.57
9.794 4.151 68.531 63.99
10.715 5.133 69.368 81.77
11.713 6.197 69.977  183.44
12.751 7.313 70.614 71.79
71.593 37.71
Series XIV 72.721 36.41
51.259 28.72 73.851 36.26
52.772 29.66 74.973 © 36.35
54.237 30.68 76.083  36.49
55.673 31.78 77.184  36.59
57.038 33.00
58.373 34.28 Series XV
59.666 35.70 54,984 31.26
60.919 37.39 56.366 32.36
62.136 39.11 57.707 33.64

- [208]



© i T T

©Ar

Appendix 5A, Continued.

K JK "mol . K JK "mol
59.007 34.95 70.362 .- 109.66
60.269 36.50 70.779  43.60
61.494 38.11 71.314  38.12
62.396 39.35
62.993 40.54 Series XVI
63.581 41.42 65.486 46.24
64.157 42.90 66.118  48.31
64.722 44.04 66.850  51.31
65.277 45.52 67.856 57.47
65.820 47.25 68.780 67.32
66.352 49.05 69.507  87.06
66.871 51.38 70.021  210.0
67.376 53.96 70.577  70.88
67.867 57.07 71.687  37.57
68.339 61.45 73.211  36.28
68.789 67.11 74.670  36.30
69.213 75.79 75.930 36.46
69.599 90.32. 77.108 36.67
69.927 124.00 78.274  36.79
70.139 344.2 79.538 37.23
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Appendix 5A. Continued.

T C T C
- i i e
K JK “mol K JK "mol
80.898 37.49 . Series XIX
82.255 37.84 II-I Transition,
83.608 - 38.14 . Continuous Heating
84.960 38.63
.‘ 86.415 39.06 Series XX
. | 87.956 39.60 .II-I Transition,
89.471 40.05 _ | Continuous Heating
90.961 40.55
92.430 40.98 Series XXI
93.880 41.52 150.255  45.40
95.310 42.06 152.297 = 45.54
154.496 . 45.54
| ‘Series XVII 156.833  45.70
< III-II Transition, '159.222  45.78
Continuous Heating 161.654 | 45.96
164.122 - 46.02
Series XVIII 166.628  46.15
‘ III-II Transition, 169.169 .‘ 46.33
Continuous Heating 171.750 46.37
174.370  46.56
-
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Appendix 5A. Continued.

- “‘Tﬁﬁilfir - “Tﬁﬁilfﬁr
K JK "mol K JK "mol
177.002 46.65 Series XXIII
1179.627 46.81 218.982  50.87
182,210 46.98 Fusion =
184.806 47.15
187.384 47.34
189.945 47.52
192.520 47.70
195.110 47.93
197.686 48.06
200.269 48.24
202.886 48.39
205.515 48.70
208.129 48.99
210.721 49.33
213.287 49.70
215.825 50.26
218.473 50.87
Fusion,

Continuous Heating
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Appendix 5B. Measured heat capacities of DI.

| ]
- “‘:ISE“Z“ - “fIEE‘II
K JK "mol K "'JK "mol
79.848 43.92
Series I '80.949 43.57
- 61.672 37.53
.f | 62.972 38.82 Series II
64.243 40.11 III-II Transition,
¥ 65.484 41.49 ‘Continuous Heating
66.690 42.97 |
67.865 44.84 Series III
69.012 46.77 72.673  55.79
70.126 49.00 73.662 59.90
71.205 51.37 74.603  65.18
72.248 54.46 75.490 = 72.93
73.254 58.20 76.306  85.66
9 74.216 62.88 77.005 = 120.58
75.129 69.40 77.473  281.45
75.980 79.44 78.153 50.48
76.738 100.19 79.219  44.42
77.281 221.16 80.426 43.62
77.841 93.59 81.741  43.56
78.752 45.24 83.046 ; 43.62
.

[2121]
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Appendix 5B. iContinued.

, E ——:TEE—:I E '_Tﬁ;ilfﬁf
K JK "mol ' K JK "mol
84.339 43.76 109.292 . 52.71
85.619 44.07 110.555 ~ 53.10
86.891 44.38 111.809  54.06
88.152  44.73 '113.055 . 54.82
89.405 44.94 114.286  55.62
90.646 45.38 115.507 © - 56.28
91.874 45.72 116.721 57.07
93.095 46.13 117.924 58.08
94.307 46.50
95.505 46.95 Series IV
96.693 47.40 119.446  59.37
97.869 47.65 120.615  60.83
99.039 48.24 | © 121.769 62.00
100.203 48.65 122.909  63.45
101.449 49.25  124.033 65.09
102.782 49.72 125.143  66.39
104.106 50.33 © 126.243 69.09
105.417 50.83 II-I Transition,
106.719 51.46 , Continuous Heating
108.011 52.13 |
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Appendix 5B. Continued.

T c T c
K e K IR tmo1™t
Series V o Series VI
110.928 53.35 124.357 64.92
112.190 54.22 125.651  67.63
113.446 54.91 126.916 70.61
114.691 55.77 . rransition
115.922 56.71 130.892 48.62
117.135 57.49 132.682 ~ 48.57
118.335 58.46 134.257  48.54
119.623 59.65 135.932  48.48
120.993 61.05 137.602  48.39
122.344 62.58 139.297  48.39
123.671 64.28 141.035  48.35
124.978 66.06
126.260 68.98 Series VII
127.419 71.95 ~1.920 © 0.02461
Transition 2.164  0.03425
130.640 48.65 2.408 0.04791
132.113 48.58 2.640 . 0.06193
133.584 48.53 2.879  0.08188
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Appendix 5B. Continued. -

T c, T C
K .:rK"lmol'l K JK tmo1”?t
3.142 . 0.1090 Series IX ,
3.433 0.1474 1.840 0.02076
3.751 0.2010 2.066  0.02961
4.093 0.2708 2.334 ° 0.04251
4.464 0.3691 2.583  0.05862
4.900 - 0.4994 2.818 - 0.08143

3.065  0.1010
Series VIII 3.369 0.1374
1.915 0.02392 3.723  0.1984
2.162 0.03321 4,110 0.2769
2.414 0.04719 4.490  0.3889
2.660 0.06467 4.872  0.5169
2.917 0.08668
3.190 0.1158 Series X
3.485 10.1594 4.583  0.3994
-3.814 0.2128 5.081 . 0.5737
4.172 0.2973 5.539 0.7709
4.567 0.4066 5.981'f,: 0.9862
4.999 0.5589 6.435 - 1.2456

[215] -
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Appendix 5B. Continued.

K JK "mol K “JK “mol
7.472 1.9757 11.240 5.688
8.107 2.506 12.120 6.613

13.041  7.579
Series XI
4.707 0.4391 Series XIII
5.186 0.6129 11.025 5.473
5.669 0.8247 11.988 6.495
6.138 1.0704 12.925 7.485
6.619 1.3649 13.878 8.563
7.143 1.7302 14.910 9.633
7.728 2.184 16.046 10.768
8.359 - 2.731 17.226 11.854
9.029 3.375 18.380 12.852
9.843 4.198 19.587  13.821
Series XII Series XIV
8.155 2.553 13.680 8.329
8.978 3.314 15.001 9.744
9.698 4.048 16.422 11.123
10.434 4.829

[216]
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Appendix 5B. Continued.

- "‘Tﬁ;ﬁlfif - "?ﬁ;ﬁlfir

K JK “mol K JK "mol
19.093 13.438 45.414 - 26.98
20.380 14.405 46.807 27.66
21.619 15.291 48.232  28.33
22.828 16.065 49.667  29.20
24.019 16.818 51.153  30.01
25.201 17.486 52,724 30.89
26.420 18.127 54.342 31.89
27.722 18.792 55.953 32.99
29.078 19.432 57.557 '34.10
30.451 20.13 59.173 35.32
31.817 ©20.79 60.769 36.69
33.163 21.41
34.527 22.01 Series XV
35.934 22.64 III-II Transition,
37.327 23.25 Continuous Heating
38.674 23.85"
40.013 24.44 Series XVI
41.364 25.05 II-I Transition,
42.719 25.67 Continuoqs Heating 
44.063  26.31 | ’

© [217]
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Appendix 5B. Continued.

K JK "mol K JK "mol
185.998 48.97
Series XVII 188.755  49.21
142.375 48.30 191.496 ©  49.48
144.569 48.33 194.221 . 49.59
146.900 48.35 196.928  49.85
149.319 48.32 199.616  50.12
151.806 48.25 202.313 . 50.26
154.306 48.17 205.019 50.44
156.792 48.16 207.702  50.53
159.283 48.16 210.398  50.67
161.979 48.25 213.105  50.59
164.715 48.25 215.916  51.24
167.290 48.33 218.824 52.89
169.878 48.40 Fusion,
172.479 48.50 .Continuous Heating
175.094 48.57
177.726 48.65 Series XIX
220.458 62.64
Series XVIII Fusion
180.403 48.64 223.333 63.18
183.226 48,91
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CHAPTER 6

Thermodynamic Properties and Phase Transitions

Analysis and Discussion
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6-1. General remarks

In this chapter our object is to analyse the results
of thermal measurements on solid hydrogen halides

and their deuterium analogs to see what can be learned
about their vibrational propefties and mechanism of
phase transitions. For instance, we shbuld like to
know to what extent the phase transitions can be
described in terms of successive orientational
order-diéorder model proposed by neutron scattering
experiments. Although uncertainties in some of the
auxiliary data required are so great, some conclusions
about the mechanism of phase transitiqns in hydrogen
halides can be drawn.

‘Following analysis and discussion will consist of
four parts: (1) vibrational contribution of heat
capacity and onset of orientational disorder at low:
temperatures; (2) defect formation phenomenon just
below triple point temperature; (3) extraction of
order-disorder heat capacity in transition temperature
region; and (4) mechanism of the phase transitions.

We will start to discuss the vibrational properties

of crystal lattice.

[220]



6-2. Low temperature region
6-2~1. Zero point properties

The characteristic temperature at 0 K

In actual examples of insulators, it is found(l) that
the frequency distribution takes the form of a power

series
G(v) = av2 + Bv4 + yv6 + oo : (6-1)

that converges asymptotically at low frequencies v

less than about (vmax/ZS), where Voax IS the Debye

cut-off frequency. The consequence is that the heat

capacityAatlconstant volume becomes

Cv = aT3 + bT5 + cT7 S (6~2)

There is an equivalent series for the apparent

characteristic temperature

= -aEy2 - Iyt

0 0

- ...]e (6-3)

In this equation, OD(T) is the apparent Debye
characteristic temperature that corresponds to Cv
obtained from experimental data; @0 is its limiting
value at T + 0 K. One connection betWeen equations

6-2 and 6-3 is provided by

. |
127Nk, 1/3 (6-4)

0 = ( 5a

0

- [221]



To obtain a numerical estimate of OO from heat capacity
data, it is convenient to plot.either CVT“3 or 0, (T)
against T2. If the first is used, the intercept of

the curvelgives the value of tﬁe coefficient a.

Since the correction of (Cp-C;) is negligibly small

at T < 15 K as will be mentioned below, the experimental

3 value is plotted against T2 in figure 6-1.

CPT
No attempt has been made to estimate the coefficients
b and ¢ becaﬁse of great uncertainty.

The temperature dependenées of Debye temperatures
derived from the measured heat capacities had been
shown in previous sections. = Those mean that the
form of the lattice frequency spectrum resembles that
of a Debye spedtrum. This can be accounted for by
the fact both the 2N librational and N intramolecular
vibrations are well separated from the remainder of
the frequency spectrum. In fact, intramolecular
contribution is negligible at the temperatures measured.
Furthermore librational contributions ban be neglected
in the lowest temperature region T < 20 K for all the
halides. The Debye characteristic temperature at 0 K
is thus detefmined by assuming 3N degrees of freedom
(see table 6-1).

It is worth comparing the 00 of HC1l, HBr, and HI

with that of Ar(93.3 K), Kr(71.7 K) >} and xe(64.0 k) (®

[222]
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'TABLE 6-1. The coefficients (a) and the Debye

”’ characteristic temperatures at 0 K/(@o)‘determined
by the plots of CVT—3 against T2,
4 0
substances —E—EZ%Q:E- -
‘ Jmol “K K
HC1 6.48 + 0.14 144.2 + 1.0
- 3 HBr 18.6 + 0.3  101.5 + 0.5
- HI 34.6 +-0.3 82.5 + 0.3
DC1 6.55 + 0.14 143.7 +'1.0
DBr ,19.1 + 0.5 100.6 + 0.8
DI 32.8 + 0.6 84.0 + 0.5

respectiveiy, because of their comparable molecular
weight. The rather heigher 0, may come from the
molecular multipole interactions and hydrogen bonding
in hydrogen halides. ’As for the discrepant behavior

between HI and DI, any positive explanations can. not

“be put fo:ward.
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The heat of sublimation at 0 K

The thermodynamic properties‘given in the preceeding

papers may be used to calculate the heats of sublimation

of hydrogen halides at 0 K. The relevant thermodynamic

expression is
- _ (T
AHsub(o K) = AHsub(T) fo Cp(gas)dT
* Iy c,(solid)ar + 4 , (6-5)

where the last term A is that of gas imperfection.
When the critical constants Pk and Tk are given,

the term A is represented by following equation.

9 P 18T§ - 72
A= —R (—) (————2————) Tk (6-6)
128 P, T

Since the heats of vaporization were not measured in
the present investigation, the data used are those of
Giauque and Wiebe(7) and Clusius and Wolf(g) for
hydrogen halides and deuterium halides, respectively.
Unfortunately, no data for DCl are available. The
results obtained are summarized_in table 6-2 and the
values of rare gas solids are also included for the
sake of comparison. It is found that the multipolar
and hydrogen bonding interactions play.an important

role to determine the structure of hydrogen halides.
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TABLE 6-2. Calculation of the heats

(in the unit of kJ mol™ 1)

i

of sublimation at 0 K.

HC1 HBr  HI

'pcl  DBr DI = Ar Kr

Heat of sublimation AHb 16.150 17.615 19.765

at T =T

— 17.815 19.732

—  1.304 1.043

£ . liquid 1.713 1.202 0.922
fusion 1.971 2.399 2.855 .1.945 2.369 2.841
AHéﬁb(Tf) 10.834 21.216 23.542 —— 21.488 23.616 7.786 10.791
T, \ '. .
-foF Cploas) -4.628 -5.427 -6.475 -4.609 -5.402 -6.446 -1.741 -2.406
fo© Cplsolid) 5.623 7.462 9.352 6.096 8,116 10.164 1.636 2.711
A 0.024 0.052 0.096 0.024 0.052 0.093 0.042 0.059
Heat of sublimation . 20.85 23.30 26.52

at T = 0 K

— 24.25 27.43 7.72 11.15
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The static lattice energy

It should be noted that there are one or more phasé

transitions in hydrogen halides. Static lattice

energy of phase I, which will be reffered to EO(I),
was derived by analysis of the vapor pressure data

in phase I, which were fitted to the formula
in (p13/%) = (a/T) + b. | (6=7)
The static lattice energy is related to a through

aNk = E' = EO(I) - E (6-8)

z,1ib ’

where Ez 1ib is the zero-point librational energy.
[4

The slope of graph of 1n(PT3/2) against T_'1 gives

1

E' a value of 21.29 kJ mol -~ for HCl. A small correction

to this value must be made for the effect bf defect

' formation in the neighborhood of the triple point,

which leads to a revised valué of 21.39 kJ‘mol—l.

E .., which is assumed to make no difference
z,1lib

-between phases I and III, can be approximately

evaluated from the librational frequencies as 3.64

kJ'mol_l; therefore E,(I) is 25.03 kI mol”t

for HCI.
The results are summarized in table 6-3 together with_w
other hydrogen halides. |

Next, we will evaluate the static lattice energy

of phase III, EO(III); which is given by -

[227]
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TABLE 6-3. Estimation of static lattice energy of

1

phases I and III. (in units of kJ mol *)

HC1 HBr HI DC1 DBr DI

21.39 23.39 25.46 21.27 23.40 25.50

Eg ¥ (21.29) (23.10) (25.03) (21.10) (23.30) (25.45)
E, 1ib 3.643 3.206 2.743 2.542 2.521 1.941
B, trans(ITI) 1.349 0.949 0.772 1.344 0.941 0.786
MH__, (0 K) 20.853 23.303 26.515 —— 24.254 27.427
' Eg(I)  25.03 26.60 28.20 23.81 25.92 27.44
Eq (III) 25.85 27.46 30.03 :f—e- 27.72 30.15
‘Eo'(III)-EO(I) - 0.82 0.8 1.83 —— 1.80 2.70
Pz, trans (1T 0.065 0.041 0.029 —— 0.039 0.029
AH_ (0 K) | '

+ Pseudo static lattice energies without correction
for the defect formation are designated‘in

parentheses.
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EO(III) = AHsub(O K) + E (III) + Ez,lib' (6-9)

z,trans

The translational zero point energy of phase III may

be approximately represented by following equation.

=9 -
Ez,trans -8 NkO,, (6-10)

EO(III) obtained, which shows little qhange on
deuteration, is also includéd in table 6-3. EO(III) is
25.85 kJ mol—1 for HCl. Since the difference between
EO(III) and EO(I) méy be oﬁtside the combined
uncertainties, it should be ascribed to the difference
of lattice energy betWeen phases I and III. In fact,

the value of 0.82 kJ mo1l~1

the AH_ of 1.19 kJ mol™t. The EO(III)-EO(I) for HI

for HCl is comparable to

is evidently larger than that for HCl and HBr.

‘This result is consistent with that of neutron

scattering experiments: HC1l and HBr in phase III are
isostructural but HI differs from the two, while all
the halides in phase I are isostructural. HI in phase
III apears to stabilized additionally by quadrupole

interactions and/or charge transfer interactions.

6-2-2. The estimation of (CP-CV) correction

(CS—CP).correctlon : S
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Strictly speaking, we measure the heat capacity (Cs)
* of the solid in equilibrium with its saturated vapor.
The heat capacity at constant pressure Cp may be

obtained using the following thermodynamic expression:

Cg - cp = - TocV(dP/d'I')s (6-11)

where o and V are the thermal expansion coefficient
and mola.r volume, respectively, and (dP/dT)S bis the
.{ slope of the vapor-pressure curve of the solid.
» When numerical values for each hydrogen halide are
substituted in the equation it is found that C's-cp
is quite small, being at most of the order of 0.01
per cent of Cp at the triple point. We have therefore
neglected this difference between Cp énd Cs and
assumed them to be eqﬁal throughout the data, analysis.

(C_-Cy) correction

P

*“ Since the volume can be related quite simply to the
lattice parameters, theoretical calculations are
usually done at’ a constant volume. To convert our

results from ,Cp to C,, we used the familiar expression:

2
Cp - CV = a"VI/X , (6-12)

where ¥ is the isothermal compresibility. Unfortunately,

thermal expansion and compressibility data are incomplete
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at temperatures required. Therefore, it is necessary

to have recourse to the quasi-thermodynamicvrelation:
c.-C, =AC.T - (6~13)
where a constant A is given b§
A= aZV/xCS | | (6-14)

The differences between Cp and CV were calculated from
equation 6-13. The numerical values of the constant A
for HC1 and HBr were computed at 130 and 150 K
respectively as follows.

Stewart have détermined(g) the isothermal PV curves
for solid HC1l and HBr up to pressures of 2 x 104
kg cm"'2 by the direct piston displacement method.

Compressibilities were calculated to be 3.60 x 107°

cmZ kg’-l 5

at 130 K and 3.65 x 107> cm® kg ' at 150 K

for HC1l and HBr, respectively. No relevant data for

HI and deutérium halides are available. The molar
volunmes have'beén measured by X—réy and neutron
diffraction and volumometer techniques. Available data
were represented in the preceéding experimental sections.
The V and o at 130 and 150 K for HClvand HBr were
obtained by smoothing method. The constant A was’thus

5 5 1

determined to be 1.50 x.lo- mol J~

‘and 1.49 x 10~

for HCl and HBr, respectively. As for HI, therefrom,
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A=1.5x%10"

mol I 1 was assumed. Further, it was
assumed that A is not affected by deuteration.

The data used and constant A are shown in table 6-4,

énd the contribution of (Cp—cv) correction at selected
temperatures is tabulated in éable 6-5. In this estimation,

we assumed that the constant A has the same value for

any phase.

TABLE 6-4. The data used for evaluating the constant A.

Ty x10° ax10%. v c, A x 10°

K cmzkg-'l kL emlmol™ 9k lmo1™l mo1s”?
HCL 130  3.60°  6.42° | 25.3%  44.439  1.50
HBr 150  3.65%  6.17° 31.72  46.659  1.49
HI ' (1.5)

a From reference 9.

b From references 10-12.
€ From reference 12.

d

Present results.
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TABLE 6-5.

The contribution of (CP—CV) correction.

(in the units of J k! mo1™h)

T :

E HC1 HBr ~HI DC1 DBr DI
20 0.011 0.035 0.059 0.011 0.035  0.060
40 0.15 0.25 0.33 0.16 0.28 0.37
60 0.45 0.64 1.17 0.53 0.76 1.17
80 0.95 1.84 1.67 1.15 2.00 2.31

100 2.40 2.84 2.88 2.27 3.41 3.54
120 3.32 3.64 5.78 3.83 —— 6.47
140 4.45 4.38 4.26  5.03 5.17 4.91
160 5.42 5.04 6.34 5.58
180 6.87 5.93 8.92  6.40
200 6.97 7.53
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6-2-3. Librational contribution to heat capacity

The correlation diagram for the structure of phase III
(Bb21m) shows that three librational modes of the four
are infrared and/or Raman'act;ye and the fourth one

is inactive. Librational frequencies of HCl1l, DCl, HBr,
and DBr in phase III were given by Ito et al.(l3)
(from Raman study and calculation) and by Horni§ and

(14) (from infrared study). The frequencies of

Osberg
HI were calculated by the following relation using

those of HC1l and HBr.
Vv v T = constant (6-15)

where I is the moment of inertia given from reference

15. As for DI, usual mass effect of deuteration are
assumed. Frequency values used are summarized in table 6-
6. Their contribution to heat capacity, which is listed
in table 6-7, was calculated on the basis of Einstein
model for %fn-degrees of freedom for each of the four

modes.
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TABLE 6-6. Librational frequencies in;phase III.

(in the units of em™ 1)

Modes HC1 HBr HI DC1l DBr DI

Y 290 265 199 203 194 141
A, 214 212 177 152 153 125
B, 496 400 370 328 343 262
B, 218 195 171 167 153 121
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TABLE 6-7. The contribution to heat capacity of

libration. (in the units of J K + mol™ 1)
TT<- HC1 HBr i‘lI DC1 DBr DI
20 0.0003 0.0007 0.005 0.013 0.018 0.11
40 0.23 0.33 0.79 1.05 1.23 2.71
60 1.47 1.86 3.16 3.65 3.96 6.26
80 3.35 4.01 5.71 6.29 6.56 8.96
100 5.25 6.10 7.83. 8.43 8.61 10.86
120 6.93 7.89 9.48 10.08 10.22 12.19
140 8.35 9.36 10.78 11.35 11.43 13.14
160 9.54 10.54 11.80 12.30 | 12.35 13.83
180 11.49. 12.58 13.07 14.34
200 13.20 14.73
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6-2-4. The temperature dependence of OD(T)

The comparison of @D(T)

It is often useful to describe the heat capacity of

- solids in terms of the Debye theory, as in this way

we may exhibit clearly small differences in the type
of temperature dependence of the heat capaciﬁy for
different substances. What is done is to examine the
temperature dependence of apparent Debye characteristic
temperatures corresponding to the lattice heat
capacities. Deviations of GD from a constant value
are interpreted as being the result of departures of}
the éctual frequency spectrum from the assumed Debye
spectrum. It has become clear from the theoretical

(16)

work of Blackman and others that, if vibrations

remain harmonic, ©. should be constant at very low

D
(T £ GD/IOO) and at very high (T 2 OD/Z) temperatures, -
and should often have a minimﬁm value in between.
Figure 6—2(a)&(f) are graphs of GD(T) as a function
of température for hydrogen and deuterium halides.

In the calculation of the plotted points, (Cp-cv)

- correction and librational contributions were

subtracted. In each graph, broken line shows the

(17)

extraporation by means of the Thirring expansion.

The decrease in O, (T) in the region T > 0,/3 has been '

(18,19)

observed for some simple crystals and has been

[237]



. 150 [ R
N
a0 | % | :
Oo%
130 | ® eeeaoonEiEsTes T
°o°98°6m’:p°°o°° °
@ < 120 r (a) 7
N | | | |
a 150 r : =
QD , e ,
S
. ’ ’.
- 140 17§ |
.,
[ ]
.:. ) ev® P U R
130 b " ]
* 0o
o 120 - ® ]
P i 1 1 |
0 0 20 30- 40 50

T /K

FIGURE 6-2. The temperéture dependence of OD.
Broken lines show the extrapolation by the

Thirring expansion. (a) HCl1l; (b) DCl.

[238]. -

Kbt W, 8.0kl e



P - TN e
HEEIO S

‘®

6, /K

100

90

80

100

90

80

T T ' :
» °g z°°°°°°°°'°"°33556'o; - ';‘ ——————————]
(c)
! 4 | |
3:}
.
- .WO.soo'b'o‘o'::,.". N
, (a) ¢
| | | ,
0 o 20 30 40 50

I /K

FIGURE 6-2. The temperature dependence of GD.

Broken lines show the extrapolation by the

Thirring expansion. (c) HBr; (d),DBr, ,

[239]



*®

90 , . .

N (e) %o
N\ 90 ; | | {
(@]
; A
80 | % |
1\“" 'O;oo evee® 0""‘0‘0‘:'.":: ——————————
70 : . d
(£) .
60 i l | | .
O 0 20 30 46 o

r/ K

FIGURE 6-~2. The temperature dependence of ODr

Broken lines show the extrapolation by the

Thirring expansion. (e) HI; (f) DI.

[240]



-®

wvibrations.

ascribed to the onset of anharmonicity in the léttice
(19,20) In hydrogen halides, moreover,
the onSet of phase transition begins to overlap.at
this témperature. .
Whilé the general shape of the OD(T) curve is rather
similar for all the halides, there are differences
in detail. The curves of hydrogen and deuterium
halides are compared on a reduced basis using 90 values
in figures 6-3(a) and (b), respectively. Also shown

for comparison are the curves for argon and krypton.

An inspection of the figures reveals that the curves

for HC1 and DCl show a more pronounced minimum at

T = 60/10 in contrast to flatten-off behavior in HI
and DIAbetween T = 90/10 and @0/4. The GD(T) curves
of HC1 and HI obviously change by deuteration.’

We believe that this isotope effect is a real one
although there are some underﬁaintyjiﬁ the iibration

frequehcy.

_The.d.e.t.ermina.tionof._e°°

The high temperature expansion of lattice heat capaéity

(17)

derived by Thirring was converted into the form

of the corresponding Debye characteristic temperature

by Domb and Salter:(Zl)
2 .2 1 _ O 2 0wy d _ SR
GD =0, [1 A(T )<+ B(T ) 'f'} it  (6 16)

- [241]
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The plét of Gg against Tﬁz, which is shown ih.figures 6-
4(a)&(c), gives the value of 0O frdm the extrapolation
to '1‘-2 = 0. The 0 valués obtained are summarized in
table 6-8. Iﬁ following sections, the heat capacities

corresponding to this extrapolation curves will be

used .as the normal lattice part.

TABLE 6-8. The 0_ values obtained from the plots of

eg against 2,

HC1 HBr HI - DCl DBr DI

e /K 132.3 -91.5 73.3 135.1 92.0 76.5

| [244]
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6-2-5. Onset of orientational disorder
The observed heat capacities in phase III can be

represented by
Cp(obs.) =C; + C1ib + (Cb-cv) + AC (6-17)

where CL is the lattice heat capacity corresponding
to the Debye temperature evaluated by Thirring |
extrapolation. The terms of Clib and (CP-CV) cor;ection
have been already estimated in the preceeding sections.
Excess heat capacity AC, that is, the low temperature
tail of the transition, was then computed by equation‘6~
17 and illustrated in figure 6-5. The onset of
transition and anharmonic effect in the lattice
vibration seem to appear at thé samevtemperature.
The temperature at which the transition begins to
occur is found to be in the order of the transition
temperature except for DBr.

It is possible to estimate the energy required to
reorient a molecule, from the low temperature tail
of the transition. Assuming that the number of
molecule (n) in the wrong orientation in ordered
matrix is very small compared with the total number

of the molecules N, we have

= exp(s/k) exp(-e/KT) (6~18)

Z|5
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N
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FIGURE 6-5. The low temperature tail of the lowest
transition. o, HCl; e, DCl; A, HBr; A, DBr;

vV, HI; V,DI.
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where € is such an energy and the excess heat capacity

AC is given by

2
1l ¢
AC = — — exp(s/k) exp(-e/kT) . (6-19)
k R

L=

A plot is made of 1n(T2AC) vs. T 1 in figure 6-6.
Good straight lines are obtained at lower temperatures,

the slope of which gives € summarized in table 6-9.

TABLE 6-9. The energy required to reorient a molecule
estimated from the low temperature tail of the

lowest transition.

HC1 HBr HI DC1l DBr DI

e/kd mol™t  2.61 1.90 2.20 4.04 1.44 3.65
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Since the e reflects the interaction energy with
neighbors, it is worth noting that the values for
both bromides are smaller than those for others.

The magnitude of € corresponds to the difference in
energy between a certain orientation specified by the
space group and another one of twelve orientations.
The deviation of the points at higher temperatures is
due to rapid increase of the heat capacity in the
transition region. It may be due to an increasingly

larger interaction between wrong orientations.
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6-3. High temperature‘region

The formation of vacancies in a solid near the melting
temperature can contribute to the héat capacity.

In fact, the observed heat capacities show markes
upward trends in the temperatﬁre region below their
melting points. The excess heat capacity due to

vacancy formation is

on_h
AC = (—=-5) (6-20)
P sy P

where ng is the number of vacancies and hs is their

enthalpy of formation. The number ng is given by

n = N, exp(ss/k) exp(—hs/kT) | (6-21)

where NA is Avogadro constant and Sg is the entropy
of formation. Analogous analysis was already made

in the case of orientational defect formation in
section (6-2-5). The enthalpy of formation may
therefore be obtained from the slope of a plot of
ln(ACpTZ) against T-l. Before aéplying equation 6-20,

the contribution from impurities, which may produce

a pre-melting rise in the heat capacity, was subtracted

by
C,.. =X RT2/ (Tf-T)2 (6-22)

imp

where x denotes the mole fraction of the impurity
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and T, is the melting of pure substance. The resulting

£
enthalpies of formation of vacancies, which is
summarized in table 6-10, are found to be about one half
of sublimation enthalpy values at 0 K for all the
hydrogen halides, in contrast.to two-thirds for Ar

or Kr. For the sake of comparison the enthalpies

of self-diffusion in phase I obtained by NMR method
AH(NMR) are included in table 6-~10. The_values of
AH(NMR) are in good agreement with those of AHsub(O K)
rather than hs' The facts indicate that the NMR

can observe the energy barrier required to remove

a molecule from the lattice. However, ancomparison of
h, and AHg (0 K) obtained by calorimetric study
indicates that relaxation of surrounding molecules

into a vacancy is large. NMR can not see this relaxation

phenomenon.
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TABLE 6-10.

The enthalpy of férmation of vacancies

and the ratio to heat of sublimation at 0 K.

HC1 HBr HI DC1 DBr .DI-

" h_
= 10.45 11.84 12.84 11.30 12.26 13.94
kdmol _ .
h | -
0.50 0.51 0.48 —— 0.51 0.51
A, (0 K)
pr (0 K)°
- 20.85 23,30 26.52 —— 24.25 27.43
kJmol ' _
18.4° 27.6® 25.59
AH (NMR)
— 23.4% 23.0f
kdmol a - a
16.3% 25.9
a Present results
b From T, df H (Krynicki et al.)
.

From Tlp

From Tl

From line width of H (Okuma et al.)

of H (Genin et al.)

of H (Norris et al.)

From line width of H (Norris et al;}

[254]
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6~-4. Transition tempefature region

We evaluated the contribution to heat capacity of
crystal lattice and vacancy formation at lower
temperatures and at higher temperatures, respectively.
In this section, the nature of successive transitions
will be discussed.

When the rotational molecular motion is treated,.
two extremes are possible: the molecules may rotate
essentially freely in the crystal, as is supposed
to be the case for the solid hydrogens, or the
rotational motion may be completely restricted and
hence transformed into vibrational motion (libration).
Whether either of these extremes or some intermediate
situation pertains should be determinable by experiment
but rarely seems to have been established unambiguously.

Our analyses for phase I will be made by assuming
that the molecules librate with the same frequencies
as those in phase III. The bases for this are as
follows. (i) The observed heat capacities in phase I,
such as 5R at 110 K in HCl, are too large to be
explained as free rqtational-and even as librational
motion. (ii) The observed difference in heat capacity

between HCl1 and DCl is 3.29 J Kt mo1”t

-1

, which is in
good agreement with 3.19 J k™! mol™t calculated by

using librational frequencies in phase III.
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(iii) Since the corresponding isotope effect in HBr
and HI is larger than what one would expect from the
difference in the librational frequency, some other
factors than the motional (librational or rotational)

contributions will have to be considered.
\
6-4-1. Extraction of anomalous part of Cp
at the transition

The.observed heat capacities should be represented by

[ (6"23)

L lib

Cp(obs.) =, + C tr

+ (cp-CV)N_+ cd + C
where (Cp-CV)N is (Cp-Cv) correction of normal part,
which can not be directly observed in this case.
Cd is the heat capacity for the defect formation
referred to as ACp in section (6-3). The-Ctr is the

transitional part of heat capacity at constant pressure.

The corresponding enthalpies and entropies can also be

given by
H(obs.) = H + Hygy +,,{H(C -C.) + Hy + H . » (6-24)
: p V'N ,
and
S(obs.) = 8; + Sy, + S(Cp_cv)N + 84 + Si . s (6-25)

An attempt to estimate (CP—CV)N was made by assuming
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that the observed o, V, and x¥ at 130 and 150 K for
HC1l and HBr respectively are ascribed to those of

normal lattice. Therefore,

(C_~C_ )y = A'T C | ":  (6-26)

v,N = ¢ 1ib °* (6-27)

The constants A' determined for HC1 and HBr are

3 5 mol J—l, respectively.

5

3.0 x 10" 2 and 2.7 x 10~

1

The A' for HI was assumed to be 2.7 x 10 > mol G

The correction of (CP—CV)N were computed at selected
temperatures as shown in table 6—l1.’ (CP-CV)N essentially
differs from (CP—CV) evaluated in section  (6-2-2) in‘v
terms both of the absolute value and of.continuity at
transition point. The contributions, CL’ Clib’ (CP—CV)N,
Cd’ and Ctr' are illustrated for HCl,»HBr, and HI in

figures 6-7(a), (b), and (c);'respectivelyg

[257]



TABLE 6-11. The contribution of (Cp—Cv)N correction.

(in the uhits of 3 Kt mo1™h)

= HC1 HBr HI . pcl DBr DI
20

40 0.29 0.43 0.53 0.31  0.47 0.61
60 0.81  0.95  1.14 0.97 1.12 1.41
80 1.52 1.64 1.92  1.88  1.95 2.35
100 2.38  2.46  2.81  2.93 2.89 3.36
120 3.33 . 3.38 3.78  4.04 3.89  4.40
140 463  4.36  4.78 5.20 4.91  5.44
160 5.44 5.38 5.81 5.94 6.47
180 6.41  6.84 6.98 7.50
200 7.88 8.51
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6-4-2. The III-II phase transition

An inspection of the observed heat capacities revealed.
that the III-II transition part of HBr, DBr, HI, and
DI could be separated from the other parts.

To determine.the excess heat capacity, enﬁhalpy, and
entropy contributed by the III-II transition, a curve,
which is included in figure 6-7 and numerically given
in téble 6-12, was drawn tangent to the heat capacity
curve below and above the III-II transition.

The enthalpies and entropies determined, whose
uncertainties come from those in base lines, are

shown in table 6-13. It may be evidently claimed that
the III-ITI transition has the entropy of R 1ln2.

This result iSVCOnsistenﬁ with the structural model

of phase II proposed by neutron scattering eXperiments:
Each molecule has two equilibrium orientations with

equal probabilities.
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TABLE 6-12. The base values of heat capacity'for

1l 1l

the III-II transition. (in the units of J K~ mol ) -

= HBr DBr HI DI
40 ' 20.4 21.6 22.8 24.3
50 23.0 25.1  25.8 28.4
60 26.0 28.7  28.8 32.4
70 29.4 32.5 32.1  36.4
80 33.3 36.7 35.6 40.4
90 37.9 41.4 39.3 44.3

100 43.2 46.9 43.4  48.4
110 50.5 53.6 48.7 53.0
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TABLE 6-13. The enthalpy and entropy of the III-II

transition.
AHyrrorr ASprro1r
Jmol~ JK-'lmol-1
HBr 1490 + 10 5.77 + 0.2
DBr 497 + 10 5.77 + 0.2
HI 382 + 10 5.75 + 0.2
DI 424 + 10 5.80 + 0.2
-1 -1

R 1n2 = 5.76 J K mol

 [264]



‘@

6-4-3. The thermodynamic properties of the transitions
Thermodynamic functions of the transitions were

computed as follows.

Heat capacity

Figures 6-8(a) and (b) show the hea£ capacity Ctr.as
separated out ;n preceeding section for hydrogen
halides and deuterium halides, respectively.

It can be seen that the heat capacities in phase I

are large in magnitude and converge to zero at higher

temperatures. This interesting result is a conclusive

evidence of the existence of short-range order above

‘the transition temperature. The negative values of

c for HI and DI probably come from the poor

tr
estimation of the (Cp—CV)N.

Enthalpy

‘The corresponding enthalpies through the transitions

are plotted in figures 6—9(a) and (b) for hydrogen

halides and deuterium halides, respectively.

Entropy

The results obtained are summarized in figures 6-10
(a) and (b) for hydrogen halides and deuterium halides,

respectively. The entropy associated with expansion
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FIGURE é—é(a): Heat capacities associated with
transitions. o, HCl; A, HBr; V, HI. Dashed and
dot-dashed lines show the high temperature tails
of Schottky heat capacity with gl/g0 = 11 for

€, = 2 and 2.5 kJ mol™ T, respectively.
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FIGURE 6-8(b). Heat capacities associated with

transitions. o, DCl; A, DBr; V, DI. Dashed and
dot-dashed lines show the high temperature tails
of Schottky heat capacity with gl/g0_= 11 for

€; = 2 and 2.5 kJ mo1l”t, respectively.
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of the lattice is not easily separated from that
resulting from the order-disorder transition, but
it will be a small fraction of the total exéess
entropy. The value of R 1nl2.is marked in the figures.
They showed that the entropy converges to R 1lnl2.
One can relate this entropy value to the structural
model: Phase I at high temperature limit is the
" twelve-fold disordered modification of molecular
orientation. The short—rangé order just above the
highest transition was found to be 37, 24, and 13

per cent of R 1lnl2 in entropy for HCl, HBr, and HI,

respectively (see table 6-14), It is noteworthy that

TABLE 6-14. The ratio of the short range order
“‘ to the value of R 1lnl2 just above the highest

transition.

HC1 HBr HI DC1 - DBr DI

0.37 0.24 0.13 0.31  0.14 0.06
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the amount of short range order persisting after
destruction of the long range order is quite large

especially for HCl.

(22)

In this connection the work of Domb of Ising

- models in magnetic system is rather instructive.

He points out that the fraction of the total magnetic:
entropy gained above transition temperature increases
as the coordination number, z, decreases. This result
is clearly reasonable since in the limitvof infinite
coordination all order must be long range in character,
whereas in the limit of zero coordination only short
range order is possible. On the analogy of this,

we may(conclude that the transition in HCl‘is, in large
péft, 6f thé 6né diméhéioh énd thén in phase i théré

is a considerable local order with the zig-zag chains,

which may probably fluctuate both in time and in space.

6~4-4. Local order in phase I

Analysis of configurational heat capacity

As analyzed above, the configurational heat capacity,
in phase I is finite and asymptotically approaches
zero at high temperatures. To see the cdnvergency

of heat capacity, a plot of log C r against log T

t
was made as shown in figure 6-11. Dispite the large

uncertainties in (CP—CV)N, it can be seen that the
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FIGURE 6-11. Temperature dependence of heat capacity
with local order in phase I; o, HCl; e, DC1; A,-HBr;
A, DBr; V, HI; V¥V, DI. Dashed and dot-dashed lines
show the -high temperature tails of Schottky heat

capacity with g]_'/g0 = 11 for ¢; = 2 and 2.5 kJ mol” %,

respectively.
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convergency for HCl and DCl differs from that for
HBr, DBr, HI, and DI. While the C,_ of the formers
varies to the power of =-(0.5+0.15) of temperature,
the latter's varies to that og -(2.0+0.5).

2 term is that

The obvious interpretation of a T
it is the high-temperature tail of a Schottky anomaly.

An effect of this type can arise whenever there is

“only a limited number of closely spaced energy levels

available to the system. When kT is much greater
than the energy differences of‘the levels, they
remain effectively degenerate; when kT becomes
qomparable to the energy differences, the change in
the distribution over the energy levels begins to
have a marked effect on the thermodynamic properties
and results in the onset of an anomaly in the heat
capacity. We will.analyze the local order in phasévI
in terms of the Schottky's model.

Suppose there is a syStem in which the particles
can exist in a group of two levels, separated from
the groﬁnd state by energy €4 and with degeneracy gy .
Then the Schottky heat capacity is

Nei 90 exp(ei/kT)

c = (—5) (=)
kT 9, [1 + (go/gl) exp(el/kT)

(6-28)
25
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At high temperatures (el/kT << 1) the equation 6-28

becomes
C. . = Rg.g: (g ta)2(e k)2 (6-29)
Sch 9091 '90791 1

When 99 = 1 and g, = 11 are given for the molecular
model as will be proposed below, the high-temperature
tail of Schottky heat capacity are plotted in figure 6-8

for €, = 2 (dashed line) and 2.5 kJ mol”t

(dot-dashed
line). It can be seen from the figure that the
absolute values of heat capacity and temperature
dependence for bromides and iodides are explained

by the Schottky's ﬁodel with gl/gO = 11 and e, =
2n2.5 kJ mol-l. However, the behavior of chlorides

is peculiar and will require a different model.

Possible model on the molecular point of view

We will translate the Schottky's model discussed above
into the model on the molecular point of view.

As proposed by neutron scattering experiments,

a molecule in phase I has twelve possible orientations
so that a hydrogen bond can be formed. The molecule
in phase III prefer a certain orientation among them.
The configuration.has an additional stability with

the dipolar and/or quadrupolar interactions with

neighboring molecules, as theoretically pointed out
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by Hanamura$23) In phase I with local order, therefore,

one can assume that a certain orientation has a lower
energy than other eleven orientations. Although

the energy difference (el) is not identical for eleven

“orientations, the assumption of gq = 11 can be used

as a first approximation. The resulting €4 (242.5
kJ mol™l) for bromides and iodides is the same order
of magnitude as the energy required to reorient
a molecule in phase III as estimated in section (6-2-5).
This fact indicates the validity of the model that the
subsidiary 11 minima have energy €4 relative to a
principal minimum in orientation. On the other hand,
the model for HC1l and DCl can not be.simply acquired.
It is evident, however, that the local order is
considerably retained and is not "thermally" destroyed.
NMR technique can also see the energy reguired to
reorient a molecule. However, the values obtained

(4.6 and 4.1 J mol ™t

for DBr and DI respectively)

are about twice those obtained by the present thermal
study. This descrepancy can be explained by the fact
that NMR detects the energy barrier between two minima

instead of the energy difference between them.
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6-5. Mechanism of the phase transitions

In this last section, the phase transition will be
again considered on the basis of the results of
thermodynamical analyses. As a result, 6ne can

approach the mechanism of the phase transitions in

hydrogen halides.

6-5-1. The disordering process

The third law of thermodynamics for hydrogen halides
and deuterium halides were verified by Giauque and
Wiebe(y)“and by Clusius and Wolffg) respectively.

The fact indicates that the phase III at 0 K is
perfectly in the ordered state. On the other hand
our analyses from the two angles, viz., heat capacity
and entropy showed that the molecules in the phase I
at infinite temperature have 12-fold orientations with
equal probability in the perfectly disordered state.
To ensure this model, the entropy in the liquid phase

will be considered.

The‘disorder'in'the liguid phase

The entropy gain between triple and boiling points,

which will be referred to as S ;, are shown in table 6~

liq
15. Their correlations in magnitude are HC1l>HBr>HI

and DC1>DBr>DI. The entropies associated with fusion
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TABLE 6-15. The entropies associated with transitions

and fusion and the entropy gains_in liguid phase

below boiling point. (in the units of J k1 mo171)
HC1 HBr HI DCl DBr DI
Str 17.17 18.71 19.10 17.47 21.12. 20.52
ASf 12.39 12.86 12.83 12.28 12.76 12.83
S, . 9.87 6.13 4,01 11.74 6.66 4.55
lig
ASf are approximately equal among them. On the other
hand, the S in the solid at the triple point is in

tr
the order of HC1l<HBr<HI, although it is DC1<DBr>DI

in deuterium haiides. The relations mentioned above
gualitatively suggest two interesting features
concerning the disorder: (i) The local order can not
be destroyed on fusion. (ii) The local order that
remains in the ligquid state at the triple point will
thereafter be destroyed on warming throughout the
liquid region up to the boiling point. (iii) The
overall entropy, i.e. the sum of Str' ASf, and Sl' .y

1q
will then represent the total magnitude of order to
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be destroyed. This, however, is not uniform in the
series of HCl, HBr, and HBr; the difference probably
accounts for the difference in other degrees of

freedom of motion in the liquid state.

The development of disorder in solid phase

As mentioned above, the crystal cooperatively and
thermally gains orientational disorder on heating.

As for the process of development of the disorder,

(24)

S&ndor et al. and Hoshino et al.(zs) discussed

the case of DCl interms of mean square angular
2 . .

< >

¢out which represepts

the molecular motion preventing the development of

displacements <¢§ut> and <¢§n>.

zig-zag chains in the ab plane increases rapidly above
123 K, while <¢in> shows no appreciable change with
temperature. This anisotropy of molecular libration
in chlorides despite the cubié symmetry may cause

a peculiar behavior of the local ordef<heat capacity~

in phase I of HCl and DC1l.

The structure of ﬁhase I’

No structural investigation was made for the phase I°
of HBr. Our thermodynamical analyses, however,
suggest that the structure can be supposed to be

tetragonal system with 4-fold orientational disorder
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in the ab plane because of its entropy value S
1 1

tr of

about R 1n4 (= 11.53 J K ~ mol ~). As for the phase
I' of HC1l, it is a question of existence of the phase
itself. Should a transition without an anomaly in the
heat capacity, if_it ever exists, be referred tovas

a phase transition ? It is hoped to straighten out
some of the experimental confusion in neutron
diffraction studies themselves that exists in

connection with "120 K transition".

6-5-2. Phase transitions and molecular interactions

In the preceeding sections (6-2-5) and (6-4-4),

the energies required to reorient a molecule were
obtained from the analysis of'heat capacity in phases
III and I, respectively. When a molecule is reofiented,
the molecular interactions with neighbors should

change. The energies, therefdre, should be related

to the molecular interactions. Hanamura evaluated(23)
the dipolar, quadrupolar,.and hydrogen bonding
interaction energies between the neighboring molecules

in hydrogen halides. Further, stability by arrangement
of zig-zag chains was discussed. Now, since the hydrogen
bond is reserved by the 12-fold orientations of

a molecule, the relevant molecular interactions may

be of dipolar and quadrupolar. Table 6-16 shows the
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TABLE 6-16. Values of dipole and quadrupole moments

and the interaction forces between the neighboring

molecules.
HC1 HBr HI
18 . |
ux 10 esu cm 1.07 0.788 0.382
9 x 102 esu cm? 3.8 4 6
Dipolar interaction 1.99 0.92 0.19
X lOf14 er:g(molecule)"1
Quadrupolar interaction 1.4 1.06 1.9
X 10-14 erg(molecule)-1
Hydrogen bonding energy 42 26
% 10-14 1

erg(molecule)

H[282]



interaction energies between the neighboring molecules
calculated by Hanamura: the order in/magnitude is
HC1>HBr>HI for dipolar_interactions,whilé it is
HI>HC1>HBr for gquadrupolar interactions. Since the
energy to reorient a molecule.derived from the onset
of orientational disorder in phase III showed the
relation HI>HC1>HBr, the responsible molecular
interactions may be quadrupolar. On the other hand,
the analogous energies in phase I are_equal (2&2.5

kJ mol—l) for bromides and iodides. The related

molecular interactions, therefore, may be both dipolar

and guadrupolar. It is interesting to note that one

can relate the mechanism of phase transitions to the

molecular interactions from thermodynamical analyses

and considerations, although there are some uncertainties

in estimation of the "normal" heat capacity.
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