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ABSTRACT

Differential scanning calorimetry has been used for evaluating three different methods for
the synthesis of Ag,Hgl, The information obtained from a DSC curve of the order—disorder
transition at 52° C (temperature, enthalphy, shape of the DSC peak) 1s very sensitive to the
punty of a sample Pure polycrystalline Ag,Hgl, can be obtained by a sohd state reaction
between stoichiometric amounts of powders of Agl and Hgl, Precipitation from aqueous
solutions of AgNO; and K,Hgl, 1s the most common way to prepare Ag,Hgl,, but pure
Ag,Hgl, 1s obtained only 1f an excess of K,Hgl, 1s present, while small amounts of Agl are
coprecipitated as an impunty if stoichiometric solutions are used Two procedures for
growing single crystals of Ag,Hgl, are described 1n detail, and 1t 1s demonstrated that minor
deviations from the exact proportions of the constituents can result in a very impure product
It 1s also shown that some preparation methods can result in metastable products, which can
be converted into stable ones by thermal cycling

INTRODUCTION

Silver mercury 10odide Ag,Hgl, has attracted much attention due to two
changes 1n 1ts properties in the vicimity of 52°C, namely a change in color
from yellow to red, and a remarkable increase 1n 1ts electrical conductivity
The thermochromic event was first observed by Meusel in 1870 [1] In 1880
Bellati and Romanese [2] determined the transition temperature and en-
thalpy by means of thermal analysis and dilatometry They also found that
the compound corresponded to Ag,Hgl, In 1903 Steger [3] established that
this was the only compound formed 1n the system Hgl,—Agl

The first thorough 1nvestigation of the different forms of Ag,Hgl, and of
the phase transition was made by Ketelaar [4-8] in the early 1930s He made
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TABLE 1

Transition temperature and enthalpy for the order-disorder phase transition in Ag,Hgl,
reported by different authors

Reference Preparation Analysis Transition Transition
method technique temperature ( ° C) enthalpy
(kJ mol*')

Bellat1 and Solhd state Thermal

Romanese [2] reaction analysis 45-50 805

Ketelaar [7) Precipitation Calorimetry Homogeneous 40-50 7 121
Heterogeneous 50 7 523

Otsubo [13]

et al Precipitation DTA 500 435

Brien and

Palmer [14] Precipitation DTA 510 509

Akopyan and Solid state
Novikov [15] reaction DSC 450 758

the first structure determination by means of X-ray powder diffiaction [4,5],
discovered the large change 1n electrical conductivity [6] and determined the
latent heat [7] The low temperature B-phase was an ordered tetragonal,
pseudocubic, structure with different sublattices for silver 10ns, mercury i1ons
and vacancies distributed evenly, while the high temperature a-phase was
instead a disordered cubic structure with silver i1ons, mercury 1ons and
vacancies distributed at random Refinements of the structures made later
on 1mplied that the S-phase 1s tetragonal with the ¢ dimension twice that of
the a dimension, 1ts space group 1s S2 [9-11], while the a-phase 15 face
centered cubic (zincblende type) with the space group 7,7 [10-12]

Since the work of Ketelaar many studies of silver mercury 1odide have
been reported, utihizing a large variety of experimental techniques 1n order to
study different properties Quite often the deviations between the results of
independent 1nvestigations are larger than one would expect from the
reported efforts A striking example 1s the transitton enthalpy varnation from
4 35 to 8 05 kJ mol ! reported by different authors [2,7,13—15] as detailed in
Table 1

Some years ago we started to study the phase diagram of Ag,Hgl, by
means of differential scanning calorimetry (DCS) at high pressure [16] In
our studies of the characteristics of the order—disorder phase transition
[16-18] as well as of the electrical conductivity of the B-phase {19], we
noticed a large influence of the preparation method as well as of the
subsequent mechanical treatment such as grinding, hydrostatic or uniaxial
pressure We have come to the conclusion that a reproducible investigation
requires a systematic analysis of the different methods of preparation, and
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are convinced that the basic reason for many of the discrepancies 1s that the
histories of the samples used in the different investigations have not been
identical The purpose of the present investigation 1s to compare different
preparation methods and to give recommendations as to how pure samples
with well-defined properties can be prepared

Three different methods can be distinguished for the preparation of silver
mercury 10dide

(1) The easiest and therefore most frequently used 1s a rapid precipitation
from hquids, m which homogeneous solutions, usually aqueous, of suitable
silver and mercury salts are put together Very fine precipitates are obtained
and the details are described 1n several papers [20—30]

(2) Solid poly- or single crystals of silver and mercury 10dides 1n direct
contact are reacted, leading 1n suitable time and temperature conditions to
homo- or heterogenous solids, determined by the phase diagram of the
Agl-Hgl, system [3,13,34] Thus 1s a straightforward method, used by many
authors [2,3,9,31-37]

(3) The most tedious and complex method 1s the growth of single crystals
from hquid solutions, since 1t 1s much easier to get crystals of the constituent
salts than of the complex compounds The solutions can be based either on
the complex K,Hgl, [38-40] or on hydriodic acid [41,42]

Further, a certain combination of the above three methods can be
mentioned namely, one can transform polycrystalline silver 1odide into
silver mercury 10odide by putting silver 10dide 1n contact with an aqueous
K,Hgl,—Hgl, solution [39] However this procedure 1s not advisable, be-
cause a heterogeneous mixture can easily result

For the exammnation of the prepared samples differential scanning
calonmetry was found to be very informative [16-18], 1t includes both
determuning the transition temperature and enthalpy and studying the shape
of the DSC peak To complement the analysis by DSC, X-ray powder
diffraction patterns were taken for some samples

EXPERIMENTAL

A commercial differential scanning calonmeter from Rigaku (Japan) was
used This nstrument 1s of the power-compensation type. Figure 1 shows
schematically the sample and reference holder The temperature of the
sample and the DSC signal are recorded simultaneously with a two-pen
recorder. A detailed description of the istrument 1s given elsewhere [43]
Both the sample and the aluminum oxide used as reference are enclosed in
platinum cups Following the standard procedure of DSC, the transition
temperature 1s defined as the intersection between the extrapolated leading
edge of a transition peak and the base line The area of the transition peak 1s
measured with a plamimeter and the transition enthalpy 1s then calculated
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Fig 1 Schematic view of the Rigaku sample and reference holder

Proper calibration and maintenance of a DSC instrument 1s, of course,
essential for the accuracy of the determined temperatures and enthalpies,
see for example refs 44-46 and references cited therein In recent years
much work has been devoted to finding materials suitable as calibration
standards for DSC [45,47] For the calibration for temperature and enthalpy
measurements nine high purity materials were used Figure 2 shows the
temperature correction curve and Fig 3 the instrument constant for the
temperature range 20-700°C

All chemicals used for the preparation of silver mercury 1odide were of
reagent grade No additional purification was carried out Essential prepara-
tion details will be mentioned for each method in the different sections
below
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Fig 2 Temperature correction AT as a function of temperature for a sample and reference
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Samples of some 10-150 mg of silver mercury iodide were sealed in
platinum cups Heating and cooling rates were kept at moderate values from
06to5Kmmn!and from05 to25 K min~! respectively A Philips X-ray
powder diffractometer provided with a conventional goniometer (PW
1050/25) and a high-temperature attachment (PW 1158) was used when
searching for impurities in a limited number of samples

RESULTS AND DISCUSSION
Solid state reaction between Agl and Hgl,

Koch and Wagner [31,32] studied the formation of Ag,Hgl, from Agl
and Hgl, by pressing pellets against each other and leaving them 1n contact
for sufficient time They determined the reaction constant, and that the
diffusion of silver and mercury 10ns controls the rate with which Ag,Hgl, 1s
formed by the solid state reacion Hahn et al [9] tried various other
methods 1n vain before they succeeded in producing pure Ag,Hgl, by
melting a stoichiometric mixture of Agl and Hgl, 1n a glass vessel Leute
and Schroder [34] pressed together single crystals of Agl and Hgl, within a
matnx of Agl powder They studied the kinetics of the sohd state reaction
by measuring the thickness of the layer of the produced a-Ag,Hgl, phase
Leute and Rusche [33] pressed pellets of a mixture of the two salts and
annealed them for a long period of time. They studied the electrical
conductivity and determined the composition range of B-Ag,Hgl, Also
Akopyan and Novikov [15,35,36] prepared Ag,Hgl, by pressing together
single crystals of Agl and Hgl,. Some of the samples they obtained were not
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Fig 4 DSC curves of the order-disorder phase transition in Ag, Hgl, prepared by solid state
reaction (a) Stoichiometric composition, 66 67 mol% Agl, heating rate, 1 25 K min~!, DSC
range, 2 mcal s™!, sample mass, 118 67 mg, chart speed, 10 mm mun~!, transition tempera-
ture, 520°C, transition enthalpy, 8 77 kJ mol~! (b) An excess of 0 63 mol% of Agl (67 3
mol% of Agl), heating rate, 1 25 K mun !, DSC range, 2 mcal s~ !, sample mass, 109 39 mg,
chart speed, 10 mm min~?, transition temperatures, 47 0° C and 51 5° C, transition enthalpy,
852 kJ mol ™!

homogeneous [36] (also see below regarding single crystals). It 1s of special
mterest to note that they studied the order—disorder phase transition by
means of DSC, and that one peak was obtained if the sample had the
stoichiometric composition, but two peaks 1f it was non-stoichiometric
Schon and Schmudt [37,48] studied the kinetics of the sohd state reaction
between Agl and Hgl, by means of dielectric spectroscopy and differential
microcalorimetry Pellets of the two salts, corresponding to stoichiometric
amounts, were pressed against each other and left to react The conductivity
of the sample and the peak area of the order—disorder phase transition
obtained by means of differential microcalorimetry, were measured at cer-
tain time 1ntervals

We have prepared our samples by mixing powders of Agl and Hgl,
(reagent grade, Merck, Darmstadt) in the desired proportions The muixture
was ground i a mortar and then placed in a desiccator. The normal
procedure was to allow the salt to react for about one week at 60°C, but on
one occasion we instead chose room temperature and a much longer time
As expected, this variation did not affect the properties of the samples

Samples obtained from the stoichrometric mixture gave only one DSC
peak, upon both heating and cooling, as can be seen from Fig 4(a) and
Table 2 The values obtained for the transition enthalpy and temperature are
taken as reference values for our measurements

Non-stoichtometric mixtures have been prepared with an excess of either
07-117 mol% Hgl, or 06-133 mol% Agl The transition temperatures
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TABLE 2

Transition temperatures and enthalpies of the phase transition at 52°C in Ag,Hgl, for
samples prepared by solid state reaction (SSR) and by precipitation

Preparation Phase T.*° Ty ° AH ne
transition (°0) (°C) (kJ mol™ 1)

SSR stoichiometric Order—disorder None 520405 872+£007 30

66 67 mol% Agl Disorder-order None 470+1 839+018 30

Prec stoichiometric Order—disorder 475+05 515+05 8§23+014 45
Disorder—order 31 450+3 7864026 30

Excess of K, Hgl, Order-disorder  None 515405 855+014 10

Excess of

2 mol% AgNO, Order-disorder 465+035 515+£05 807+014 9
Excess of

10 mol% AgNO, Order—disorder ~ None 480+£05 7134011 5
Excess of

50 mol% AgNO, Order—disorder ~ None 475405 331+019 4
? Small peak

" Large peak
¢ Number of measurements

obtained for these samples are plotted in Fig 5 as a section of the phase
diagram of the system Agl-Hgl, in the vicimity of the stoichiometric
composition, and Fig 6 shows the measured enthalpies Each point in the
figures 1s an average calculated for five to ten measurements made on a
sample The standard deviation of the temperature measurements 1s +0 5 K,
and for the enthalpy 1t 1s 1-2% The transition enthalpies of Fig 6 are for
heating, while those obtained for cooling are some 1-3% lower, but show the

50 + ‘/ \

45+ +

TEMPERATURE (°C)

w0+

;
1 4 f + t : :
55 60 65 70 75 80

CONCENTRATION mol *% Agl

Fig 5 Phase diagram, x mol% of Agl vs T, of the system Agl-Hgl, in the vicinity of the
stoichiometric composition, 66 67 mol% Agl
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Fig 6 Enthalpy as function of concentration of Agl for the order—disorder phase transition
in Ag,Hgl, prepared by solid state reaction

same dependerice on composition The enthalpies were calculated from the
area enclosed by both peaks, because 1t was not possible to separate them 1n
DSC curves The transition enthalpy of the small peak was estimated to be
about 0 7 kJ mol ™! of Ag,Hgl, for a sample with an excess of 0 67 mol% of
Hgl, Approximately the same value was obtained for a sample with an
excess of 0 63 mol% of Agl

As can be seen 1n the phase diagram all non-stoichiometric samples 1n the
range 64 0-700 mol% Agl gave DSC curves with two peaks This also
happened for cooling Figure 4(b) shows such a DSC curve obtained upon
heating a sample with an excess of 0 63 mol% Agl The DSC curve obtained
upon heating a sample with an excess of 067 mol% Hgl, was nearly
identical, the difference being that the transition temperature of the small
peak was 1 5°C lower That even such a small excess of Agl or Hgl, gives
two peaks means that the composition range of the ordered B-phase of
Ag,Hgl, 1s extremely narrow This was pointed by Leute and Rusche [33],
who observed that the lattice constants of the S-phase are independent of
the overall composition of the sample They studied mixtures with different
deviations from stoichiometry by X-ray diffraction An excess of 1 67 mol%
Hgl, was the smallest deviation investigated by them The present investiga-
tion indicates that the allowed deviation from stoichtometry 1s less than 0 5
mol% of Agl or Hgl,

All the samples with an excess of Hgl, were mvestigated by X-ray
diffraction In addition to the lines characteristic of the B-phase of Ag,Hgl,,
the (101), (102) and (200) hnes of the room-temperature phase (red, tetrago-
nal) of Hgl, were also obtained For the smallest excess (0 67 mol%) these
lines were hardly detectable, while two peaks were evident 1n the DSC curve
Thus, in this case, DSC might be a more sensitive technique than X-ray
powder diffraction to detect minor amounts of impurity Some samples with
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an excess of Agl were also investigated by X-ray diffraction for comparison
with the patterns obtained for precipitated samples

The phase diagram shown 1n Fig 5 might be an improvement on that of
Leute and Ruche {33], which was based on conductivity measurements The
transition temperature for the stoichiometric composition 1s the same (52°C)
but the temperatures of the eutectoid points are approximately 2 5°C lower
in our phase diagram However, 1t 1s not always relevant to compare
transition temperatures obtained from electrical conductivity measurements
with those from DSC measurements DSC allowed us to do more detailed
investigations of the transition temperature of the small peak in the range
64-70 mol% Agl and of the deviation from non-stoichiometry, than the
electrical conductivity did 1n the investigation by Leute and Rusche

The temperature hysteresis of the large peak was studied as a function of
Agl content The results are presented in Fig 7 The hysteresis 1s dependent
on cooling rate and therefore all runs were made at a cooling rate of 0 5 K
min~' The hysteresis decreases to zero at approximately 63 and 71 mol%
Agl, which are the eutectoid compositions

Polycrystalline Ag,Hgl, prepared by precipitation

An overwhelming number of the investigations so far of different proper-
ties of Ag,Hgl, have been made on samples prepared by precipitation from
aqueous solutions It 1s sometimes explicitly stated that the authors consider
this method more satisfactory than a solid state reaction [26] In many of the
earlier studies a chemical analysis 1s performed in order to compare the
amount of silver in the precipitate with what 1s expected for a stoichiometric
composition {4,20-23,26-30,39]. Titova [24] takes the color of the precipitate
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Fig 8 DSC curve of the order—disorder phase transition in Ag,Hgl, prepared by precipita-

tton from storchiometric solutions (method of Suchow and Keck [26]) Heating rate, 5 K

min~! DSC range 2 mcal s”' sample mass 2200 mg chart speed, 40 mm mm~',

transition temperature 47 0°C and 51 5°C transition enthalpy 8 40 kJ mol™!

as evidence as to whether Agl, Hgl, or Ag,Hgl, 1s obtained under the
different conditions studied by her For a number of investigations X-ray
diffraction was used to verify that the precipitate consisted of Ag,Hgl,
[16.25,26,30,42.49] Ketelaar [4] found an excess of 3% Agl in most of his
samples, Neubert and Nichols [28] reported an excess of 09% Ag, while
Suchow and Keck [26] say that the analytical results were “ very close” to
the stoichiometric composition Gallais [21,50] found when working with
aqueous solutions that some Agl was always coprecipitated, but he claimed
that a procedure where 20 vol% alcohol was present in the solution gave
pure Ag,Hgl,

We have produced a large number of samples by the procedure of Suchow
and Keck [26] where a solution of 0 4 M AgNO, 1s added to a 0 1 M boiling
solution of K,Hgl, which means that «-Ag,Hgl, 1s precipitated A couple
of times we chose to work at room temperature which gives B-Ag,Hgl,
instead If stoichiometric amounts of the two solutions had been used,
heating the precipitated samples from room temperature always gives DSC
curves with two partly overlapping transttion peaks a large one and a small
one a few degrees lower (see Fig 8) Typically, the small peak occurs at
about 49°C the first time the sample 1s heated and near 47° C for the later
heatings while the transition temperature for the large peak 1s about 52°C
all the ime Many measurements have been made on precipitated samples,
for heating as well as for cooling and some results of such measurements are
gwven 1in Table 2 Because 1t was not possible to separate the two peaks, only
the sum of their transition enthalpies was calculated Halmos and Wend-
landt [51] observed a large endothermic peak at 47°C and a small shoulder
peak at 49°C n their DTA curve for the first heating This small peak was
not present in the curve for the second heating They had prepared the
sample by precipitation according to Meyer [22]
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The occurrence of two peaks follows from the phase diagram for the
Agl-Hgl, system in the viciity of 66 67 mol% of Agl shown m Fig 5
Below the eutectoid temperatures there are two-phase regions with stoichio-
metric 8-Ag,Hgl, and an excess of either Agl or Hgl,

It was found by X-ray powder diffraction that Agl had been coprecipi-
tated during the preparation of Ag,Hgl, X-Ray patterns taken at room
temperature showed two weak lines, neither of which had been reported by
Hahn et al [9], nor could be found for stoichiometric samples prepared by a
solid state reaction However, both types of sample gave i1dentical patterns
for the a-phase The additional lines were 1dentified as the (002) and (110)
lines of B-Agl, which thus was present as an impurity In our earhier X-ray
studies only precipitated samples were 1nvestigated [16], and 1t was only
when we could compare the results with those of samples prepared by a
solid state reaction that the two additional lines were 1dentified to be due to
a shght excess of Agl Concerning previous X-ray studies of the S-phase one
author reports additional hnes [4], while others did not observe any
[25,26,30,49] From a study where commercial reagent grade Ag,Hgl, was
used, 1t 1s reported that neither Agl nor Hgl, could be detected by X-ray
diffraction [52], but 1n this case 1t 1s not known how the salt was prepared

As mentioned above the two peaks are always overlapping The only way
to estimate the transition enthalpy of the small peak 1s to separate the peak
areas graphically in the DSC curve as 1s shown 1n Fig 8, where the dashed
hne marks the approximate shape of the small peak Doing so, the transition
enthalpy for the small peak, calculated from ten measurements, 1S approxi-
mately equal to 112 + 017 kJ calculated for one mol of Ag,Hgl,, which
can be compared with 069 kJ mol ™! found for non-stoichiometric samples
prepared by a solid state reaction with an excess of 063 mol% of Agl (see
the preceding section). This should indicate that the samples prepared by
precipitation have an excess of about 15 mol% Agl This assumption 1s
supported by comparisons with non-stoichiometric samples prepared by a
solid state reaction concerning the intensities of the additional Agl X-ray
diffraction lines as well as the transition enthalpy as a function of Agl
content This function, shown 1n Fig 6, gives an Agl content of 68 mol% for
an enthalpy value of 8 23 kJ mol™' It 1s also interesting to note that our
112 kJ mol~! for the small peak 1s of the same order as the 121 kJ mol ™!
found by Ketelaar [7] for the “homogeneous transformation”

For the transition temperature of the large peak 1t was observed that the
temperature hysteresis 1s dependent not only on the cooling rate but also on
the thermal and mechanical treatment of the sample (Both grinding and
pellet pressing can produce traces of metastable high pressure phases [17])
Furthermore, the hysteresis can differ from one sample to another, the cause
1s probably that not exactly the same amount of Agl 1s coprecipitated each
time the salt i1s prepared (see Fig. 7) The hysteresis of the small peak 1s
about 16°C and was studied only in some measurements, a large cooling
rate 1s necessary to obtain a distinct peak
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The proportions between the solutions were also varied In one series
there was an excess of 2, 10 or 50 mol% of Ag™, and in another one there
was 1nstead an excess of 2, 5 or 50 mol% of Hg?* The precipitates obtained
were studied by DSC and X-ray diffraction The results are very different
for the two alternatives Independent of how large the excess was of K, Hgl,
solution, the precipitate showed no diffraction lines in addition to those of
Ag,Hgl,, and the DSC curve showed only one peak for heating as well as
for cooling For these samples the average values of transition temperature
and enthalpy are presented in Table 2

If instead an excess of the AgNO, solution was added, a couple of lines
characteristic of Agl were always detectable in the X-ray pattern, and the
results of the DSC study depended on how large the excess was For an
excess of 2 mol% the situation was about the same as when stoichiometric
solutions had been used, 1 e there was a small peak appearing a few degrees
below the big one For an excess of 10 or 50 mol% only one transition peak
was detected in DSC heating curves No cooling runs were studied

As mentioned above, Gallais [21,50] claimed that pure Ag,Hgl, can be
obtained if a mixture of water and alcohol 1s used at room temperature
instead of only water Following the description 1n ref 21 a mixture of 80
vol% H,0 and 20 vol% C,H;OH was used as the solvent for 0 1 M solutions
of K,Hgl, and of AgNO, 500 ml silver mtrate solution was added to 250
ml of the potassium mercury 1odide solution. The precipitate was then
washed twice with the hydroalcoholic solution and once with water before 1t
was dried 1n a desiccator During heating two endothermic peaks were
observed 1n DSC curves, one large peak at the temperature of 51 + 05°C
and a second small one at 47 + 05°C with a total transition enthalpy
7704009 kJ mol~! An X-ray pattern taken at room temperature showed
two additional weak hines belonging to 8-Agl. A precipitate produced from a
solution with 50 vol% alcohol still gave two endothermic peaks in DSC
curves, but this time at 46°C and 49°C with transition enthalpy 7 73 kJ
mol~! The X-ray pattern showed one additional line which could neither be
referred to silver 10dide nor mercury 10dide

Growth of single crystals from aqueous solution

The only method used so far for the preparation of single crystals of
stoichiometric Ag,Hgl, 1s crystallization from a suitable liquid solution
[10,39-41] It 1s not possible to grow single crystals from a melt, since
decomposition takes place at temperatures far below the melting point [13].
Single crystals of Agl and Hgl, have been used to produce Ag,Hgl,
[15,35,36], but one cannot expect to obtain single crystals of the double salt
n this way We shall discuss these studies later on.

Following the quoted reports, we started from aqueous solutions of
potassium mercury 10odide, K,Hgl, [10,39], or hydrniodic acid, HI [40,41].
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TABLE 3

Results from DSC 1nvestigation of crystals prepared by slow dilution of 5 cm® 3 M K, Hgl,
solution with 021 g Agl and an increasing amount of Hgl,

Solution Added Molar Characteristics of the order-disorder

number Hgl, ratio phase transition 1n Ag,Hgl,
(®) obtained 1n DSC curves
1 040 098 One small peak at 48°C
Majonty not Ag,Hgl,
2 074 182 Same pattern
3 130 320 Same pattern
4 140 344 One peak at 48°C
A H about 25% of the transition enthalpy for Ag,Hgl,
5 150 369 First heating one peak at 52°C

AH=801kJ mol™’
Second heating two peaks
AH =737kl mol™!
6 178 438 First heating one peak at 52°C
AH=825%] mol™!
Second heating two peaks
AH=753kJmol™!

Most of our work concerned aqueous solutions of K,Hgl, Unfortunately,
information concerning the starting concentraticns of all components was
either very general {39)] or insufficient {10] for a quick reproduction of the
reported results For instance, in ref 10 1t 1s proposed to “nearly” saturate a
3.0 M aqueous solution of K,Hgl, first by Hgl, and later by Agl
Following this description, one precipitates big yellow crystals from the
K,Hgl, solution very easily when adding increasing amounts of Hgl, To
what extent has the starting solution to be saturated by Hgl,? In ref 39 not
even the starting concentration of the K,Hgl, solutton 1s given, but m both
cases the necessity of a large (but never quantitatively described) excess of
Hgl, 1s underlined

Thus one can spend a long time before a proper proportion of all
components 1nvolved, 1e of KI, Hgl,, Agl and H,O, 1s found which
guarantees the crystalhization of Ag,Hgl, from a homogeneous solution.
Hereby one can make use of the property that Ag,Hgl, crystallizes from a
suitable solution of the above mentioned components either by cooling or by
slow dilution with water [39]

To demonstrate how crucial 1t 1s to use a sufficient excess of Hgl,, we
present some results in Table 3 In 5 cm® of a 3 M aqueous solution of
K,Hgl, different amounts of Hgl, were dissolved and after that the same
amount of Agl (021 g) was added to each solution Each time a homoge-
neous solution was prepared by heating to 50-70°C About 4 cm’® of this
solution was later kept in contact with water vapor 1n a sealed chamber. This
was realized by putting the above solution on a parabolic glass plate which
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Fig. 9. DSC curves for the order-disorder phase transition obtained upon heating crystals of
Ag,Hgl, prepared from solution number 5 by water vapour uptake at room temperature (see
Table 6). Heating rate, 2.5°C min~'; DSC range, 2 mcal s~ !, chart speed, 20 mm min~};
sample mass, 55.10 mg. (a) First heating run: transition temperature, 52.0°C; transition
enthalpy, 8.01 kJ mol™'. (b) Second heating run: transition temperature, 46.5°C and
52.0° C; transition enthalpy, 7.37 kJ mol ™1,

was surrounded by water in a sealed chamber. As the water activity was
higher above the pure component, water was taken up by the concentrated
solution, leading to a continous dilution. This resulted in precipitation of
crystals from the solution: these were later filtered, washed successively with
0.1 M K,Hgl, and distilled water, and after drying the characteristic of the
order—disorder phase transition peak was checked with DSC. As can be seen
in Table 3, solutions 1-3 gave only a small peak with the transition
temperature equal to 48°C. This means that the most of the crystals
obtained were not Ag,Hgl,. The temperature of the transition was about
4°C lower than the value for the stoichiometric compound (see Table 2).
From the phase diagram shown in Fig. 5, one can conclude that these
samples are certainly non-stoichiometric. Sample 4, with the molar ratio
Hgl,/Agl about 3.45 already had some 25% Ag,Hgl, in the crystals
obtained, as estimated from the fact that the measured transition enthalpy
was only about 1.8 kJ mol™'.

Pure crystals of Ag,Hgl, precipitated from solutions 5 and 6, i.e. for
molar ratios Hgl, /Agl above 3.7. The samples were cycled several times
through the order-—disorder transition. In both cases only one DSC peak was
detected for the first heating run. But two peaks appeared for the second
heating and this structure of the DSC curve was also obtained in the further
heating cycles. Figure 9(a, b) illustrates this behavior. The appearance of the
second peak is accompanied by a decrease of the total transition enthalpy,
which is in accordance with the dependence of transition enthalpy on the
composition (see Fig. 6).

Figure 9(a, b) can explain the controversy between the work of Olsen and
Harris [39] and Browall et al. [10]. Olsen and Harris [39] found that after a
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first transition from the ordered S-phase to the disordered a-phase and back
to the B-phase, the single crystals of the B-phase were different In other
words, fresh untransferred B-phase single crystals, termed B’-phase by Olsen
and Harns [39], are not 1dentical with those of the same phase even after the
first recovery from the a-phase Schematically this sequence of events can be
presented as {39]

B’ - a = B
initial phase  disordered equilibrium
ordered phase ordered phase

A difference 1n crystallographic structure was assumed by Olsen and
Harns [39] as being responsible for the difference between the 8 and B’
phases This conclusion was rejected by Browall et al [10], who claimed that
a multtdomain arrangement of the B-phase (after the reverse transition from
the a-phase) 1s responsible for the difference between the 8 and B’-phases
in terms of ref 39 From our DSC analysis 1t 1s obvious that after the first
transition to the a-phase we do not get the same B-phase A phase sep-
aration process, or in other words the removal of an initial metastability of
the crystals, has taken place This phase separation 1s not reversible, thus we
support the conclusions of both Browall et al [10] and Olsen and Harris [39]
about a umique behaviour of fresh crystals, but we propose here a new
mterpretation based on the DSC analysis of the order—disorder phase
transition Let us further remark that 1t 1s far from certain that the single
crystals used 1n the studies [10] and [39] were 1dentical Because no detailed
description of the preparation method was given 1n either paper, the above
question cannot be answered with certainty We can also refer to the results
summarized in Table 3, indicating how sensitively the concentrations of all
components determined the properties of the crystals obtained

During the crystallization from all solutions summarized in Table 3, a
crucial point was to avoid the appearance of crystals oniginating from
K,Hgl, On this basis big crystals can very easily be prepared or they can
confuse a simultaneous precipitation of the Ag,Hgl, crystals To avoid this
difficulty we increased the amount of water in the starting solution After
many tedious attempts we can recommend two solutions, A and B, which
can be used for crystallization of pure Ag,Hgl,

Solution A In 5 cm® of an aqueous 3 M K,Hgl, solution 1 8 g Hgl, was
first dissolved To increase both the kinetics and the solubility, the solution
was heated to about 50°C Next, 021 g of Agl were dissolved, whereby a
much longer time was required to obtain a homogeneous solution (again
with the heating up to about 50°C) To this solution 2 cm’® of distilled water
were added, and the solution became homogeneous around 65°C From
such a solution crystals of Ag,Hgl, precipitate if a slow uptake of water
takes place This can easily be realized as described above by putting
solution A 1nto contact with water vapour when separated dishes of solution
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Fig 10 DSC curves for the order—disorder phase transition obtained upon heating crystals of
Ag,Hgl, prepared from solution A by water vapor uptake at room temperature Heating
rate, 2 5°C mun~!, DSC range, 1 mcal s~ !, chart speed, 20 mm mun~!, sample mass, 36 20
mg (a) first heating run transition temperature, 52 0° C, transition enthalpy, 8 05 kJ mol ™!
(b) Second heating run transition temperature, 45 5° C and 51 5° C, transition enthalpy, 7 91
kJ mol ™!

A and pure water are kept together 1n a closed space at room temperature If
thermal crystallization started before an evident uptake of water, solution A
had to be homogenized by slight heating After filtration the crystals were
washed 1n 0.3 M K,Hgl, solution and later in distilled water The crystals
were dried 1n air at room temperature The DSC curves of the order—dis-
order phase transition of the first two heating runs are shown in Fig
10(a, b)

Simalarly as for solution number 6 of Table 3 we get one peak for the first
heating and a small second peak for the next heating Again, the phase
separation (see Fig 10(b)) 1s accompanied by a slight reduction of the
transition enthalpy Thus we again meet here a metastability of freshly
prepared crystals which disappears after repeated transition to the a-phase

Solution B All the steps described for the preparation of solution A are
repeated with the difference that the amount of Hgl, 1s increased to 19 g
and the volume of water added 1s increased to 2 5 cm®. The temperature of
homogenization of the final solution 1s higher by about 15°C

A solution prepared 1n this way 1s especially suitable for preparation of
Ag,Hgl, crystals by lowening the temperature Thus the homogemzed
solution (80°C) 1s simply cooled to room temperature and the precipitated
crystals are washed and dned in the same way as described above for the
crystals obtained by the dilution method from solution A Figure 11 shows a
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Fig 11 DSC curve for the order-disorder phase transition obtained upon heating crystals of
Ag,Hgl, prepared from solution B by cooling the homogeneous solution from about 80°C
to room temperature Heating rate, 125°C mun~!, DSC range, 2 mcal s~ !, chart speed, 10
mm min~}, sample mass, 114 50 mg First heating run transition temperature, 520°C,
transition enthalpy, 8 51 kJ mol ™!

DSC curve for the order—disorder phase transition

We obtained here a single transition peak, which was repeated in 1ts
structure during the following five heating runs. Thus no phase separation
takes place in this sample The only difference stated was a shight increase of
the transition enthalpy for the second and further heating runs, probably
due to equilibration of the defect concentration in the successive runs.

A certain advantage of solution B and the thermal (cooling) precipitation
of the Ag,Hgl, crystals 1s the possibility of a repeated use of the filtrate for
new preparation Thus the solution left after filtration of the crystals at
room temperature can be mixed with a powder of stoichiometric Ag,Hgl,
(1n amounts not higher than the mass of the separated crystals) and after
homogenization at around 80°C the crystalization of a new batch of
Ag,Hgl, can be repeated. In other words, solution B remaimning after
crystallization of Ag,Hgl, at room temperature 1s 1n stable equilibrium with
these crystals and will dissolve them 1n a congruent way when heated up to
at least 80°C

Instead of K,Hgl, we also tried to apply a 57% aqueous solution of HI as
the starting basis for Ag,Hgl, crystallization Two successful attempts of
this kind are reported in the hiterature [41,42] We did not work as systemati-
cally as in the case of the K,Hgl, solution, but let us mention here one
example which may be instructive 1n connection with a previous comparison
of our results [16] with some others [15,35,36]
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Fig 12 DSC curves for the order—disorder phase transition obtained on heating crystals of
Ag,Hgl, prepared from HI (57%) aqueous solution saturated with Hgl, Heatng rate,
25°C min~!, DSC range, 2 mcal s~', chart speed, 20 mm min~!, sample mass, 70 40 mg
(a) First heating run transition temperature, 47 5° C and 51 5° C, transition enthalpy, 0 8 kJ
mol ™! (b) second heating run transition temperature, 450°C and 51 5°C (c) Sixth heating
run transition temperature, 46 0° C

An aqueous solution of HI (57%) was saturated with Hgl, at about 50°C
and later with Ag,Hgl, powder After filtration around 35°C a red pre-
cipitate was obtained by cooling to room temperature The DSC curves
obtained 1n a sequence of heating runs are shown in Fig 12 Upon heating
the sample for the first time, the order—disorder phase transition exhibits
two peaks 1n the DSC curve, of which the small one on the high-temperature
side 1s characteristic for a stoichiometric sample (see Fig 12(a)) The
transition enthalpy, calculated from the area of both peaks, 1s small (about
0 8 kJ mol™") thus indicating that the majonty of the crystals prepared are
pure Hgl, In the second, subsequent, heating the transition temperature of
the large peak decreases 2 5° C, thus being 45 0°C, which indicates that the
large peak 1s charactenstic for a non-stoichiometric composition with an
excess of Hgl,, (see Figure 5) The area of the small peak 1s now quite small,
(see Fig 12(b)) Finally, in the sixth heating of the sample the small peak
disappeared (see Fig 12(c)) A similar two-peak structure was reported in
ref 15 This was striking for us, since an opposite sequence of peaks (a small
one at a lower and a large one at a higher temperature) was observed for our
Ag,Hgl, samples precipitated from solution (see the previous section) It 1s
worth mentioning that both Akopyan and Novikov [15] and we used the
same DSC device (Rigaku) It 1s obvious from our results reported here, as
well as from later investigations by the same authors [36], that this sequence
of peaks, a small one at a higher temperature and a large one at a lower
temperature, 1s due to an inappropriate method of preparation, and that the
peak structure reported by us [16] corresponded to a nearly stoichiometric
sample (see previous section) The sequence of runs presented in Fig 12
proves that such a structure of the DSC peak 1s far from being stable and
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may be changed considerably by repeated transitions This was probably
also the case for the sample described by Akopyan and Novikov [15]

FINAL CONCLUSIONS

This 1investigation confirms that the stability range of Ag,Hgl, 1s very
small for the ordered phase, while the composition of the disordered phase
can deviate considerably from stoichiometric. We have shown that DSC
cycling through the order—disorder transition 1s a very efficient method not
only to test whether a sample 1s pure but also to remove 1mitial metastability
(In a previous investigation we studied metastability due to mechanical
treatment of a sample such as pellet pressing [17]) We have also described
how pure Ag,Hgl, can be prepared in three different ways a sold state
reaction between stoichiometric amounts of Agl and Hgl,, precipitation
from aqueous solutions of AgNO, and K ,Hgl, with an excess of the latter
salt, and by the growth of single crystals according to a carefully described
procedure

Both from the present DSC investigation of pure Ag,Hgl, samples, and
from our separately reported studies of conductivity [19], 1t can be con-
cluded that the order—disorder phase transition in stoichiometric Ag,Hgl,
1s a first-order phase transition Over the years observations concerning a
A-shaped specific heat curve, pretransformation etc, have been interpreted
as a two-step phase transition [25,28,37-39] or as a combination of two
different phase transitions [8,53] However, these are probably only apparent
effects which can be related to the non-stoichiometry of the investigated
samples

ACKNOWLEDGMENTS

This investigation has been supported by the Swedish Natural Science
Research Council, Ollie och Elof Ernicssons Stiftelse and Wilhelm och
Martina Lundgrens Vetenskapsfond

REFERENCES

1 E Meusel, Ber Dtsch Chem Ges, 3 (1870) 123

2 M Bellati and R Romanese, Att1 Ist Veneto Sci, Lett Arti, C1 Sc1 Mat Nat, 6 (5)
(1880) 1051

3 A Steger, Z Phys Chem, 43 (1903) 595

4 J A A Ketelaar, Z Knstallogr, 80 (1931) 190

5 JA A Ketelaar, Z Knstallogr, 87 (1934) 436

6 JA A Ketelaar, Z Phys Chem B, 26 (1934) 327



210

10
11
12
13

14
15
16
17
18

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
1
42
43
44
45
46
47

48
49

50
51
52

J A A Ketelaar, Z Phys Chem B, 30 (1935) 53

J A A Ketelaar, Trans Faraday Soc, 34 (1938) 874

H Hahn, G Frank and W Klinger, Z Anorg Allg Chem, 279 (1955) 271

K W Browall, JS Kasper and H Wiedermeier, J Solid State Chem , 10 (1974) 20
J S Kasper and KW Browall, J Solid State Chem , 13 (1975) 49

S Hoshino, J Phys Soc Jpn, 10 (1955) 197

Y Otsubo, A Nitta, M Kaneko, Y Iwata and A Ueki, Kogyo Kagaku Zasshi, 68 (1966)
1716

P O Bnen and M P Palmer, Thermochim Acta, 47 (1981) 371

1 Kh Akopyan and BV Nowvikov, Fiz Tverd Tela (Leningrad), 24 (1982) 591

B Baranowski, M Friesel and A Lunden, Sohd State Ionics, 9/10 (1983) 1179

M Friesel, A Lunden and B Baranowski, Phys Rev B, 32 (1985) 2506

A Lunden, M Friesel and B Baranowski, Transport—Structure Relations 1n Fast Ion
Conductors, In FW Poulsen, N Hessel Andersen, K Clausen, S Skaarup and O Toft
Sorensen (Eds ), Proc Sixth Riso Int Symp on Matenal Science, 1985, p 407

B E Mellander and M Fniesel, Phys Rev B, 35 (1987), 7902

H Wegels and S Kulpi, Z Anorg Allg Chem, 61 (1909) 413

F Gallais, Ann Chim, 11 (10) (1938) 117

M Meyer, J] Chem Educ, 20 (1943) 145

LK Frevel and PP North, J Appl Phys, 21 (1950) 1038

Yu G Titova, Tr Kom Anal Khim, Akad Nauk SSSR, 3 (1951) 347

D G Thomas, L AK Staveley and AF Cullis, J Chem Soc, (1952) 1727

L Suchow and PH Keck,J Am Chem Soc, 75 (1953) 518

R W Asmussen and P Andersen, Acta Chem Scand ., 12 (1958) 939

T J Neubert and G M Nichols, ] Am Chem Soc, 80 (1958) 2619

E A Heintz, J] Inorg Nucl Chem, 21 (1961) 64

T Tamberg, J Inorg Nucl Chem, 31 (1969) 377

E Koch and C Wagner, Z Phys Chem B, 34 (1936) 317

C Wagner, Z Phys Chem B, 34 (1936) 309

V Leute and H Rusche, J Phys Chem Solids, 42 (1981) 303

V Leute and B Schroder J Phys Chem Solids, 42 (1981) 837

I Kh Akopyan and BV Nowikov, Fiz Tverd Tela, 22 (1980) 590

1 Kh Akopyan and BV Novikov, Fiz Tverd Tela, 26 (1984) 1994

G Schon and R Schmidt, Thermochim Acta (1985) 79

CE Olsen and PH Harns, Phys Rev, 86 (1952) 651

CE Olsen and PH Harris, Air Force Rep AFOSR-TN-59-756, 1959

T Hibma, HU Beyeler and HR Zeller, J Phys C, 9 (1976) 1691

I Nakada and H Ishizuki, Jpn J Appl Phys, 15 (1976) 1589

T Wong, M Brodwin and R Dupon, Solid State Ionics, 5 (1981) 489

M Friesel, Thesis, Chalmers University of Technology, Gothenburg, 1987

K H Breuel and W Eysel, Thermochim Acta, 57 (1982) 317

JE Callanan and SA Sullivan, Rev Sci Instrum, 57 (1986) 2584

G W H Hohne, K H Breuer and W Eysel, Thermochim Acta, 69 (1983) 145

W W Wendlandt, in PJ Elving (Ed), Chemical Analysis, Vol 19, Wiley, New York,
1986, p 270

G Schon and R Schmudt, Solid State Ionics, 17 (1985) 231

R Sudharsanan, TK K Srimivasan and S Radhaknishna, Phys Status Sohd: B, 124
(1984) 481

F Gallais, C R Acad Sci, 195 (1932) 1390

Z Halmos and W W Wendtlandt, Thermochim Acta, 7 (1973) 113

M Paic and V Paic, Sohd State Ionics, 14 (1985) 187

53 W J Pardee and G D Mahan, J Solid State Chem, 15 (1975) 310



