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THE THERMAL STABn.ITY OF F-CEN'mRS 

m SODIUM CHLORIDE 

I. INTRODUCTION 

' Colored alkali halides have been known for some time, 

the first work being carried on by Goldstein ()) in 1895. 

Other notable workers 1n the field include Pohl (15, 16, 

17), Xleinschrod (8), MOllwo (9}, Mbtt (11, 12, 13, 14), and 

BUsch (6, 7) to n8JDB a J:'ew. 

Alkali halides may be colored in several ways. Many 

polar salts when heated 1n the vapor of one of their con

stituent elements, acquire an excess of that element, as, 

for example, heating a sodium chloride crystal in the 

presence of excess of the alkali metal and at the same 

time acquires a deep color. This method is known as addi

tive coloriDg. 

Before mentioning the otller methods of coloring 

alkali halide crystals, it would be well to discuss the 

theory involved. The discussion will be confined only to 

the metal constituent, but si.milar arguments can be pre

sented for the non-DI!Btal constituent. There are two 

possible ways that a crystal may take ~ an excess of one 

ot its constituents. The first is that metallic ions 

assume interstitial lattice positions. It this is so, 

then it can be shown that an electron can be trapped in 
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its field (1}, pp.81-85). The orbit of such a trapped 

electron may extend over many atomic diameters. Neverthe

less. it is convenient to refer to such an interstitial 

ion and its trapped electron as an interstitial atom. 

The second method in which a crystal may take up 

excess metal is as follows. Any crystal 1n thermal equU

ibrium at a oertain temperature will contain a number of 

vacant lattice points (Schottky defects). The number of 

positin detects will necessarily' be equal to the number 

of negative detects 1n order to maintain electrical 

neutrality within the crystal. A crystal would contain 

excess metal it the number or vacant lattice points from 

which negative ions have been removed exceeds the number 

of vacant positive ion positions. This would result in a 

crystal with an excess positive charge, and a number of 

electrons sutticient to neutralize thls charge must be 

added at the lattice points where the negative ion is 

missing. It has been shown by Mott and Gurney (13, pp. 

81-85) and others that it is possible for an electron to 

be trapped at such a point. The electron may be thought 

- of as being shared by the six neighboring metal ions or 

as being located on a metal ion next to a negative vacant 

lattice point. thus the excess metal is taken up by re

placing metal ions by atoms at the lattice points next to 

negative ion vacancies. At present the former idea of 
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sharing the electron enjoys the greater prominance, but 

there is ev1denoe supporting the ~atter (8. p -.97; 12, p. 

J 7). This type of phenomenon in alkali halide crystals 

is celled an F-center (German Farbzentren, or color 

center). 

Of these two theories of F-cen.ters, an intersti

tial ion with a trapped eleetron and the electron in the 

negative ion vacancy, the latter is accepted as being the 

true picture be; cause of the following evidence. First, if 

an aba&rpt1on curve is taken on a spectrop~otsmeter • the 

same F•band {wave lengths of light absorbed by F-eenters) 

can be produoe4 in al.kal.i halide crystals. or· normal 

sto1ch1oll18tr1c composition when the cold crystal is 

irradiated with x-rays (1), p.ll2) indicating that no ex

cess metal has been added to the crystal.. Secondly• 

calculations by lfott and Littleton (14) and Mott and 

Gurney {13·, pp.Sl-86), show that the energy requirements 

to :form an 1ntersti'tial ion pl.us a sel:t-trapped electron 

are much greate.r than to form an F-center with an electron 

in a negative ion vacancy (de Boer's theory). '.rhe calcu.... 

lations yield reslll.ts for the de Boer model which are in 

close agreement with the values obtained 'from an analysis 

of the equilibrium. between vapor and solid in cases in 

which they are known { 22 • p ..401). Other evidence for the 

structure of F-eanters is the tact that the number ot 

http:reslll.ts


F-centers is proportional to the vapor pressure of the 

alkali metal rather than the square root or the vapor 

pressure as would be the case it the F•center were an 

interstitial .ion and a trapped electron (13. p.ll)). It 

has been suggested by von Rippel (25. p.8)2} that this 

interpretation is not correct in that electrons cannot be 

treated as atomic particles. 

Other .methods or producing colored alkali ha~ides 

are by photochemical means and by electron coloration. 

In the photochemical. process the crystal is exposed to 

x-ray radiation or to ultraTiolet light. Coloring pro• 

duced in tb1s .manner is not stable and can be easily 

bleached. Electron coloration is carried out by putt1.Iig 

sharp electrodes of a material such as tungsten into the 

crystal and placing a high potential across them. 

Electrons are then shot into the crystal. F-centers will 

emerge trom the pointed cathode and migrate to the anode. 

Halogen gas will be given ott at the anode (22. p.)87). 

With this method it is di1'1'1cult to obtai.n a uniformly 

colored crystal. The F-centers tend to pass directly 

from one electrode to the other and hence coloration 

takes place only through a small volume o~ the crystal. 

Each colored alkali halide has its own character

istic absorption band. It should be emphasized that the 

coloring produced is due to the crystal and not to the 
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alkali me'tal used. Sodium chloride colored with sodium 

will give the same absorption band as sodium chloride 

colored with potassium. The F-band is due to an elec

tronic transitlon to be correlated in some way with the 

stoichio~tric excess of metal. The F-band formed in 

crystals colored by x-ray irradiation has exactly the 

same shape as that which accompanies a stoichiometric 

excess of metal, but the maximum intensity is much less. 

Crystals colored by x-ray irradiation can be bleached by 

exposing them to light absorbed in the F-band. Il.lumina

tion in any part of the band bleaches the whole band, 

proving that in any crystal all the F-centers are si.milar; 

the band does not arise from a series of overlapping 

bands (13, p.U2). Further proof is seen from the fact 

that the F-band can be made quite narrow by lowering the 

temperature sufficiently. It the shape of the F-band 

were the result of the superposition of a large number 

of narrow absorption bands which arose from different 

types of absorbing centers, and hence were slightly 

displaced from one another, the resultant band would not 

contract in breadth 1ndef1nitely as the temperature is 

lowered (22, p.JS6) . 

The concentration of F-oenters in a given crystal 

may be found by applying Smakula's equation to the 

F-band (24). 
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17 n 
Nt : 1.)1 X 10 (n2 ._ 2)2 f1m W 

Where N : number of F-centers per c.c. 

t =oscillator strength. 

n : refractive index of the crystal by light 
ot wave length at ·the maximum intensity
of the F-band. 

am :absorption coefficient at center of band. 

W : width at half maximum of band. 

For crystals which .are very densely colored, the 

F-center concentration might be determined by measuring the 

pB change due to the stoichiometric excess of alkali metal 

(8). but tbis method has been subject to some Justifiable 

criticism (21. pp.983-4). 

Absorption bands other than the F-band nearly al

ways appear in NaCl and in addit1vely colored KCl crystals 

which have been quenched slowly. These new absorption 

bands appear on the long wave length side of the F-band, 

and tend to diminish the size of tne F-band as they in

crease in size. If an attempt is made to obtain F-centers 

1n high concentration by additive coloring, the formation 

ot absorbing centers at longer wave lengths cannot be 

avoided, even using the most rapid quenching means avail

able. It has also been observed that irradiation by 

light at the wave length of the F-band tends to di.minish 

the F-band and produce the bands at longer wave lengths. 
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Molnar observed the development of a band (the 

band) at 820 lll)l in KCl (10) • This -band and the F-band 

are interconvertible when irradiated by light of the 

res~eotive bands, but some of the prominence of the F- and 

»-bands ere lost during the interconversion and appeared 

as two new bands (R-bands) lying be tween the F- and M

bands. Scott and Smith observed the formation and growth 

of R-bands 1n KCl when irradiated by light in the F-band 

and when exposed to daylight (21, p.982). 

Possible mechanism for the formation of the 

and R-eenters are the ionization of F-centers and the re

capture of the released electron by a different type of 

trapping center, such as more than one vacancy; the 

aggregation of vacant lattice positions; the aggregation 

of vacant lattice positions with F-centers; or a combina

tion of any of the above. 

Another band appearing at longer wave lengths is 

the colloid band. This band appears nearly always in 

additively colored NaCl, appearing at 565 ~ while the 

F~band oecurs at 460 mJl. This band is .much more 

prominent than the R- and ·-bands and can be produced in 

crystals which do not contain it by heating. By heating 

an additively colored NaCl crystal to temperatures around 

400°0 or lower, the F-band tends to· diminish and the 

colloid band becomes larger. By heating the crystal 
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around 600° the F-band enlarge$ .at the expense of the 

colloid-band. At any temperature within thls range, an 

equilibrium exists between the ntUllber of F-eenters and 

the col~oi.d. 

It is postulated that the colloid band is caused. by 

a clumping together or F•cente1,-s causing a high concent.ra

t1on ot electrons and also a high conce11trat1on ot positive 

ions to give metallic specks. It has been calculated by 

Mollwo that the particles attain a st.ze ~ about 50 mu at 

450"0 C and reach a size ot about 650 JUU at higher te.QlPera... 

tures (9). He found that in no case dld the particles 

attain a size of 750 mu; so there is apparently a limiting 

size, The colloidal band sh1f'ta to longer wave, lengths at 

higher temperatures presumably because. of d1t'ter.ent sizes 

ot colloidal particl.es or pe·rhaps due to a thermal 

equilibrium betwaen F- and M-e-enters as was theorized tor 

KC1 (21, p.9S6). 

Evidence to su.ppor~ the theory that the colloi,d 

band is caused by colloidal spe-eks is found in ligh_t, 

scattering e:.:;per1ments carr1ed on by Savostianowa (19). 

and the temperature insensitivity ·ef tlle band shape 

indicating that lt is not an a~e-ctroni-e phenom.enon 

(21, p . 986}. Also tlle independence of the equilibrium 

F-o.enter aonoentrat.ion on t.he initial F-csntar concentra

tion 1n or,ystal.s heated to certain temperatures and 

http:particl.es
http:concent.ra
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rapidly quenched indicates the presence of two phases. 

On heating at higher temperatures bleaching effects 

in colored crystals become quite pronounced . Additive 

coloring cannot be bleached by heat in the way that the 

discoloration produced by irradiation may be removed (22, 

p.)86) but surface bleaching 1n colored crystals is very 

noticeable at higher temperatures. Crystals colored by 

irradiation may be bleached to their original color. The 

bleaching process in x-ray colored crystals is presumably 

the result of the re-combination or the trapped electrons 

and holes which is stimulated by heating (22, p.)85). In 

crystals colored by irradiation, bleaching may take place 

by exposing the crystal to light in the F-band. \Yhen a 

quantum or light is absorbed by an F•center, its electron 

is usually set free and can travel through the conduction 

levels. In a crystal which has been colored by x-rays, 

this will give the electron a chance to return to one of 

the neutral halogen atoms in the lattice from which the 

electron had been ejected by the x-rays. Such bleaching 

cannot occur in crystals where the coloration is 41Clue only 

to the presence of excess metal; in these crystals the 

coloration is stable (1), p.ll2). 

The heat of formation of the colloid may be 

determined by applying a form of the vant Hoff equation. 

The logarithm or the F-oenter concentration is plotted 
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against the reciprocal of the ab~olute temperature, and the . 
heat or formation is found from the slope .of the line. 

Cousideration or the above ph.enomen:a and especially 

that concerning the equilibrlum concentration of F-centers 

with colloid as determined for XCl indicates that data of 

the same nature tor NaCl would be benetic·ial to a greater 

understanding of the true nature of the F-center and 

-colloid absorbing center. in alkali halides. In Y1ew of 

this the f .ollowing expe.:rt1m.ental. procedures· were undertaken: 

1. By trying various procedures the best method 

was determined tor coloring lfaGJ. crystals 

to approximately the proper equil.ibrium con~ 

centration. This concentration is more 

critical in NaCl than in KCl du.e to the 

easily formed, interfering colloid-band. 

2. A supply of c:ryst.als were additively 

colored; solll,e by sodium and some by 

potassium. to various oonoentrations by 

the method selected as the most suitable .. 

). The crystals at various concentrations 

were treated at t.empe.ratures between 450 

and 6oo0 c for various t1m.es and rapidly 

qtlenohed in carbon tetrachloride. Thin 

s1lces were cut from the interior of the 

crystals, and the absorption curves were 
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taken using a Beckman model DU spectro

photometer. 

4. Several of the curves were taken at liquid 

nitrogen temperature 1n an attempt to bring 

out any optical bands more clearly. Several 

curves were taken after exposing the crystal 

containing very little colloid to light 

absorbed in the F-band 1n an attempt to de

tect the development of any optical bands. 

5. Picking the curves that showed good resolution 

ot both the colloid and F-bands and using 

Smakula's equation, F-center concentrations 

were calculated and the average value 

computed for the various temperatures. 

6. Taking the average value of the concentra

tion, a plot was made or the logarithm or the 

concentration of F-centers vs. the reciprocal 

ot the absolute temperature and the heat of 

formation or F-oenters 'vas calculated from 

the slope and found to be comparable to 

that found for KCl. 
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II. EXPERIMENTAL 

CrJ!tal Ooloripg 

All Na.Cl crystals used in this work were obtained 

from the Harshaw Company ot Cleveland. Ohio. In order to 

determine t.he .met.hod of additively coloring the crystals 

best suited for this work,. various procedures were tried 

with varying degrees of success. It was supposed that the 

crrstal.s would necessarily have to be dUutely colored in 

order to have the F-band v1s1b~e in presence of the 

oollo.!d band; therefore some e~eriments were carried out 

using sodium,. whose vapor pressure is correspondingly 

lower than potasSiWil-a and other experiments were carried 

out at lower temperatures using potassium. 

First attempts at coloring were made using two

section glass bombs and a two-compartment quartz tube 

furnace.. The glass bombs were made in t ·wo sections ot 

10 and 14 mm pyrex tubirlg. each seeti.on being about two 

inches long. The alkali me-tal was .melted and syphoned 

into a 7 mm pyrex rod using an aspirator bulb. When the 

bomb was prepared tor coloring, abou~ l 3/Z." of the glass 

rod containing the alkali metal was cut ott and inserted 

into the small end of the bomb which had previously been 

sealed. A s.mall piece ot sheet copper was next illSerted 

to insure that the crystal did not come in contact with 

http:seeti.on
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the. molten metal when heated. A NaCl crystal about 1-2 co 

1n size was then put 1n the large end, and the bomb sealed 

as close t o the crystal as possible. The bomb was t hen 

inserted 1n the two compartment quartz furnace made by 

wrapping about 10 feat of no. 22 nichrome wire around each 

compartment. Temperat-Ure was measured by two chromel

alumel thermocouples each calibrated at the freezing points 

ot XCl. ~cr2o7, and the boU1ng »oint of water.. TherlllO

e~ectric potentials were measured by D18ans of a Weston 

mil.livoltmeter. Temperature was controlled in each 

compartment separately by two variable carbon block 

resistors in series with llO AO current. This p osed a 

serious problem in te~erature control as it could not be 

held constant and varied as much as 25° due to slight 

Jarring or movament in the resistors. 

Another problem was that it was not known how much 

of a temperature gradient there was at the junction or the 

two co.I'Jll>artments. Nevertheless,. this method was tried 

many times. The crystals were kept at approximately 

6o00c and the alkali metal at approximately 525 C0 tor 

times varying from 12 to 150 hours. Successful coloring 

by this method was slight although several crystals were 

colored that were used.. Reproducible results were almost 

impossible t-o attain by this method. It was found later 

that one or the main troubles was the alkali metal. 
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Potassium was nearly always used, and it had been stored 

in kerosene, apparently soaking up a considerable amount 

ot it. When the potassium was heated the kerosene would 

burn, depositing a thick carbon coating on the crystal 

through which the potassium vapor could not, or only with 

difficulty, penetrate. 

The next .method used in attempting to find a suit

able method for coloring the crystals was to make a bomb 

from copper tubing. One-halt inch, seamless copper tubing 

was cut into lengths about six inches long. One end was 

sealed by hammering flat, folding double and hammering 

flat again. The alkali metal was then placed in the tube, 

and the tube was crimped Just above the .metal to prevent 

the crystal from coming in contact with the .metal. The 

crystal was placed in the tube; and the other end sealed 

in the same manner as before. The copper bomb was then 

placed in a nearly vertical position, with the alkali 

metal on the bottom, in a muffle furnace with a Tem.

cometer temperature control and heated to temperatures 

aroWld 6oo0 c tor times varying from 12 hours to several 

days. Sodium was nearly always used in this type of bomb 

and the results were good after several initial failures 

due to sealing techniques. This method of coloring as 

taster, and the bombs easier to prepare than the previous 

.method. Since absolute ini;tial F-center concentration is 
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not essential 1n equilibrium studies of this type, the 

m.utf'le furnace had quite adequate te.mp&rature control. The 

majority of crystals used in these experiments were colored 

in this mannet-. 

Attar oolortng the crystals to various concentra

tions they were heated to temperatures between ~50° and 

600°0 tor varying lengths ot time and quenched rapidly 

to "treez•" the F•oente.rs in the crystal. It was 

determined that the small temperature range was necessary 

because at temperatures below q,;o0o., toe> m.uoh colloid was 

formed, masking the F-band, if anr was present, and at 

temperatures above 600°0, it was d1tt1oult to prepare 

crystals with F•oenter concentration great enough to in• 

sure equilibrium conditions; quenching techniques were 

not rapid enough to make certain that equilibrium oondi• 

tiona were present, and bleaching effects became 1noreas

1ngly noticeable at higher temperatures. 

For the heat treatment two types of furnaces were 

used. A small automatically controlled m.ut:tle furnace was 

used for treating crystals at 600°C. A ohromel

alumel thermocouple and a millivoltmeter calibrated at 

the freezing point of KCl and bo111ng point of water were 

used for temperature measurements. For lower treatment 

http:F�oente.rs
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temperatures a small organic analysis type preheater with 

good asbestos insulation at the ends was used. 110 volt 

AC current ~as used and temperature was controlled by a 

Variac transformer. 

A two junction ehromel-alumal thermocouple and a 

mil~ivolt mater calibrated at the freezing point or KCl, 

NaCl• and K2cr2o and the boiling point of water were used
7 

for temperature measurement. The cold junction was at 0°C. 

Allowing for te~erature gradients within the 

furnace, thermocouple calibration errors, and small time 

drifts in the controlling .mechanis.m. the temperatures re

ported are correct within ,5° 1n both furnaces. 

The method used in the heat treatment was to wrap 

the large colored crystal in thin aluminum toil, place it 

in an aluminum boat and 1n the furnace. After heating for 

the desired length of time the crystal was removed and 

quenched 1n carbon tetrachloride. Carbon tetrachloride was 

chosen as the quenching agent because there was less 

tendency for the crystals to shatter than in other sub

stances tried, such as a saturated NaCl solution, and 

there was a taster cooling time,, insuring better 

equilibrium conditions, than by placing the crystal on 

a copper block. 
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Spectral Measurements 

After heat treating tor the desired time and quench

ing, the crystal was removed and a thin slice, 1/2 to 1 1/2 

mm. in thickness, was cut from the interior of the crystal. 

Slices for spectral measurement were not taken from the 

edge of the crystal because bleaching effects at the edges 

~re quite serious, but the ettect talls ott quite rapidly 

toward the interior of the crystal. The thin slice was 

mounted on a piece of copper toil having a small horizontal 

aperture about 1 mm. by 2.5 mm. The crystals were cut and 

mounted with a minimum exposure to light. Following 

absorption measurement 1n a Beckman model DU manuall.y 

operated spectrophotometer, the thickness of the crystals 

were measured using a micrometer eyepiece calibrated with 

a stage micrometer. 

After the first slice had been taken from the 

crystal, the crystal was again wrapped in the aluminum 

roil and again placed in the furnace for another period of 

time • and the above process of cutting and measuring re

peated. This was done several times for each crystal to 

insure that equilibrium conditions had been reached. The 

calculated concentrations ot F-oenters in the crystal were 

then compared for various times of heating. 

In order to make the bands more defined, several 

crystals were run at liquid nitrogen temperature. This 
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was accomplished by use of a Smell Dewar flask that could 

be slipped into the cry.stal holder. The crystal was 

mounted on a small piece or copper toil containing a cir

cular aperture. The copper toil was attached to a piece 

ot wire to enable the crystal to be inserted 1n the 

bottom of the flask. The liqUid nitrogen was filtered 

through cotton as it was poured into the flask to prevent 

an.r ice from. forming wh1oh might cause bubbling. Another 

piece of cotton was placed Just above the crystal again to 

remove any ice that might have formed from the moisture in 

the air. Bubbling was a serious problem as it prevented 

proper balano1ng of the spectrophotometer. but it was 

foWld that this could be avo.1ded by using the cotton 

filters, washing the flask with absolute alcohol and 

thoroUghly drying, and drying the crystal and holder bf 

passing a stream of dry ~ir over them. 

Several absorption curves were taken on crystals 

after varying e.x.posure times to 460 mu light to watch 

any growth of the optical bands. The exposure to 460 mu 

light was accomplished in the spectrophotometer by simply 

leaving the crystal .mounted as in measuring and exposed 

tc> the correct .ave length for the desired time. When 

.measurement was made at the low temperature, the crystal 

was not exposed to the light WhUe in the liquid 
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nitrogen bath, as it was feared that the effects would not 

be a$ great as. when exposed 1n air due to light retrac

tions and dis.pe.rsion by the liquid. 
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III. CALCULATIONS OF RESULTS 

Atter the absorption d ta were taken, the curves 

were carefully plotted. The F-oenter concentrations were 

determined by applying Smakula's equation to transmission 

data. The equation, using modern values tor physical 

constants, is 

Nt : l.)l X 1017 

The retraotive index of sodium chloride at the 

F-band maximum is 1.;6 as dete~mined by Gyula1 (5). was 

determined by assuming that the F-band curve is symmetrical 

aAd that the lower wave length side atta1n.s the correct 

shape in these measurements. Any distortions due to 

colloid bend overlapp1ng would show l.W only on the longer 

wave length side of the curve max1 mum. Assuming this, the 

curve was drawn symmetrical to the lower wave length side 

of' the curve about a line drawn through the maximum at 

460 IDJl• W was taken at the point halt way between th.e 

point e.t 350 mu. and that at 460 lll)l• The minimum or base 

line was taken at 350 mp because Bupp (unpublished data 

from this laboratory) found a minimum at this point QPOn 

taking the curve to lower wave lengths. 

The value used tor Was determined from the aver

age value ot 30 curves, ranging trom values or 0.41 to 

0.57, was 0.49 electron volts. 'l'he value determined by 
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Molnar (10) for sodium chloride at 20°C was 0.50, but he 

did not indicate hO\t many curves ere used to determine 

this value or their deviation. Bupp (unpublished data 

1'rom this laboratory) found a val.ue of 0.47. The 

oscillator strength has been assumed to be unity• because 

ot lack or evidence to s.upport Kleinschrod •s value of ap

pro 1mately 0.79 (21# p ..984). 

Using these values tor sodium chloride, Smakula 's 

equation becomes 
15

N : 5.11 X 10 8,m 

am was determined from the optical density formula 

I 
2 .) log I() : am d 

where d =crystal thickness in em. 

or 4m : (2.) )(Optical. Density) 
thicknass o:r Crystal in om. 

The optical density was deter.mlned by taking the 

point at 350 mp as a base line and the point at 460 IllJl 

as the maximum. 

The change of heat content of the process :r-eenter : 

col.loid was tou.nd graphically by applying a form ot the 

'Yant Hoff equation. 

d ln K -AH 
dT : R!f\2 
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K is inversely proportional to the F-center con

centration, F; so by integration 

1 F.l - AH- \ 1 - 1 J~.363R 
. og 

'2 LT2 ~ 

By plotting log F vs. the reciprocal of the 

absolute temperature, 6H can be determined trom 

AH: (2.3)(R)(slope). 
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IV, ESTIMATION OF ERROR 

The methods used in this type ~f equilibriwn studies 

are naturally not as accurate as certain types of anaJ.r

tical. work~ The possibility of errors 1s present in each 

step, but, undoubtedly, . some of these are compensating. 

On the basis of measurements ca!'ried on by the 

National Bureau ot Standards, it appears that the instru

ment is capable .of precise and accurate measurements of 

spectral transmittance in the range 350 mu to 750 mu 

(1• p.6l5). Errors due to stra1 11ght., .spectral scale 

calibrations. Slit width, and other mechanical difti

oulties amount to one percent or less. The optical 

density can be read tram the instrument with an average 

error of about one percent. The largest errors in the 

readings are at the larger optical densities, at the 

F•center maximum or colloid maximum, and is greater with 

more concentrated or thicker crystals. 

With the temperature control and temperature 

indication methods previously described which gin 

temperatures accurately to five degrees, the peroent 



error would be of tne order of one percent. In calculat

ing the heat of foroation of colloid, the te~erature 

error is negligible as compared to other possible errors. 

Crystal Bleaching 

Crystals used for spectral measurement were al\Tays 

out from the interior o~ the stock crystal in order to 

eliminate any bleaching errors. Bleaching might possibly 

have occurred in the crystals used, but where there ·ms 

any question, the data for that crystal ware not used. 

It is therefore considered that any bleaching streets con

tributing to the error ere negligible. 

Calculating 

The value of 0.49 used for W is in two percent dis

agreement with that found by lnar and about four percent 

disagreement with the value found by Bupp . The value lies 

between the two other values and is considered to be 1n 

error by not more than two percent as determined from the 

average value of thirty curves. The probable error of 

W ls 0.006. 

Smakula's Equation 

The errors involved in using Soakula's equation are 

systematic, affect all concentrations about the same, and 
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4epend on the choice for ar:r·1v1ng at am and W. It can be 

shown that by taking the value or 460 .tn}l for the 

absorption maximum in crys;als containing both F- and 

colloid bands rather than some neighboring value .as the 

proper basis for ·calculating am. an. error as hiib as t .e,n 

percent can b$ introcluo&d. Also, taking )'0 ~as the 

po.int tor the base line could cau.se an error ot several 

percent due to inaccuracies in the spectrophotomete.r at 

lower wave lell@ths., Since the overlapping was not serious 

in most o~estt the overall error was probably only seven 

o-r eight percent at most.. The error involved in l!16asur

1ng the crystal thickness is considered negligible as 

compared to optical density error in the calculation of 

am• The error in W as previously discussed is p1•obably 

not more than two pe-rcent-. 

It can be seen theref.ore that the largest error is 

int:rodv.c&d into the results by the somewha t arbitrary 

choices of ~ ln ·the Smakula e-quation"' and that .most 

other errors ar-e negligible in comparison. 
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V. DISCWSION OF RESULTS 

The main purpose of these experiments was to deter

mine the eqllilibrium concentration of F-centers at various 

temperatures and from this to determine the heat of :rorma

tion :ror the process F-oenter : colloid. 

The tables on the following pages give the results 

obtained at the temperatures indicated by applying 

S.wakula's equation.. The crystal numbering system is en

tirely arbitrary, but those having the same first number 

are from the same colored stock crystal. 

Mtm.v crystals were colored and many absorption 

curves taken that are not included in the following 

tabulated results, because or obvious dit:riculties which 

would cause the results to be invalid. Included in this 

type are crystals with extreme bleaching on the edges with 

apparent overlapping into the colored portion to be 

measured, crystals with non-parallel edges, extremely 

blue crystals indicating large excess o'f colloid, and 

shattered ·crystals containing a large number ot 

imperfections. 
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At z..,ao0 c. 
Total. 

Crystal Heating w 
Number TilDe Electron Thickness am 

'JH.nutes) Volts em. cm-l N X 10
-16 

l-2 
9 ,z.o 0.49 0.1.527 ;.)1 2•71 

2-2 4.0 0.46 0.167) 4.92 2 • .51 
3-2 40 0.4) 0.1537 ).16 1.61 
1-J 60 0.41 0.1374 4-24 2.16 
2-) 60 0.41 0.1)89 4.71+ 2.42 
J-) ·60 0.4.55 0.1384 6.48 3~31 
l-4 80 0~.50 0.12.50 4.9.5 2.;;
2-4 80 O.ltl 0.106.5 4.)4 2.21 
3-4 80 0.41 0.1197 2.87 1.2)* 

At 9:200C 
Total 

Crystal Meat.b.ag w am 
Number Time Electron Thickness -1 -16

(MiDutes) Volts c.m •. om N X 10 
4-l 20 0 • .5) o.u;a -?.07 ;.61 
·-· ' 20 0 • .54 0.0852 9.45 s.;1*.

' 1 206-l. 0 • .54 0.1047 7.26 ).71
4-2 40 0.46.5 0.091.5 10.2.5 ;.2;* 
5-2 40 o.;1 0.1149 8.2; 4.22 
6-2 40 0.49.5 0.1)21 7.89 4.0)
4-3 60 0 .•49 0.1.222 8.06 4.12 
;-; 60 0.48 .0.1.147 8.6; 4.42 
6-3 60 o.s1 0~0977 7.12 3.63 
4-4 15 o.t.; 0.0947 8~17 4~17 
5-4 75 o.;1 0.1486 .5.·90 3.14* 
6-4 75 0.49 0.12)8 6 •. 2; );.12*

16-1 20 0~09)9 9.12 4.66 
16-2 40 0~0963 9.80 .5~00 
17-l 20 0.1160 8.12 4.~14 
17-2 40 0.0864 8~80 4~50 
18-1 20 0.1024 9.80 s.oo 
1.8•2 ' ;; 0~1100 8~18 4~17 
19-l 20 0.0861 7.77 ).97 

·• talu.es marked with an asterisk ware not used in calcu
lating average values for reasons to be discussed later. 
Omitted values of Wwere no;t used in finding the 
average vnue of W. 

http:Meat.b.ag
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At 222°C 
Total 

Crystal
Number 

Heating 
Time 

~Minutes) 

w 
Electron 

Volts 
Thickness 

em. 

a 
.m. 

cm-1 -16
N X 10 

7-1 20 0.52 0.0938 9.20 4.70 
8-1 
9-1 

20 
20 

0.54 
0.44 

O.ll21 
0.0974 

8.92 
6.51 

4.55 
3.32 

7-2 50 0.52 0.100.5 7.88 4.03 
8-2 .50 0.48 0.1327 8.34 4.26 
9-2 
7-3 
8-3 

50 
70 
70 

O.l.,) 
0 • .51 
0.48 

0.0983 
0.1686 
0.1392 

8.30 
6.52 
8.00 

4.24 
j .33 
4.08 

9-3 
7-4 

70 
90 

0.495 
0.51 

0.0947 
0.9470 

7.17 
8.86 

).70*
4.71* 

8-4 
9-4 

20-1 
21-1 
21-2 

90 
90 
20 
20 
20 

0.4;
0.45 

0.11.57 
0.1034 
0.08.54 
0.1211 
0.0960 

9.10 
6.50 

11.35 
10.75 
9.30 

4.27* 
).0.5*
;.so
;.;o 
4.75 

22-1 
22-2 

32 
32 

0.0970 
0.1078 

12.39 
8.57 

6.)3
4..37 

At 600°0 
Total 

Crystal Heating w a 
Number Time Electron Thickness m -16-1(Minutes) Volts em. em N X 10 
10-1 0.1368 - 6.4220 o.;; 12.58 
11-1 20 0.57 0.0982 11.60 5.93 
12-1 20 0 • .52 0.1402 11.10 ;.67
10-2 55 0.495 0.1143 7.12 3.68* 
11-2 55 0.52 0.0934 10.30 5.58* 
12-2 55 o.;o 0.1292 11.65 6.07* 
13-l 60 0.5.5 0.1367 12.25 6.25 
14-1 60 o.;; 0.1435 12.01 6.14 
1.5-1 60 0.57 0.1040 11.42 5.84 
13-2 10.5 0.53 0.1306 9.82 5.4o* 
14-2 105 0.49 0.1621 11.00 5.6o* 
1.5-2 105 0.41 0.15.53 4.78 2.10* 

Vilues marked with an asterisk were not used in calcu* lating average values for reasons to be discussed later. 
Omitted values of W were not used in finding the 
average value of w. 
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~en calculating the average values tor F-oenter 

concentrations at the various temperatures only certain 

values were used. It was determined from the shape of the 

curve whether or not the value obtained should be consider

ed valid. Values obtained from graphs showing a large 

excess of colloid, as shown in graph 1, were considered 

invalid because of the large overlapping on the F-band, 

the peak would tend to be raised and the shape of the 

curve distorted.; so that values obtained for the optical 

density and wave length at half maxtmumwould be incorrect. 

Other curves considered invalid were those in which none 

or very little colloid band was present, as shown in 

graph 2. In curves such as this it was not certain whether 

a true equilibrium was existing between F-center and 
I 

colloid or whether the small peaks arising on the long 

wave length side of the F-band were due to optical effects. 

In any case it was assumed that certain optica~ effects 

were playing a part in these curves, and therefore the 

equilibrium was not strictly between F-center and colloid. 

Curves were also considered invalid if the optical 

density was extremely small,. and the calculated F-center 

concentration was very m.uoh different from the others at 

the same temperature. This type of curve indicates that 

bleaching effects were serious and that probably the 

crystal measured was taken from too close to the edge of 
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the stock crystal, or perhaps that the charge on the 

spectrophotometer battery was low, yielding the invalid 

results. 

Curves sueh as that shown in graph 3 were consider

ed valid, and only F-ce:nter concentrations obtained from 

curves of this general shape were used to calculate the 

average values. The values marked with an asterisk 1n 

the tables on pages 27 and 28 were not used tor the 

above reasons .. 

Average values obtained for the F-center concentra

tion at the various temperatures are given in the following 

· table: 

Number o:r Average
Temperature oc Values Deviation N X 10..16 

4.50 8 1.61-3.31 2.43 

490 15 3.61-5.00 4.22 

525 13 3.)2-6.3) 4..56 

600 6 5.67-6.42 6.04 

Using these average values of the F-center eon

centration, a plot was made (graph 4) of the log of the 

F-oenter concentration vs. the reciprocal of the 

absolute temperature. It is not certain whether or not 

the curvature in the line is real. It is quite possible 

that the value of the F-oenter concentration is low tor 

http:5.67-6.42
http:3.61-5.00
http:1.61-3.31
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the 600° point because quenching ~thods were not rapid 

enough to insure that all ot the F- oenters in equilibrium 

with colloid at that temperature were "frozen" into the 

crystal. It is quite probable tbat soma of the F•centers 

were reconverted during the relati~ely long cooling 

period. This same error might be pre ent in the 525° 

point. but would be very much smaller and is probably 

negligible. 

The slope or the line at the 490° point was found 

to be 2.0 x 10). From this 4 H is calculated to be 

9 + 2 K calories. This is comparable to the value of-
8.0! 0.3 K calories as found tor KCl (12, p.985). The 

greater possible error in the value for NaCl is due to 

the larger uncertainty 1n F-center concentrations at 

higher temperatures. i1 B is positive tor the process 

colloid • F-oenter; that is, heat is absorbed when the 

process moves 1n this direction. 

In an attempt to bring out certain optical bands 

(R- and M-bands) .more clearly and v1atch their growth, 

several crystals containing vary little colloid were 

exposed to 460 ~u light in the spectrophotometer tor 

varying lengths of time. No definite conclusions can be 

drawn trom the small amount ot work done in this connee

tion, but it appeared that the optical bands were grow

ing after onls 10 .minutes exposure in the 
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spectrophotometer. After exposing tor approximately l 

hour, prominent peaks showed up at 500, 575, 620, 665 m~ 

with a definite decrease in F-band. as shown 1n graph 5. 

(Other peaks occasionally appeared at 500, 590, 600 and 

635, but from the few times these showed up an.d their 

s.mall size, it ls believed that these peaks were due to 

experimental error.) 

The absorption curves of several crystals were 

taken in liquid nitrogen in an attempt to sharpen u;p the 

optical bands and to watch their growth upon exposure to 

460 D1J1 tor various l engths of time. Due to the low con

centration of' F-oenters in the crystals, which was 

necessary to make sur~ that no colloid band was present, 

and possibly insufficient time of exposure • the bands 

were not brought out 8J1.Y sharper than by using longer 

exposure times and not using liquid nitrogen. Graph 6 

shows the results of one such attempt. Thera is an 

obvious decrease in the F-band with increase in the 

longer wave length bands, but the individual bands are 

not well defined. 

Optical bands have been studied to a greater 

extent in other alkali halides. In KBr the R1-band is 

round at 725 m~, R2 at 805 mp, Mat 925, and N-band at 

1100 •Jl· In KCl the R1-band is located at 670 .IDJl, R2 

at 735 .IDJl• M at 8)0 mp, and N•band at l.OOO mp with the 
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R-bands beginning to appear after only five minutes irradia

tion to 560 ltl.)l light (wave length at F-band in KCl). 

(Smith, private communication.) These bands cover a much 

larger range of the spectrum than was studied for NaCl. 

Se itz (22, p.385} has reported the ~ -band in NaCl at 720 

JD)l. '·11th the limited amount ot work that has been done in 

this connection. no definite conclusions can be de, but 

these bands cannot be positively identified as R- bands 

such as found 1n KCl due to their closeness. There are 

indications of more absorbing centers in NaCl than in 

KCl or KBr. 
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VI. CONOLWION 

Equ1l1br1um studi s bet~en F~oenters and colloid 

1n addit1v•ly colored sodium chloride indicate that . the 

process is very similar to that found ror potassium 

chloride. The temperature range · used in the equilibrium 

s'ud1es for sodium chloride is neoessarilJ smaller than 

that used for potassium chloride because of the eas!ly 

formed oolloideJ. band whioh is f'or.med at a wave length 

close enough to the F~band to cause muoh tnterferenoe 

with the shape and overlapp1ng or the F•band. 

Determination ot the heat of formation or colloid 

gives a value or 9 ;t 2 K. calories which is 1n good agree

ment with the value ot 8 .o .t. 0,.) It. oe.lor1ea that was 

tound tor KCl. 

Study ot the optical bands show that peaks oc• 

curring at ;;o, '75. 6oo, and 66; ~u becocB quite 

prominent atte:r exposure for on hour at 460 D}U• Curves 

taken at liquid nitrogen temperature also indicate that 

clearly datined optical bands do not arise until at least 

45 minutes exposure to 460 n;tl• Comparison of optical 

bands arising in NaCl and those known tor KCl and KBr 

indicate that perhaps tb re are .more absorbing centers 

in NaOl than in other alkali hal1dea. 
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