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Comparison of activation analysis for total mercury content of

mercury chloride doped KC1 crystals with the total divalent ion con-

tent of these crystals measured by ionic conductivity, indicated that

the oxidation state of mercury most common in KC1 is Hg 2+. This

was further substantiated by the fact that a C12 atmosphere during

preparation of the doped samples did not change the characteristic

spectrum.

The spectrum of Hg 2+ in KC1 has a maximum at 245 mp., an

absorption plateau between 230 and 200 mil, and increases below

200 This was similar to the spectra of Cu+, Ag+, and Au+ in

KC1 crystals. On this basis, and because of lattice compression of

the transition energy, the absorbance was assigned to the set of tran-

sitions 5d10
5d

9
6p

1. The mole fraction absorption coefficient

was found to be 1.3 f . 3 x 10-6/ (mole fraction)(cm). at 245 mp..



Thermodynamic properties of association and precipitation were

calculated from conductivity curves. The free energy of precipitation

at 260°C was found to be 0. 23 ev. It was found that the free energy of

association for KC1:Hg 2+ was given by

AG
1

= 1.11 ev - (4. 5x10
-4ev/°k)T .

This gives larger values of AG
1

in the temperature range 300°C

to 550° C than has previously been observed for divalent ions in KC1.

Mercuric chloride was diffused into KC1 from the vapor phase.

The concentration of mercury in these experiments was low. Low

temperature diffusion coefficients were found to be concentration in-

dependent due to the high free energy of association. At higher tem-

peratures, the Howard-Lidiard theory was used to calculate AGi,

the degree of association, and the saturation value of the diffusion co-

efficient. Free energy of association calculated from diffusion com-

pared favorably with that calculated from conductivity. It was found

that the saturation value of the diffusion coefficient could be repre-

sented by

568Ds 8.18 x 10-5 exp - .

kT
ev

When KC1 crystals were simultaneously doped with Hg2+ and

OH reaction occurred. The ultraviolet spectrum of these samples was

characterized by a very broad band with a maximum near 200 mil,



the Hg 2+ bands were decreased, and the OH band at 204 mp, was not

discernable. The extrinsic conductivity of these samples was lower

than that observed for pure KC1:Hg2+. Diffusion of HgC1
2

into

KC1 :OH crystals produced a peak in the total mercury concentration.

It is believed that the reaction is

Hg
2+

+ OH Hg0H+.

The ultraviolet spectrum of KC1 :HgO was observed and is char-

acterized by an band at 215 nip..

Diffusion of OH in pure KC1 was measured by desorption in

one-third atmosphere of C12 and at 10-6 torr. It was found that the

diffusion coefficients could be expressed by

and

= 3. 05 x ro5 exp - 1. 95 ev
kT

Dvac = 1. 2 x 103 exp - 2. 09
kT

ev
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DIFFUSION, CONDUCTIVITY AND SPECTRAL PROPERTIES
OF MERCURY II ION IN POTASSIUM CHLORIDE CRYSTALS

I. INTRODUCTION

General Nature of Materials

This project was designed to provide information on the prop-

erties of mercury chlorides dissolved in potassium chloride single

crystals. Therefore, it is useful to briefly review some of the prop-

erties of KC1 in the solid state.

Alkali halides are characterized as being highly ionic. Solids

of this nature are expected to be poor conductors of electricity, since

the electrons are tightly bound to their nuclear shells. Due to the

large coulombic interactions of the ions, ionic materials have high

melting points. Potassium chloride melts at 776°C. Its single crys-

tals are relatively easy to grow, which aids in studying it as a solvent.

In general these crystals are grown in two ways; from solution, and

from the melt. Melt grown crystals were used in this work because

they take less time to grow and the possibility of occluded water is

diminished.

The potassium chloride lattice structure is well known. It con-

sists of two interpenetrating face-centered cubic sublattices, one of

cations and one of anions. The interionic distance between cation lat-

tice sites or anion lattice sites is 6.28 A., The ionic radius of potassium
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is usually taken to be 1. 33 A, and chloride to be 1. 81 A (30, p. 81-

83). These radii were calculated by Pau ling and most radii used in

this work are Pau ling radii. However, the ionic radii that were cal-

culated by Fumi and Tosi (19) of K+ = 1. 54 A, and Cl = 1. 61 A

give the best results when used for lattice calculations (6). These

radii were calculated with the Born model of ionic solids using the

Huggins-Mayer form of repulsive energy. These crystals cleave

parallel to the (100) plane, which is equivalent to the (010) and (001)

planes because it is a cubic structure. All measurements in this

work are made perpendicular to the (100) plane.

Simplicity of the alkali halide lattice structure allows models

. of solid state phenomena to be constructed and analytically tested.

For this reason, many investigations have been performed with the

alkali halides to substantiate theories which may later be useful in

analyzing more complex systems.

This work is concerned with thermal and chemical defects in

KC1 crystals. Real crystals also exhibit mechanical defects, such as

dislocations, grain boundaries, and cracks. Crystals used in this

work were annealed to reduce the number of dislocations and there-

fore, minimize the effect of mechanical defects. Thermal defects

can generally be divided into Frenkel and Schottky types. Schottky

defects are the only type observed in KC1. These are formed by re-

moving a cation and an anion from an ionic crystal, leaving two
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vacancies (normally called a Schottky pair). The number of vacan-

cies in thermal equilibrium in KC1 is given by (34).

n n
a

= K(T).

Where n is the number of cation vacancies per cm 3, and na is
ii

the number of anion vancancies per cm 3.

Potassium chloride is transparent from about 170 mil in the

ultraviolet, to about 30p. in the infrared. This makes it an ideal

host for spectroscopic studies of small inorganic ions. This is espe-

cially true for ionic species that are stable at high temperature.

Charge transport is by migration of the ions into the vacancies,

At low temperatures, it has been shown that most current is carried

by cations. Fuller and Reilly (18) have demonstrated that at higher

temperature, anions become important in charge transport. At

546°C, the anion transport number in KC1 is 0. 43. Activation energy

is a measure of the barrier energy that an ion must overcome in mov-

ing from its lattice site to the nearest neighbor vacancy. The activa-

tion energy for potassium ions is 1. 84 ev. (47), and 2.11 ev. (17, p.

38) for the anions. Diffusion occurs by a similar vacancy mechanism,

but the motivating force is chemical potential (concentration gradient),

rather than electrical potential.

Both diffusion and ionic conductivity are directly related to the

number of vacancies present in the crystal. The Nernst-Einstein
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equation relates intrinsic ionic conductivity of cations to self diffusion

of cations in ionic crystals.

o-+T Ne2f (1. 2)

Ionic conductivity of the cations is given by Cr
+

T is the tempera-

ture, D is the diffusion coefficient of the cations, N is the

number of cation lattice sites per unit volume, e is the electrical

charge, k is the Boltzmann constant, and f is the correlation

factor. Compaan and Haven (9) have calculated the correlation factor

to be 1. 227 for a face-centered cubic lattice.

Mass transport properties of alkali halides are significantly

changed by the addition of aliovalent ions. When a divalent cation is

put into the crystal, a cation vacancy is introduced to compensate for

charge. This reduces the anion vacancy concentration according to

Equation (1. 1). The Stasiw-Teltow association theory (46) suggests

that divalent cations will react with cation vacancies to form a chemi-

cal entity in the crystal.

++
(1. 3)

Cation-cation vacancy complexes are neutral with respect to the lat-

tice. When a field is applied across a crystal containing these com-

plexes, the dipoles align with the field, but the vacancies are not free
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to carry charge. As is indicated by Equation (1. 3), an equilibrium

exists between free vacancies and complexes. The effect is that there

are alway:, more free vacancies than would be found in pure salt.

Therefore, as long as the number of vacancies introduced is greater

than the number present due to thermal energy, the conductivity will

be higher than it would be in pure crystals. However, it is lower than

if the complexes were all dissociated.

Diffusion of divalent ions is the other mass transport phenomena

of concern in this work. Diffusion also occurs by a vacancy mechan-

ism. When divalent ion-vacancy complexes exist, the jump probabil-

ity of divalent ions increases. This results in a flux greater than

would be observed if no complexes were present and results in a

larger diffusion coefficient.

Fritz, Luty, and Anger (16) have observed that samples doped

with Ca 21- and OH have a total apparent divalent ion content that is

lower than the total calcium concentration. Also they did not observe

the electronic transition of OH which normally occurs at 204

They interpreted this to be due to a reaction between Ca 2+ and OH .

Properties of HgCl2 and Hg
2
C12

Mercurous ion is a double ion considered to be a free mercury

atom and a divalent mercury ion bonded together by a metal-metal

bond. When heated above 400°C, it dis proportionate s to free mercury and
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mercuric chloride. Mercuric chloride is quite volatile for an inor-

ganic salt with a vapor pressure of 760 torr at 302°C (39, p. 853-

858).

Very little work has been done using mercury ions as a solute

in solid KC1. Tsal (41) reported growing melt doped crystals in air

and investigated their spectral characteristics. Ben-Dor, Glasner

and Zolotov (5) have doped KC1 with HgC12 and have reported the re-

sulting spectrum as well as color centers formed after the crystals

were additively colored and bleached. They interpreted their results

to indicate the primary oxidation state for mercury dissolved in KC1

to be plus one. They also found that free mercury was formed when

the crystals were additively colored and bleached. No information is

available in the literature on the effect of Hg ions in mass transport

studies.

General Objectives of This Work

Because so little information is available on the KC1 :HgC12 sys-

tern, this thesis is quite broad of necessity. When the scope of a re-

search problem is wide, it becomes easy to lose track of the reasons

that prompted the study. It is worth while to briefly review the objec-

tives of the work and the ideas that prompted them.

Mercury was chosen as a solute in KC1 for several reasons.

Diffusion of Pb2+ and Cd2+ into KC1 had been studied and the diffusion
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parameters calculated (25) and (27). Information on Hg 2+ was desir-

able because its ionic radius was between Pb2+ and Cd2+ and more data

was needed on the relationship between ionic radii and activation en-

ergy of migration and the thermodynamic functions of associated diva-

lent cation-cation vacancy complexes. It was also of interest simply

because it had not been the subject of extensive investigation.

When mercury is present in a system, the question of oxidation

state is critical. Assigning a charge to the mercury species present

is necessary to fit the potassium chloride-mercury chloride system

properties to a model. Assigning an oxidation state to the mercury

dissolved in KC1 is of prime importance.

There exists a conflict in the literature on the characteristic

spectrum of KC1:HgC12 in the ultraviolet. Tsal reported an absorp-

tion maxima between 217-219 mil (41). Ben-Dor et al. found a peak

between 245-265 mp. (5). It was hoped to resolve this conflict.

The primary interest is in the mass transport properties of the

system. Diffusion data has been a reliable source for obtaining

thermodynamic descriptions of alkali halide-divalent ion systems.

Ionic conductivity has also been useful in establishing the thermody-

namic properties of alkali halide systems. Diffusion results can be

compared to association parameters calculated from conductivity.

During the course of this study, it was noted that the presence

of 0H drastically changed the properties of the potassium chloride-
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mercury chloride system. To determine the effect of OH interfer-

ence on the diffusion and conductivity of HgC12 in KC1, it was deemed

necessary to know the diffusion characteristics of OH without HgC12

present, but under similar experimental conditions.
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II. CRYSTAL GROWTH AND SAMPLE PREPARATION

Materials

An aqueous solution of Merck analytical reagent potassium chlo-

ride was passed through an ion exchange system which contained Bio-

Rad analytical grade resins. The cation resin used was Chelex 100,

in the potassium form which is especially effective for removing diva-

lent cations. The anion exchange resin used was Ag 2-x10, in the

chloride form. This method of purification was first accomplished

by Fredericks, Rosztoczy, and Hatchett (14, p. 3, 4), and was later

modified by Fredericks and Schuerman (15, p. 3-14). Before crys-

tals were grown from the recrystallized ion exchange purified salt, it

was further dried and purified by attaching quartz crucibles containing

the salt to a vacuum system and gradually heating the salt while flush-

ing it withHCl gas. The temperature was kept below 400°C until all

visible traces of water were removed. This normally took 8 to 12

hours before the salt was ready to be melted. Chlorine gas was put

over the 1C1 while it was melting, and left for 30 minutes. The C12

removed traces of organic materials left in the KC1. A study of the

quality of crystals grown from this salt was conducted by L. Schuer-

man (44) and the results are shown in Table 2.1.

This method of purification is ideal for mass transport studies

because of the very low total divalent ion content.
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Table 2. 1. Characteristics of KC1 crystals grown by the
Kyropoulus method from 0. S. U. purified salts
from data collected by L. Schuerman (44).

Impurity KC1
ion O. S. U. reagent

Ag+ < O. 001* N. A.

Br 3 z 4 z 35

BO2 < 0. 01* z 8

Caa+ < 1. 0* 1. 3

I < O. 4* 0. 4

Mg
2+ < 0. 5* 0. 8

Mn
2+ < 0. 004* < 0. 004

Na+ 3-4 40- 50

OH < 0. 001* N. A.

Pb 2+ < 0. 004* 0. 5

Rb 6. 0

Ti < 0. 001 *

Harshaw Method

N. A. 1

1 0 2, 1

1 1

N. A. 3

N. A. 1

N. A. 3

0. 009 2

2.5 -4.0 2

1. 5 -10 1

0. 05 1

2. 8- 5. 0 2

N. A. 1

Concentrations are in parts per million.
* Set by the detection limit of analytical method.
N. A. = not analyzed.
1. Optical absorption.
2. Activation analysis.
3. Atomic absorption.

Some early mercury diffusion experiments were performed

with crystals obtained from the Harshaw Chemical Co. However,

these are known to contain OH (14, p. 7-9), and possibly other oxy-

gen containing centers. Most of this work has been done with crystals

grown from KC1 purified by ion exchange, followed by drying with

1-1C1 and C12 oxidation.
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Neutron Activation Analysis

Analysis for mercury was done on two pure samples, as well as

on samples doped with mercury used in spectral and conductivity ex-

periments. Neutron source for the analysis was the Oregon State

University Triga III reactor. Analysis was performed by R. A.

Schmitt and V. Smith of the staff of the Oregon State University Radi-

ation Center. Analysis procedure was as follows.

1. Irradiated KC1 crystals and 10 microgram mercury stand-

ard at 250 KW for three hours in individual polyvials.

2. Dissolved KC1 in H2O and added a few drops of HNO3.

Added HgC1
2

carrier.

3. Added 6 M SnC1
2

reagent to precipitate Hg
2
C12 and Hg.

Centrifuged and decanted.

4. Washed precipitate with H2O.

5. Dissolved ppt. in conc. HC1 and HNO3 and heated. Dilut-

ed with water.

6. Repeated steps 3-5.

7. Transferred to polyvials and sealed.

8. Counted in three inch x three inch NaI(T1) well detector at

2 kev/ channel.

The estimated accuracy of analysis is ± 10 percent. Mercury concen-

trationin pure KC1 was found tobe 0.03-0.04 x 10-6 mole fraction.
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Crystal Growth

Dopants used were reagent grade potassium hydroxide, mercuric

chloride, and mercurous chloride. Mercurous chloride is unstable

above 400°C (39, p. 852-858) and it is believed to immediately dis-

proportionate when added to the KC1 melt.

Hg2C12 HgCl2 + Hg (2.1)

Droplets of free mercury were observed in some cases when crystals

were grown under vacuum. Spectroscopic evidence indicated that

free mercury was dispersed in one crystal. A band was observed at

290 mil in the spectrum of this sample, identical to the spectrum ob-

served by Ben-Dor et al. in KC1:Hg samples which were additively

colored, then bleached. They attributed this band to free mercury

dispersed in the lattice.

Crystals were grown by Stockbarger and Kyropoulus methods.

The primary advantage of the Stockbarger technique is the environ-

mental control it offers. The salt is contained in a small vacuum-

tight crucible that contains only the salt, desired dopant, and the de-

sired atmosphere. The main disadvantage is the strain that results

from the closed container. Crystals grown by the Kyropoulus tech-

nique are relatively strain free and the melt is further purified by

evaporation of impurities. However, it is difficult to dope with
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volatile solutes like mercuric chloride (vapor pressure of HgCl2 is

760 torr at 302°C).

Vycor and quartz crucibles were used for crystal growth by the

Stockbarger method. Diameter of the pointed crucibles was 2. 5 cm.

Recrystallized, ion exchange purified KC1 was put into the tubes and

treated with HC1 and C12 as described above. After the C12 was re-

moved, the appropriate dopant and atmosphere were introduced and

the tube sealed. Most pure crystals were grown under HC1 gas and

most mercury doped samples under chlorine. It was found that if the

HC1 pressure in the crucible was greater than 1/10 atmosphere, bub-

bles were likely to appear in the solid crystals.

Crystal growth was done in a 16-inch long tapped Marshal test-

ing furnace with a three inch inside diameter. A model 407 Wheelco

controller and a 620A silicon controlled rectifier were used to control

the temperature within ± one degree centigrade. The temperature

gradient was controlled by nichrome wire shunts and an eight-inch

long stainless steel sleeve which rested in the bottom of the furnace.

This sleeve was capped with a porcelain plate with a hole drilled in

the center to accomodate the dropping crucible. The furnace temper-

ature was adjusted so that the melting point temperature (776° C) was

within a centimeter below the porcelain cap. The tubes were dropped

by a screw assembly which was driven by a synchronous motor.

Dropping rate was 0. 4 cm/hr and the tubes were 13-cm long.
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Samples were either quenched in an ice-water bath, or were

broken open while still hot and either annealed or allowed to cool in

air. Samples were less strained if the tubes were broken open as

soon as they were removed from the furnace. The samples to be an-

nealed were broken out of their crucibles and put into a larger diameter

Vycor tube under one-third atmosphere of HC1 and the tube was placed

in an annealing furnace set at 700° C. It took 48 hours to bring them

to room temperature.

Salt used for growing crystals by the Kyropoulus method was

treated with HC1 and C12 in the same way as that described above.

General Electric electronic grade quartz crucibles were filled with

salt and put into a large quartz envelope which was attached to a

vacuum system. After the drying treatment, the salt was allowed to

cool to room temperature. The crucibles were quickly moved to a

mounting pedestal inside the growth furnace.

The furnace was composedof two chambers separated by an eight

cm. diameter quartz cylinder. The inner chamber contained the salt

and was filled with slightly more than one atmosphere of argon during

crystal growth. A Wilson seal in the water cooled monel top of the

cylinder allowed the cold finger to enter the chamber. The water

cooled cold finger was rotated and lifted during growth. The growth

rate was maintained between one and two cm/hr. The outer chamber

contained a graphite heating element and was always kept below
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104 torr while the graphite was hot. Temperature was controlled

with a Leeds and Northrup model 10877 control system.

Crystals grown in this manner contained from 0. 2 to 0. 5 ppm

of 0H. This was removed from thin sections of the crystals by

treating under one-third atmosphere of C12 for two days at 700°C.

Samples for all types of measurements made in this work were

prepared by cleaving slices from crystal boules with cleaned, new

razor blades. Sample edges were removed so that none of the outer

surface of the crystal boule remained. These starting samples under-

went varied treatment which depended on their ultimate use. This

specialized sample treatment will be covered in the pertinent sections..
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III. DIFFUSION OF HYDROXIDE IN POTASSIUM CHLORIDE

Introduction

Reaction between hydroxide and the diffusing mercury species

in potassium chloride is believed to cause anomalous diffusion behav-

ior. Fritz, Luty, and Anger (16) have reported the apparent reaction

between hydroxide and calcium ions in single crystals of KC1. They

observed that crystals doped with potassium hydroxide have two char-

acteristic optical absorption bands. One at 204 mµ in the ultravio-

let, and one at 2. 8 p. in the infrared. When Ca
2+ was also present,

the ultraviolet band was suppressed, but the OH stretching mode at

2. 8 p. was not. Similarly, the conductivity knee was lower in crystals

containing both Ca2+ and OH, as compared to those containing only

Ca2+.

The above information indicated that when reaction occurs, the

product occupies one cation lattice site. It is probable that hydroxide

enters the lattice substitutionally for a chloride; therefore, upon re-

action, an anion vacancy is formed for each OH reacted. If the re-

action is bimolecular, Ca(OH)+ on one lattice site would be one pro-

duct, the second product would likely be a vacancy pair ( ) , if the

2+
Ca is associated with a cation vacancy. Lidiard (33) has suggested

that vacancy pairs would not increase the ionic conductivity, because

they are electrically neutral. This is consistant with the observed
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information of Fritz et al. He also predicted that associated vacancy

pairs would be important in diffusion, and Fuller (17, p. 35) demon-

strated that vacancy pairs do contribute up to 50% of the total Cl dif-

fusion in KC1 at high temperatures. The most likely species available

for reaction with 011 would be a calcium ion-potassium ion vacancy

complex.

(Ca Oc)+ + OHv CaOH+
+ Clc 0a) (3.1)

Early diffusion experiments of HgC12 into Harshaw Co. KC1

single crystals showed that the diffusant concentration reached a max-

imum inside the crystal. Since a known impurity in Harshaw Co.

potassium chloride crystals is hydroxide (14, p. 7-9), this unusual

phenomena was believed related to the problem of hydroxide reactions.

For this peak to appear, simultaneous diffusion of OH out of the

crystal would be necessary, a process similar to the famous Liesegang

rings in gels.

Information on the mobility of hydroxide in potassium chloride

was not available in the literature. These experiments were designed

to show the behavior of OH under experimental conditions similar to

those employed during mercury ion diffusion.

Experimental

Crystals for this work were grown by the Stockbarger method
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using potassium chloride purified by ion exchange (15, p. 3-14).

Hydroxide ion was introduced by adding potassium hydroxide to dry

salt previous to growth. After crystals were grown, they were al-

lowed to remain at 600° C for two days to remove some of the strain

introduced during crystal growth. After the boules were removed

from the furnace, they were immediately removed from the quartz

growth tubes. Samples were cleaved from the least strained portion

of the crystals. Sample size was about 1 cm x 1 cm x . 2 cm.

The ultraviolet spectrum of each sample was recorded using a

Perkin-Elmer model 450 spectrophotometer. The absorption band

that occurs at 204 mµ was used to calculate the concentration of hy-

droxide using the relation (20)

C - a(204mp. )cm x 10-6m. f.
0. 4 d

C represents the concentration of hydroxide in mole fraction,

a(204m11)

(3. 2)

represents the absorption coefficient, and d is the sam-

ple thickness. While each spectrum was being taken, the spectropho-

tometer was flushed with pre-purified nitrogen. Several crystals

were measured twice with the sample being repositioned between

measurements. The reproducibility of the absorption band at 204 mil

was found to be within two percent.

Experiments were performed with two types of atmospheric
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environments corresponding to the atmospheres used in HgCl2 diffu-

sion experiments. One set of runs was made with one-third atmos-

phere of chlorine gas (pressure at 25°C), and the second set was ef-

fused under a pressure of 10-6 torr. In both cases, the atmospheric

content of species able to give hydroxide back to the crystal (water or

potassium hydroxide) were negligibly small during all of the diffusion

anneals. Eight diffusion samples were attached to a common mani-

fold, the proper atmosphere introduced, and the tubes sealed.

Seven of the sample tubes were put into a preheated furnace

such that the crystals were in the hottest part of the 1°C/cm tempera-

ture gradient used to prevent condensation on the surfaces of the sam-

ples. The eighth sample was kept for reference purposes. A Pt-Pt

13% Rh thermocouple was used to measure the diffusion temperature

and the diffusion furnace was regulated with ± 1°C. These thermo-

couples were calibrated against freezing aluminum (N. B. S. standard),

freezing water, and boiling water. The potential deviation from tabu-

lated values was constant, and in all cases corresponded to less than

one degree centigrade. The tubes were removed from the furnace

one at a time. The length of time between samplings depended upon

the temperature and atmosphere. At low temperatures under vacuum,

12 to 24 hours separated each tube removal, and at high temperatures

under C12' 4 to 6 hours was sufficient. The experiments under C12

were performed first, and these tubes were removed from the top of
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the furnace. The technique was improved for those done at 106 torr

and an insulating top was made for the furnace that allowed the crys-

tals to be dropped out the bottom. This reduced the thermal pertur-

bation on the samples remaining in the furnace.

Upon completion of all the diffusion anneals at one temperature,

the crystals were removed from the tubes and the absorbance meas-

ured at 204 rnp.. The crystals were left in the sample tubes until

time to measure their absorbance, because it was observed that if

left in contact with the atmosphere the absorbance at 204 mµ would

increase slightly.

The maximum computed standard error in the spectrophotomet-

ric measurements is 2. 1 percent. This includes error due to con-

centration gradients since the measurements used in computing this

standard error involved repositioning the crystals between measure-

ments. Table 3.1 shows the relative precision of measurements with

two representative reference crystals.

Table 3.1. Absorbance values of two reference samples
before and after diffusion was performed on
other samples in their respective experiments.

Crystal Initial abs. Average Final abs. Average

5 1. 029 1. 058 1. 057 1. 062
1. 088 1. 079

1. 037
1. 078

6 . 668 . 668 . 664 . 656
. 648
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The primary source of systematic error is the evaporation of

potassium chloride from the sample surfaces during diffusion. This

problem arose at the high temperatures that were necessary when

diffusion was carried out in vacuum. Small crystallites of KC1 were

often noted in the cool end of the diffusion chamber. This systematic

error is very small, as can be seen from Table 3. 2. In many cases

the final thickness was greater than the initial thickness. This is be-

lieved to be due to micro-crystallites that condense on the crystal

surface when it is cooled, or due to the crystal warping slightly when

it was quenched. The standard systematic error estimated from

sample thickness is less than three percent.

Table 3. 2. Comparison of sample thickness be-
fore and after diffusion.

647° C
Thickness (cm)

672°C
Thickness (cm)

Initial Final Initial Final

. 149 . 159 . 143 . 145
. 193 . 191 . 166 . 165
.186 . 192 .145 .136
.153 .153 . 171 .171
.195 . 192 . 122 . 117
.192 . 193 . 161 .157
.127 . 130 . 135 . 147

Diffusion Equation Solution

Diffusion data is normally represented in terms of an isother-

mal diffusion coefficient, which was originally defined by Fick as the



constant of proportionality between the flux of material through a

plane, and the concentration gradient at the plane.

_D.vC.
1 1
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(3. 3)

Fick's ilSecond Law of Diffusionti gives time dependent solutions for

diffusion problems, and is the most widely used. For convenience

sake, experiments are generally designed to allow the one dimension-

al form to be employed.

ac = D
2a c

ax
at 2

(3. 4)

In this problem, C represents the concentration of hydroxide

and will normally be used as mole fraction. The distance into the

crystal from the surface is represented by x. It is implicitly as-

sumed that the only driving force in this process is the concentration

gradient of hydroxide. That is, the diffusion coefficient is concentra-

tion independent.

Diffusion takes place equally from all faces of the crystal, and

for this reason, the edges of the crystals were masked so that only

one dimensional diffusion was seen. The crystals were cut thin so

that plane sheet boundary conditions could be employed. As stated

before, the pressure of hydroxide source materials in the vapor sur-

rounding the crystal was negligibly small. The boundary and initial



conditions can then be written,

C= constant, 0< x< 1, t= 0

C = 0, x = 0, x = d, t > 0

23

(3. 5)

The solution to this problem as given by Crank (11, p. 45) is for short

times

Mt
= 2( )Dt 1/ 2 -1/ 2

+ 2
Moo

d

CO

n=1

,n, ndierfc OR (3. 6 )

Where Mt is the decrease in the OH- concentration, Moo is the

concentration of OH originally present, and Mt/Moo is the fraction

lost after diffusion. Time, t, is measured in seconds; and, d,

the thickness, is measured in cm so that D has the dimensions

cm2/sec.

In the region where 1 >> Dt

ierfc nd 0

and the remaining simple solution is

Mt NITIBT
Moo

ard2

(3. 7)

(3. 8)

D can be calculated from the slope of the fraction lost versus square

root of time curve.
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Results and Discussion

Figures 3. 1 and 3. 2 show the behavior of the diffusion results

at various temperatures. Table 3. 3 gives the values of the diffusion

coefficients at each temperature as determined by least squares anal-

ysis. Table of raw data appears in Appendix I. The standard devia-

tion was determined by calculating the deviation from the least

squares fit (A Mt/Mco) for each experimental point.

A Mt 2Nrt-

M d rn-

1/2

Standard deviation -1 (3. 9)

Deviations are greatest in the data collected from diffusion carried

out in vacuum. The reason is twofold: Mt /Mx is small and meas-

urement errors are of fixed magnitude; thus, error in calculation is

increased. Secondly, the experiments were carried out at higher

temperatures; therefore, more potassium chloride evaporated from

the surface.

Figure 3. 3 shows the data on an Arrhenius plot. Diffusion coef-

ficient of hydroxide ion into pure KC1 single crystals under C12 atmos-

phere, DC1, and in vaccum, Dvac are described by the follow-
2

ing equations.

-.D = 3. 05 x 105 exp 1kT
(3. 10)

95 ev
C12
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Figure 3. 1 Fraction of OH lost from KC1:0H- crystals at an external pressure of 10-6 torr.
cn



MtAft. 0.5

0.4

0.3

0.2

0.1

0.2

0.1

26

3.0
2

6.0
10-3

Figure 3.2 Fraction of OH lost from KC1 :OH crystals at an
external pressure of one-third atmosphere C12.
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Figure 3.3 Diffusion coefficients as a function of 1/T.



and

Dvac = 1 . 2 x 103 exp -2. 09 ev
kT
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(3. 11)

The difference in the activation energy is believed to represent exper-

imental error. This is a deviation of seven percent. The average

value is 2. 02 ev.

Table 3. 3. Experimental results.
Standard

Temp. (° C) D (cm2/sec ) deviation

Diffusion in vaccum

599 9. 31 x 1010 1.53 x 1 010
647 3.53 x 10-9 O. 59 x 109
672 9.50x 109 0. 23 x 109
697 2. 28 x 108 O. 46 x 10-8

Diffusion in 1/3 atm. C12

379 3. 96 x 1010 0.41 x 1010
438 4. 97 x 109 O. 15 x 1 09
472 1. 04 x 108 0. 01 x 1 08
515 1. 09 x 107 0. 00

It is customary to consider the diffusion in solids as occurring

totally within the bulk of the material while ignoring the processes at

the boundary. Normally the difference in the chemical potential be-

tween the two phases at the surface is great enough that this approxi-

mation is valid. Occasionally, situations are encountered where it is

impossible to ignore the mechanism of delivering diffusant from the
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source to the sample; or in desorption experiments like these, re-

moving the diffusing species from the sample into the sink. The large

difference in D
0

values, where the only difference is in atmospher-

ic environment, indicates that this is such a case.

The mean square distance traveled by an anion (x2)) s re-

lated to its diffusion coefficient, D (25, p. 25).

Dt x2 (3. 12)

Kinetic theory is used to relate x2 to the free energy of activation.

E is the barrier a hydroxide ion must pass over to move from one

lattice site to another. The jump frequency of the diffusing ion is

given by wz, the anion-cation separation distance by a, and the

correlation factor by f.

Dt = x2 = 8f(,)
2
a 2t exp S/2k exp - EAT (3. 13)

Here, S is the entropy of formation of a Schottky defect. The form

of the correlation factor for a face-centered cubic lattice is given by

Lidiard and Howard (23).

f -
co1 +(7/2)(03

(.02+6.)1+(7/2)(.03
(3. 14)

The jump frequency of a chloride which moves a vacancy from one
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nearest neighbor position to the diffusing ion to another, is represented

by wl, and the jump frequency of a chloride which would move this

vacancy to a ne):t nearest neighbor (unassociated) position, is given

by (03. Figure 3. 4 was taken from Lidiard and Howards' article on

mass transport in solids (23), and shows the relative position of the

diffusing ion and the vacancy after the vacancy has migrated.

When a diffusing ion reaches the boundary it must either be re-

flected back into the crystal or be removed. Therefore, a term must

be introduced into Equation (3. 13) that gives the relative probability

of the 011- leaving the crystal to that of reflection.

g
w2+

s
(3. 15)

Here, w is the reaction frequency at the surface and Equation

(3. 13) becomes

D = 8gfa2 exp S/2k exp - EAT

In most diffusion experiments ws >> w
2

so that g 1.

(3. 16)

The reaction probability for removal of hydroxide is much

greater in the presence of C12 than at 106 torr.

gC1
2

>> gvac (3.17)

The activation energy, E, for diffusion of movovalent ions is
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of jump probabilities.Figure 3.4 Diagram describing, notation.
From Howard and Lidiard (23).



composed of two terms (17, p. 16).

h
E =(2E = (--

2
+ Em )
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(3. 18)

E is the barrier energy for the jump of a hydroxide into a chloridem

vacancy and hs is the enthalpy of formation of a Schottky defect.

Table 3. 4 gives a comparison of the activation energy obtained

by Fuller (17, p. 29) for chloride diffusion to the hydroxide diffusion

of this work. The variation is in the expected direction, in that the

barrier energy is lower for the smaller ion. E was calculated us-m

ing a value of 2. 313 ev (17, p. 32) for hs.

Table 3. 4. Comparison of activation energy of C1
and OH.

Ion Radius E Em

Cl- 1 . 81 A 2. 12 ± . 05 ev O. 95 ± . 05 ev

OH- 1. 36 A 2. 02 ± O. 1 ev O. 86 ± 0.1 ev
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IV. SPECTRAL PROPERTIES OF KC1:Hg 2+,

KC1:Hg2+:0H- AND KC1:HgO

Introduction

All the transition metals and most of the post transition metals

have electronic transitions whose energy falls into the visible or ultra-

violet region of the spectrum. Dissolving the ions of these metals in

an alkali halide solid matrix, has been a convenient method of study-

ing these transitions. This is because the alkali halides are trans-

parent throughout the visible and part of the ultraviolet region of the

spectrum, often to below 180 mp.. Due to the coulombic field sur-

rounding a lattice site, and the directional nature of the "d" orbitals,

many of the metal ions exhibit crystal field splitting.

The mercury arc spectrum is well known, and has been sep-

arated into transitions associated with different oxidation states (40,

p. 196-199). Some of these are shown in Table 4.1.

Prener et al. (42) found that mercury atomically dispersed in

zeolite has an absorption band at 253.7 mil. Ben-Dor et al. (3) pro-

duced a broad band at 290 my. by additive coloration and bleaching of

KC1 crystals doped with HgC12, which they attributed to Hg°. They

2
also found a band at 245-265 mil due to Hg2 . Tsal (41) has observed

a band at 215-219 rnp, in KC1 doped with HgC12.

In the post transition series of elements, McClure (38) has
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Table 4.1. Selected transitions from the common oxidation
states of mercury from arc spectra.

Ground Excited Transition
Species state J state J wavelength

5Hg
+2 5d10 0 5d96s

3 233 mi.i.

5Hg
+2

d
10

0 5d96s
2 217 nap,

5Hg+2 d10 0 5d96s 1 207 mp.

5Hg
+2

d
10

0 5d96s
2 164 mil

510Hg
+2

d 0 5d96pol
2 96. 6 mti

5Hg
+2

d
10

0 5d96p01 3 94. 7 mp.

5Hg
+2

d
10

0 5d
96p

1-z
1 4 84. 7 my,

5d10
Hg

+2
0 5d96p

1 2 84. 4 mti
12-

5Hg
+2

d
10

0 5d9 6pol 1 84. 3 mµ

510Hg+2 d 0 5d9 6p4 2 82.7mµ

5Hg+2 d10 0 5d96p
1.a.

1 3 82. 2 nap,

5Hg
+2

d
10

0 5d96p
1 1 79. 0 mµ

1-i

5Hg
+2

d
10 5d96p11 0 76.5 mp.

5H g
+2 d10

0 5d96p11 3 74. 3 mp

5Hg+2 d10 0 5d96p11 1 74.1 nap.

Hg
+2 5d 10

0 5d96p
li1 2 73. 3 mp.

Hg+ 5d 106s 1 i
2 5d96s 2

2-1 282 mil

Hg+ 5d 6
10.

s
1 i

2 5d96s 2
11 198 mp

5d 10
6s

2
0 5d 106s6p 0Hg 266 mp.

5d10
6s

2
0 5d

10
6s 6p 1Hg 256 mp.

5d
106s 2

0 5d
106s6p 2Hg 227 mil

5d
106s 2

0 5d 106s6p 1Hg 185 mp,
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suggested that the transitions shown in Table 4. 2 are the most likely.

Table 4. 2. Likely transitions for some post transitions
metals (taken from McClure).

Specie s Ground state Excited state

Cu+, Ag+, Au+

Zn+2,Cd+2,Hg+2

Zn+, Cd+, Hg+

Zn 0, Cd 0,
Hg

Ga+, in+, Tl+

Ge+2,Sn+2, Pb+2

As+3 ,Sb+3 .+3
,

1 (n, 1 )d
1 0

S
0

(n- 1 )d
10ns

1 s (n-1 )dlOns 2

0

(n-1 )d9ns , (n-1 )d9np

(n-1 )d10np

(n-1 )d1

The shift in the free mercury absorption band from the gaseous

state to that found by Ben-Dor (5) in potassium chloride is . 61 ev.

This corresponds in series with data given by McClure (38) for

Pb+2, and T1+ for the 3P
0

transition. Both are isoelectric with Hg 0
.

Lushcik and Lushcik (37) have investigated the absorption (ex-

citation) and emission spectrum of the noble metal ions. Their re-

sults are shown in Table 4. 4.



Table 4. 3. Energy shift for the 3PA transition
in mercury-like ions in''KC1.

Species Energy (ev)

Pb+2
2. 8

Tl+ I. 4

Hg 0. 61

Table 4. 4. Absorption and emission bands in KC1 doped
with the noble metal ions.

Ion Absorption Emission Remarks

Cu+ 265 mp. 400 mp, broad absorbance at
shorter wavelengths

Ag+ 255-240 mil 280 mil also absorbs at
215 mµ shorter wavelength

Au+ -204 -550 also absorbs at
shorter wavelength

Experimental

Preparation of Samples

36

Two questions naturally arise when studying mercury systems:

1. What differences arise by doping with mercuric chloride compared

to mercurous chloride? 2. What effect does the lattice environment

have on the oxidation state of mercury? Spectral studies can aid in

answering these questions.

Two methods were employed in doping KC1. Crystals grown by
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the Stockbarger technique were doped with 0. 02 to 0.1 mole percent

mercury chlorides. In most cases some undissolved powder was

found on top of the crystal boule.

The second method of doping with HgC1
2

was by diffusion from

the vapor phase. Diffusion chambers were made of quartz and had a

volume of about 20 cm 3. A weighed amount of HgC1
2

was put into

each tube. In the first series of experiments 0. 057 g was added to

each tube and in the second series 0. 010 g was added. One-third

atmosphere of chlorine was also in the diffusion tubes during these

experiments. Single crystals used in these experiments were less

than 0. 25 cm thick so that steady state diffusion could be achieved.

Diffusion proceeded for one week at 600' C, after which the tubes

were immediately cooled in water to quench the crystals. In the tubes

with the largest source of HgC1
2

a milky white precipitate was ob-

served in the crystals. To remove any surface HgC1
2

which con-

densed on the crystals, they were polished with 600 mesh silicon car-

bide grit then finished on a flannel cloth dampened with ethanol.

Crystals grown by the Stockbarger technique were either doped

with HgC12 or Hg2C12. After the dopant was added to dried KC1, the

quartz growth tube was sealed off under one-sixth atmosphere of chlo-

rine, one-sixth atmosphere of HC1 gas or vacuum. The spectacular

series of bubbles observed by Ben-Dor et al. (5) when doping with

Hg
2
C12 was not seen in this experiment unless pressure greater than
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0.1 atm of HCl or C12 was used, and then it made no difference which

dopant, if any, was used. Some crystals were annealed and some

quenched. If the concentration of dopant was high and the crystal an-

nealed, a milky white precipitate appeared.

Potassium chloride crystals were doped with both KOH and

HgC12 in two ways. Mercuric chloride was diffused into samples that

contained 2 x 10-5 mole fraction of OH. For the sake of comparison

this diffusion was identical to that done in pure KC1. All KC1:Hg2+:0H

samples doped by diffusion had indications of precipitate in the crys-

tal. Diffusion was done under one-sixth atmosphere of C12, or vac-

uum. The surfaces of these samples were also ground and polished.

Samples were also prepared by simultaneous doping with equal

molar amounts of KOH and HgC1
2

in dried KC1 and crystals grown by

the Stockbarger method. These crystals were all quenched from

growth temperature. All were grown under vacuum. One crystal

was prepared by doping with an equal molar mixture of HgC12 and

KOH. This mixture was reddish brown which indicated that HgO had

been formed.

One crystal was grown by the Kyropoulus method in air and

doped with mercuric chloride. The predried KC1 was contained in a

platinum crucible. The whole apparatus was contained in a glass bell

to prevent the escape of HgC1
2

vapor.
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Quenching

Crystals were quenched in two ways. Some Stockbarger crys-

tals were taken directly out of the growth furnace and quenched either

in air or in an ice-water bath. Others were annealed and pieces of

the crystals wrapped in platinum foil, heated to 500°C to 750°C, and

quenched by taking them out of the furnace and putting them into a

metal cup containing liquid nitrogen.

Equipment

Three spectrophotometers were used during the course of this

project. A Beckman DK-1 and a Cary model 15 were used during the

early phases, and a Perkin-Elmer model 450 during the final stages.

The P. -E. 450 had the capacity to measure absorbance down to the

band edge of KC1. Below 200 mil the optics were flushed with pre-

purified nitrogen. Calibrated reference screens allowed absorbance

measurements up to an optical density of four. With a special at-

tachment, this instrument had the capacity to measure luminescence.

A Xenon lamp was used for the exciting source.

The cold cell used was designed by W. J. Fredericks and

W. A. Mannion for use with the P.-E. 450. A copper-con.stantan

thermocouple was used for temperature measurement of the sample.

A thin layer of silicone stopcock grease was used to hold the crystal
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in thermal contact with the cold finger. The thermocouple bead was

placed near the crystal, and was held tightly against the cold finger

with a copper wire.

Mercury Analysis

Concentrations of mercury were measured in seven KC1 sam-

ples so that a mole fraction absorption coefficient could be calculated.

Samples for analysis were chosen that had no visible precipitation

and a minimum of light scattering properties. Analysis was per-

formed by irradiating the crystals with neutrons and analyzing as de-

scribed in Chapter II.

Results

Spectral Characteristics of KC1:Hg 2+

Potassium chloride doped with HgC1
2

has characteristic absorp-

tion in the ultraviolet region of the spectrum. Absorption appears

as a very broad band vvtl.. a peak near 245 mil and a long, nearly flat,

tail down to the absorption edge. This peak normally occurs between

243 and 248 mil, but may be found as high as 250 mil or as low as

235 mil. Between 230 and 195 mil the spectrum is normally flat, but

considerably above the baseline. In samples quenched from growth

temperature, the ratio of the absorbance at the peak to the absorbance
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at 217 mp. is nearly constant for all crystals and the average value is

1. 27. From 195 mµ to the absorption edge, there is an increase in

absorbance greater than that observed in pure KC1 crystals. Figure

4.1 shows the normal KC1:HgC1
2

spectrum. The same spectrum was

observed in melt doped and diffusion doped crystals. It was also ob-

served in samples doped with mercurous chloride in the melt.

The problem of chlorine evolution described by Ben-Dor was

not observed. The only apparent difference in the methods of crystal

growth in the two experiments, is the doping level. It is suspected

that the gas which caused bubbles to form in their crystals was HgC1
2

vapor and not chlorine. Indeed, chlorine would drive the reaction to-

ward divalent mercury rather than inhibiting further reaction as they

proposed.

C12 + Hg
2
C12 2HgC12 (4. 1)

On the other hand, a large concentration of dopant would provide a

large amount of HgC1
2

in the vapor phase, since at 776°C and moder-

ate pressure, all HgC12 is in the gas phase.

Analysis was done on seven samples so that the mole fraction

absorption coefficient at 245 nap, could be measured. This is defined

by

I = I
0
e-acd (4. 2)
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Figure 4.1 Spectrum of single KC1 crystal doped with HgC12 as grown.



43

where absorbance at 245 mµ is given by 1°g1 0 1/I '0
a is the mole

fraction absorption coefficient, c is concentration, and d is the

sample thickness. The spectra of the samples were carefully record-

ed before they were analyzed. Table 4. 5 gives the results of the

analysis.

Table 4. 5. Results of activation analysis.

Sample
Absorbance
at 245 mil

Thickness
(cm)

Concentration
(mole fraction)

a. (cm/mole
fraction)

4B2

4B3

7B9

7B5

7B19

7B20

21B1

0. 790

1. 013

0. 559

0. 214

0. 722

0. 630

0. 159

0. 298

0. 507

0. 224

0. 234

0. 242

0. 322

0.185

6. 0 x 10-6

8. 5 x 1 06
6. 0 x 10-6

1. 5 x 1 06
5. 5 x 1 06
2. 4 x 1 0-6

0. 88 x 106

1. 02 x 106

0. 54 x 106

0. 96 x 106

1.40 x 106

1. 25 x 106

1. 88 x 106

2.11 x 106

In calculating an average value of a, the high and low values

were not used. It was believed that the large deviation in sample 4B3

was due to undetected precipitation. The baseline is defined only at

the long wavelength end of the Hg2+ spectrum, since Hg2+ absorbs

down to the KC1 band edge. This causes more than usual amount of

error in extrapolating the baseline, especially in strained crystals

grown by the Stockbarger technique which have a large number of

scattering centers. This problem is especially prevalent in 21B1,

where the absorbance is low. The average value of a (245 mil) in
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the remaining five samples is

1.30 x 106 . 35 x 106
(cm)(mole fraction)

Figure 4. 4 shows the results on a Beer's law plot.

Annealing

When crystals are well annealed, no absorption bands are ob-

served as shown in Figure 4. 2. The characteristic mercury spec-

trum can be regenerated by heating the crystals in vacuum to 600° C

then quickly quenching them. The reason for this is visibly obvious

when heavily doped samples are inspected. When these crystals are

annealed, a milky white precipitate forms, probably HgC12. In light-

ly doped crystals that are annealed, the light scattering increases.

This indicates a second phase is present, even though it is not visible

to the eye.

Some samples were so highly doped that precipitate formed even

when the crystals were quenched.

Some KC1:Hg 2+ samples were cooled to 96°K in hope that the

very broad band structure could be resolved. The results are shown

in Figure 4. 3. Resolution was not achieved at this temperature.

Therefore, if several bands are responsible for the broad band spec-

trum, it is likely that they are very closely spaced. The shape of the

spectrum did not change, indicating that none of the bands involved
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were strongly temperature dependent. In fact, very little tempera-

ture dependence was noted in the absorbance of the samples. The

only apparent effect was to shift the peak at 245 mil to higher energy

(235 mil).

KC1:Hg
2+:0H

Potassium chloride doped with both HgC12 and KOH shows the

characteristic spectrum seen in Figure 4. 5. Also shown is the spec-

trum of KC1:Hg 2+. The same charcteristics arise if the sample is

melt doped or diffusion doped. Most samples exhibit a small peak or

a shoulder between 250 and 260 mil. This is probably due to unre-

acted mercury ions, since this occurs in about the same position as

the peak in the normal spectrum. The samples shown in Figure 4.5

were prepared by diffusing HgC12 into pure KC1 crystals and KC1

crystals doped with about 20 ppm.OH under identical conditions. The

peak height near 245 mp. indicates that the presence of OH increases

the solubility of HgC12 in KC1.

It was also observed that conductivity samples showed the char-

acteristic KC1:Hg 2+ :OH spectrum if the temperature of the run went

above 600° C, and the cell was not flushed with dried argon while it

was still hot. In no instance, when an excess of Hg 2+ was present,

did the OH 204 mp, band appear.
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a. KC1:Hg 2+:0H, prepared by diffusion of HgC12 into KC1:011- for 168 hours.
b. KC1:Hg2+, preparation identical to a except HgC12 diffused into pure KC1.
c. KC1:01-1-, sample a before diffusion.
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KC1:HgO

The crystal doped with mercuric oxide has a spectrum with a

predominate peak at 215 mil. There was also mercuric chloride pre-

sent in the dopant and as a result a shoulder appeared near 245 mil.

This spectrum is seen in Figure 4. 6. This same spectrum was ob-

served in crystals which were wrapped in platinum foil and heated in

air to 600°C to 700° C then quenched in liquid nitrogen. Figure 4. 7

shows the growth of this peak with time. It is believed that the reac-

tion is

1
KC1:Hg

2+
+ 2C1 +

2
0

2
--- KC1 :HgO + C12

This spectrum was also observed in HgC1
2

doped crystals grown by

the Kyropoulus technique in air.

Additional Observations

No luminescence was observed in the visible region of the spec-

trum when the samples were irradiated with light in the wavelength

range 240 to 300 mp,. Irradiation below 240 mp, was not possible be-

cause light scattering in the optics of the P. -E. 450 spectral fluores-

cence attachment demanded that a band pass filter be used. The filter

used passed light between 240 and 400 mil. Luminescence below

400 mil could not be observed because of interference from the stray
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Figure 4. 6 Spectrum of KC1:HgO prepared by doping KC1 melt with HgO.
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I I I i 1 1 i 1

300 280 260 240 220 200
wavelength (mp)

Figure 4.7 Growth of KC1 :HgO from KC1:Hg
2+ by heating in air

and quenching.

A. KC1:Hg
2+

.

B. Heated A for 1 hour at 710oC.
C. Heated B for 6 hours at 685°C.
D. Heated C for 5 hours 30 minutes at 741°C.
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light.

In the infrared region the 01-1 stretching mode appears at 2. 8

microns. It would have been useful to observe this band in KC1 doped

with HgC12 and KOH to prove that OH is present. Unfortunately, the

OH concentration in all crystals, including those doped with 011-

only, was too low to detect in the infrared.

Conclusions

Table 4. 6 lists the species of concern in this work, and the

position of the bands observed in their spectra.

Table 4. 6. Species and associated absorption bands.

Species Bands
X

1 X2

Relative
intensity

X3 Il/I2

KC1:Hg
2+ 245 mil 230- 200 mil < 19 0 mp, 1. 27

KC1 :OH 204 mil

KC1:Hg
2+ ;OH- 200 rrip. 250- 260mµ 1.4 -4. 0

KC1:HgO 215 rr4.L 260 mp. 3 -10

Since the same spectrum results from crystals doped by diffu-

sion and single crystals doped in the melt with either HgC12 or

Hg C12, and since the presence of chlorine has no effect on the spec-

trum, it is believed that the primary foreign ion in the potassium

chloride lattice is Hg2+. If Hg+ or Hg 2+ were in equilibrium with
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Hg
2+, the external C12 pressure should shift this equilibrium. Both

in this work and in that reported by Ben-Dor, it was found that when

Hg2C12 was used as a dopant, disproportionation occurred. Conduc-

tivity results along with activation analysis results (conductivity re-

sults appear in Chapter V) also indicate that Hg2+ is the oxidation

state present.

Divalent mercury is isoelectric with Au+, and has the same

outer electronic structure as Cu+ and Ag+. It is expected that simi-

lar electronic transitions would occur for Hg 2+ in KC1 as for the

noble metal ions in the same host lattice. Lushchik and Lushchik

(37) assigned the transitions seen in the spectrum of KC1 doped with

Cu+, Ag+, and Au+ to nd10 --.-nd9(n+l)p. This assignment was made

on the basis of band gap compression which is expected when a metal

ion is put into a strong crystal field. The transitions

nd10 nd9(n+l)s were ruled out in the noble metal ions, because

the transition energy for the free ion was less than that observed in

crystals. The band gap compression in these metals is 3-5 ev. As-

suming the transition nd10 nd9(n+l)p for HZ+ in KC1, the band

gap compression is about seven electron volts. The energy of the

free metal ion transitions nd10,nd9(n+l)s is only 0. 25 ev higher

than that observed in KC1, and this would be less energy compression

than expected. It is probable that the transition is nd10 nd9(n+1 )p.

Ions of this nature have a complex electronic spectrum since in
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the excited state the d levels are not filled. Another important

factor is that these metals in a crystal field exhibit j-j coupling

rather than Russel-Saunders (L-S) coupling and the selection rules

for j-j coupling allow other transitions (e. g. 1S
0

There-

fore, at least twelve bands, narrowly spaced, are expected

(1S
0

1 P1' 3 P0,
1, 2'

1 D2' 3
D1,

2, 3).
These overlapping bands appear

to cause the very broad spectrum observed in the KC1:Hg 2+ system.

KC1:Hg
2+:0H- and KC1:HgO

The spectra indicate that at least two mercury-oxygen com-

pounds exist in a KC1 matrix. The presence of HgO is indicated by a

band at 217 mp, as was found in crystals doped with HgO and those

heated in the atmosphere. This is also accompanied by a decrease

in the normal Hg 2+ peak as seen in Figure 4.6. When a crystal con-

taining HgC12 is heated in air at 750°C for several hours, the Hg 2+

spectrum is almost totally surpressed.

When potassium chloride crystals are doped with OH- the nor-

mal OH band at 204 mil is replaced by a broad band that peaks near

200 mp,. The normal Hg 2+ spectrum also is reduced (see Figure 4.7).

The presence of OH appears to increase the amount of HgC1
2

which will diffuse into KC1. This conclusion is reached by comparing

the peak heights at 245 mil (Figure 4.5). This was substantiated by

diffusion experiments which will be discussed in Chapter VI.
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V. CONDUCTIVITY

Potassium chloride is one of the worlds better insulators, be-

cause of the high electron affinity of the chlorine atom. This causes

a band gap between the valence and conduction bands of 8. 6 electron

volts. Thus, only drastically high fields or high temperatures are

sufficient to cause electronic conduction. It is known that potassium

chloride conducts current under much milder conditions. Tubandt

demonstrated that this current was carried by migrating ions and

most of it by cations (48). Creation of point defect models by Frenkel

and Schottky made possible the formulation of mechanisms by which

ionic conductivity could be explained. In potassium chloride, charge

is carried by ions jumping from their lattice sites to vacancies in the

nearest neighbor sublattice position.

Temperature dependence studies showed two distinct relation-

ships between log o-T, and the inverse of temperature, (o- repre-

sents conductivity). The slope of the low temperature region of the

conductivity curve was found to be dependent upon the salt and the

divalent impurities. The high temperature region depended only on

the host lattice. The intersection of these two regions was a function

of the concentration of divalent impurities (34, p. 257). A third very

low temperature region has been observed in some highly doped crys-

tals, and has been attributed to precipitation (34, p. 292-295).
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Ionic conductivity depends on the mobility of the ions. Charge

is mostly carried by cations jumping into positive ion vacancies ex-

cept at very high temperatures (18). When an electric field is applied

across a crystal, the energy barrier formed by the chloride ions sur-

rounding each potassium ion is slightly reduced in the direction of the

cathode and slightly increased in the direction of the anode. Thus,

more positive ions move in the direction of the negative electrode, and

more vacancies move toward the anode.

When divalent cationic impurities are present, an equal number

of cation vacancies are incorporated into the lattice. Due to this

charge compensation, aliovalent impurities alter the equilibrium be-

tween positive and negative ion vacancies,

= K(T) (5. 1)

where n represents the number of positive ion vacancies per cm 3,
Tr

n
a

the number of anion vacancies per cm 3, and K(T) is the equri-

librium constant. The Stasiw-Teltow association theory (46) suggests

that since divalent cations are positive with respect to the cation sub_

lattice, and positive ion vacancies are negative with respect to it, a

chemical type complex would form according to the reaction

+2
M

+2 +2
(5. 2)

These complexes would not affect the ionic conductivity since they are
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electrically neutral. Etzel and Mauer's work on the conductivity of

sodium chloride doped with cadmium chloride supported the theory

(13).

These complexes are subject to the mass action law,

c

(c -c )(c -c) z/ exp (L\G//kT)= K2(T).
p P

where c is the concentration of divalent ions, c is the concen-
p

tration of associated pairs and is equal to pc where p is the de-

gree of association, cv is the concentration of cation vacancies! z
1

is equal to 12 in KC1, AG
1

is the free energy of association, k

is the Boltzmann constant and T is the temperature. When the

concentration of thermal vacancies is much smaller than c, then

c = c and the mass action law can be written

pc = 12 exp (AG//kT).
[c(1-p)]2

Uses and Limitations of Conductivity

(5. 3)

Direct current conductivity has been a proving ground for the

general aspects of association theory. But, as Lidiard pointed out,

it has disadvantages in providing quantitative information on the

thermodynamics of association (34, p. 311). This is due to difficul-

ties in analyzing the graphical data from log crT versus 1/T
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curves. Also, it has been shown that in real crystals, where the ac-

cidental concentration of divalent ions contribute to the conductivity,

the calculated value of the free energy will be less than the real val-

ue (2).

Direct current conductivity has been frequently used in estimat-

ing the total divalent ion content of crystals. This has been a useful

test in rating the purity of alkali halides. However, conductivity re-

sults can be misleading since some divalent cations react with some
2+

anions, such as Ca and OH- observed by Fritz et al. and this low-_
ers the extrinsic conductivity.

Ionic Conductivity Thermodynamics

The method of data analysis follows the same line as developed

by Jacobs and Tomkins (24), Grundig (21) and used by Seevers (45,

p. 3943). There are several methods of analysis. The differences

primarily arise from the approximations made. The reasons for

choosing this analysis will be made clear later.

Ionic conductivity is defined by

n ep, +na ep, aIT 7,1'

(5. 4)

where n is the number of cation vacancies per cm 3, na is the
Tr

number of anion vacancies per cm3,

vacancies,

is the mobility of cation
Tr

the mobility of anion vacancies, and e is the
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electronic charge. Experimentally it is known that except at very

high temperatures, negative ion vacancies do not make a sizable con-

tribution to the ionic conductivity. The approximation normally made

is

0 = n ep, (5. 5)
'IT 1T

Cation vacancy mobility, as described by kinetic theory, can be

itten,

2
p,TT. (4a0evir/kT) exp (-AG /kT) (5. 6)

where a
0

is the lattice distance between nearest neighbor cations,

v is the vibrational frequency of the positive ions surrounding a
Tr

cation vacancy, AG is the activation free energy for the jump of
Tr

a cation into a cation vacancy, k is the Boltzmann constant, and T

is the absolute temperature. In order to complete the expression for

conductivity as a function of temperature and impurity concentration,

it must be known how n varies with temperature and divalent ion
TT

concentration.

The equilibrium between positive ion vacancies and negative ion

vacancies is given by,

nTrna = N2 exp (-AG
s
/kT) (5. 7)

Where N is the total number of positive ion sites per cm3 of crystal,
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and A Gs is the free energy of formation of a Schottky pair.

The primary aliovalent impurities in alkali halide crystals are

divalent cations. Assuming all other aliovalent contributions are

negligible, charge compensation can be written as

n + n = n
x a

3where the number of divalent cations per cm is

(5. 8)

nx. By eliminating

na
from Equations (5. 7) and (5. 8) and solving the quadratic expres-

sion for n ,
Tr

we obtain

1 r 1 2n- -2 nx
+ L-

4
nx2+N exp (-AG. s/kT)]1/2 . (5. 9)

These two requirements, vacancy equilibrium and charge neutrality,

give rise to the intrinsic and extrinsic regions of the conductivity

curve. This is apparent from Equation (5. 9), because at low tem-

perature s

N2 exp (-LGs/kT) 0

and

but at high temperatures,

n = nx
7.T

nx becomes negligible and

n
Tr

N exp (-AGs/ ZkT).

(5. 10)

(5. 11)

(5. 12)



and

Collecting terms and writing,

AGs AH
s

- TAS
s

AG = AH - TAS
Tr Tr

Equation (5. 5) becomes 1)r the intrinsic region.

or
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(5. 13)

(5. 14)

o- = (4Ne 2a
0

2v
Tr
/kT) exp [AS - 1 S

s
/k] exp [- (AH

Tr
+-1 AH

s
)/kT]

Tr 2 2

1crT = Al exp [-(AHir+2AHs)/kT].

In the extrinsic region, the result is

o-T = A2 exp [-AH
Tr
/kT]

(5.15)

(5.16)

(5. 17)

Equation (5. 17) cannot be totally correct since it has not allowed

for association between divalent cations and cation vacancies. Figure

5.1 shows the various regions on a conductivity curve for KC1 doped

with HgC12. It was observed that the extrinsic region is character-

ized by two lines labeled II and III. The high temperature region just

before the intrinsic line (III) is normally considered to be conductivity

due to dissociated divalent ions and vacancies. At lower tempera-

tures, it is expected that the divalent ions and vacancies are mostly

associated.
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Figure 5.1 Conductivity curve of KC1:Hg2+ compared to pure KC1.
Definition of regions: I. precipitation; II. extrinsic,
association; III. extrinsic, dissociation; and
IV. intrinsic. Curve for pure KC1 taken from thesis
of R. E. Seevers (45, p. 45).
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Rewriting the equilibrium constant expression for the dissocia-

tion of complexes in terms of the number of sites per cm 3, we get

(n
+

)(n )

(N)(nc) Z1
exp (AGi/kT) (5. 18)

Where is the number of unassociated divalent ions per cm 3, and

nc is the number of complexes per cm3. Once again we write the

free energy in terms of enthalpy and entropy components.

AG
1

AH1 - TAS1 (5. 19)

It must also be noted that n+ represents only the free (=associated)

positive ion vacancies. Therefore, everywhere in the extrinsic re,-

gion

nTr z n .

At low temperatures where association is nearly complete

nc z nx.

Using Equations (5. 5), (5. 6), and (5. 18) it is seen that

(5. 20)

(5. 21)

2 1 1
a- = (Nnx)

1/2
(4e

2 aov.rr/kT) exp [(ASIT+-2-ASi)/k] exp [-(41-1.7+-2-AH1)/kT]

(5. 22)

or



1
crT A3 exp [- (A H Tr+

2 1
/kT] .

At higher temperature where dissociation is nearly complete,

n = n = nx.

Putting this into Equation (5. 5) gives

o- = (4nx 0
e

2a 2v
Tr
/kT) exp (LS /k) exp (-AH

Tr
/kT)

rr
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(5. 23)

(5. 24)

(5. 25)

which is the same result as found in Equation (5. 17) where association

was not taken into account.

Equations (5. 1 6), (5. 23) and (5. 25) allow the calculation of

Tr
, and CHs from the slope of 6T versus 1/T curves.

It is then possible to calculate the entropy by assigning v , the trans-
Tr

verse lattice vibrational frequency, v = 4. 25 x 1 01
2sec1 (Ref. 45).

Tr

At the conductivity knee both Equations (5. 16) and (5. 25) are

valid; therefore,

x
= N exp (AS s/ 2k) exp (-LH s/ 2kTk)

where Tk is the temperature at the knee. Using the values

(5. 26)

AS
s

= 4. 65 x 1 0
4ev/°K and CHs = 2. 259 ev found by Beaumont

and Jacobs (11), the total divalent ion concentration can be estimated

by



n = 2.4 x 10(23-5700/Tk) 3, cm .
x
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(5. 27)

Precipitation effects are found at low temperatures (labeled I

on Figure 5. 1). The argument followed to find the enthalpy of pre-

cipitation is outlined by Lidiard and follows closely the procedure for

finding the other enthalpy values (34, p. 292-295). The equilibrium of

concern here is the precipitation of HgC1
2

in KC1.

KC1
HgC1

2
(crystal):: Hg+2 (cin

ryKst
Call) + 2C1- (incrystal) (5. 28)

The mass action constant is given by

K = exp (AG /kT) (5. 29)

where AG is the free energy of precipitation, and dividing this

into enthalpy and entropy components yields for conductivity

o-T = A4 exp [-
2

211-1p AF-1
1
)/kT] (5. 30)

The intrinsic functions AHT., ANS, AS , and ASs, depend
Tr

only on the host matrix and have been reported many times before.

The most reliable values appear to be those of Beaumont and Jacobs

and are given in Table 5. I. Parameters which depend upon the im-

purity, AHi, AS1, and DH ,
p

have not been previously reported

for the KC1:Hg2+ system. Also of interest is the free energy of
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association (AG
1

) which is the parameter calculated when divalent

ions are diffused into a sodium chloride type lattice.

Table 5. 1. Thermodynamic values from con-
ductivity experiments of Beaumont
and Jacobs (4).

Function Value

2. 259 ev

0. 709 ev

4. 63 x 10 4ev/°K

1.55 x 10-4ev/cK

The normal oxidation state of mercury ion in potassium chloride

is also of interest. As indicated in Chapter IV, Ben-Dor et al. (5)

have reported the presence of Hg+ and Hg
2 and believe these to be

2

the primary oxidation states present.

As discussed in ChapterIII, Fritz, Anger and Luty (16) found

that when a crystal contained both Ca +2 and OH the conductivity

knee occurred at a lower temperature than if only the same concen-

tration of Ca +2 were present.

Beaumont and Jacobs (3) found that the purest, dried, inert atmos-

phere in the conductivity cell gave the highest conductivity knee. It

is possible that this is due to OH- which diffused into the crystal and

reacted with divalent cations. The hydroxide source was water vapor.
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Experimental

Conductivity experiments were performed on crystals doped

with HgC12. These samples contained a wide range of concentrations

and were prepared in two ways. The lowest concentration samples

were prepared by direct doping of HgC12 into dried KC1 from which a

crystal was grown by the Stockbarger technique. Samples were also

prepared by diffusing HgC12 into single crystals grown by the Kyro-

poulus technique. Diffusion was allowed to proceed for one week at

600°C. The samples were less than 2. 5 mm thick, and on the basis

of diffusion experiments at much lower temperatures for much short-

er time, it was assumed that steady state concentrations were

achieved. Two sets of diffusion doped crystals were prepared. The

concentrations of these were varied by putting different amounts of

HgC1
2

into the diffusion ampules. The most heavily doped diffusion

samples appeared milky after they were quenched, indicating precipi-

tation had occurred.

Crystals containing both mercury ion and hydroxide were pre-

pared by diffusing HgC12 into KC1 crystals doped with 0H. From the

peak height at 204 mp, and the molar absorbance of that band (Chapter

III, Equation (3. 2)) the concentration of 0H was calculated to be

2 x 105 mole fraction before diffusion. Diffusion conditions for

these samples were identical to those for diffusion into pure crystals.
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This was done so that the results could be compared.

Crystals grown by the Stockbarger method in sealed quartz

tubes are usually strained, which frequently leads to slight curvature

after cleaving. Also it was unavoidable that samples doped by diffus-

Sion had some condensed HgCl2 on their surfaces. This unwanted

material was removed from the crystal surfaces and the slightly

curved melt doped samples were flattened by grinding on a flat glass

plate with 600 mesh SiC grit. They were polished on a flannel cloth

dampened with 96 percent ethanol and then on a dry flannel cloth. The

spectrum of each crystal was then recorded. No difference was ob-

served in the conductivity characteristics of the polished samples

compared to those that were not polished.

Two types of electrical contacts were used. Gold was evapor-

ated on the earliest conductivity samples in a system built by R. E.

Seevers (45, p. 18-30). One side of each crystal was completely

covered with gold, while the other side had a center electrode with an

area of 0.515 cm 2 surrounded by a guard ring. The inner electrode

area was used to calculate current density in the conductivity meas-

urements. Both the inner electrode and the guard ring were of evapo-

rated gold. Current contributions due to edge conduction were pre-

vented by the grounded guard ring.

Recent studies have indicated that evaporated metal contacts

are inferior to evaporated carbon contacts when used for ionic
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conductivity measurements in alkali halides (43). It was noted in this

work that gold contacts deteriorated if the crystal temperature went

above 600` C during a conductivity run. In some cases, a gold color

remained on the surface, but the linear resistance on the surface in-

creased by several orders of magnitude.

Later conductivity measurements were performed with evapo-

rated carbon contacts prepared in the following manner. Current was

passed through one-eighth inch diameter graphite electrodes (United

Carbon Co. spectrographic grade "A") to produce a thin film on the

crystal surfaces. Bonding of carbon to KCl was strong if the crystal

surfaces were clean and dry.

The graphite resistance rod was secured by two graphite mount-

ing blocks which were in turn connected through a power transformer.

The crystals were mounted about three inches above and below the

graphite source. Thin stainless steel rings, with 0.552 cm 2 inner

area, were centered on the bottom crystals to form inner electrode

and guard ring. Mounts, resistance rod, and crystals were kept un-

der vacuum of 10-5 torr during evaporation. Linear resistance of the

thin film was required to be less than 2 x 104 ohms/cm. Normally

one evaporation was sufficient to give this, but occasionally more than

one rod was evaporated in obtaining the required resistance. After

one side of the crystals had been completed, the upper and lower

crystals were exchanged so that guard rings could be put on those that
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had been above the electrode.

The evaporation temperature of graphite is very high, so

considerable radient heat is emitted during evaporation. The contacts

were removed from one sample, and a spectrum taken to verify that

the heat had not affected the optical properties of the crystal. It had

not. It was considered likely that the electrical properties would re-

main the same if the u. v. spectrum did not vary.

A frequent problem encountered in conductivity is reproducibil-

ity in ascending and descending the temperature range. Often the de-

scending curve follows the intrinsic line closely to low temperatures.

This behavior was observed if the conductivity run went above 500°C.

Beaumont and Jacobs observed that inert atmosphere purity af-

fected position of the conductivity knee (3). They found that the purest

atmosphere gave the highest temperature knee. In this experiment,

the conductivity cell was filled with dried Matheson dry argon (purity

= 99. 995 percent). The argon was passed over copper tunings heated

to 400°C and through columns of magnesium per chlorate and phos-

phorus pentoxide before being admitted to the cell which had been

pumped down to 104 torr. The cell was filled to one atmosphere,

flushed, and filled again. It was finally found if the cell was then

heated to 300°C, flushed and refilled while hot, that the conductivity

in, descending the temperature scale reproduced the conductivity

measured while ascending in temperature.
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Figure 5. 2 shows the circuit diagram used in measuring con-

ductivity. A Keithly model 610A electrometer was used to measure

current. The power supply was a Keithly model 240A high voltage

supply. A chromel-alumel thermocouple, calibrated against an N. B.

S. aluminum standard, an ice-water bath, and boiling water was used

to measure temperature. R. E. Seevers designed the cell used in this

work (45, p. 26-29). The cell was heated with a Marshall metalurgi-

cal testing furnace controlled by a model 407 Wheelco temperature

controller and a S. C. R. model 620A power controller.

The equation used to calculate conductivity was

I d
cr V 26;

(5. 32)

where I is the current, V the applied potential, A the elec-

trode area inside the guard ring; and d is the thickness of the crys-

tal. Conductivity runs were started at 130°C and points taken every

20° C. Below about 200°C, potentials of 100 to 500 volts were neces-

sary to produce sufficient current to register on the electrometer;

but, this was gradually decreased until at 300° C only 1 to 10 volts

were necessary. This range of potential was continued up to the high-

est temperatures which were about 7 00' C. Periodically the contacts

were checked to make certain they were ohmic and nonrectifying.

The former could be checked by varying the applied potential, and the
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Figure 5. 2 Circuit diagram of apparatus. Taken from thesis of R. E. Seevers (45, p. 45).
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latter by changing the sign of the potential. Only when a measure-

ment was in progress was there an applied field across the sample.

Current was recorded when it appeared to be constant. This was

from one minute to fifteen minutes after potential was applied across

the crystal, depending on temperature.

Activation analysis was used to determine the mercury concen-

tration in four of the conductivity samples of KC1:Hg 2+, and one con-

ductivity sample of KC1:Hg 2 f:OH . Also the edges of one sample,

which were cleaved off before conductivity, were analyzed to get an

estimate of the mercury lost by diffusion during the conductivity run.

The method of analysis is described in Chapter II.

Results and Discussion

Six crystals of KC1:Hg 2+ were measured. Four of these were

prepared by diffusion, two by direct doping. Results are shown on

Figure 5. 3 along with a pure ion_ exchange KC1 crystal which was

measured by R. E. Seevers (45, p. 45).

The lowest temperature region of the conductivity curve (region

I) is normally considered to be due to precipitation if there is a

change in slope below the normal extrinsic region. There is no doubt

that dissolution of HgC1
2

in KC1 must be considered, since two of the

crystals were milky from precipitate before the conductivity runs.

Since the process under consideration does take place at low
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25 2.3 2.1 19 1.7 13 13 1.1

*10-3

Figure 5.3 Conductivity curves of KC1:Hg2+.
a. (13* 2.5) x 10-5 mole fraction.
b. (5.8 ± 1.5) x 10-6 mole fraction.
c. (4.4* .8) x 10-6 mole fraction.
d. (1.2* .3) x 10-6 mole fraction
e. (6 ± 2) x 10-7 mole fraction.
f. Pure KC1.
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temperatures, the equilibrium of principal concern is between the

precipitated form and mercuric ion-vacancy complexes. Lidiard dis-

cussed aggregation and precipitation in ionic crystals, and derived

the following relations (35). The solubility product constant for the

reaction

is

Hg
2+

+ 2C1 HgC12

[Hg
2+ ][ 0 ] = K (T) = exp G

p
/kT )

(5. 33)

(5. 34)

where AG is the free energy of solution if no association exists.

However, it is normally found that divalent cations and positive ion

vacancies at these temperatures are completely associated. Combin-

ing Equation (5. 34) with Equation (5. 18) gives

[(Hg
2+

c_rj )] = 12 exp [- (AG
P

-AG
I

)/kT] (5. 35)

At the intercept of the precipitation and association regions the con-

centration of complexes is equal to the concentration of divalent mer-

cury as measured from the conductivity knee. Therefore, (AG
p

-AG1)

can be calculated. Enthalpy of precipitation (A1-1 ) is obtained from

the slope of the (TT vs. 1/T plots as indicated by Equation (5.30).

Table 5. 1 gives the thermodynamic values for solution of HgC1
2

into

KC1. Concentrations are calculated using Equation (5. 27) and the in.,

trinsic knee temperature.
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Table 5. 2. Thermodynamic parameters of precipitation.
The temperature in the second column corres-
ponds to the intercept of the precipitation and
association regions.

Conc. (ppm)
from knee T (CC) A G p-G1 (ev) AH

P
/2-1-1Tr (ev)

13 ± 2 266 -0. 64 0. 96
13 ± 2 266 -0. 64 0. 99
5.8 ± .8 232 -0. 63 0. 84
0. 6 ± . 2 166 -0.67 0.91

The values shown in Table 5. 1 were taken from conductivity

plots that at low temperature deviated from the association region of

the curve. Some crystals were apparently quenched into a supersat-

urated state and did not exhibit this behavior, Figure 5. 3, curve b.

Error estimation depends upon the measurement capacities of

the instruments used, and on systematic error in the experiment.

Applied potential is known to be within one percent of the recorded

value, but current is only accurate to within four percent of full scale

on the electrometer used, and this can lead to 12 percent error in

some of the measurements. Temperature measurement is within one

degree centigrade. It is difficult to locate accurately the point of in-

tersection of two lines with similar slope and this adds to the impre-

cision of the experiment.

The greatest source of systematic error is believed to be in the

varying thermal histories of the samples. Some samples were more

strained than others due to the methods of crystal growth. Other
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differences in handling may have led to different strain conditions or

different impurity conditions. Tweet, Logan and others have shown

that the rate of precipitation of copper in germanium is dependent

upon dislocation density (49, 36), and similar differences may occur

in KC1 crystals which possibly explains curve (b), Figure 5. 3. It is

also possible that nucleation and dissolution depend upon the forma-

tion of polymers such as trimers of the type identified by Cook and

Dryden (10) in KC1 containing Ba 2+ and Sr2+.

Extrinsic Region

The extrinsic region of the conductivity curve is composed of

an associated region at low temperatures and a dissociated region at

higher temperatures. The slope of the curve at high temperature cor-

responds to the enthalpy of activation for migration of a cation va-

cancy.

d ln o-T
d(1 /kT) AH (5. 36)

An average value of AH = 0.71 ev was found in this work which is
Tr

in good agreement with the value of 0.709 ev found by Beaumont and

Jacobs (4) and 0.70 found by Seevers (45, p. 42).

Except for the second entry in Table 5.3, the concentrations in

mole fraction found from activation analysis correspond very closely
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with the divalent cation content calculated from the knee in the con-

ductivity curves, Figure 5. 3. It is believed that the anomalous value

is due to accidental contamination of the activation analysis sample.

The edges of the third entry, which were cleaved off before the con-

ductivity run, were also analyzed and found to contain four percent

more mercury than the conductivity sample. This is less than the

standard deviation in the counting of these samples; therefore, all that

can be said is that less than ten percent of the mercury content was

lost during conductivity measurement.

Table 5. 3. Enthalpy of association found from ionic conductivity.

Conc.
From (ppm) Doping

1

Act. Anal. from knee technique Contact LH Tr+-2 ENEll A1-1
1

13 ± 1 13 ± 2. 5 cliff. gold 1. 28 ev 1. 14 ev
28 ± 3 13 ± 2. 5 cliff. gold 1. 28 ev 1. 14 ev
7. 6 ± . 8 5. 8 ± 1. 5 diff. carbon 1. 28 ev 1. 14 ev

4. 4 ± . 8 cliff. carbon 1. 28 ev 1. 14 ev
0. 6 ± . 2 melt gold 1. 18 ev 0. 94 ev

1. 4 ± . 1 1. 2 ± . 3 melt carbon 1. 30 ev 1.18 ev
Avg. 1. 27 ev 1. 11 ev

In the association region, the slope is given by

d ln o-T 1
= El + El

1d(l/kT) (5. 37)

and agreement between experiments was good. The entropy of asso-

ciation can be calculated from Equations (5. 22) and (5. 25) by taking
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the ratio of crT in the association and dissociation regions. This

leads to

o-T a N 1/2 AS
I

AH1 AHD
TT

38)= (77) exp ) exp (-
crTd 2kTa kT a 4-kTd

where nx/N is the mole fraction of mercuric ions present, o-T
a

is a point in the association region and o-Td is a point in the dis-

sociation region. When the values AH = 0. 71 ev and
Tr

AH1 = 1.11 ev are used, the average value of entropy of association

is 0. 46 x 103 ± 0. 08 x 103 ev/°K. The standard error was cal-

culated using the formula

Standard error =
n

(deviation)2
)1/2n (5. 39)

Systematic error arises from accidental divalent impurities. This

will be reflected in the free energy of association as has been pointed

out by Fredericks (2). Accidental impurities increase the degree of

association as can be seen from Equation (5. 3) and cause the free en-

ergy value calculated from conductivity to be lower than the real val-

ue. The total divalent ion concentration in ion exchange purified KC1

has been found to be less than 5 x 108 mole fraction (15). This is

insignificant in all but the least concentrated cases. The largest devi-

ations from the average values of entropy and enthalpy occur in the
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most dilute sample (c = 6. 0 x 10-7 mole fraction).

Comparison of the Gibbs free energy of association for Ca2+,

Cd 2+,
Hg

2+, and Ph 2+ are shown in Figure 5.4. Results for Cd 2+

and Pb 2+ were taken from diffusion measurements (26, 28, and 29):

those for Ca2+ and Hg2+ from conductivity. Table 5. 4 shows calcu-

lated values of entropy and enthalpy of association for those ions corn-

pared to ionic radii.

Table 5. 4. Comparison of entropy and enthalpy of asso-
ciation to ionic size.

Ion Ionic radii (A) H
1
(ev) AS (ev/°K)

Ca 2+

C d
2+

Hg
2+

Pb 2+

0. 99

0. 96

1.10

1. 27

O. 51

O. 56

1. 11

1. 39

0. 02 x 1 03
0. 08 x 1 0-3

O. 46 x 1 03
1. 27 x 1 03

Error is estimated to be within ten percent for all values except

those given for lead which is estimated to be within 25 percent. The

possible error is large, but it is believed that both off and AS

increase with ionic radius as shown by Table 5. 4.

Validity of Calculations. Implicit in the argument used here is

that the degree of association (p) is zero at high temperature, and

one at low temperature. Degree of association can be calculated

from Equation (5. 3). Comparing the free energy of Cd 2+ in NaC1,

AG = 0. 53 ev at 301° C, to the free energy of Hg 2+ in KC1 at the
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Figure 5.4 Free energy of association as a function of temperature.

a. KCI:1-Ig+ LG1 (1.11 f . 11) ev - T (.46 ± . 08) x 1073 ev/°K.

b. KC1:Pb24.
2+

c. KC1:Cd

d. KC1:Ca
2+ IG

1

= . 51 ev ± T (.03 x 10-3 ) ev/°K.



same temperature, A G = 0.85 ev, we find p = 0. 90 for Cd

and p = 1. 00 (within the limits of calculation) for Hg2+. Therefore,

2+
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in the specialized case of Hg 2+ the approximation is good, but for

Cd 2+ in NaCl it would not be. This approximation is also substantiat-

ed by the lack of curvature in the slope of the low temperature region.

In the dissociation region, ten percent association does not ser-

iously affect the calculated value of the enthalpy. For instance, if

nx/N is 105 and there is a ten percent error, the change in off

as calculated from Equation (5. 23) is less than one percent.

In making calculations of thermodynamic parameters from con-

ductivity data, a choice of postulates is necessary. We have chosen

the approximation p 1 at low temperature and p 0 at high

temperature. Beaumont and Jacobs chose to ignore the entropy con-

tribution in the free energy of association (4). This appears to be

reasonable for Ca2+ or Cd2+ in KC1, but would lead to larger errors

in the results for Pb2+ and Hg
2+

in KC1 or Cd2+ in NaCl. The change

in vibrational entropy may be small, as they claim, but distortion

(due to the associated vacancy) in the coulombic field surrounding the

ion would distort the charge cloud of the ion. Larger ions would have

the greatest loss of symmetry due to distortion and consequently the

highest entropy. The presence of a vacancy in the nearest neighbor

position to a divalent ion would decrease the number of defect sites in

the crystal, increase the over all symmetry, and decreases the
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configurational entropy. Figure 5. 4 indicates that these opposing ef-

fects balance when the ionic radii is in the neighborhood of 0. 95-
O

1. 00 A in KC1.

Intrinsic Conductivity

The slope observed in the intrinsic region gives a value of
11.830 ev for
2
All

s
+ AEI

Beaumont and Jacobs.

compared to 1.839 ev measured by

KC1:Hg
2+:0H_ Results

The presence of OH in crystals that also contain Hg 2+, caused

dramatic changes in the conductivity properties. It was found that

more mercury diffused into crystals that were previously doped with

OH than into pure crystals under identical conditions. The conduc-

tivity knee appeared at lower temperatures in the OH doped samples,

indicating a smaller amount of divalent ion present, Figure 5.5. Ac-

tivation analysis results on the samples proved that they actually con-

tained a higher concentration of mercury. The KC1:Hg 2+:0H- sample

prepared in vacuum had a higher total concentration of mercury than

samples of KC1:Hg2+ which were prepared in the same manner. The

KC1:Hg
2+:0H sample prepared under one-third atmosphere of chlo-

rine had nearly the same concentration as the KC1:Hg 2+ samples.

This occurred because of the higher diffusion coefficient of OH in
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Figure 5. 5 a. Conductivity curve of KC1:Hg2-1-
Total mercury concentration = 7.6 x 106 mole fraction.
b. Conductivity curve of KC1:Hg2+:01-1-.
Total mercury concentration = 1.4 x 10-5 mole fraction.
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the presence of C12 as described in Chapter III. Table 5.5 compares

the concentration of mercury as a function of diffusion atmosphere

and initial concentration of OH. Also, the activation enthalpies cal-

culated from the various regions of the conductivity curves are mark-

edly different. Table 5. 6 shows a comparison of activation energies

for the different regions of the conductivity curve. The terminology

is maintained for this system, but the mechanism for the trinary sys-

tem must certainly be different.

Table 5. 5. Mercury concentration in conductivity samples
of KC1:Hg2+ and KC1:Hg2+:0H-.

Diffusion Mercury Concentration Initial
Species atmosphere Cond. Act, anal. OH- conc.

KC1:Hg
2+ vac. 5. 8 x 1 06 7. 6 x 1 06 < . 01

KC1:Hg
2+ Cl 4.4 x 1 0-6 < . 01

2

KC1:Hg
2+:014- vac. 1 x 1 07 1. 4 x 105 2.3 x 105

KC1:Hg
2+:0H-

C12 2.4 x 1 0-6 5. 9 x 1 06 2. 1 x 1 05

Table 5. 6. Comparison of enthalpy parameters
in conductivity regions.

Region KC1:Hg 2+ KC1:Hg 2+ :OH

Precipitation 0. 93 ev no information
Association 1. 28 ev 1. 10 ev
Dissociation 0. 71 ev 0. 94 ev
Intrinsic 1. 83 ev 3. 07 ev
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Decreasing Temperature Measurements

It was found that if the temperature of the conductivity run went

above 500°C, the decreasing temperature curve was different from

the increasing temperature curve. The new line was near the origin-

al intrinsic line and the knee occurred at very low temperature (Fig-

ure 5. 6). Spectra of the samples showed similar structure to that

observed for KC1:Hg 2+ :OH-. Water vapor was suspected, and the cell

was flushed with argon twice after it had been heated to 300° C. This

appeared to solve the problem and the results are shown in Figure

5. 7.

KC1:Hg
2+:0H_ Discussion

Similar behavior was observed in these measurements on the

KG1:Hg
2+ :OH- system as was observed by Fritz, Anger and Luty (16)

for the KC1:Ca2+:0H- system. Change in the electronic spectrum of
_

the KC1:Hg2-1- system when OH is present, coupled with the apparent

decrease in total divalent ion content, indicates reaction occurred

between Hg 2+ and OH -.
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VI. DIFFUSION OF HgC12 INTO KC1

Introduction

Chem la (8) found in 1954 that the diffusion coefficients for Zn 2+

and Sr2+ in NaCl were much higher than the self diffusion coefficient

of Na+. The Stasiw-Teltow association theory explained this observa-

tion by describing chemical complexes that form between divalent

ions and vacancies. Lidiard (34) developed a quantitative theory of

diffusion for aliovalent cations. In aliovalent ion diffusion, flux is

proportional to a continuous gradient of complexes and Fick's first

law becomes

J = -Ds dx (Npc) (6. 1)

where J is the ion flux into the crystal. Application of the chain

rule produces a diffusion coefficient which depends on concentration

d(pc)D(c) = Ds dx

The saturation value of the diffusion coefficient is given by

Ds = 1/3a2w2f

where a is the cation-cation lattice distance, and w
2

is the

(6. 2)

(6. 3)

probability of the impurity ion migrating and f is the correlation
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factor. Refer to Figure 3. 4 for the geometric definition of jump prob-

abilities. The approximation of Equation (6. 3) is only true if coz<<(41.

It is believed this is a reasonable assumption because of the extra

charge on the cation. This added positive charge will decrease the

barrier potential for motion of the impurity cation. Degree of asso-

ciation has previously been written in Equation (5. 3) as a function of

free energy of association, A Gl. When c > cv, where cv is

the cation vacancy concentration, then

1
= 12c exp (AG

1
/kT).-p

Then, from Equations (6. 2) and (6.3 ), and (6. 4)

2a
2f ,,D(c) {1-[1 + 48c exp (AG

1
/kn.' -1/2

1-

where c is the divalent ion concentration.

(6. 4)

(6. 5)

Fredericks and Keneshea (28) successfully applied this treat-.

ment to the problem of Pb 2+ diffusing in KC1.

When AG
1

is large, such that,

then p 1, and

c exp (AG, /kT) >> 1 (6. 6)

D(c) = Ds (6. 7)
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This behavior has been observed before by Keneshea and Fred-

ericks (27) when they diffused Ce+3 into KC1. They attributed this be-

havior to the trivalent charge on Ce +3 which would increase the inter-

action potential between cerium ions and potassium ion vacancies.

Conductivity results (see Chapter V), indicate that Hg 2+ complexes

have a high free energy of association compared with other divalent

ions, and this type of diffusion behavior is to be expected, at least at

low temperatures. When the free energy of association is large, and

D(c) Ds, (Ds being the saturation value of the diffusion coeffi-

cient), it is impossible to evaluate any of the association parameters.

Only at high temperatures, would sufficient dissociation be expected

to occur to allow diffusion parameters to be calculated.

Howard and Lidiard have improved the theory with their elegant

publication "Mass Transport in Solids" (23). By developing the argu-

ments with non-equilibrium thermodynamics, they were able to write

the generalized equations that include the thermal vacancy concentra-

tion. They found the diffusion coefficient can be written

2pc(cv-pc)
D(c) = Ds( 2 2 22cvc-pc -c

(6. 8)

Constraints on the system are the vacancy concentration cv, and

degree of association p. Total vacancy concentration (including

both free vacancies and associated vacancies) is given by
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-pc)(cv-c) = (c
0)2

= K
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(6. 9)

where cv is the concentration of Schottky pairs in ideally pure KC1.

Degree of association is related to free energy of association, AG l'
by

A G1

(c - pc)(c -pc)
12 exp - kT

v

Effect of OH

(6. 10)

When HgC1
2

is diffused into a crystal containing OH, three re-

lated phenomena are expected. Hydroxide ions are expected to dif-

fuse out of the crystal as is evidenced in Chapter III of this work.
2+ .Hg is expected to diffuse into the crystal, and a reaction between

OH and Hg 2+ in the lattice may occur. Simultaneous diffusion and

chemical reaction is well known. Examples include Liesegang rings

in gels. If a gel is prepared which contains a suspension of OH, and

on top of the gel is put a solution which contains Hg 2+, then after a

period of time, a series of layers of precipitated HgC1
2

nHgO will

appear (32). This provides a good analogy to the Hg2+ OH case in

KC1. It is believed that the layers formed in the gel occur because

the diffusion rate of OH is not great enough to maintain the OH con-

centration high enough between the surface and the first layer (or be-

tween layers), for precipitation to occur. Although this is reasonably
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simple to understand qualitatively, it is a very difficult problem quan-

titatively.

Experimental

Radioactive 203Hg was used to follow the diffusion of Mercury

ions into single crystal samples of KC1. Techniques similar to those

described by Keneshea and Fredericks (26) for the diffusion of Pb2+

into KC1 were employed. All experiments were performed by diffus-

ing HgC12 from the vapor phase.

The temperature range studied was 400° to 560° C. Attempts

were made to study the diffusion at low temperatures, but experimen-

tal circumstances prohibited accumulation of reliable data. At low

temperatures the concentration of Hg was too low to be able to dis,

tinguish tracer count from background count.

The radiotracer was purchased in two millicurie quantities from

Oak Ridge National Laboratory and from New England Nuclear Corpo-

ration. Chemical form of the tracer was Hg(NO
3)2

and was shipped

in 0. 5 ml quantities in 0. 2 N HNO3* This was diluted to 25 ml in a

volumetric flask.

Mercuric chloride is very volatile; therefore, it is necessary to

keep the vapor source at a much lower temperature to maintain the

desired pressure of about 102 atmospheres. To accomplish this the

samples and source were separated, as shown in Figure 6. 1. The
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Figure 6. 1 Diffusion ampule.
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bottom half of the diffusion tube was placed in a Marshall testing fur-

nace so that the samples were at the desired diffusion temperature,

while the top half was in a second furnace whose temperature was

maintained near 180° C.

Some experiments were allowed to continue for various times

but at one temperature. In these, care was taken to keep all vari-

ables, other than time, constant. To maintain the same environment

for the samples, care was exercised to assure that the diffusion tubes

were prepared identically. One-half milliliter of carrier HgCl2 solu-

tion (1. 23 mg/ml) was pipetted into each of the tubes. One or two ml

of radiotracer solution was added, followed by one milliliter of 6 N

HC1 to convert the mercuric nitrate to the chloride. Because HgC1
2

is volatile, evaporation of the carrier-tracer solution to dryness was

done at low temperatures. Nitrogen gas was warmed slightly by pass-

ing it through a heated copper tube, then it was filtered with glass

wool and passed over the solution to promote evaporation. Before the

gas was released, it was bubbled through water to collect any radio-

active material that was carried off by the nitrogen. The tubes were

connected to the drying system in parallel to keep the HgC1
2

loss con-

stant. In most experiments this was an unnecessary precaution, since

a ten to one excess was allowed between the amount of HgC1
2

put into

the tube and the amount in the atmosphere of the chamber. This was

sufficient to keep the source from being depleted by diffusion. It was
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found that over half of the radioactive mercuric chloride was located

in the source end of the tube at the conclusion of the experiments.

Two crystals were put into the bottom section of the diffusion

tube as shown in Figure 6.1. The diffusion surfaces were prepared

by cleaving a 1.5 x 1. 5 x 1 cm3 crystal into two pieces . 5 cm thick.

The freshly cleaved surfaces were used for measurement. Only flat

surfaces were used, if cleaving caused a visible stair step to form,

those samples were rejected.

After the carrier-tracer solution was evaporated to dryness,

and the crystals put into the lower half of the tube, the two ends of

the pyrex tubes were joined. For safety sake, during this operation,

the radioactive source was cooled with wet tissue. The tubes were

evacuated for 15 minutes before one-sixth atmosphere of C12 and one-

sixth atmosphere of HC1 were admitted to the diffusion ampules.

Some experiments were performed with one-third atmosphere of C12'

but no difference was noted. When more than one experiment was

performed at the same temperature, the tubes were filled with gas at

the same time to insure a constant environment. The tubes were

sealed off and the crystal containing ends were put into a furnace

maintained between 500°C and 550°C for 12 hours to allow annealing

to occur. The source end was kept below room temperature to pre-

vent premature diffusion. After this operation, the furnace was ad-

justed to the desired diffusion temperature, and when thermal
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equilibrium was established, the source end was heated to 180° C. The

diffusion temperature was controlled within ± 1° C. In the region of

the crystals, the temperature gradient of the furnace was 1°C/cm.

The crystals were located in the hottest part of the furnace to prevent

condensation, and the coolest part of the chamber was at the source

end of the tube. Temperature measurement was done with a calibrat-

ed Pt-Pt 13 percent Rh thermocouple. Calibration was discussed in

Chapter III. Time for the diffusion anneals was dependent upon tem-

perature, and the range for the experiments performed was two hours

for the experiment at 5590 C, to 20 days for the 400° C experiments,

One dimensional diffusion was required. To remove the effects

of edge diffusion, two mm were cleaved off the edges of the crystals.

The samples were glued to brass stands which could be mounted on an

American Optical Co. sledge-base microtome. Thickness of the

crystal slices was judged so that all the activity was removed in the

first 28 slices. Powder from the sliced crystals was collected on a

brass tray and scraped with a metal blade scraping tool into pre-

weighed vials. These vials were reweighed with the powder. Crystal

dimensions were measured with a micrometer and the thickness of

the slices calculated using the density of 1. 984 g/cm 3. All weighing

was done with a micro balance made by the Mettler Co. , and the

error was judged to be within 20 micrograms. Sample weights ranged

from 1 mg to 10 mg.
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Early experiments were counted with a Packard Corp. gamma

spectrometer which used a NaI:T1 crystal well for detection. Counting

was done on the 0. 279 mev peak for 203
Hg. The concentration of Hg

in the samples was low; therefore, the counting rate was too low for

accurate measurements. The high background level at this compara-

tively weak gamma energy also contributed to inaccuracy. The later

experiments were counted with a Packard Co. Tri-Carb liquid scintil-

lation counter. Bray's solution was used as the scintillation liquid be-

cause it has the capacity to dissolve up to ten percent of its volume of

aqueous solution without substantially reducing the efficiency of the

phosphor. Two advantages resulted from using the scintillation

counter to count beta emission; the efficiency was higher and the back-

ground count lower. The powder slices were dissolved in one ml of

water and to the resulting solution, 15 ml of Bray's solution was add-

ed. The collecting vials were put into the counting tubes along with

the solutions, so that residual activity from the walls of the vials

could be counted. Samples which had a large amount of KC1, precip-

itated in the counting solution to a small extent. However, these

samples did not deviate from the curve established by the other sam-

ples. This indicated that the HgC12 did not coprecipitate. Each slice

was counted for ten minutes, except some experiments that resulted

in very low counting rates were counted for 20 minutes.

Experiments were performed at 402° C, 415°C, 449°C, 473° C,
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497° C, 501° C and 559°C. The profiles of these experiments are seen

in Figures 6. 2, 6. 3, 6. 4, 6. 5, 6. 6, and 6. 7. All experiments ex-

hibited some scatter in the experimental points, but this is expected

from the statistics of low counting rates. Higher counting rates

could be achieved by decreasing the number of slices taken, but the

increase in sensitivity would be offset by the loss of resolution.

Standard deviation in counting ranged from less than one percent at

1 0-6 mole fraction of Hg2+ to eight percent when the Hg2+ concentra-

tion was about 1 07 mole fraction.

Two experiments were performed by diffusing HgC12 into KC1

crystals that contained KOH. The initial concentration of OH in

these samples was 2. 1 x 1 05 mole fraction. These experiments fol-

lowed the same procedure used in the experiments in pure KC1, ex-

cept the prediffusion anneal was omitted. These experiments were

done at 473° C and at 479° C. The experiment at 473°C was carried

out under one-third atmosphere of Cl2 and the other was done under

vacuum. At 479° C the experiment was performed at only one time.

Figures 6. 8, 6. 9, and 6. 10 show the profiles of these experiments.

Figure 6. 8 also includes the profile of an experiment done in pure

KC1 under identical conditions. Peaks in the diffusion profiles of

these experiments are similar to those observed in preliminary ex-

periments using Harshaw crystals. See Figures 6.11 and 6.12. The

spectrum of Harshaw crystals from the same batch as those used for
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diffusion indicated 0H was present.

Analysis

When association is nearly complete, such that D(c) =

the diffusion equation to be solved is

ac a
2c

at s ax 2

112

(6.11)

Excess HgC1
2

was used in the source so that the concentration of

mercuric chloride in the vapor is constant throughout the diffusion an-

neal. This boundary condition is normally written

Initially

c= c
0'

x = 0, t > 0. (6.12)

c = 0, x > 0, t = O. (6.13)

The well known solution to this problem is given by Crank (11, p. 19)

as

= c erfc
0 2,\ITT

x
(6. 14)

At high temperatures, the degree of association normally de-

creases as predicted by Equation (6. 4). At this point, the diffusion

coefficient can no longer be approximated by a constant, but must be
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represented as a function of concentration. Keneshea and Fredericks

have shown that by applying the Boltzmann transform (28)

x
y

to the concentration dependent diffusion equation

ac a dc
at ax dx

an open solution can be found for the above boundary conditions.

2t

c
dc dcxdc = D(c)x=0(Tdx=0

D(c)(cTc)

(6. 15)

(6. 16)

(6. 17)

where t is the time, c the concentration of Hg2+, c0 the con-

centration of Hg2+ at the surface, x is the distance into the crystal,

and D(c) is the concentration dependent diffusion coefficient. The

integral and the derivatives are evaluated graphically from the pro-

files. The value of the diffusion coefficient at x=0 can be found

since as 0, D(c) 0, and Equation (6. 17) becomes

c0
1 ,dc
2t j xdc = D(c)x=0(dx

x=0.
0

Therefore, D(c) can be found for all values of x.

(6. 18)
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Experimental
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In most diffusion experiments the first point, which contained

the surface, had a very high Hg 2+ concentration. This is believed to

be due to condensation of HgC1
2

on the surface when the crystals were

quenched. It was also found that the first few points were unreliable

for analytically characterizing the diffusion. Similar behavior was

observed by Keneshea and Fredericks (27, 28) in the diffusion of Pb 2+

and Ce 3+ into KC1. In most of the Hg2+ experiments the concentration

near the surface tended to level off, and in some cases when the dif-

fusion time was short, a peak appeared in the profile. This peak may

be due to small amounts of impurities, such as hydroxide.

Diffusion of HgC1
2

into KC1 characteristically resulted in con-

centrations less than 106 mole fraction. This is about two orders of

magnitude less than the concentrations of CdC1
2

or PbCl2 obtained

when they are diffused into KC1 (26, 28).

Calculations

Below 450° C, it was found that diffusion of Hg 2+ in KC1 was best

treated as concentration independent. Equation (6. 14) was used to

calculate D
s

at 415° C and at 402° C. The extrapolated value of

the concentration at the surface was used for c0. Points near the
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surface were considered unreliable and were not used in the calcula-

tion. The concentration of thermal vacancies was not negligibly small

2+with respect to Hg in the last few points at low concentration and

these points were not used in calculating D. The value of the dif-

fusion coefficient at 415° C was found to be 6. 02 x 109 and at 402°C

to be 4. 49 x 10-9. These are the lowest temperature points found on

Figure 6. 13.

At temperatures above 450°C, D(c) was calculated from

Equation (6. 17). Estimates of D
s

were made with Equation (6. 5).

These values appear in Table 6.1. Figure 6.14 gives D(c)/Ds ver-

sus mole fraction curves.

Table 6.1. Diffusion parameters of Hg 2+ in pure
KC1.

Temp (°C) AG, (ev) Ds (cm 2/sec)

559 .80 2.86 x 108 ±. 08 x 108
559 . 79 2.92x 108 ±. 07 x 108
503 .71 2. 20 x 108 ± . 07 x 108
497 .76 1.55 x 108 ± . 07 x 108
473 .78 1.19 x 108 ± . 03 x 108
449 . 75 9.45 x 109 ±.43 x 109

Free energy of association, G was calculated from Equa-

tion (6. 10). Equation (6. 9) was solved for cv using Fuller's equa-

c
0.tion (cv0 = 43. 91 e -2. 313 ev/2kT, (17, p. 32) ) to calculate
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Figure 6. 13 Arrhenius plot of diffusion coefficients of KC1:Hg2+.
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The result was used in Equation (6. 8) along with the values of Ds

found above. Calculated values of D(c) were obtained for a range

of p's, and the best values of p was found for each c. This

was then used to calculate cv. With these values of p, cv and

c, AG1 was calculated for each point. Results are given in Table

6. 1. Computation was done with a Control Data Computer Model 3300.

Dis cus s ion.

Figure 6. 13 is an Arrhenius plot of Ds for Hg 2+ in KC1. Also

shown are the curves from diffusion of Pb 2+ (29) and Cd 2+ (26) in KC1.

It was found that the saturation value of the diffusion coefficient is

given by

568Ds = 8.18 x 105 exP .

kT
ev (6. 19)

As was expected, activation energy for Hg 2+ was between that of Cd2+

and Pb 2+. Table 6. 2 shows the effect of ionic radius on activation

energy.

Table 6. 2. Activation energy compared to ionic radius.

Ion
Paulip.g radius

(A) E( kcal) D
0

(cm2/sec)

C d2+

Hg
2+

Pb 2+

K+

0. 96

1.10

1. 27

1. 33

12. 4

13. 1

27. 1

40. 0

4. 68 x 105
8. 18 x 105
1. 02 x 103
2.8 x 104
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In all experiments above 450°C, the thermal vacancy concentra-

tion must be considered because c > c. If c >> c the solution

for D(c) could be written

v v

D(c) = Dsp (6. 20)

but this solution did not yield a constant value of Ds when it was

applied. Most previous diffusion experiments have been performed

in the range c >> cv and Equation (6. 6) was used to calculated the

diffusion parameters. In this experiment the intermediate case solu-

tion was required to fit experimental data and Equation (6. 9) was used

to calculate p.

Diffusion of HgC12 into KC1:0H-

Analysis

Analysis of the data from these experiments must include de-

sorption of OH , absorption of Hg 2+ and reaction between these two

species. P. V. Danckwerts (12) and J. J. Hermans (22) have both

worked on the mathematics of systems of this nature and both found

the same general result. They treated the problem of reaction as a

perturbation on the diffusion of the reactants. The outline of the anal-

ysis presented here is a combination of these two papers.

Solution of this problem depends on the following assumptions:
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1) Hydroxide is uniformly dispersed in the crystals before diffusion;

2) concentration of HgC12 is constant at the surface; 3) whenever both

Hg
2+ and OH are present in the same region, reaction is rapid and

goes to completion. That is at the moving boundary, x = c = c' = 0,

where c is the Hg 2+ concentration, and c' is the hydroxide con-

centration. Hermans also demonstrated that a necessary condition

at the boundary x = is

ac ac' ,-k- ) = 1J )
aX aX

(6. 21)

where the diffusion coefficient for Hg 2+ is given by D, and D'

represents the diffusion coefficient for OH. Dividing the problem

into two regions we find

and

ac na c2 c(0t)=c,,0 < x <
a 't

c(x, 0) = 0, t) = 0
ax (6. 22)

2ac a ctx > = Di c'(00, t) = c '
'

c'(x, 0) = c(1), t) = 0.ax2 0
(6. 23)

Adair (1) has shown that a simple solution exists which fits both dif-

fusants in the regions outlined by the boundary conditions.

c = A + B erf(x/2,157t) (6. 24)

and
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cl = A' + B' erf (x/2\FD-Tt.) (6. 25)

Equation (6. 24) applies in the region, 0 < x < and Equation (6.25)

in the region co > x >

Both Danckwerts and Hermans found the following form defined

the sharp boundary but Danckwerts' is more complete since it

contains the ratio of reactants.

2 nc ' ,2n.'c* Sb erfc (2NA-57)
0 exp ( 4S )erf ( )57 exp (730-) -

NirY Dt 207
(6. 26)

Here, n is the number of moles of Hg 2+ that react with n' moles

of OH. If D = D', Equation (6. 26) reduces to

n'c*
erf ('-'2,1Dt) nlc*+nc '

0

(6. 27)

This gives an analytical method of determining the number of hydrox-

ide ions that react with one mercury ion, if the diffusion coefficients

are the same when the two species diffuse simultaneously as they are

when each diffuses individually. Hydroxide concentration was meas-

ured spectroscopically using the band at 204 mil and the absorption

coefficient reported by Gie and Klein (20). The surface concentration

of Hg 2+ was determined from a pure crystal under identical conditions.

See Figure 6. 9. The boundary is taken to be at the maximum in
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the profile. The boundary is defined as the point at which the

concentration of Hg 2+ and the concentration of OH approach zero.

This then is the point of reaction. Assuming the reaction product is

relatively immobile, this point would be given by the maximum in the

mercury profile. This value is known within ten percent.

Results and Discussion

Table 6. 3 lists the values of the constants necessary to calculate

n /n' for two times at 473° C under C12 and for one time at 479° C

under vacuum. When the following values are used in Equation (6.25),

the values of n /n' found are shown in Table 6. 4.

Table 6. 3. Data used in calculating n/n'.

473° C 473° C 479° C

c*

c0

9. 5 x 107
2. 1 x 105

9.5 x 107
2. 1 x 105

0.5 x 107
2. 0 x 105

D 1. 20 x 108 1. 20 x 108 1.30x108
D' 2.05 x 10-8 2. 05 x 10-8 1.23 x 10-11

t 7.58 x 104sec 1.16 x 105sec 7.58 x 104sec

1.68 x 102cm 1.97 x 10-2cm 4.9 x 1 0-
3cm

Table 6. 4. Values of n /n'.

T (°C) t (sec) n/n'
473 7. 58 x 104 11. 3

473 1.16 x 105 10. 6

479 7.58 x 104 O. 33
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It is probable that the presence of HgC1
2

in the vapor increases

the probability of OH leaving the crystal surface in the experiment

done in vacuum. This would increase the diffusion coefficient of hy-

droxide (as discussed in Chapter III) and would increase the calcu-

lated value of n /n' at 479`C. All the diffusion experiments done in

the presence of OH show a large increase in the total mercury con-

centration above that present under identical conditions when OH is

not present. See for example, Figure 6. 8. If it is assumed that re-

action between Hg 2+ and OH occurs inside the crystal, then the flux

of Hg 2+ through the crystal surface must be greater when OH is pre-

sent. Equation (6. 27) indicates that there are two lines of argument

that can explain the increased flow: 1) Diffusion coefficients remain

constant and concentration gradient is increased. 2) Diffusion coef-

ficients are increased and concentration gradient remains constant.

The arguments for these two statements follow.

ac.
- J. = D.

8x
(6. 28)

The diffusion coefficient for movement of Hg 2+ in bulk KC1

should not vary because of the presence of OH. Instead, the rapid

reaction of Hg 2+ with OH sharply increases the concentration gra,di-
2+

ient of Hg in the region of reaction. This argument does not change

any of the parameters used in calculating n/n'.
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In the second argument, the diffusion coefficients are changed;

therefore, n /n', as calculated in Table 6. 4, would be of little

value. As ions of the two species react, the flow must increase to

maintain the concentration gradient established by the mobility of the

ions. This would effectively increase the diffusion coefficient of both

species. If n/n' equals one, and it is assumed that D' and D

are about equal, in one-third at atmosphere of Cl2 at 473°C, then by

using Equation (6. 27) to calculate D, we find D = 7.17 x 107,

and 6.50 x 107 at 7.58 x 104sec and 1.16 x 105 sec, respec-

tively. This compares to an average value of the diffusion coeffi-

cients of the two ions in pure KC1 of 1. 6 x 108. Since a value of

n /n' = 10 seem unrealistic, it is probable that the second argument

is the best.
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VII. SUMMARY

Oxidation State of Mercury in KC1

Direct and indirect evidence strongly indicate that Hg 2+ is the

most prevalent oxidation state of mercury in KC1. The most direct

evidence comes from conductivity and activation analysis. Neutron

activation analysis of mercury was performed on four conductivity

samples and on the edges that were cleaved off one of them before the

conductivity run. From this last experiment, it was found that less

than ten percent of the solute mercury diffused out of the crystals dur-

ing the conductivity experiments. Table 7. 1 compares the concentra-

tion of divalent ions calculated from conductivity to the concentration

of mercury from activation analysis.

Table 7. 1. Mercury concentration from activation analysis and con-
ductivity.

Sample

C oncentration
mole fract. x 106 Doping

technique ContactsAct, analysis Conductivity

#2 7. 6 ± . 8 5. 8 ± 1. 5 diff. carbon
#2 edges 7. 9 ± . 8 diff.
#7 13 ± 1. 13 ± 2. cliff. gold
#9 28 ± 3. 13 ± 2. diff. gold
21B 1. 4 ± . 1 1. 2 ± . 2 melt carbon
pure KC1 0. 01 ± . 003 0. 01 ± 0. 05 gold

Samples #7 and #9 were treated identically, except that #7 was

diffused under vacuum and #9 under one-third atmosphere of C12.
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They had identical conductivity properties as can be seen from Figure

5. 3, curve a. It is believed that the anomolously high value of con-

centration in #9 reported from activation analysis is due to accidental

contamination of the activation analysis sample.

The conclusion that Hg 2+ is the primary mercury ion solute in

KC1 regardless of which mercury chloride is used for doping, was

further substantiated by the study of the spectral properties of the

system. The characteristic KC1:Hg 2+ spectrum was observed when

crystals were doped with HgC12 under an atmosphere of HC1, C12, or

a vacuum (see Figure 4. 1). This same spectrum occurred when KC1

was doped with Hg2C12 and grown under C12. This leads to the con-

clusion that the dopant is HgC1
2

according to the reaction

Hg2C12 + C12 2HgC12. (7. 1)

When crystals grown in vacuum were doped with Hg2C12, three

different phenomena were observed. When samples were heavily

doped with Hg2C12 disproportionation occurred and drops of metalic

mercury were found at the bottom of the growth crucibles as observed

by Ben-Dor et al. (5). Mercury droplets appeared on some of the

lightly doped samples grown in this laboratory, and the characteristic

spectrum attributed to Hg2+ was also observed. This would be ex-

pected from disproportionation.
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C12 HgC1
2

+ Hg o

1 27

(7. 2)

In one sample doped with Hg2C12 and grown under vacuum, a broad

band appeared with a maximum at 290 mil. This appeared to be the

same band observed by Ben-Dor et al. in doped crystals which were

colored and bleached. They attributed this band to Hg°.

Spectral Properties

The outer electronic shell of Hg2+ is isoelectric with the noble

metal ions Cu+, Ag+, and Au+ and should exhibit similar spectral be-

havior. As seen in Figure 4. 1, the spectrum of KC1:Hg 2+ is appar-

ently composed of several overlapping bands, the first of which gives

a peak in absorbance at 245 mt.,- This is similar to the structure ob-

served for the noble metal ions in KC1 by Lushchik and Lushchik (36).

They attributed the spectral behavior to the transition

nd10nd 9(n+1)p on the basis of a favorable energy shift from the

free state of the ions. This would provide the complexity of the spec-

trum because there are 12 bands in the free state that are attributed

to this transition. Because of the divalent charge on the Hg 2+ corn-

pared to the monovalent noble metal ions, the transition energy for

Hg
2+ in the free state is much higher. Putting these ions into a lat-

tice environment compensates this effect. If the KC1:Hg 2+ spectrum

is due to the ndl 0 nd9(n+ 1 )p transitions, the energy shift from the
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free state is 7 ev compared to 3-5 ev for the noble metals.

Neutron activation analysis was used to find the concentration

of mercury in five spectral samples. From this, a mole fraction ab-

sorption coefficient at 245 mµ was calculated.

Absorbance is
1°g1 '

I = I
0
e-acd (7. 3)

c is the concentration in mole fraction,

d is the sample thickness, and a is the mole fraction absorption

coefficient. The value of a was found to be 1. 3 ± .3 x 106 cm 1

(mole fraction) 1. 'Standard deviation for this measurement is large,

because of inaccuracy in measurement of concentration and absorb-

ance. Concentration is known within ten percent. Absorbance meas-

urements are estimated to be within ten percent. Absorbance meas-

urements on the KG1:Hg 2+ system are relatively inaccurate because

the baseline must be established from the low energy side of the spec-

trum only. It is also possible that a small amount of HgCl2 may be

precipitated, and since the precipitated form does not absorb in the

same region, this would contribute to the inaccuracy.

Conductivity and Diffusion of KC1:Hg2+

Association parameters were calculated from conductivity and

diffusion experiments. From conductivity, the enthalpy and entropy of

association were calculated and both were found to be dependent upon
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ionic size, see Table 5. 4. The free energy function 4G
1

is given

by

ev
AG

1

3= 1. 11 *. 11 ev - {(0. 46±0. 08)x10 } T. (7. 4)°k

Free energy of association was also calculated from diffusion experi-

ments and a comparison of conductivity and diffusion results is seen

in Figure 7.1. Usually when diffusion results are compared to con-

ductivity results, AG
1

is found to be much higher for diffusion (2).

This has been attributed to accidental divalent ion concentration which

causes the calculated value of AG
1

for diffusion to be high and for

conductivity to be low. The pure KC1 used in these experiments ap-

pears to have a much lower accidental divalent content than most

other commonly used crystals (45, p. 45).

Region I of the conductivity curves was attributed to precipita-

tion. Table 5. 2 listed the difference in free energies of precipitation

and association. Table 7. 2 gives the values of AG using the free
p

energy function from conductivity to calculate A Gl.

Table 7. 2. Free energy of precipitation.

T (°C) AGp - AG
1

(ev) A G (ev)

266 -. 64 . 22
266 -. 64 . 22
232 -. 63 . 25
166 -. 67 . 24
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Figure 7.1 Line is from free energy of association function calculated from conductivity.
LG.

1
= (1.11 + .11) ev - T (0.46 ± .08) x 10-3 ev/°K. Points are calculated

from diffusion data.
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KC1:Hg
2+:0H

The presence of OH in the KC1:Hg2+ system changes its spec-

tral, conductivity and diffusion characteristics. When HgC1
2

was dif-

fused into KC1 for one week at 600°C under vacuum, those crystals

containing 2. 0 x 10 mole fraction of OH had a spectrum much dif-

ferent from the pure KC1 samples (see Figure 4. 4). Conductivity of

one of these samples gave the divalent ion concentration to be

1. 0 x 107 mole fraction. Activation analysis on the same crystal

showed 1. 2 x 105 mole fraction of mercury content.

When HgC12 was diffused into KC1 :OH samples containing

2 x 105 mole fraction OH for one week at 600° C under one-third

atmosphere of C12, conductivity indicated the samples contained

2. 4 x 106 mole fraction of divalent ion and activation analysis indi-

cated that the total mercury content was 5. 9 x 10-6 mole fraction. It

is believed that when C12 was present, most of the OH diffused out of

the samples. From the OH diffusion experiments of Chapter III, it

is estimated that about 90 percent of the OH migrated from the crys-

tal. The OH band at 204 flµ was not distinguishable in these experi-

ments after diffusion.

The most dramatic change appears in the diffusion profiles when

HgC12 is diffused into KC1:011. A large peak appears in the profile,

2+
iindicating an Hg sink inside the crystal. See Figures 6.8, 6. 9, and



6. 10. Similar behavior was observed from diffusion of HgC1
2

into

Harshaw crystals.

KC1 :HgO
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Samples containing HgO were prepared in three ways. They

were grown by direct doping in the melt, crystals were grown in the

air and doped with HgC12, and crystals which were doped with HgC12

were heated in air to 700° C for several hours and quenched. All had

an absorption spectrum with a peak at 215 mp, as seen in Figure 4. 5.

This is similar to the spectrum reported by Pashkovskii et al.

(41) for KC1 crystals doped with HgC12.

KC1:OH

Diffusion of 0H in KC1 was measured by desorption under two

different atmospheres. In one case, desorption was performed under

one-third atmosphere of C12 and in the second case is a vacuum of

10-
6 torr. It was found that the diffusion coefficient could be repre-

sented by

and

95
D = 3. 05 x 105 exp - 1.

kT
ev

C12

Dvac = 1. 2 x 103 exp - 2. 09 ev
kT

(7.5)

(7. 6)
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It is believed that the deviation in activation energy is due to experi-

mental error. Difference in the pre-exponential term is believed re-

lated to the difference in migration potential at the surface. A surface

reflectivity term was introduced for the situation when the migration

probability at the surface is not much greater than the migration prob-

ability inside the crystal.

D 1.7 8fgw2a 2 exp 2k exp .kT (7.7)

cos
Here, g is the reflective term and may be represented by

(...)2+o)s

Migration probability at the surface is given by cos, and the migra-

tion probability in the crystal by (42. In most diffusion experiments,

and g 1. However, in the diffusion done in vacuum,

the method of removal of OH is by evaporation of KOH and it has a

very low vapor pressure at the temperature of these experiments.

The value of g is then 3. 9 x 10 3 for this case.

The average activation energy for the migration of OH of

2. 02 ev compares in the proper direction with the results of Fuller

(17, p. 32) on the energy of migration of Cl which was found to be

2.12 ev.
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APPENDIX I.

Diffusion of OH- in KC1- -Raw data (one-third atmosphere of C12)

d(cm) t (sec) A. (0.D. ) A
f

(O. D. )

379'C

. 207

. 193

. 167

. 064

. 076

2. 958 x 105

4. 90 x 105

3. 876 x 1 05

2. 583 x 105

1. 296 x 105

1.745

0. 894

0.732

1. 006

1. 417

1. 643

O. 822

O. 629

O. 902

1. 331

.059 3.75 x104 O. 492 O. 403

438'C

. 213 4. 58 x 104 0.7 26 O. 678

. 230 1. 26 x 105 O. 810 O. 689

. 205 8. 56 x 104 0.711 O. 638

. 184 2. 16 x 105 O. 656 O. 544

. 208 1. 69 x 105 0.756 0. 674

. 208 3. 04 x 105 O. 800 0.561

472e C

. 221 4. 23 x 104 0.735 O. 620

.221 8.16 x104 0.777 O. 642

. 187 1. 296 x 105 0.916 0.763

. 198 1. 668 x 105 O. 960 0.789

. 201 2. 48 x 105 O. 812 O. 569

. 203 2. 48 x 105 O. 7 21 0.492

. 206 3. 32 x 105 0. 862 0.568
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d (cm) t (sec) A. (o. D. ) A f (0. D. )

515 °C

.167 3. 91 x 104 0. 599 O. 335

. 165 7. 91 x 104 O. 604 0. 220

. 177 1. 23 x 105 O. 574 O. 169

.153 2. 13 x 05 1. 800 0. 299

599 °C

. 159 1. 14 x 104 O. 777 O. 735

. 218 6. 45 x 1 04 1. 028 0.955

.153 9. 79 x 105 0.738 O. 7 03

. 175 1.45 x 105 0. 807 0.769

. 145 2. 43 x 1 05 O. 719 O. 596

. 184 3. 18 x 1 05 0.860 0.767

.147 3. 18 x 105 O. 7 09 0.564

647° C

.149 7. 68 x 104 O. 676 0.533

.193 1. 26 x 105 0. 892 O. 793

.186 1. 66 x 105 O. 874 O. 774

. 153 2. 04 x 105 O. 698 O. 611

. 195 2. 54 x 1 0
5

O. 918 O. 743

.192 2. 91 x 105 0. 890 O. 711

. 127 2. 91 x 1 05 O. 574 0. 295

672 °C

. 166 6. 43 x 104 0. 841 O. 770

145 8. 51 x 104 O. 682 O. 388

. 171 1. 18 x 105 0.891 0.715

. 122 1.51 x 105 1. 042 O. 566

. 161 1. 79 x 105 1. 580 1. 249

.135 1. 79 x 105 1. 300 1. 040
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d (cm) t (sec) A. (o. D.) A
f

(0. D. )

697° C

.129 4. 16 x 104 0.707 0.449

. 152 1. 26 x 105 0.760 0.503

. 191 7. 61 x 104 O. 886 0.743

. 192 6.50x104 0. 885 O. 600

. 187 1.71 x 104 1. 037 1. 017

. 143 3. 88 x 104 0.787 O. 728

.169 3. 88 x 104 O. 984 0.796

D (cm) = sample thickness in cm.

t (sec) = time of diffusion anneal.

A. (o. D. ) = initial absorbance of sample at 204 mp,.

A
f

(0. D. ) = final absorbance of sample at 204 mil.


