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ABSTRACT 11 
~( 

ihe structure sensitive properties of palladium metal are found to 

ehange diseontinuously in such a way that the hydrogen concentration and 

the rate or hydrogen diffusion alter sudd,nly at a reproducible geometric 

series or hydrogen pressures. The data ot two low pressure concentration 

studies and a number of low pressure diffusion rate studies are tabulated 

and plotted so as to show the discontinuities. 'Ihe best set of values 

for the critical pressure,. obtained by plotting a curve of "b~aks", 

' ia: 2.6, 6,3, 10.6, 21.3, 42.51 85, 170, 340, and 020 microns of mercury. 

A collection or absorption and diffusion rate data from the literature 

suggests an extension of this series to complete hydrogen saturation 

(Pd4 ¾) at 300 millimeters of mercury. 

A tentative statistical theory is proposed of the penetration or 

ionised atoms 1nto a crystal which has an intrinsic secondary structure. 

'!he theory predicts the concentration isotherm in terms of the trans

mission discontinuities. It describes a secondary structure which has 

finer spacing tor each successive higher concentration step and enables 

a calculation or the value of each spacing. 

Several miorophotegraphs or the palladium surface are shown. 

l(ee.surements ot the photographs are compared with the spacings predicted 

iY the theory. 
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I. HISTORICAL RESUME 

Evidence has been accumulating during the past three years that gases 

are absorbed by charcoal and metals discontinuously with the pressure of 

the absorbed gas. These "breaks" i n absorption isotherms have been accounted 

tor in terms or the discontinuous properties of the gas, as the sudden 

appearance of Van der Waal forces at a critical concentration, or by the 

construction on a smooth surface or the adsorbent of figures of condensed 

atoms , whose geometrical properties require that new atoms be added 

discontinuously. Benton and White1 suggested that the effect might be 

explained if a..Ll the microcrystals of the adsorbing material we~,of the 

same size, a.nd recently evidence has been more and more descriptive of 

a structure of the adsorbent. 

The present paper is believed to be an extension of this work. It 

shows a regular reproducible series of pressure discontinuities in the 

passage of hydrogen by hot palladium, and deduces the existence of adsorption 

discontinuities :from the anomalies or the transmission curves. 

The phenomenon ol' discontinuous adsorption was first noticed in 1926 

2 
by Allmand and co-workers, and was described fully in 1930. Many adsorption 

isotherms formerly believed to be smooth curves whose points deviated 

because of experimental error have since been found upon more careful 

investigation to exhibit discontinuities. The gas-solid systems for which 

discontinuous isotherms have been proved are benzene, carbon tetrachloride, 

3 
water and other condensible vapors on charcoal; carbq_n tetrachloride 

4 
and water on silica gel by the retentivity method; nitrogen and hydrogen 

on various metal adsorbents at -1~3° c.; 5 and hydrogen on charcoal. at 
6 o0 c. As will be set forth in the main body of this paper, a collection 



or data by Gillespie and co-workers? can be used to establish a rair case 

for the existence of absorption discontinuities of the system hydrogen

palladium at 0° c. These absorption isotherm discontinuities have been 

accounted for by a theory based on semenorf~s8 treatment of surface 

equilibria. As the concentration of adsorbed atoms on a surface reaches 

a critical. pressure they pass from a two-dimensional gaseous phase to a 

close packed liquid state. I f it is assumed that the close packed state 

begins at certain activ,e points and spreads out in concentric rings 

about an ~island,' it may follow that the completion of each ring of 

adsorbed atoms will take place at the same critical pressure tor every 

'island.t In the absence of a precise formulation of this theor~, and 

in view of the sketchy character of the data, this explanation has been 

adequate for most of the above cases of discontinuous sorption. 

However, the writer agrees with G. H. Piper9 that t his theory should 

not be used to account for those systems in which ·the temperature is 

much higher than the critical temperature of the adsorbed gas. 'j0lese 

systems include hydrogen on palladium at 300° C (as described in this 

paper}; hydrogen on charcoal at 0° c. ; e hydrogen on active copper 

at -183°0. ; f? · and hydrogen on charcoal at -183°c.
12 

In order to account for discontinuous adsorption in these cases 

one m~st assume9 that the adsorbent consists of regions of' different 

adsorptive power, and further, that these regions are not distributed 

about a mean value, out are of only a limited number of' sizes and shapes. 
-

9 This conclusion, reached by Piper, independently of the author and 

published since the preliminary report of this paper was written, may 

be offered in support or a similar idea concerning the structure of 



crystals which has been set forth at length by F. ZWicky on other grounds.13 

Discontinuities in other properties of palladium have also been 

reported. Since Graham~s14 original papers on the diffusion and absorption 

of ~ydrogen by palladium, workers have investigated practically all aspects 

of the metal because the phenomena have interesting theoretical bearings 

in thermodynamice,
15 

chemistry-1° and crystal structure,17 and because the 

peculiar non-reproducibility of the metal has provoked controversy. 

Certain anomalous diseontinuities in the increase of volume,18 electrical 

resistance, 19 and magnetic susceptibili ty~W are of particular interest 

because they help to establish that the - discontinuities of transmission 

and absorption of hydrogen by palladium are a body rather than a sur~ace 

• effect of the nature of catalysis. 'I'he length-resistance studies of 

21 
Harding and Smith are a demonstration of the proposition that hydrogen 

absorption discontinuities in palladium have to do with phenomena that 

take place within .the metal. They investigated simultaneously the changes 

in length and in resistance or a fine palladium wire when subject to 

hydrogen infiltration during electrolysis. The fluctuations in resistance 

of the wire were found to occur at the same instant with corresponding 

changes in length. Harding and Smith could not observe the geometric 

series of critical hydrogen concentrations at which these changes 

occurred because thay had no way to measure effective hydrogen pressureo 

These fluctuations were unquestionably due to the same body changes 

which have to do with the absorption and transmission discontinuities 

described in the present paper. The writer made an attempt to measure 

length and resistance changes simultaneously with the transmission 

discontinuities but the set-up proved inadequate. 



Severeµ papers have been published22 on the passage of hydrogen by 

palladium in which apparatus very similar to that of the writer was used. 

The essential differences are probably three. No previous· worker has had 

a) so great a pressure sensitivity of a continuously recording manometer, 

in conjunction with b) so large a ratio of palladium mass to volume of 

pressure test chamber, and c) a palladium tube which was kept innnaculate 

on the gauge -side, while the outside was thoroughly poisoned. 

It further appears that no one has previously worked carefully with 

transition rates at very low pressures. The greater part of the signi

ficant data, namely, nine out of a possible eighteen disoDJltinuities, 

occur below one millimeter of mercury (see below, figure XVI , the sunmary 

of transmission and absorption discontinuities}. 

The only previously observed transmission discontinuities of any 

gas-metal system which have come to the writer's attention are those 

22 
of Holt. His apparatus consisted of two large chambers separated 

by a palladium system whose temperature w~s under control. Each chamber 

was equipped with a mercury u-tube manometer, and either chamber could 

be filled with hydrogen or evacuated at will. one may conclude from 

his paper that no special attempt was made to keep either side of the 

palladium cleaner than the other. Therefore neither of his manometers 

can be said to aave measured a quantity which was proportional to the 

hydrogen pressure within the palladium metal. For this reason he was 

not able to reproduce the pressures at which transit-ions occurred; he 

only reported that the curles of pressure against time appeared to 

consist of two portions in every case. (Holt's data will be discussed 

further below. j 



One of the a ccepted results of the -oork on palladiwn is that the 

greater part of the resistance to passage of hydrogen occurs at the 

surface. 23 Tammann and Schneider showed that after palladium charged 

with hydrogen had been exposed to air the velocity of occlusion decreased. 

Firth24 devised an experiment which made it highly probable that a pro

tective film of palladium oxide was responsible ror most of the inactivity .... 

of •dead' palladium. Valent1ner25 established that hydrogen sulphide was 

a poison for palladium. The effeot or mercury vapor as a poison for the 

surface of palladium has not been definitely confirmed26 but it is probable 

that mercury has some effect on the transmission of hydrogen by palladium• 

because Ramsayi5 found it advisable to keep hie palladium tube free of it. 

All of these vapors are -present in most laboratories, so that unless 

great precautions are 1liken9 the surt,ace will become poisoned. 

On the other hand the resistance to movement of hydrogen within the 

27 
coehn and Specht showed by delicate measure-palladium is almost nil. 

ments of the change of electrical resistance of the parts of~pieee of 

palladium metal that hydrogen can be made to 1'low by the application of 

very small potential differences. It follows that if a definite attempt 

be made to poison one side of a palladium septum, while the other side 

is kept clean of every contamination but pure hydrogen. a gauge on the 

clean side of the s~ptum may measure a pressure which is nearly pro

portional to the concentration of hydrogen within the palladium metal. 

This was done in the experiment described below. 



II. DESCRIPTION OF APPARATUS 

The apparatus consists essentially of two chambers separated by 

pe.1ladium foil whose temperature ca.n be controlled by a furnace and 

measured with an adjacent thermocouple . One of the chambers ( which 

will be called the "outside" chamber} may be connected either to a 

gas mixing panel or to a diffusion pump. The other chamber ( which 

will be called the "inside" chamber) ie equipped with a sensitive 

pressure gauge, and may be connected through a small mercury val.ve 

to a larger chamber, which,in its turn, may be connected through a 

large mercury u-ahut-off to a two stage diffusion pump. A schematic 

drawing of the apparatus is shown in figure I . 
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F'IGURE I. SCHEMAi!G DIAGRAM Of APPARATUS, 
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Legend: l, palladium tip, 2, . platinum sleeve, 3, graded aeal, 4, f'Urnace 
5,Pirani gauge tubes, 6, magnetic ahut-off, 'l, Mccleod gauge, e, ice bath 
9, thermocouple, 10, vapor trap. 



A. 'l'he gas mixing panel 

'!be gas mixing panel (not shown in :figure 1) consist of a battery 

of four 600 cc. storage pipettes and a burette suitably connected through 

a capillary manifold . It was used to prepare mixtures of dilute hydrogen 

with a ir, inert gases, or poisoning agents . Dilute natural gas was also 

used in place or hydrogen. 

B. The palladium septa. 

TWo duplicate paliadium tubes were used . Their dimensions were : 

outer diameter , ti mm.; thickness, .15 mm.; length of palladium tip, 

3 cm.; length of platinum connection, 4 cm. They were purchased 

from .American Platinum Works on .Tune 27, 1932. No e.tj:;empt was made 

to treat the inner surfaces of the tubes, but the external surfaces 

were activated oy the procedure suggested by Ramsay,15 namely, 

electrolysis for twenty minutes in .o N su.lphuric a cid, using alternating 

current at 110 .volts without a rheostat . 

c. The magnetic shut-off 

The inside chamben was made as small as possible in order to 

increase the sensitivity of the gauge to exhalations of hydrogen from 

the palladium. •rhe m1nia ture mercury shut-off was made of a. 3/8" 

pyrex tubet and the small iron armature was enclosed in an envelope 

of a 1/4~ tube in order to avoid any possibility of error from 

exhalation of gas from the iron. A small powerful cobalt steel 

horseshoe was used to hold the valve cup orf its mercury s eat . 

This shut-off was immersed with the Pirani tubes in an i ce bath in 

order t o prevent variations or pressure dgfe t o changes in temperature 



or the mercury. At all times the pall.adium tube was kept warm and the 

mercury shut-off was kept cold to prevent the mercury from poisoning 

the inner surface of the paliadium t ube. All experiments were preceded 

by a short baking period to drive ofr any mercury from the inner surface 

or the pal.iadium. 

D. The Pirani gauge 

The gauge tubes were made so that the ratio of sensitivity to 

volume was as large as possible . 'lbe glass Wal.ls were pulled to egg 

shel.1 thinness from 3/4" pyril. Several were pulled, and the two most 

similar were chosen for balance. TWO 

platinum- iridium. resistance wires , 

ninety centimeters each in length, 

were mounted in each t ube,as shown 

in f i gure II , at a distance of one 

millimeter from the thin walls . 

These wires were tree from all 

strains and were but forty microns 

in diameter. One tube was evacu-

a"ted, baked out and fiushed with 

hydrogen, and see.led off at a 

pressure of about two m1c·rons . 

The other tube was sealed to the 

inside chamber as shown in 

. figure I , and the pair were 

mounted rigidly together in 

the ice bath . 

FIGURE II 

PIRANI GUAGE TUBE 



Using a heating current from a storage battery or seventy milll

amperest these gauges were found to have a sensitivity of one ten

thousand th of· a micron (1. 2 ohms per micron) and were remarkably wel.l 

balanced thermally. They were wired so a to unbalance all four arms 

of a Wheatstone bridge as shown in the wiring diagram of figure 111. 
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FIGURE Ill. WlRING or THE: PIRANI GAUGE 
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The gauge• were used with about forty milliamperes heating current, 

and the galvanometer was shunted down to give a direct scale reading 

of 10 cm. = l micron on the galvanometer sea.Le. The current was always 

set and chec.ked with the potentiometer at a definite position or the 

ba.1.ance resistance and with the gauge completely evacuated. The current 

was not held constant during the reading but was checked at the end of 

each run by again evacuating and setting the balance resistance at the 

standard position. 

The calibration curve was obtained tton the wing" at approximately 

the same speed of exhaustion as in actual operation by recording the 

resistance at the instant when mercury trapped off the charge in the 
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FIGURE IV . DIFFUSlON PUMP PANEL . 



Mccleod gauge chamber . By repeatedly and quickly working the Mccleod 

gauge a fairly reproducible curve was obtained. 

The Mccleod gauge was made and calibrated by Sperling, a glass 

blower at tne Bureau of Standards. 

After the disoontinui ties or hydrogen transmission were found a 

test was made of the rate of passage or hydrogen through a capillary 

in place 01· the palladium tube in order to verify that the variations 

were not ascribable to the gauge. No discontinuities were found in 

the absence of the palladium tube. The calibMtion curve of the 

Pirani gauge was a straight line from zero to nine microns, and quite 

smooth and regular in the upper curved and steep parts • .An attempt 

was made to find discontinuities in the calibration curve by plotting 

1t on semi-logarithmic paper, but no suspicious breaks were found. 

E. The pumping system 

The pumping system is best des cribed by the photograph of figure 

IV. The apparatus or figure I (using an ionisation gauge at the time) 

is at the left. The outside chamber pump connection 1s made behind -

between the first and second stages. rt is not visible in the picture. 

There 1s no reason to suspect that the pumps could introduce discon

tinuities of the type found. "Bumping" of the mercury in the pumps 

occurred very rarely. 

III• EXPERIMENTAL PROCEDURE 

The evacuatea system was kept flushed with hydrogen which was 

passed through the palladium tube from outside. At ail times the 

inside of the palladium. septum was guarded against contamination. 



Before making a run of data, the system was prepared by evacuating 

as completely as possible on both sides of the palladium tube, by 

repeated torching of all glass and baking of the tube at the temperature 

at which it was to be operated. The solid co2-a.cetone mixture was 

applied to the trap to catch any subsequently generated vapors. A 

hydrogen-air mixture was admitted to the outside chambep and several 

mi~limeters pressure of hydrogen was permitted to diffuse into the 

inside chamber. The outside chamber was then connected to the pumps, 

flushed with pure air or nitrogen, and pumped hard to keep it clear 

of hydrogen. 

A continuous series of measurements was then taken of the pressure 

in the inside chamber as the hydrogen diffused outward, using a stop 

wa~ch and the Pirani gauge. The resulting curves were of two kinds, 

depending on whether the volume of the inside chamber was large or 

small. The small volume of the inside chamber was obtained by dropping 

the magnetic shut-off. The large volume included the dry ice trap, 

McCleod gauge and the 3/4tt tubes connecting with tne U mercury shut-off. 

The princi/it difficulty with the procedure was the speed with 

which the data had to be taken in order to obtain a clear description 

of the discontinuities in the logarithmic pressure-time curves. If 

the external surface of the tube was very active, the small volume 

inside chamber would require a photographic continuous recording 

device to catch the changes "on the wing" . I t was found necessary 

therefore to do most of the work with the large volume inside chamber, 

using an assistant observer to write the figures while the principal 

worked the Pirani balance resistance and stop watch. The best safe 

rate of working was found to be one point every twenty seconds. 



The random errors in reading were principally due to the differences 

in the state of dynamic equilibrium of the Pirani and gal.vanometer 

system. ihe observer read the resistance and time for several positions 

of the galvanometer beam as it swept across the scale, then switched in 

more resistance to move the galvanometer beam again to the far end of the 

scale. 1'his slight sudden change of resistance altered the heating 

current in the Pirani chamber, and the heat capacity was such that the 

dynamic equilibrium was disturbed. This trouble was particularly 

noticeable at the ten ohm changes of the decade resistance box used , 

but a careful check established that these changes could not possibly 

be responsible for the discontinuities that were observed in the 

logarithmic pressure curves. This error had the effect of making 

the logarithmic curves irregular where they were actually straight 

lines. 1here seemed to be no better way to obtain a continuous 

record of pressure over such a wide range than a Pira.ni gauge read, 

perforce, "on the wing." 

Wherever possible, auxiliary readings were taken with the 

Mccleod during the high pressure portion of the run. 



IV• EXPERD.aENTAL RESULTS 

The data are plotted in figures V to XV inclusive and are tabulated 

in the accanpanying table,. 

A. Diffusion out of a chamber ot emall volume 

Figure V ahows the discovery set of data. The po!nts were obtained 

with the magnetic shut-oft in the down position. Fortunately the 

palladium was 1n a state which permttted the reading of enough points 

to establish the steps 1n the curve. Without tnese curves the writer 

would not have been led to plot the logarithims of pressure of the 

more eaaily obtained larae volume data, and hence would not have 

4iscovered the phenomenon. 

i'hese data show that a regular series of transition pressure 

thre~holds/oocur through which the system cannot readily pass. These 

thresholds are at about the same pressures as in curves VI to XV 

below. It is evident from curves VI to XV that the diffusion constant 

does not fall to the low values indicated by the horizontal parts of 

the curves or figure v. It must therefore be inferred that the steps 

in the profiie are caused.by a su~den exha.l.ation or hydrogen which 

occurs at the same pressures as the change in diffusion rate, this 

exha.l.ation adding somewhat to the mass or gas in the inside chamber, 

and delaying the pressure rall as shown by curves of figure v. The 

fact that the palladium loses its hydrogen in this discontinuous 

manner suggests that if it were vossible to measure the quantity of 

gas released, isotherms of the previously reported step-like profile 

would be obtained. This quantitative measurement would require new 

apparatus and would be difficult to do. However, if the inside volume 
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ie made so large that the exhalations or gas from the palladium septum oan

not arreot the pressure appreciably, data may be ob.tained from which 

transmission rates oan be calculated. lt is reasonable to expect theee • 

diffusion constants to c.ba.nge as the palladium is contracted by 1ts 

loss of hydrogen. 

B. Diffusion out or a chamber or large volume lFigures VI to XV) 

The logarithm or the pressure is plotted against time producing 

a ser1es or straight lines, Joiined at f'airl.y definite angles. l t will 

be seen that the transl tlons occur 1n many cases at roughl.y tlle same 

pressures, and that these transition pressures form approximately a 

regular geometric series. 

Aleng the straight lines it is evident that the dif'tusion f'ollowe 

the simple law wberevy the rate of' diffusion through the palladium is 

proportional to the pressure: 

~ dt • ~P; 

or p = e-~t 

At the transitione a change in the diffusion constant~ occure, which 

may be ascribed to some change in the metal. The bend is not alwayo in 

the same direction and a tew or the transitions are missed on sane 

curves. The cause is probably connected with changes 1n the catalytic 

activity of the surface, induced by a change in the secondary structure 

of the body or the metal. 

The magnitude of~ varies at the discontinuities in a regular way 

on some of the curves. For example , an analysis of the slopes of the 

logarithmic curve of set f 12 (figure XIII} will show that ~ • kp. 

Thia may be the normal mode or variation which is obliterated by other 
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variable• or the poisoned external surface. 

The discontinuities may occur when the hydrogen is passing in either 

direction. Set# 10 (:figure XII) was obtained when hydrogen was passing 

from a dilute .mixture of hydrogen 1n air into the previously evacuated 

and shut off small chamber. This curve ahows a sudden change in the 

catalytic nature ot the poisoned palladium outside surfaee which caused 

it to maintain what was apparently a uniform hydrogen pressure available 

tor dirrusion. The rate or passage through the palladium ma discontinuous 

at the same pressures as had been measured before in the opposite direction. 

It ·1s extremely difficult to produce data of the type of set# 10. When 

hydrogen is presented to the external poisoned surface it is generally 

not absorbel or transmitted. It the pressure or external hydrogen be 

raised, the passa31 will suddenly occur with a rush; that 1s, the 

absorption is autocatalytio. lt is impossible to follow the change 

with a Pirani gauge except in rare tnstanoea. 

Although the wbreaks" in these logarithmic curves are definite 

in most cases, it is sometimes a little difficult to decide Just where 

the "break" occurs. The fact that the palladium exhalee a bit of 

hydrogen at the same time that the diffusion rate changes cause, a 

slight rounding of the curve, and a displacing of the whole lower 

part of the ourve by a siight unpredictable amount. lt is also apparent 

1n some cases that the metal did not assume its new diffusion constant 

value immediately, but wavered for a few seconds. See,for example, 

the 100 micron break or set#~ tt1gure VII}, and the 11 micron break 

ot -set# 6 (figure VIII ). 

The rule by which the discontinuities are chosen is: dre.w linee 

through the center of gravity of the segments of the graph. The inter

sections ot these lines ni,.rk the critical pressures. There are one or 



two cases, however, a~ in the 39 micron break of set# 9 (figure XI) 

where the exhalation is so unmistakable that the local anomaly rather 

than the 1nterseotlon of the lines is preferred to mark the points. 

lt is unfortunate that 1n some runs, as in set II 8 (1'1gure X) 

the changes in slope are so slight as to be almost indistinguishable. 

In judging these curves, the critical. reader will bear 1n mind that 

these data are rigorously and scrupulously free of personal bias. 

The observer was unaware ot any change in rate at the time the data 

were taken, indeed the calibration curve had to be corrected by 

Mccleod readings taken •on the wing,• and the results could not be 

Judged without converting ohms to microns and plotting logaritbma. 

The results of this operation should contain only arithmetic error. 

The points ot sets#~ to# 14 were plotted by an assistant whose 

ignorance or tbe whole matter can be depended upon. 1t is proba.ble 

that some ot the curv&s might be improved in appearance by correcting 

tor same highly probable sources of error, as,for example, the 

correction er the Pirani calibration curve for the various rates of 

change• the state or disequilibrium induced by the changes in the 

P!rani balance resistance. None of this bas been done. it waa 

thought best to leave the data in their original state• because the 

essential truth of the existence ot a re~ar geometric series of 

critical pressuree can be seen through the random error by means of 

a distributio~ frequency eune (figure XVI). 

on the logarit.l:llnic chart of figure XVI a short line bas been 

d.rawn, ror every transition obser~ed,on the ordinate cor.respond1ng to · 

the temperature of the tube at the time. It is immediately apparent 



that these lines are grouped around equidistant zonea ot pressure~ 

The series fits the formUla: 
Pn+I = 2. . 

'P.,, 

The most trustworthy data are in the region between fifteen and one 

hundred microns, because the Pirani gauge calib~ation curve is steep and 

untrustworthy above this range and below it there is confusion with 

gases other than hydrogen. The distribution of points in the 21.25, 

42.5 and 86 micron regions may suggest a variation of transition pressure 

with temperature, ae indicated by the dotted lines. These dotted lines 

are drawn on a regular geometrie series based on the above mentioned 

reliable~ of the data. Their curvature, determined by these more 

reliable data, is such as to include within the series the absorption 

curve breaks or Gillespie, Perry and Hall. 

All the data obtained below one millimeter are new and are reported 

for the first time 1n this paper. An attempt to extend the series by 

using data previously published is set f'orth in the points to the right 

of the one millimeter abscissa. 

The transition points shown between one millimeter and twenty 

aent1meter, are all from ab,orption curves whieh are discussed further 

below~ 1:lheir authors either do not recognize them,• as in the cast ot 

• My Justifioation for picking out absorption curve ananalies which 
their authors did not recogniz& is tbat the authors were in every 
caee concerned with the establishment of so-called "equilibrium" 
isotherms which they thought should be smooth curves. I have reason 
tor believing that the experimental error which caused those 
anamal.ies waa a very real thing-, attributable to the effect of the 
exigencies or a seoond~y structure to which the dissolved hydrogen 
was forced to conform. 

The group of wor~rs which is interested in the thermodynamic 
propertiea of palladium have drawn smooth curves wherever possible 
and as in the ease of Gillespie and Hal.l7bave also eubjected the 
metal to treatment to eliminate what they regard as "frozen 
equilibrium.• 



some ot the points from Gillespie and Perry, 7 or they s1mply point them 

out as repeatable transition point& without an e~planation, as 1a the 

paee of Ubbelohde'a32 9 om. p~ssure transition~ 

The g~oup ot points about the 360 mm. pre3sure step was obtained 

by Holt22 trom diffusion curve, in substantially the same way as the 

new points below one millimeter n;re obtained. Tht points represent 

pressures on e:t.ther side or both sides or' a tube which was probably ----
equally poisoned on both sides. The average et Holt's points, which 

may be expeQted to be the pressure to which the palladium. was subjected 

in the sense meant in the pree,nt experiments• will be. seen to lie on 

the 360 DIil. pre,sure step curve. This ID$Y, or course, be fo~tuitous. 

It is interesting to note that the same temperature variation is 

implied by Holt's points as is suggested by these data, and by the 

rel.ation ot Gillespie and Perry•s7 o•c. ateps to the extrapolation 

or the high temperature series of pressure thresholds. 

The experimental results of the palladium hydrogen diffusion 

study may be summed up as follows. Palladium metal or its hydride 

undergoes a change at a series or critical hydrogen pressures (most 

microns or mercury 1r the palladium is at 400• o. ). Thta change. 

invo~e, a discontinuous variation ot hydrogen content and of the 

hydrogen diffusion constant. Each or1t1oal. pressure seeme to decrease 

somewhat as the temperature of the palladium is lowered. 

By caabining the results of th~s study with the rasultt ot 

previous workers we are able to extend the series to atmospheric 

pressure. It is believed probable that the discontinuous changes in 

electrical resistance, length• magnetic susceptibility, etc. mentioned 

in the historical resume have the same hydrogen pressure dependence. 
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PALLA.DIUM-IITDROGEN TRANSMISSION DATA 

Set# 1. Palladium tube A. 

Temperature - 715° Absolute. 

Time Pressure Time Pressure 

minutes and seconds microns of mercury minutes and seconds microns of mercury 

ll' 42" 256 30' 50" 3.'15 

,l2 t 25" 468 31' 23" 2.91 

13' 5'1" . 151. 32, 6" 1.95 

15' ll" l.28 32' 31" l.'ll 

16' 42" 9'1.5 33' 29" 1.32 

18' 11" 80 .5 34' 4" 1.00 

l~P 58 34' 2'7" .80 

19' 20" 49 
Set # 2. Palladium tube 4. 

19' 41" 44.8 
Temperature - 724° Absolute. 

20' 50" 42 
Time Pressure 

21' 42" 29 
14' 40" 195.5 

22' 34" 25 
lo' 46" 163. 4 

23' l" 23.2 
l'l' l" 160.7 

23' 25" 20 
18' 22" 144 

24' 34tt 13.9 
19' 20" 132 

25' 30" 12.1 
20' 25" 108.l 

26' 2b" 9.'l 
21' 42" ti6 

2'1' 21" 'I. 5_ 
22' 5" 68 

2lj' 33" 5.4 
23' 50" 45.5 

29' 11" 4 . 8 
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Set # 2 - continued 

Time PJ,-essure 

minutes and seconds microns or mercury 

24' 55"' 43.2 

25' 20" 33. '/ 

25' 35"' 30. 

26' 22tt 25.2 

27' 10" 23.6 

27' 41" 18 

28' 10" 15.9 

28' 54" 12.5 

29' 10" 11.5 

30' 9tt 8.65 

30' 30" 'l.95 

31' 41" 5.60 

32' 40" 2.'71 

33' 2'7" 1. •13 

34' 4" 1 .01 

34' 50" .48 
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PALLADIUM-HYDROGEN TRANSMISSION DATA 

Set# 3. Palladium tube B. 

Temperature - 646° Absolute. 

Time Pressure Time Pressure 

minutes and seconds microns of mercury minutes and seconds microns of mercury 

0' 92 3' 59" 35.4 

13" 'l6 4, 6"' 34.5 

21" 72.3 4, 14" 33.8 

34" 68.4 4' 39" 00.85 

44" 66 4' 56" 29.2 

b5" 63.8 5, 19" 27.l.5 

.l' 9" 61.4 51 25" 26.6 

l' 22" 59.l 5' 35" 25.8 

l' 34"" 57 5, 43" 25.l 

l' 46" 55.3 5' 51" 24.3 

2' 3" 62.4 5, 56" 23.85 

2' 15" 50.'l 6' 4" 23.4 

2' 25" 48.9 6' 14" 22.5 

2' 41" 46.4 6' 24" :ai.55 

2' 50" 44.8 6' 33" 20.9 

3' 31t 43.4 6' 43" 20 • .1 

3' 11" 41.9 6' 5?" 19.l 

31 21" 40.'l 'l' 6" 18.4 

3' 29" 39.5 'l' 13" 17.9 

3' 37" • 3ti. 9 7' 24" 17.3 

3' 48ft 37 7, 33" 16.6 



Set# 3 - continued 

'l'ime Pressure Time Pressure 

minutes and seconds microns of mercury minutes and seconds microns of mercury 

7' 39" 16.l 11' 39• 6.8 

'l' 49" 15.'l 11' 47" 6.62 

'l' 52" 15.l 11' 55" 6.43 

8' 4" 14.'l 12' 8" 6.0'l 

8' U5tt 14.15 12' 20• 5.9'1 

8' 25" 13.6 l.2' 37" 5. 5'7 

8' 39" l.2.9 12' 46" 5.50 

t;' 51" 12.25 12' 52" 5.40 

9t o• ll.65 12' 59tt 5.27 

9f 18" 10.95 13' 10" 4.98 

9' 29" l.0.53 13' 21" 4.80 

9' 40tt 1.0.03 1.3' 32" 4.62 

9' 51" 9.45 l.3' 39" 4 . 50 

10• 9.3 13' 55" 4.2'1 

10' 9" 8.95 l.4' 7" 4.09 

10' l.o• 8.75 14' 15" 3.9'1 

10' 22" 8.b5 14' 30"' 3.80 

10' 30" 8.30 14 1 44• 3.62 

10' 41" a.oo 14' 58" 3.50 

10' 53" 7.81 l.5' 3tt. 3.38 

l.0' 58" 'l.6 15' 1'7" 3.23 

11' 11" 7.37 l.5. 31" 3.08 

11' 21" '1.15 15' 40" 3.00 

11' 29" 6 . 95 15' 49" 2.90 



Set# 3 - continued 

Time Pressure Time Pressure 

minutes and seconds microns or mercury minutes and seconds microns of mercury 

.l6 f l" 2.79 :'.)4lt 356 

l.6 t .lbtt 2.67 l' 23tt 346 

16' 22tt 2.61 l.' 45" 333 

16' 29" 2.55 2• 12~ 3l.9 

16' 35" 2.49 2• 56" 301 

16' 43tt 2.43 3' l'ltt 291 

16' 51" 2.38 4' 4" 271 

16' 59" ,2.32 4' 27lt 260 

l'l' :l5~ 2.20 4' 46" 253 

l.'1' 36" 2.08 5' 'l" 244 

l'l' 45" 2.02 5' 24" 235 

l'l' 66" 1.96 5' 43" 225 

11:3' 5" l.90 6' 15ft 204 

lt$' l6tt 1.84 6' 48" 186 

lti' 29tt l.'l8 'lt 20" 174 

18' 4ltt l.'12 'l' 46" 164 

18' 54tt 1.6'1 8' 18ft 156 

19' 8" l.tU 8' 391t 148 

19' 23" 1.5b 9' l" 142 

l~' 40" l..49 llil' 130.5 

19' 59tt 1..43 10' 49" 120.5 

ll' 38tt 113 
Set# 4. Palladium tube B. 

12' 19" 105.2 
Temperature - 643° Absol ute . 

12' 59" 99 
Qt 383 

13' 45" 93.l 
329 369 
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Set # 4 - continued 

Time Pressure Time Pressure 

minutes and seconds microns of mercury minutes and seconds microns of mercury 

l.4' 2ou 87 ... 9 25' 28" 26.3 

14' 49"' 83.2 25' 4'7" 25.05 

15' 20" 79.4 26' 6"' 23.85 

lb' 51" '16. 26' 261t 22.7 

lo' 2'7lt '12.8 26' 43" 21.6 

16' 55" 70. 27' l" 20.55 

l'I' 24" 6'1.5 27' 18ft 19.55 

19' 19" 67.l 2'7' 35" 18.6 

19' 34" 64.8 27' 51" 1'7.65 

19' 49" 62.6 28' 'l" 16.75 

20'· 5tt 60.2 2t3' 22" 16. 

20' 19" 58.l 28' 38" 15.25 

20' 33" 56 . 2 28' 53tt 14.55 

20• 59" 52.5 29' 7" 13.85 

2.1' 14" 50.65 29' 22" 13.2 

21' 26" 48.9 29' 36"' .12.6 

21' 50" 45.'l 29' 50" 12. 

22' 2" 44.15 30' 191t 10.85 

22' 33" 40.'l 30' 34" 10.35 

23' 2" 37.6 31' 5" 9.35 

23' 30ft 35. - 31' 18" 8.9 

23' 57" 82.8 31' 34" 8.5 

24' 21 .. 30.85 31' 48" a.1 

24' 45tt 29.2 ·32• 36" 7.12 



set # 4 - continued 

Time Pressure 

minutes and seconds microns of mercury 

32• b2" 6.8 

33' 9" 

33' 26" 

33' 44" 

34' 2" 

34' 21" 

34' 40• 

35' l" 

3b' 22" 

35, 47" 

36' 1.2ft 

36 ' 39tt 

3'1' 9" 

37 1 38" 

&i' l3tt 

&i' 54" 

39' 42" 

40 t 7" 

40 1 30" 

40' 57" 

4.1' 2'1" 

4i' 

6.5 

6.25 

5.95 

6.65 

5.35 

5.0'l 

4.'18 

4.48 

4.20 

3.88 

3.60 

3.28 

2.99 

2.7 

2.4 

2.11 

2.0 

1.88 

l . 6'7 
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PALLADIUM-HYDROGEN TRANSMISSION DATli. 

Set # 5. Palladium tube B. 

Temperature - ·59'7° Absol.ute 

Time Pressure Time Pressure 

minutes and seconds microns ot mercury minutes and seconds microns of mercury 

o• 244 6' 15" 12'1 

20ft 235 6' 49" 119 

40" ' 22'7 'l' 12" 116 

59tt 219 '7' 27" 112 

l' 16" 215 7' 42" 110 

l' 45" 207 7' 55tt 107 

l' 53" 204 8' 11" 105 

2' • 6" 198 8' 25" 102.5 

2' 24" 190 8' 36" l.00 

2' 51" l.80 8' 48" 99 

3' 1811 1'72 9' 98 

3' 32" 168 9' 12" 96 

3' 50" 164 9' 27" 91 

4' 1'7" 158 9' 50" 89 

4' 2ti" 153 10' 9" 85.4 

4, 39" 150 10' 181' .83.2 

4' 59" l.43 10' 47" 77.6 

!:>' 20" l.38 - ll' 6ft 73.3 

5' 40" 135 ll' 25" 70.5 

5' 48" 133 ll' 34tt 68.9 

5' 58" l.30 ll' 50" 661>6 
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Set # 6 - continued 

Time Pressure Time Pressure 

minutes and seconds microns of mercury minutes and seconds microns of mercury 

.l2' 5" 64.4 1.8' 6" 22.85 

12' 22" 62.3 18' l'l" 22.1 

12' 30" 61.2 18' 33" 21.0 

12' 46" 60.95 18' 42"' 20.3 

13' 6" 56.6 18' 56" l9o4 

13' 3'1" 52.6 19' 5" 18.85 

13' 56" 50.3 19' 22~ 17.8 

14' 11" 48.4 19' 42" l6o5 

14' 24" 46.'l 19' 59" 15.6 

14' 3t>" 45.2 20' 24" 14.3 

l.4' 53" 43.3 20' 46" 13.2 

lf>' 26" 39.2 21' 7tt. 12.23 

15' 46" 3'l.Q 21' 26" 11.5 

15' 55" 36.0 21' 40" 11.0 

16' 4" 34.9 21' 54" 10.5 

16' 12" 34.0 22' 'l" 10.0 

16' 30" 32.l 22' 21" 9.55 

16' 45tt 30.4 22' 38" 9.12 

l6' 55" 29.5 23' 16" 8.'12 

l'l' ll" 27.8 23' 25" s.o 

17' 23" 26. 'l - 24J-, 8" 6093 ,, 

l 'l' 34" 25.65 24' 25" 6.58 

l 'l' 45" 24.6 24' 41" 6.25 

l'l' 56" 23. '1 24' 59" 5.92 



Set # 5 - continued 

Time Pressure 

minutes and seconds microns of mercury 

25' 13" 5.7 

25' 35" 5.3 

25' 58" 4.98 

20' 41" 4.19 

2'7' 3" 3.8 

2'7' 30" 3.42 

2'1' 43" 3.24 

2'1' 53" 3.12 

28 t 11" 2.92 

2ts' 23" 2.'79 

28' 36" 2.68 

28' 48" 2.55 

29' 4" 2.41 

29' 19" 2.3 

29' 33" 2.18 

29' 4'1" 2.0'7 

30' 9" 1.. 97 

30' 28" 1.. 74 

30' 46" l.62 

JU' 56" 1..5'1 

31' 16" 1..5 -



C 

20 

10 

9 

8 

7 

5 

4 

3 

2 



-35-

PALLADIUM-HYDROGEN TRA.NSMISSI ON DATA 

Set# 6. Palladium tube B. 

Tempera. ture - 64'1° Absolute 

Time Pressure Time Pressure 

minutes and seconds microns of mercury minutes and seconds microns of mercury 

o• '710 6' 19" 26'7 

31" 630 6' 27" 262 

45" 600 6' 41" 2.48 

l' 8" 571.65 6' 5'1" 236 

l' 20" 559.05 7' l 'l" 221 

l' 32" 646.45 7' 30" 216 

l' 43" 536.85 'l' 39" 210 

2' 3" 514 8' l" 198 

2' 14" 500 8' 121' 190 

2' 30" 486 8' 32" 178 

2' 54" 468 8' 41" 173 

3' 3" 445 a• 47" l'll 

3' 14" 430 9, S" l.62 

3' 42" 410 9' 18" 159 

5' o4" 400 9, 26"' 164 

4' 15" 381. 9, 39" l.48 

4' 48" 345 gt 55" 142 

5, 3" 325 10' 15" 134 

5, 27" 310 10' 27" 1.32 

5' 36" 303 10' 37" 129 

5, 52" 290 11' l" 120 

6' 5" 277 11' 24" 112 
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Set # 6 - continued 

Time Pressure Time Pressure 

minutes and seconds microns of mercury miU:utes and seconds microns of mercury 

ll' 47tt 109 18' 5tt 28 

12' 2ft 1.03 18' 13" 25.65 

12' 11" 1.01 18' 41" 22.65 

12 1 26ft 99 18' 53" 21..3 

12 1 39tt 95 19 1 23" 18.2 

13' 4" 8'7 19' 53" 15.42 

13' 24" Bl..9 20' 12" 13085 

13' 31" 80.3 20 1 21" 13.2 

13' 45" '74.8 20' 39" 12 

14' 16" 6'7.8 21' 6"' 11.45 

14' 22" 660'7 21' 24" 9.55 

14' 29" 65.6 21.' 42" ·a~73 

14' 38" 63.4 22' l" 7,.98 

15' 5" 58.5 22' 20" '7.3 

15' 19" 55.9 22' 41" 606 

15' 32" 53.4 22' 52" 6.35 

15' 50" 50.4 23' 3" 5.94 

15' 55tt 49.6 23' 14" 5.62 

16' 17" 45.3 23' 2.'7" 5.31 

16' 36" 42 23' 39" 4.97 

16' 52" 39.2 24' 5" 4.35 

17' 9" 36045 2.4t 20" 4.05 

1'7. 24" 34 24' 36" 3.75 

l '7' 39" 31.7 24 1 55" 3.42 

17 1 52" 28.2 25 ' 36" 2.8 



Set# 6 - continued 

Time Pressure 

~inutes and seconds microns of mercury 

25' 55" 2.55 

26' 18" 2.3 

26' 31" 2.18 

26' 39" 2.12 

26' 54" 2.00 

27' 9tt · 1.8'7 

27' 37" J..68 

27' 46" 1..63 

28' 8" J..66 

2.8' 51" 1.3 

29' 1.25 

29' 25" l.18 

29' 32" l.ol5 

29' 41" l.ll 

29' ,kjtt 1..1 

30' 11" 1.03 

30' 2ott 1.01 

30' 29" .99 

30' 37" .96 
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PALLADIUM-HYDROGEN TRANSMISSION DATA 

Set# 7. Palladium tube A. 

Temperature - 64b0 Absolute. 

Time Pressure Time Pressure 

minutes and seconds microns of mercury minutes and seconds microns of mercury 

0' 280.5 8' 23 .. 189 

35tt. 27'1 8' 29• 188 

to• 275 8' 35" 18'1 

l. e 4tt 273 8' 42• 185 

l' 27"' 268 8' 46" 183 

l' 48" 260 8' 54" 181 

2' 28" 262 9' 8• 178.5 

3' 30"' 253 9' 20• 177 

3' 54" 246 9' 35" 172 

4' 1• 244 9, 42" 171 

4' 11" 241. 9' 45• 170 

4' 26" 23'1 9' 50" 169 

4' 49tt 234 9' 
~ 

55" 168 

b' 10" 232 l.0" l." 16'7 

o' 30• 229 10' 27" 160 

5' b9" 224 10' 32" 159 

6' 31. .. 21.3.5 10' 38lt 15'1 

6' 58" 210 .lO' 43" 156 

'I' 26" 204 .10' 49tt 155 

'l' 33" 202 10' 54" 154 

'l' 3csn 199 10' 59" 152 

8' 2• l.94 ll' 4.tt 151 
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Set# 'I - continued 

Time Pressure Time Pressure 

minutes and seconds microns or mercury minutes and seconds microns of mercury 

ll' 28" l.45 14' 17" 102 

ll' 33" 142 14' 22" 10.l 

ll' 39tt 141. 14' 27" 99 

ll' 441t l.40 14' 39" 96 

ll' 50• l5Q 14• 45" 94o5 

il' 55tt 138 14' 50" 93.5 

l.2 t l.36 14' 54:tt 92.5 

1.2' 13" 132 1.5' ].31t 88 

12• 17" 1.31. l.5' 23" 85 

12' 2011 130 l.b' 28" 84 

l.2' 24" 129 .15' 329 83 

12' 28" l.28.5 15' 36" 82 

12• 31" 127 .5 15' 47tt 79.5 

l.2' 34" 12'1 15' 51" 78.2 

12' 44"' 123 16' 8" 73o5 

12' 49" 122 16' 12" 72.8 

12' 53tt 121.5 lo' 29ft 69.3 

12' S'I" 121 1.6' 32" 68.5 

13' 2'1lt ll.4 16' 45" 65.5 

13' 3311 112.ti 16~ 501t 65.l. 

13' 49 9 l.08 16' 521t 64.6 

13' bb" 10'/ ltP 55" 64 

14' l" 106 17' a• 61..3 

14' 'l" 10~ l 'l' 11• 60.6 



Set # 'I - continued 

Time .J?ressure Time Pressure 

minutes and seconds mlerons of mercury minutes and seconds microns of mercury 

.l7' 21" 58.8 2l' 291t 22.9 

l'l' 251t 58.4 21.' 42• 21..9 

l '7 t 28" 57.85 21 1 5()1t 21.2 

.l 'l' 42" 55.4 22' 15" 19.4 

l'l' 45• 54.9 22 1 27• 1.8.6 

l'l' 4'1 .. 54.6 22• 4311 17.6 

l. 7' 5gtt ,. 52.6 22' 55" 16.9 

18' 3" • 51..'l-5 23' 51t 16.35 

18' 24" 4d.8 23' 15" 15.8 

18' 40" 45.25 23' 24" 15.25 

18' QSlt 42.6 23' 37" 14.6:5 

.l.9' 9tt 40.8 23' 5011 14. 

19' 20" 39 • .l 24' 6" 13.3 

i9' 32"' 37.5 24' 27" 12.55 

19' 41" 3b.9 24' 42• 1.2 • .1 

19' 55"' 34. 24• 56" 11.8 

20' ., .. 32.6 25' ,, .. 11.4 

20' 20" 30.8 25' 19" ll.15 

20' 2ti" 29.5 25 1 26• 11 . 

20' 39" 28.2 25' 5311 10.4 

20• 48ft 27.l - 26' t,tt 10.1. 

20• 59• 25.8 26 1 251t 9.72 

21" 11• 24.6 26 1 38ft 9.45 

21' 20• 23.'/ 26' 47 11 9.3 

26 1 58" 9.].5 
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PALLADIUM-fiYDROGEN TRANSMISSI ON DA.TA 

Set# 8. Palladium tube A. 

'l'emperature - 560° Absolute. 

Time Pressure Time Pressure 

minutes and seconds microns of mercury minutes and seconds microns of mercury 

0' 2ti0 l.7' 31• 100 

l' 00" 262 .l 'l' 51• 98 

3' \flt 252 18' I.Ott 96 

3' 39" 248 1.8' 27" 94 

4t 3411 240 .18' 42• 92 • 

5, 27• 223 19' 6" 8'l.6 

6' 44" 2.l9 19' 28" 83.2 

'I' 1.5" 202 19" 45tt 81. 

8' 2" l.95 20' 4 tt '19.3 

8' 459 18'/ 20' 2011 'l'l.5 

\I~ ,19tt- .l'/9 20' 33• 75.8 

J.Qf .l'/ 0 20' b.l"' 'l4o3 

ll' 13" 161. ~1.. 4• '72.7 

12' 14ft l.4'/ 21' 18" 71.l 

12' 47tt .142 2.l' 30" 69.t> 

1.3" 22" 1.37 21.' 43• 67.8 

13' 51" 133 21• b2tt 64.8 

14' 19" l.2t:S - 23' 11" 59 

lb' 3t>" 116 23' 23• 57.6 . 

ltP 22ft 11.0 23' 36• 56.3 

]. 'l' 2" 102 24' 53.6 



~ 

Set# 8 - continued 

Time Pressure Time Pressure 

minutes and seconds microns or mercury minutes and seconds microns of mercury 

24 1 2211 50.3 31' 8" 27.65 

241 48tt 48.6 ~31• 301t 26.7 

25' 10• 4'7.2 31" 54t 25.6 

25• 32"' 45.9 32' 21. tt 24.5 

2b' 421t 45.2 32' 351t 23.'l 

25' 511t· 44.65 32' 481t 23.2 

26 1 44 33' 81t 22.5 

26' 33• 42 33' 25"' 21.85 

26' 51" 40.85 33' 458 21.2 

2'1' lltt 39.6 34, 7• 20.65 

27• 29tt 3ti.5 34' 329 19.95 

2'1' 3'l" 3'7.9 34' 521t 19.25 

2'l' 4'/tt 37.35 35' 28" 18.4 

27' f>Stl 36.8 35• 53• 1'7.6 

28' 16"' 35.8 3'7' '71ft: Ui.7 

28' 42" 34.45 37' 25• 15.25 

29' 6" 33.2 21'7' 47tt 14.'7 

29" 3111 32.l 38' 51t 14.15 

29' 5~" 30.9 38• 271t 13.75 

30' 10• 30.3 38' 42• 13.35 

30' 23tt 29.o - 39, 13 

30' 40 8 ~.9 39' 16" 12.6 

30' 5btt 28.5 39• 311t 12.2 

31' 28 39' 49tt 11.9 
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Set# 8 - continued 

•rime Pressure Time Pressure 

minutes and seconds microns of mercury minutes and seconds microns of mercury 

40' .lbtt ll.35 47' 9tt 5.9 

40' 49tt .l0.65 47• 26" 5.'75 

n• 3" 10.35 47, 38" 5.6 

4.l' 1s• 10.05 48' 11ft 5.29 

41' 39tt 9.65 48' z4tt 5.18 

41' 59tt 9.3 48' 41"' 5 .. 06 

'2' 13tt 9.0 49' l" 4.8'1 

42 1 30" 8.75 49' 16"" 4.74 

42' 391t 8.6 49, 291t 4.62 

42 .. b()ff 8.45 49r 44" 4.51 

43' 1• 8.3 50' 711 4.33 

43' 10" 8.1.5 5(P 2411 4. 21 

43, 21::S" '1.95 50t 41" 4.10 

43' 37" 7.8 50' b7"' 3.99 

43r 49 11 7.6~ 51' .14,. 3.86 

44f 'l .b'I 5.1' 33" 3.72 

44, 48" 'l.4 52• 3.54 

4b' 3"' 7.2 52 ' 3b• 3.31 

4b' 1i2ll t>.96 52 1 53• 3.19 

4t>' 42tt o.8 :::,3, 1.3lt 3.01. 

4b• 51:ilt 6.6 _ 53, 34tt 2.78 

46t 2011 6.36 54• 2• 2.65 

46' 40ft 6.18 54• 14" 2.59 

4tP f:>'l'tt 6.0 54, 29" 2.50 
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PALLADIUM-HYDROGEN TRANSMISSION DATA 

Set# 9. Palladium tube A. 

Temperature - 545° Absolute 

Time P.ressure Time Pressure 

minutes e.nd seconds microns of mercury minutes and seconds microns of mereury 

Ot 150 6' 49" 6.6 

13" 132 7' 9" 5.2 

32" 119 7' 25" 4.95 

l' 4" 98 8' 13" 4.42 

l' 25" 86 8' 37" 4.24 

l' 39" 73.5 9, 5" 4.05 

l' 50" 68 gt 33" 3.94 

2' 3" 60.3 9, 48':. 3.88 

2' 27"" 50.3 10' 9" 3.8 

2' 50" 39.7 10' 30" 3.75 

3' 9" 38 

3' 21" 28.6 

3' 56" .l.9.9 

4' 14tt 1406 

4' 42" 12 

5' 18" 9.2 

5' 32" 8.35 

5' 47" 'l. 6. 

6' 3" 6.9 

6' 24" 6.4 
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PALLADIUM-HYDROGEN TRANSMISSION DATA 

Set # lO. Palla.dium. tube A. 

Temperatw.-e - oOl O Absolute o 

Time Pressure Time Pressw.-e 

minutes and seconds microns ot mercw.-y minutes and seconds microns of mercury 

3' 41t 1.83 19' 12~ 27. ,, 

4' l?tt l.98 19' 46tt 29.2 

4' 291t • 2.01. 20' 24" 31.0 

4' 42ft 2.04 20• 57tt 32.4 

5' 31.• 2.14 21 • 271t 33.6 

5' 53tt- 2.19 21' 569 34.9 

tP 36ft 2.28 22' 4011 36.8 

6' 571t 2.33 23' 44tt 39.7 

a• 57tt 2.6l. 24' oo• 42.3 

10' 30"' 2.73 25' 41tt 43.8 

12' 2tt 3.03 2'1' 23" 46.4 

12' 40ft 5.o3 
Set# 11. Palladi um tube A. 

13' 20" 9.53 
Temperature - 601 ° Absolute. 

14' 50tt 12.53 
28• 4tt 47.0 

15' 7tt 13.2 
29• a .. 35.8 

lb' ~tt 16.0 
29t 45" 30.6 

.16 t 2ott 18.4 
30t l.3tt 27.0 

16' 531t 20.1. -
30' 35tt 24.45 

l'/ t 2'1• 22.l. 
30' 59" 22.3 

l.'l' 49" 23.2 
31' 26" 20.1 

18' 39" 25.8 



Set# 11 - continued 

Time Pressure 

minutes and seconds microns or mercury 

31.' 50tt 

32' .l3ft 

32 1 39tt 

33' ott 

33' 42ft 

34' 23tt 

34' 54" 

3b' 22"' 

3b' 5Qtt 

36 • 34"' 

3'1' 5" 

3'1' 26ft 

3'1' 55tt 

18.4 

.16.9 

15.4 

14.0 

12.'l 

U.55 

10.88 

10.4 

,'9.95 

9.2 

8.68 

8.29 

s.o 
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PALLADIUM-HYDROGEN TRANSMISSION DATA 

Set# 12. Palladium tube A. 

·tempera. ture - ?20° Absolute. 

Time Pressure Time Pressure 

minutes and seconds microns of mercury minutes and seconds microns of mercury 

0' 832 9, ll.'78 

l' 33tt 110 gt 27" 1.1. 64 

l' 50" 62.5 9' 57" ll.41 

2' 17" 48 10' 19" 11.2 

2• 32" 37.5 10' 57" 10.97 

2' 55" 30.3 11' 29" 10.'75 

3' 27tt 23.85 ll' 53" 10.64 

3' 41" 21.6 12' 37tJ. 10.42 

4' 3" 19.55 13' 15" 10.22 

4' 21" 18.2 13' 58" 10.02 

4' 42" 16.o 14' 48" 9.83 

5' 10" 15.39 15' 52" 9.63 

o• 39" 14.55 16' 41" 9.44 

.. 
6' 6" 13.86 l 'l' 8" 9.34 

6' 3b" 13.35 17' 42" 9.25 

o' 54" 13.08 lti' 30" 9.00 

'l' 20" 12.'I 19' 4 " 9.00 

'I' 46" 12.48 19' 58" 8.85 

'8 ' 16" 12 • .13 21' 10" 8.66 
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Set # l2 - continued 

Time Pressure 

minute.a and seconds microns of mercury 

22' 31" 8.48 

23' 41" 8.32 

24' 38" 8.1'1 

25' 39" s.02 

26' 42" a.9 

2'1' 3'1" 7.8 

28' 18" 7.69 

29' 27" 7.5 

30' 20" '1.37 

31' ll" 7.24 

31' 59" 7.12 

33' 20" 6.95 

34' 38" 6.'16 

35' 3'7" 6.65 

36' 34" 6.5b 

3'/' 29" 6,-U 

~· 16" 6.31 

~· 51" 6. 2'7 

39! ~" 6.20 

40' 33" 6.15 

4J,.' 25" 6.Qt;j -

42' 20" 6.00 
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PALLADIUM-HYDROGEN TRANSMISSION DATA 

Set# 13. PalladilUll tube A. 

'l1emperature - 643° Absol.ute.. 

Time Pressure Time Pressure 

minutes and seconds microns or mercury minutes and seconds microns of mercury 

0' 680 3' 32" 23.8 

d " 550 3' 39" 22.6 

22" «5 3' 45" 21.6 

33" 385 3' 54" 20.5 

41" 318 4' 2" 19.55 

49" 298 4' 14" 18.55 

f>tjtt 260 4, 2'1" 17.65 

l' 6" 212 4' 42" 17.1 

l. t lltt 1.8'1 4' 57" 16.6 

l' l 'l" 168 5' 12" 16.28 

l' 25" 149 5' 36" 16.00 

l' 36" 118 5' 57" 15.8 

l' 45tt 104 6' 21" 15.69 

l' 5.l" 93 6' 34" 15.6 

2' ltt '/4 6' 50" 15.53 

2' l.0" 62 7' 33" 15.4 

2' 17", 56 7, 57tt, 15.31 

2' 41" 40 - 8' 24" 15.24 

2• 50" 35.6 8 ' 49" 15.15 

~· 3" 30.8 9, 10"' 15.l. 

3t 11" 28.3 

3' l.8" 26.3 
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PALLA.DIUM--HYDROGEN TRANSMISSION DA.TA 

Set# 14. Pal.ladiUlll tube A. 

Temperature - 590° Abs olute. 

Time Pressure 

minutes and seconds microns of mercury 

0' l.08 

13" 87 

25" 67.9 

4o" 47.2 

l' 16" 29.5 

l' 22" 22.6 

l' 39" 16.3 

l" 50" 13.2 

2' 2" 11.05 

2' 9" 10 .. 

2' 28" 8.32 

2 ' 50" 6.92 

3t Z" 6 . 25 

3' l 'l" 5 . 6 

3' 28" 5 .3 

3' 50111 4.7 

4' 20" 4.2 

4' 39" 3.92 

4' 58" 3. '14 

5' 17ft 3.61 

5, 38" 3.5 

5~ 55" 3.4 

6' 22" 3.3 
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V • A SUGGES'IED EXPLA.NA.TION l!'OR THE RESULTS 

A. The relation or hydrogen concentration to secondary lattice spacing 

The present section will anticipate the results of the tentative 

theory sanewhat in order to sunmarize the data more effectively and 

prepare the concepts to be used in the m9re rormal section below. 

When hydrogen is absorbed by palladium the hydrogen is distributed 

a.J..ong certain equidistant planesl3 of low potential which are an 

intrinsic property of the metal. '.l'his peculiar distribution of hydrogen 

is illustrated by the .b.eavy l.ine l.attice o:t figure XVII. The possible 

surrace density or hydrogen along these pl.anes is limited. Most of the 

hydrogen atoms bear positive chargee, 21 so that subsequently absorbed 

hydrogen is repelled by the first set of pl.anes and must form a new 

set of' pl.anes (indicated by the dotted l.ines of figure XVII) as remote 

as possible rrcm the first set. 1t is suggested that the repulsion 

Figure XVII. 
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exerted by the first set upon the hydrogen which is entering to tom the 

second set may result 1n a. pressure threshold, which the external. hydrogen 

must exceed before the internal hydrogen concentration can be increased. 

It is ne.turaJ. to assume that a plane of' hydrogen is combined with a 

single layer of primary lattice oubes, and 1t will be sho1'11 below that 

this assumption beet rits all the evidence. 

Each pr~ary race-centered cube is associated with four atoms ot 

p&lladiua. 1 Those Which .lie in the hydrogen-rich planes bear either 

none at ul or two atoms or hydrogen, in the rorm of the partly staJIJ.e 

'l hydride Pd4 H2• The proportions Pd4 R2 are established by a study of 

concentration pressure diagrams of hydrogen 1n palladium. No evidenc• 

has been found ror a .bydride having proportions Pd4 H. 7 

Having assumed that each hydrogen-rich p.lane is a plane of primary 

cubes, and knowing that eaeh cube must bear two hydrogen atoms ( at low 

temperature•), one is in a position to re.late any given critical. hydrogen 

palladium concentration to a particular secondary plane spacing. In 

turn, each critical concentration may be related to a corresponding 

threshold pressure if one can relate a single concentration to its 

respective threshold pressure. 

Figure XVIII shows a plot or data obtained rrom the work or 
., 

Gi1lespie and collaborators. It will be seen that if these assumptions 

are val.id the set or hydrogen planes wh1eh was established at the 2 mm. 

pressure step was tilled when the concentration reached 1.5 cc. per 

gram, where the pressure begins again to rise. Renee the ratio: of 

empty elementary cuJtes to hydrogen bearing cubes is 35 to one (52.5 

co. per gr&lll c Pd• H2)• 

If al.1 the hydrogen bearing elements lie on a rectangular s~condary 
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lattice made up ' entirely or one thiek:ness of such elements, the spacing 

demanded by a solution or the cubic equation involved is 104 primary 

~ube elements between secondary planes. Applying to this figure the 

x-ray measurement 3.96 A.• for the primary lattice spacing,28 it may 

be seen that the dlstanee between planes at the 2 mn. pressure step 

1a 402 A•• 

. It tollowa 1nlllediately that if this 'explanation is accepted, the 

critical pressures are related to the secondary lattice spacing 1n the 

scheme or columns A and B below. Column A is plotted on figure XVI. 

Critical ,ressure 
(400° c.) 

A 

2.6 
5.3 

10.6 
21.25 
42.5 
86.0 

170.0 
340.0 

.680 
1.300 
2.'120 
5.44 

10.88 
21. '16 
43.62 
8'1.04 

1'14.0 
348.0 

Microns or 
Mercury 

Mil.lime tera 
or Mercury 

Seeondary Lattice 
spe.oing. 

B 

Photomierographic 
measurements of lattice 
spacing. a 

41.0 
20.oes 
J.0. 28 

5414 Microns 
2.67 
.l.2864 

.6432 

.32l6 
1608.0 
804.0 
402.0 
201.0 
100.5 

60.25 
25.125 
12.56 

Angstrom 
Units 

37.8 
18.9 

9.5 
4.8 
2.4 
1.26 

it will be aeen that the last mem.ber of the series of er1t1cal 

pressures (which was observed by Holt} refers to a secondary l.attice 

spacing which is of the order or, the primary spacing, but does not 

agree exactly. It may be concluded trom this that the tentative model 



ot structure agrees with the experimental indications as to the tota.l 

number or d1aoontinu1t1es. lt is concluded that if hydrogen is led 

into palladium at low pressures it will form planes in a regular 

spacing which 1s not an exact multiple or the primary spacing but 

instead fits a secondary ttverhakung." As more and more sets ot planes 

ot hydrogen grow through the lattice, a situation in which the demands 

of 1ihe primary spacing are sueh as to make the secondary spacing 

unstable ror the hydrogen pianes is implied. '!he only available 

primary planes will be too tar from the center position of the secondary 

lattice. It may be this inconmensurateness of the secondary spacing 

which makes it difficult to obtain the discontinuous isotherms at the 

higher pressures, ror there the secondary lattice of foreign atoms 

should break down and go into solution ohaot1eaily. The onlf truly 

reproducible discontinuities at high pressures (probably) are the ones 

described by Holt22 and perhaps one or two neighboring transitions as 

3·2 
obtained by Ubbelohde. 11hese men began with saturated palladium and 

studied the ~am1c isotherms as hydrogen was drawn tran. a saturated 

.lattice. 

'lhe raot that the concentration or hydrogen at the two millimeter 

'/ 
step, as measured by Gillespie and co-workers, oan be used by the 

theory to relate the threshold pressures to the lattice spac1ngs,1n 

each a way that the smallest possible secondary spacing fits the 

.largest measured pressure threshold, ia regarded as confirmation of the 

theory. on the other end ot the ~eries it is observed that the 41 

microns predicted is very near the lbO micron thickness of the foil 

used. 



In all there is roan tor eighteen preesure thresholds between the 

photomiorographioe.l.ly observed 37.8 micron spacing and the x-ray (3.96 A•) 

primary spacing. niere is some experimental evidence tor the existence 

ot all but two ot these. The two which have not been observed are in a 

region where the theory predicts difficulty because the secondary series 

and the primary spacing are incanmensure.te. 

B. Quantitative statement oft~ theory: 

A homogeneous metal lattice will be everywhere neutral it the 

volume considered is large enough to inolu4e several a toms. Let a 

plane of ionised roreign atoms be thrust into the lattice. It is 

evident that as the electrons concerned have a relatively large a priori 

volume in which to disperse themselves, there will be an excews ot 

positive charge in the neighborhood of the plane of foreign atoms. 

A surplus i'oreip atom, being positive~ will be repelled trom the 

imnediate neighborhood ot the plane, and later planes will be spaced 

therefore at distances ape.rt that are as great as the volume of metal 

permits, being also restricted by the secondary structure oi' the metal. 

Fran symmetry it may be inferred that such a secondary structure of 

foreign atoms will oOlll~rise three dimensions, particularly in a 

lattice known to be cubical. • 

Let it be assumed that a set of such planes of hydrogen or other 

ionised 1mpurity is formed. What is the distribution of potential 

ascribable to these planes and how will this .potential affect the 

formation of the succeeding sets of planes? 

The laws governing the potential distribution will be those used 

in treating ihe distribution of electrons near a hot metal surface: 



(T • volume density o:f' charge. 

e, - dielectric constant ot the 
palladium lattice when devoid 
ot the valence electrons. 

and the ditterential equa tiona 

d.~v = 41T€<:r 

to be solved {in one dimension) e.res 
- £V 

d )(.a. , 
0- = a:; e.l<T 

The boundary oon41tiona used are.(see tigure XIX) 

s!:i.~o V==-o <r=a: at X::: o; cl X , , • 

The aoliution 1•: 
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It 1$ evident that the next set ot planes of foreign atoms must 

form midway between the planes of the previous set, for there the 

potential is lowest, and the critical concentration ot foreign atoms 

will be built up there first as the external pressure of foreign atoms 

inoNases. The only information which might fix O"' is the taot that 

at the plane there are °'wo posi tive charges tor every elementary cube 

in the plane of cubes. This boundary condition is he.rd to use because 

at the plane V approaches infinity. 

Cons ider the effect on the original electron distribution of the 

formation ot the new plall8& of foreign atcms. '!here will be no mutual 

induction etteote, tor every electron is in equilibrium under the 

oppos ing vectors of concentration gradient and potential gradient. 

Adding directly the solid line potential and the subsequent dotted 

line potential: {f llff)Toi~ ) l ({2JTe~ljc.-+ II)]~ 
V, = -ZKl'Do,.cos. l. i<T X + oc-,.co~. KT f 4 

n+• €. 
• ~ 'h .. 

=- - ~rT \o~. cos 2. f_g~ o:J X • 

Hence, the effect ot adding two sets ot planes at distances, to get 

a double set having distance 1/2, is the same as would have bee~ 

obtained if the spacing 8/2 had been used in the original calculation~ 

It is therefore true that the variation ot the potential of the 

spaoe _midway between the planes, as the number of planes is successively 

doubled, may be obtained from the single curve of potential for one 
-spacing and having a fixed 0:- . Namely, the subsequent lowest potentials 

Vn are given by: 



or if the coordinates are shifted so as to make :x ""'0 at the plane 

instead of midway between the planes 

V. V (x) _ ~I .sin(fZTTl\roJ½x) 
n = s '/...,. - - f., 0

~ 1 KT Zn 

A8 most members of this series are close to the plane 

This formula fixes the height of the potential barrier which the ionised 

foreign atOniS must pass in order to get into the palladium at the place 

where the successive planes form. The successive value• of the potentiaJ. 

are indicated on figure XIX• being at the intersections of the potential 

graph with abscissae. each ot which is half as far from the boundary as 

the previous abscissa. 

In the process of passing into the interior of the metal, the 

hydrogen molecu.le must be adsorbed to the surface. atomised, ionised 

and probably distorted by the forces of the metal. In the case ot 

hydrogen in palladium all this reeults in the release of energy as: 

H2 + 4 Pd • 2 Pd2 Hl + 9280 at o• C., l atm. 29 

It is assumed that these things remain constant with pressure and 

their flf'teot is lumped into the oonstant o< • Thus, 1:r N is the number 

of molecules per cc. at the surface of the palladium, the number per 

oo. penetrating the potential minimwn depends on the potential 1n this 
-V 

way f> -= No< e 7<'f 

It ha~ been shown that the. potential. takes a series of discrete valuea 



At a cri ticaJ. value of p , the same for every n, a new set of 

planes is formed. By equating rY\ to f r1. 4 ,, the rat:!.o ot the successive 

NS 

(3 ). 

is obtained. 

At a fixed temperature, then, eaoh successive critical pressure 

1s 22/£ times ae great as the preceding pressure. Thia prediction is 

fulfilled by the experimental evidence given above and is in agreement 

with many other diaeontinuous absorption isotherms in metals.* 

• The pressure steps which Benton5 finds in the absorption isotherms of 
copper, nickel and iron are generally in a series which is not quite 
g9ometric. It 1e apparent that in the case ot copper, € • in the 
formula 

-Pn-i I _ 2.1/£, 
-Pn -

is a larger number than 2 and may vary as the polarizabil1ty of the 
atoms varies with the field strength. 1t i~ probable that the atoms 
have different polarizabilities in different directions. so that in 
the ease of magnetic materials in which the orientation varies 
sys tematically with the secondary structure, the symbol e will 
have to be written as a function of n. 

If' the temperature is permitted to V:ary, it would be expected 

from formula (2) that each critical pressure would vary with the square 

root of the absolute temperature. There is an indication in the above 

summary (figure XVI) of a decrease in Pn with temperature which is 

greater for low temperatures.* 

* In order t o obtain a competent-theory of temperature Val"iation it is 
probable that one must treat the intermediate processe~ lumped in 
the above constant o<. • 

'!he pressure tb.reeholds of the above suggested theory have been 



calculated in one dimension. The superposition of two other sets of 

orthogonal planes or bound atoms with associated electrons may be 

accomplished by dire et e.ddi tion of the po·tential.s • since all positive 

charges are assumed to be bound. 

It would be expected frOlll this explanation that critical values 

ot the hydrogen pressure might be found s,pa.rately tor the planes 

perpendicular to each axis. The critical pressure of every completed 

cubical secondary lattice would be double the completed cubical 

lattice of the next larger spacing• but the possibility of the existence 

ot two intermediate smaller discontinuities is not excluded by the 

theory. This is seen in some of the recent adsorption isotherms of 

Burrage.31 There are intermediate bends 1n sane of the legarithmie 

curves of the present paper which may be so interpreted. The data are 

as yet incompetent to establish a ~fine structure.• 

c. Test of the theory from the general shape of absorption isotherms 

The above theory states that a new set of planes of hydrogen atoms 

strikes through the metal at every one of the critical pressures listed. 

This definitely fixes the concentration as a runetion of the pressure. 

Having related a partioular spacing of the above geometric series to its 

respective pressure discontinuity (by an absorption measurement) one is 

in a posi t ion to ealeulate the concentration to be exp:tcted at all other 

pressures. 

Thie law is derived on the assumption that the temperature is such 

that every cube element of a plane of palladium cubes has its full 

complement of hydrogen (each cube Pd4 H2 ). 



Let the primary .lattice be a, and let the distance between planes of 

hydrogen atans b& a (see figure XVII). By .. a plane of hydrogen atoms is 

meant the atoms which are contained in a slab of elementary cubes of thick• 

ness a, in which each cube holds two by~rogen ata:ns. The number of hydrogen 

atoms per unit area of such a plane is 2 (l/aJ2• Counting all the atoms 

on all the planes of a unit eube independently the figure N is arrived at p 

for the number of atoms on the planes. 

Along the intersections or aueh planes there fµ'e lines of common atoms 

which have been counted twice and corner atcme which have been included 

three times in the figure N. Correcting for these duplications 
p 

Nt =- 3 • ¼ • ~ _ 3 • ~ • i + 2 ~• 

There are four pal.ladiumatoms to every elementary face-centered oube, 

making a total of: 

NPd = 4 ; i3• 
The ration of number of hydrogen to number of palladium atoms is thus: 

3 l 2 12 l • ,! + 2 ~ 
Cencentration = Nt • • s • a2 - "' • 'i2 e. av 

4 
a3 

a 1.5 ¾ _ i.5 (¾>2 
+ .5 <J>3• 

e may take a geometric series of values based on a secondary spacing 'TT 

which is a fundamental property or the metal, namely : 
nl! 

a = TT ·2. T 

where n takes a series of integre.1_values, each of which refers to a 

particular number of a geometric series of critical pressures as· 11911 aa 

to the spacing involved. Thus1 

-0 n.£ 
l o - 2.. T 
'in -



where p0 ia a pressure depending en the degree of ionisation, eto. of the 

hydrogen or ether impurity involved. This theory is as yet not eompetent 

to decide whioh pressure tb.reshol.d refers to which spacing• but 1t one 

pair can be related experimentally, the relations of all the others will. 

be known. The data or figure XVIII is used to rel.ate the two mill~ter 

pressure step at o• o. to a l.att1ce spacing of 402 A•• Because the 

microphotograpru, (described in the next see ti on) are probablf more 

accurate than the position or the dotted line of figure XVIII this 

t1gure is corrected to ~79 microns, which is the corresponding valtte in 

the series extrapol.ate4 fran 39.5 microns as a convenient microaoopieally 

determined base. Also for convenience, 19.6 microns is chosen as the 

corresponding pressure base (l.9.5 • 2 nm. x ½io>• 
This resu.lta in the following rormu.la for the highest ooneentrations Co 

. r~ 

at each pressure thresh~ld: 

0 a l.5 % 3.95 % 10-8 ~ Pn - io6 X 
P" a.90 x 10-z 1.vs x 10·5 

• 1.6 x :! 1.6 (E5)
2 
+ .5 t~:~J3

• (4). 

196 

P 1n ~. Hg 

0 111 Atoms of H 
• Atoms er Pd• 

The values ot G are shown on figure XX as circles. The solid line 
Ph 

represents the manner in which the4concentration should vary with the 

pressure it the secondary l.attice persists unbroken into the higher 

pressures. The low pressure end of the ourve is shown on figure XVIII 

aa a sol.id line. The pressures used there are taken trom figure XVI. 
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Because the secondar y .lattice and the primary. lattice are 1nconmensurate 

at the close spacing, it shoul.d be expeeted that the high pressure range is 

mete.stable, and that the •breaks• will be haM to reproduce exactly. Actue.l.ly 

the measured points lie all over the region de!ined by the theoretical curve. 

The assumption that every elementary cube of the plane of hydrogen 

atoms is saturated is relatively true only for temperaturee in the neighbor• 

hood or o• c. The cheek obtained between theory and Gillespie's points 

in figure XVIII may indicate that at that temperature all parts or the 

plane or hydrogen not lying on the intersections of the planes are saturated 

within~. 

A ool.J.ection ot data on the variation of' hydrogen concentration in 

palladium with temperature is contai ned in a paper by Sieverta. 33 The 

curves show that as the temperature is r educed there is a sharp increase 

in concentration at about l.~O• c. (atmospheric pressure) where the ratio 

of hydrogen atoms to palladium atoms changes rrom about .06 to .4. Aa 

the temperature is further reduced to O,• o. the concentration approaches 

the proportion .5 (Pc¼ R) asymptoticall.y. 

The work of ~ill.espie, Perry and Hall7 at o• c. shows an interesting 

Cheek or the theory at low pressures. At the higher pressures the check 

is tenable. Because the secondary spacing is not cormnensurate with the 

primary spacing, the secondary planes cannot penetrate a primary pl.ane 

exactly halfway between the set produced at the next l owest critical 

pressure, but must lie in less stable positions on either side. According 

to this theory then, the higher pressure steps are not as stable as the 

lower steps, but are of the nature o:r metastable states which might be 

obtained by special experimental arrangements such as perfectly pure 

single erystal.s, etc. I t may be significant that i sotherms which do 



extend a considerabie ii8.y into this metastable state have been neaaured 

at 0"0.M 

The usually accepted generalization 1s that or Sieverta10 who 

summarizes all his work, at any temperature, by the equation 

C =- k,fp -4- ~~t3 

k2 is negligible at the higher temperatures and is about three percent 

or k1 at the lowest temperature tested (138° Ci}. By using the lower 

pressure portion of Gillespie, Perry and Hall!& 1 data to establish the 

value of kl in the above equation, a series er points has been calaul.ated 

which represent the curve as Sieverts woul.d have found it; 1. e., without 

the sudden break toward higher concentration (which Gillespie and co-workers 

were interested in establishing by violent heat treatment} and at the 

required temperature. 

This ~generalized experimental curve9 is plotted over the calculated 

eurve on figure xx. ~twill be seen that the resem~lance 1a satisfactory. 

At the lower pressures some parts of the palladium sample, being less 

regu~ar in structure than Gthers, irmnediately absorb their ~l complement 

of hydrogen, so that the experimental curve may be too high at low pressures. 

However, Sievert•s law is not val.id at these low pressures. The true 

situation is shown by the data or figure XVIll. The subsequent oourse of 

the curve shows too sma.l.l a rate or absorption of hydrogen with pressure 

because the proportions are calculated in terms of the total weight or 

the sample. Actually only a part of the sample w~ still absorbing 

hydrogen. i f the chaotic grains or- the absorbing sample had been 

separated tro:pi the more regular grains the absorption O\U'V8 wou+d reproduce 

the theoretically calculated C\U'V8 m9re exactly. 



Sieverts explained his square root relation by postulating that the 

hydrogen dissolves as ato:m.e and appealing to the fact that the very small 

concentration of H atoms in the gas phase is proportional to tne square 

root of the pressure. Tammann11 objected that Henry 's law, used in 

Sieverts' argument, is valid only ror reversible systems, while 1n the 

case of hydrogen in palladium marked hysteresis had been observed. 

'lbe theory presented above shows that the square root relation ia 

only apparent, being the errect of the changing ratio of atoms on 

intersections to atoms on planes as the number of planes increases. 

The presence of discontinuities in the absorption curve of figure 

XVIII definitely decides the issue in favor of the law of equation {3) 

above .and against Sieverts• law. 

VI. SUPPLEMENTARY MICROIHOTOGRAP.HIC STUDY 

If the theory suggested above is valid the presence of a 2.5 micron 

pressure threshold in the data of figure XVI demands the existence of a 

41 micron secondary structure spacing~ Since this spacing is within 

the range of visibility of the microscope an attempt was made to photograph 

it. The results obtained are not conclusive, but are presented here for 

whatever significance may be attached to them. 

The tubes used in the transmission experiments have been subjected 

to a treatment which might be expected to develop a visible secondary 

structure. In preliminary activation they were electrolysed in H2 so4 

(.5 N., 60 cycles, 110 volts, without a rheost~t) and rubbed with tine 

emery powder to remove the siime of oxide. They stood for days in the _ 

presence or extremely low eoneentrat1ons ot hydrogen at temperatures up 



to 400° o., and were repeatedly oxidized and reduced at these low hydrogen 

pressures during the course of the experiments. A fine grey powder whioh 

will discolor a handkerchief is re.leased at the surface after such treat

ment. 11he action is entirely analogous to the etching of a metal surface 

by alternate oxidation and reduction with weak acid. In the absence or a 

liquid, however, there is probably a greaier tendency for micro•orystals 

to flake ofr completely, revealing the structure in three dimensions, as 

the following pictures show. 

They were taken with a Leitz-Wetzlar 4 nm. objective using a ox (H) 

• eye-piece and a bellows setting of 45 ems. A green filter was used. 'l'he 

nagnitication is bOOx. 

Picture no • .1. '!'Ube A. A view or three sides or a cube (Figure XXI} 

The observer was ab.le to prove to himsel1' that ~is 11¥ a true cube 

by shif't1ng the focal plane or the objective. 'Ibis cube is tipped so 

that the edges AB, AO, and AD (scratched on the celluloid cover slip) 

nake angle.a with the roeal plane of about 22°, 30°, and 60°, respectively. 

The length of edge AB is measurable on the plate as 17.5 nm. which 

converts to a real length or 37.~ microns. 'lhe larger dark faee shews 

a regular pattern which is attributable to component cubes of spacing 

just one-eighth or the 37.8 micron spacing. 11lree dark bands adjacent 

to and parallel to AB are clear enough to permit measurement or this 

spacing. •fue distance rran the line AB to the ~hird 4ark band, measured 

ill the direction of AC (30° with rocal plane} is 6.251:1111. The inferred 

length or the smaller cuoe edge 1s thus 4.~2 microns, which compares 

well with one-eighth of 37.6. 

Extended study or the rigures in focus will lead to the belief that 



Figure XXI 

.Picture# l 

The cellUloid cover slip bears letters which 

are rererred to in the text. rt may be removed 

ror close inspection. 
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the whole field or lights and shaq.ows is best interpreted by the mind "s 

eye as made up or cubes and fragments of cubes, all having edges 

parallel to the large cube in the center. 

ln the extreme upper left there i s an illuminated face (E) having 

a sharp boundary on the right side. l~is boundary seems to be the 

upper edge, corresponding to edge AB in the large cube. •rwo dark lines 

parallel with AD mark off the band into three cube faces all made up 

or spots of light. Measurement of the total length along the upper 

edge yields an apparent length of 6.8 mm. BY using the cosine ratio 

this figure is converted to a true edge length of 4.88 microns, which 

compares very favorably with the measurement or the size of the 

components of the large definite cube ABOD. 

The visible part of the middle one of these cubes is apparently 

composed or three rows of light spots having four spots to each row. 

The fourth row can be seen but is in shadow and not truly distinguishable 

rrom the adjoining parts. An obvious conclusion is that this 4.~8 

micron culDe is made up of cubes having an edge or .l.22 mierons, and 

that these are just visible because they are at the limit ot resolution 

of the microscope . un many of the pictures taken the texture is 

determined by these 1.22 micron cubes which seem to be broken apart 

everywhere so that they scatter iight as units. 

tnus there is fairly clear evidence in this microphotegraph of 

cubes having edges of 37.~, 4.8~ ,or 4.~2}, and i.22 microns. 

A series or cuoes arranged step-wise in the attitude of cube 

ABCD and cubes E have definite diagonai distances between top edges 

{such as AB} which are :m.arked by the edge or a dhadow cast by the 



cube in ~ight which comes rrom the left. · The following such "proJect ed 

diagonal" distances can be measured. 1ne lettersrerer to markings on 

the celluloid cover slip drawn over possible such shadow edges. 

F - ~ = 6.4 mm. 

H - I• ?.b mm. 

$ - JC= 6.1 mm. 

K - .L = 5.5 mn. 

Average = 6.~ mm. (Implies 4.84 micron cubes.) 

In conclusion there is apparent evidence for the existence of cubes 

of spacing 38.7, 9~7, 4.82, e.nd 1.22 microns. The fact that lines EF 

anq AN extend through colinear shadow edges suggests that the whole area 

is pa.rt of a coherent secondary lattice characterized by the above 

spacings. 

Pictures no. 2 and no. 3. TU.be A. End view of cubes showiD§ subdivision 

in three dimensions (~igure XXII) 

The objective was focused on two levels of the same area; picture 2 

was taken at U.6 microns deeper in the tube wall than picture 3. This 

value is barely within the error of measurement of a possible true 9.7 

microns_ spacing. 

The aqua.re A.BCD is not very definite but has a measured average edge 

length of 19 microns and is subdivided into four roughly equal parts. 

Sub-cubes have been knocked orr opposite ends of a diagonal to reveal the 

depth, which may be the same as the width of the small oube. 

These miorophotographs may be interpreted as a verification of the 

theory. The spacings observed are within eight per cent of the spacings 

predicted by the theory from absorption measurements. 



Picture II 2 

Figure XXII 

Microphotographs of two levels of the same area& picture 

2 was taken at ll.ti microns deeper 1n the tube wall than 

picture 3. 
/ 

P.icture 1 ·3 



VII. CONCLUSION 

A. Experimental. results 

l. The absorption of hydrogen by clean palladium varies discontinuously 

with the pressure of hydrogen at temperatures between 250• c. and 500• c. 

2. The diffusion constant of the palladium changes discontinuously 

at about the same instant that the cnange in hydrogen concentration occurs. 

3. Tbe critical pressures have been resolved into a regular geometric 

series aueh that each successively higher critical. pressure is just twice 

the last one. 

4. A curve of distribution frequency of observed critical pressures 

has been plotted which gives as the most probable val.ues of the critical 

pressure series, in microns of mercury: 2.6, 5.3, 10.6, 21.3, 42.5, 85, 

170, 340, 620. 

6. Several miorophotographs of the palladium surface are shown with 

corresponding measurements of secondary structure spacings. 

B. Discussion and theory 

l. A study of the literature made, after the experiments were 

performed, has revealed that palladium bas many other properties which 

are discontinuous with hydrogen concentration. I t is probable that 

these other discontinuities are associated with the same structure 

changes which are responsible for absorption and diffusion rate anomalies. 

2. No previous experiment has measured effective hydrogen pressure 

closely enough to reveal the reproducibility of the phenomenon or to 

establish that the changes occur at an orderly series of pressures. 
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?• A compilation of absorption data from the literature provides 

considerable support for an extension of the series from 620 microns 

to complete hydrogen saturation at j50 millimeters of mercury. 

4. An attempt has been made to acoount for thew hole group of 

discontinuous phenomena by a tentative statistical theory of the 

penetration of an ionised impurity into a metal lattice which has an 

intrinsic secondary structure. 

5. The experimental bases of the tentative theory are certain 

measured discontinuities of absorption and the existence of the geometric 

series of critical pressures. From these the theory predicts the whole 

range of the hydrogen absorption isotherm for low temperatures, the 

nature of the secondary structure of the palladium hydrogen solution, 

and the value of' the secondary spacings. 

6. The first prediction ha.a been compared with such results as 

are available in the literature. 

7. Microphotographs were taken and compared with the second 

prediction. The results of the comparisons are ::favorable but not 

conclusive• 

The writer · gratefully acknowledges the advice and assistance 

of Dr. Paul D. Foote, Dr. E. A. Eckhardt and Mr. R. D. Wyckoff of 

the Gulf Research and Development Corporation. 



VIII• REFERENCES AND BIBLIOGRA.FHY 

l. Benton and White, J • .Am. Chem. Soc. ~• 2807 (1931). 

2. Allmand and Chaplin, Proc. Roy. Soe. 129At 257 (1930). 

3. Allmand and Burrage, Proc. Roy. Soc. rn, 610 (1931). 

4. Burrage, J. Phys. Chem. ~. 1692 (1.931 ). 

5. Benton and White, J. Am. Chem. Soc. ~• 3301 (1931 ) • 

6. Schuster, Trans. Far. Soo. !!?, 2.76 (1932). 

7. Gillespie and Perry, J. Phys. Chem. ~• 3105 (1.931 ) • 

Gillespie and Hall, J. Am. Chem. Soc. 48, 1207 (1926). -
a. Semenotf', Zeits. phys. Chem. ~• 471 (1930 ). 

9. Piper, 'l'rans. Far. Soo. !!, 539 (1933). 

10. Sieverts, Zei ts. phys. Chem. ~• 451 (1914 ). 

u. Tammann• Zeita. anorg. Chem. 188, 396 (1930). 

12. Ubbelohde and Egerton. Proc. Roy. Soo. 134.A, 512 (193.1.). -
13. ZWick:y, Helv. Phys. Aota, !, 269 {1930 ). 

Nat. Acad. Sci. Proc.!§., 253 (1929). 

Pb.ya. Rev.~• 772 (1932). 

Nat. Acad. Sci. Proo. !.§., 211 (1930 ). 

Phys. Rev. ~. 63 (1932). 

Nat. Aoad. Sci. Proo. g, 524 (1931). 

14. Graham, Proc. Roy. Soc • .!§., 422 (1867). 

15. Rem.say, Phil. Mag.~• 207 (1894). 

Biltz, zeits. phys. Chem. i, 152. 

Deville and Debray, Compt. Rend.!, 965. 



16. Hoitsema, Zeits. Pl!ZB• Chem. ll• l (1895}. 

Holt, Edgar and Firth, Zeits. phys. Chem. ~• 5l.3 (1913}. 

Sieverta, Zeits. phys. Chem.~• 103, 451 (1914). 

17. Yamada, Phil. Mag. !2,, 241 (1923 ). 

Linde and Borelius, Ann. Physik1 ~• 74'1 (1927 ). 

MoKsehan, Phys. Bev. ~. 334 (1923). 

18. Thoma, Zeits. phys. Chem • .2i, 3 (1889). 

19. Wolt', Z8its. phys. Chem. ~• 588 (1914). 

20. OXl.ey, Proc. Roy. Soc. !Q!!, 264 (1922 ). 

21. Harding and Smith, J • Am. Che.m. Soc • .!Q., 1508 (1918 ). 

22. Holt, Proo. Roy. Soc. ll• 148 (1915). 

Ramaay, Philp Ma__g. ~. 207 (1894). 

Pau.J. and s teyn, Ber. eh.em. Ges. ~• 711 ( 1918 ) • 

23. Tammann and Schneider, Zeits. anorg. Chem. ,!1!, 43 (1927). 

24. Firth, J. Chem. Soc. fil, 171 (1920). 

J. Chem. Soc. 119, ll20 (1921). 

25. Valentiner, Ber. phys. Gee.!, 1003 (1911). 

26 • Ubbelohde, Trans. Far. Soc. ~• 280 ( 19 32 ) • 

27. Coehn a.nd Specht, zeits. Pl:lys. ~. l (1930 ). 

28. Hull, Pb.ya. Rev. ,ll, 6'71 (1921 ), 

29. Gillespie and Ambrose, J. Phys. Chem.~• 3367 {1931). 

30. Fowler, Statistical Mechanics, 273, C&mbridge Press, London (1929). 

3.l. Burrage, Trane. Far. Soc. ~. 44~ (1933 ). 

32. Ubbelohde and Egerton, Trans. Far. Soc. ~• 286 (1932 ). 

33. Sieverts, Zeits. phys. Chem.~' 123 (l.914) • 

34. Gillespie and Hall, J. Am. Chem. soc. !!:!., 1207 (1926). 




