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?ltogether. If we make the substitut ion X' = A +~ 
In E~. (3), we obtain a new d eterminantal 
equation, the solutions of which are each great t'r 
by Xo than the corresponding ones of the origill<ll 
equation. In addition, we note that each a,: h;., 
been increa ed by an amount I,X o• In principh' 
t11en, we can always eliminate the necessity for 
"negative" springs by making Xo sufficientl \" 
large. If the secular equation being solved ha, 
one or more zero roots (translation or rotation ), 
the machinc will also display modes of motion of 
zero frequency with the result that it has no 
stable equilibrium position. This difficulty rn a\" 
be overcome by the use of the substitution ju ~t 
described, which increases all the frequen cies, 
It might also be mentioned here that the usual 
transformations which leave the value of a 
~eterminan t unchanged or multiply it by a 
umber, such as mUltiplying a given row and a 
iven column by a number or adding rows and 
olumns, may often be applied to Eq. (3) to give 
determinant which is mQre convenient to set 

p on the machine. 

The normal frequencies of this machine ran(!e 
0111 one to ten cycles per second, so that it is a 
mple matter to observe the amplitudes and 
ase relationships of the motions of the various 
its when the machine is in resonance, and thus 
obtain the normal mode of vibration corre. 

onding to each frequency. 

ACCURACY 

The five uni t instrument at present in use has 
n tested in a number of ways. The quanti ta­

'e results, except in especially unfavorable 
cumstances, have been within about one per­

t of the calculated values. One series of tests 
made in which the symrnerrical motions of 
aldehyde were studied and these showed 

t even in such simple applications the labor 
using the mechanical met hod was less than 
t required to solve the problem analytically. 
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A detailed study of the transformations of the clement phosphorus has been carried out at 
high hydrostatic pressures and at elevated temperatures. This has resulted in the d!scovery 
of a new modification of phosphorus, which is noncrystalline in structure and black," color. 
Its properties have been investigated to a certain extent. Some new calorimetric data are 
described which shed light on the question of the relative thermodynamic stabilities of this 
and the other forms of phosphorus. 

I NTRODUCTJON 

i BLACK phosphorus is formed from white 
f phosphorus by an irreversible t.ransition at a 

New experimen ts by this author soon pointed 
to ilie possible existence of an entirely different 
type of "black phosphorus" which was re­
sponsible for t.he aforementioned "slow stage" of 
the transformation. Identification of the new 
form was carried out first by picnol11etric and 
x-ray diffraction methods, and later by measure­
ments of its heat of reaction with bromine. This 
heat of reaction was sufficiently d iITerent from 
that of the usual type of black phosphorus to 
establish definitely the identity of a new form. 

pressure of approximately 12,000 atmospheres, 
Jnd at a tempera ture of about 200°C. The 
manner in which this transit ion progresses with 
time is most unusual, and it has been studied 
liOmewhat in detail by Bridgman} 2 He found 
the rate of transformation to be not at all regular; 
it possessed neither ulliform acceleration nor 
exponential characteristics. On the contrary, the 
process starts out quite slowly, and acceleration 
is almost imperceptible for about ten or fifteen 
min utes. At this time there is extremely rapid 
accelerat ion, and the transition from white to 
black phosphorus goes to completion with almost 
explosive characteristics. During this last part of 

• the react ion more than 90 percent of the total 
\'olume, cnange t akes place. This fact could be 
taken as evidence supporting the interpretation 
of the first slow stage of the react ion as one in 

I which nuclei of the new crysta l type are being 
I formed preparatory for the final rapid crystal 

1 
' rowth. If this were the case, white phosphorus 
intermixed with finely powdered black phos­
phorus would probably transform completely 

The question of th\:! relatiye stabiiities oi these 
two forms then naturally arose, and along with it 
the still unsettled question as to the relative 
stabilities of red and black phosphorus. Further 
calorimetric experiments were carried out for 
information which might settle these points. 
This data supplemented by other known data on 
vapor pressure and specific heats served to 
confirm Bridgman's original hypothesis that 
black phosphorus was the most stable form of 
phosphorus at room temperature and atmos­
pheric pressure. And in tu rn , the new type of 
black phosphorus from a ll lines of available 
evidence appears less stable than the original 
type of black phosphorus. 

EVIDENCE FOR A NEW FOR~I OF BLACK 

PnoSPHoRUS I 
into bl ack phosphorus without the usual pre­
liminary period. However, experimen ts by 
Bridgman3 along these lines have show n this not 
to be the case. Hence, doubt was cast upon the First of all, a series of experiments at high 

I, 

"nuclei formation" hypothesis, and the whole pressures was undertaken in an effort to gain 
problem im'ited further consideration . some information concerning the nature of the 

process which is responsible for the almost 
• This work done while author was a Nation31 Research stationary period of about twelye minutes which 

F'elllp~\V. Bridgma n, J. Am. Chern. Soc. 36. 13-14 (1914). invariably had preceded the final ra pid change 
'P. \Y. Rririgman. J. Am. ChclI1. Soc. 38 , 009 (191 6) . in to black phosphorus. It is emphasized that 

, 'P. \\". Bridgman , The Physics of IIi~h Prtssurts (G. during this part of the t ransformation there is a Bell and SoliS, Ltd. , Londoll, 1931 ), p. 384. 
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small but unmistakable change in volume. This 
itself could be used roughly as an indicator of the 
progress of the reaction, and an attempt could be 
made to interrupt the same at any desired time 
before its completion. 

The white phosphorus was placed under pres­
sure in a small cylinder provided with a heating 
coil and thermocouple. To avoid contact between 
the active whi te phosphorus and the steel cylinder 
wall, the form er was enclosed in a thin lead 
capsule. After the pressure was adjusted to a 
desired value, the temperature was raised. The 
reaction would now begin, and when it had 
progressed any desired amount, the pressure was 
suddenly reduced to about half its highest value, 
in an effort to check further progress. A complete 
reduction in pressure was avoided since it would 
allow any un transformed white phosphorus to 
pass over into a liquid phase, whence, at the 
e.xisting temperature, it would immediately be 
changed into red phosphorus. The reduction to 
half-pressure would, at least, suffice to keep the 
phosphorus always ' in the solid state, and hence 
eliminate this hazard. And it was reasonable to 
e.xpect that a partial reduction in pressure of this 
nature would be sufficient to stop further 
progress of the transitiuJl immcdi~tely. The 
temperature could then be reduced to that of the 
room, the remaining pressure released, and the 
sample remo\'ed for inspection. 

Six runs of this type were made. The pressure 
in each was about 13,000 atmospheres, and the 
temperature approximately 205°C. The samples 
were identical as to source of material, size , 
shape, etc. The only difference in the individual 
procedures was in the elapsed tir. '~ allowed from 
the attainment of reaction condiLions to the first 
reduction in pressure. This time was varied for 
the individual samples in steps of about two 
minutes each , so as to space them evenly over the 
fifteen minute period. After cooling-, the samples 
were removed from the press and wa!ihed with 
CS2, which sCf\'ed to dissolve out any untrans­
formed white phosphorus. Upon examination 
each sample was found to contain a carbon·like 
powder residue. The amount of this bore a direct 
correlation to the length of time the reaction had 
been allowed to progress. A visual inspection 
suggested that this residue was not the usual 
crystalline black phosphorus, which is quite 

similar to graphite in appearance, whereas this 
substance was definitely more "sooty" or carbon. I 
like. A density determination (flotation method) 
gave the value 2.25 which is quite far from that of 
Bridgman's black phosphorus which has a 
density of 2.69. 

As a further test for the identity of this lower 
density black phosphorus, x-ray diffraction pic­
tures were used. A number of these were taken 
employing the usual Debye-Scherrer type of 
powder camera and a copper target x-ray tube. 
Under these conditions, Bridgman's black phos. 
phorus gives sharp lines belonging to an ortho. 
rhombic type of crystal structure.' However, 
under no circumstance whatsoever, would thr 
new black phosphorus give diffraction lines. This 
would clearly indicate that either the new form 
is an amorphous material, or that it is micro. 
crystal.line in structure. 

In case the latter proved to be the correct 
interpretation, it would still be impossible to sal' 
whether or not the microcrystals were, except fur 
size, identical with Bridgman's black phosphoru, 
If they were, there should be only at most a vcr) 
small difference in the heat content of the t\l f) 
forms. \ alues for the difference in the thermo 
dyn"lmic total heats could be obtained by mean' 

t· ; 

t 
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reaction of these forms of phosphorus ill some 
reaction which would lead to the same cnJ 
product for each. Measurements of this natUi f 
were taken and are completely described in .1 

later part of this paper. What is important at th i­
point is the fact that a difference of over /1 

kilojouZes per gram-atom was found betweell /", 
heat contents of the two forms. The experiment.II 
error could not account for more than 5 perrell i 

'l'rtir 
unci' 
:i ITcr· 

of this difference. 
These measurements, then, seem to ~il'r 

conclusive evidence for a new form of hl ,1I ~ 
phosphorus, which is noncrystalline. at least .,. 
far as x-ray patterns go, and which is dejilli/r' 
tlot the same polymorphic form ordinarily calk,' 
black phosphorus. 

TDfE-PRESSURE-TEMPERATURE RELA T10N~ 

The e.xistence of this new form of phos[lhor~' 
complicated the problem as a whole. Accordin .:\ 

• R. Hultgren, N. S. Gingrich, B. E. Warrell, J. Chr ' 
Phys. J, 992 (1935) . 
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s similar to graphite in appearance, whereas th , 
Ie substance was definitely more "sooty" 0 L 

rk ' r carillon 
,e I e. A denSIty determination (flotation metJII.' 
.e ga~'e the v,alue 2.25 which is quite far from that ,.' 

Bndgman, s black phosphorus which ha 
;_ density of 2.69. 5 J 

A~ a f~rther te~t. for the identity of this lOwry 
n denSity black phosphorus, x-ray diffraction p" 
r tures w.ere used . A number of these were .takl'" 
i emploYlllg the usual Debye-Scherrer type OJ 

powder camera and a copper target x-ray tul l{> 
Under t~ese conditions, Bridgman 's black plu,. 
phorus. gives sharp lines belonging to an orth". 
rhombic type of crystal structure} However 
under no circumstance whatsoever, would II", 
new black phosphorus give diffraction lines. 1'1", 
~ould clearly indicate that either the new form 
IS an amorphous material, or that it is micr 
crystalline in structure. " 

g 
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NO. 30 
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NO 10 
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FIG. I. Progress of transitions. These Curves show the 
,tcnt of the. transition (tJ.v/v) verstlS lime. The upper 
",yes are tYPIcal for transitions leading to black crystalline 
,usphorus, the lower for transitions leading to non. 
,!stalline black. 

-urne new experiments were tried in an effort to 
-olate transitions which would involve only one 
ype of black phosphorus. The method used was 

'-erfectly straightforward. White phosphorus was 
41bjected to a wide variation of temperatures and 
, rl'ssureS in a rather extended series of experi­
l1!'nts. In each case the progress of the reaction 
ras plotted against time: i.e., in Fig. 1, t.v/v vs. 
ime. As a furtller check on what the transition 

!ctualty involved, the phosphorus was examined 
.~ each case for structure and density, immedi­
,tely after removal from the apparatus. A direct 
orre lation between these properties and the rate 
J reaction curve was soon made evident. It will 
:>e noticed that in this same figure the upper 
;ur,\,es are pretty much alike in having a steep 
rertical section which indicates a final rapid 
conclusion to the transition. The lower curves are 

. In case the latter proved to be the correll 
II1terpretation , it would still be impossible to ~a\ 
'~het.her 0: not ~he microcrystals were, except f", 
Size, Identical with Bridgman's black phosphor\!, 
If they were, there should be only at most a veil 
small differen ce in the heat content of the til' .. 
forms. \ alues for the difference in the thermo. 
dynamic total heats could be obtained by mean 
of a .calorimetric measurement of the heats O! 

reaction of these forms of phosphorus in somr 
reaction which would lead to the same end 
product for each. Measurements of this natUll" 
were taken and are completely described in J 

lat.er p~rt of this paper. \\ hat is important at th ,. 
pomt IS the fact that a difference of over JJ 
kilo joules per gram-atom was fou nd betweell til( 
heat contents of Ihe two forms. The experiment.11 
error could not account for more than 5 percent 
of this dilTerence. 

Thes~ mea.surements, then, seem to gin 
conclUSive eVIdence for a new form of black 
phosphorus, which is noncrystalline, at least ;\' 
far as x-ray patterns go, and which is defilliJrl . 
110t the same polymorphic form ordinarily called 

I different; they slope off toward the horizontal 
after a considerable lapse of time, indicating a 
;Iow exponential termination of the reaction. 

black phosplrorl/s. . 

The correlation referred to then is that the 
:)\\,er type of curve leads invariably to the 
!ormation of black noncrystalline phosphorus 
alone. On the other hand , the upper type of curve 
COil istently leads to the crystalline form. Hence 

TIME-PRESSURE-TEMPERATURE RELATIONS it could be said that a complete isolation of the 

Th . "eaction of the wh ite phosphorus to noncrystal-
e eXistence of this new form of phosphoru, ,. 
r ,Ine black is possible if temperature and pressure 

comp Icated the problem as a whole. Accordin.nl ·," 
'" lre correct. Whether or not the transi lion could 

Ph•
R. Hultgren, N. S. Gingrich, B. E. Warrel, J Chem .lIC made to go from white phosphorus dt'rectly ya. J, 992 (1935). ,. . 

} Into crystalline black was sti lt uncertain, since 

there was no way of knowing if the formation of 
noncrystalline black was a necessary part of this 
reaction. Aside from this point there was still the 
question of a new poT diagram which would 
include noncrystalline phosphorus. Accordingly, 
the poT region was systematically covered by a 
series of some forty odd experiments. These were 
designed to give pertinent information both for a 
revised diagram and for settling the question of a 
possible complete isolation of the black crystalline 
reaction. 

In this series of runs, certain pressures were 
chosen (from 11,000 to ' 16,000 atmos.), and the 
effect of a variation in temperature at each was 
noted. In order to get accurate timing of the 
transition speed, the experimental procedure was 
somewhat modified from that previously de­
scribed. The difficulty, of course, had been that 
the temperature rise is, of necessity, slow, and 
consequently the transition will start before the 
maximum temperature for that run is attained. 
To raise the temperature first and then apply 
pressure is completely disasterous, since this 
procedure will first melt tJle white phosphorus 
and consequently will allow it to pass o\"er into 
red phosphorus. To circumvent both of these 
iailings, a pressure of about 7000 atmos. was 
first applied, and then the temperature was 
raised to its final value. Under these conditions 
the phosphorus remains in the solid state as 
white phosphorus. Any time after this, the final 
pressure may be quickly applied (in a few seconds 
time), and the progress of the transition ob:.erved 
from that point on. sing this procedure one has 
an accurate knowledge of what happens from the 
instant that experimental conditions are at­
tained, and the issue is not confused by the 
transition starting at some unknown time. 
. In Fig. 2 tile results of some representative 
c,xperiments are plotted. These curves show the 
time for the "complete" reaction plotted against 
temperature. It is emphasized that time here is 
recorded from the instant attainment of final 
pressure to the observation of the "collapse in 
volume" which is indicative of the completion of 
the t.ransition into black crystalline phosphorus. 
Most noteworthy of the features of these curves 
is that aprarent ly for every pressure at which the 
transition can be made to take place it can be 
made to do so installtalleol,sly providing the 
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FIG. 2. Reaction times. Time for transitions to black 
crystalline phosphorus ag.ai.nst te~peraturc for scveral 
different pressures. At sufficlentl), hIgh temperaturfs, the 
curves always cross the origin of the time axis. 

temperature is sufficiently high. A second im­
portant feature is that in these experiments it 
was found that, if there was no collapse in 
volume in a time of about ten or fifteen minutes, 
the transition would not result in the formation 
of black crystalline phosphorus at all, but would 
continue as a ~imple reaction into black non­
crystalline phosphorus. 

On the basis of these observations the data 
could be plotted on a poT diagram as has bcen 
done in Fig. 3. Here three regions are apparent. 
Points lying in region (3) indicate that at the 
corresponding temperature and pressure, there is 
an instantaneous reaction. In region (2) the 
transition is accompanied by a preliminary 
period. While, finally, in rcgion (1), only the 
transition to bJack noncrystalline phosphorus is 
possible. 

The existence of this "instantaneous" reaction 
is new. The fact that it does exist clears up to a 
certain extent the mystery which previously had 
been ascribed to the "delayed" transition. How- . 
ever, it would still be impossible to say that the 
transition to black crystalline phosphorus had 
not been accompanied by a partial transition to 
black noncrystalline just as in the former cases. 
The higher temperature could account for a 
general acceleration of both reactions so as to 
make them indistinguishable. Just what part the 
transition to noncrystalline black played in cases 
coming in region (2) likewise was not clear. Two 
suggestions are almost self-evident. Thc first is 
that the transition goes from white phosphorus 

to black noncrystalline to black crystalline. Thr 
second is that the heat of formation given 0 11 

when black noncrystallinc phosphorus is for mer! 
at a temperature and pressure at which it a/on, 
could be formed , is sufficient to heat up tht. 
remaining un transformed white phosphorus to a 
temperature sufficiently high to enable it t" 
transform into the black crystalline form. 

The first suggestion was testcd quite simply h; 
preparing a sample of pure black noncrys.tallin,' 
phosphorus, and subjecting it to an elevate·" 
temperature and pressure to see if it would 
transform into the black crystalline form. In th" 
experiment, it was taken to a pressure of 15 ,O(~1 

atmospheres and to a temperature of 300"C 
without a change of form. This, then, deli nitdy 
ruled out the suggestion of a two-step reactiun' 
phosphorus does not go from white to bla~k 
noncrys tallinc, to black crystall ine. The question 
now asked was this: Would the amount of heat 
generated by a fractional part of the phosphoru, 
going over into the noncrystalline black form Ill' 
sufficient to raise the temperature of the entire 
mass any appreciable degree? This could l,e 
answered decidedly in the affirmative, with tht· 
aid of the heat content differences given ill the 
next section of this paper. For instance, a OllL' 

percent conversion into the noncrystalline fOfm 
would account for a temperature rise of 26· 
throughout the entire mass, if the condition~ 

were adiabatic. 
As a further test along these lines experiment> 

were tried under a number of different condili()n~ 
in regard to thermal isolation of the phosphollh 
sample. For this purpose a number of odd shap<.-d 
lead containers were prepared for the phosphoru,. 
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Flc. 3. P-T diagram of phosphorus. Region (3) . indi""l" 

an "ins[antnneous" transition to black crrstalhn~ ph(" 
phorll', region (2) a debyt 1. transition, and reglun !1 
transitions only to noncrystalline phosphorus. 
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to black noncrystalline to black crystalline. 1'1 hese are shown in Fig. 4. The normal type of 
second is that the heat of formation given I ntainer is the simple lead cylinder closed at 
when black noncrystalline phosphorus is form. ,th ends which is. hown mounted in place in the 
at a temperature and pressure at which it alv. , ~h pressure steel cylinder in the upper part of 
could be formed, is sufficient to heat up (',:. 4. The blackened portions in all cases 
remaining un transformed white phosphorus tll ·present the lead. the dotted portions the 
temperature sufficiently high to enable it . l(lsphoruso Container (6) was designed to give 
transform into the black crysta lline form . ! 'e highest degree of thermal isola tion since it is 

The first suggestion was tes ted quite simply I ,ed with soapstone. The general conclusion 
preparing a sample of pure black nonCfys.taili -rived at from the use of these containers was 
phosphorus, and subjecting it to an eleva I, .Jt the heat conductivity f!"Om the phosphorus 
temperature and pressure to see if it wou' , the steel wall played a .... ery important part in 
transform into the black crystalline form. In II .le transitions. For instance, using containers of 
experiment, it was ta.ken to a pressure of 15,0 he type (1). one would have a condition in which 
atmospheres and to a temperature of 300' 'I of the phosphorus was near the metallic outer 
without a change of form. This, then, definite ,,111, and hence the thermal isolation would be 
ruled out the suggestion of a two-step reacti(\: <ry poor. And, indeed, it was found with this 
phosphorus does not go from white to blar "PC of container that at 14,000 atmospheres the 
noncrystalline, to black crystalline. The qucstil ransition temperature was 10° higher than with 
now asked was this: \\'ould the amount of he" ne ordinary simple container. The explanation 
generated by a fractional part of the phosphclP ould apparently be that all of the phosphorus is 
going over into the noncrystalline black fo rm I uite near the outer wall and consequent ly cannot 
sufficient to raise the tem perature of the enlll. Isily acquire a temperature much higher than it. 
mass any appreciable degree? This cou ld I 'onsequently heat deyeloped by a partial transi­
answ'ered decidedly in the a ffi r.mative, with II '1m to black noncrystalline phosphorus does not 
aid of the heat content differences given in tI.. ' rYe to heat the phosphorus to a considerable 
next section of this paper. For instance, a on, xtent but simply passes off into the steel 
percent conversion into the noncrystalline ((Irr , linder. An opposite but smaller e!Tect was 
would account for a temperature rise of 2:, 'und with container number (6). which afforded 
throughout the entire mass, if the condiciOf ~e highest degree of thermal isolation. I t was 
were adiabatic. Jrther revealed in its use that it produced the 

As a further test along these lines experimen" 10st perfect specimen of black phosphorus that 
were tried under a number of different condi ti,'I' 1e author has ever seen. The crystals were large 
in regard to thermal isolation of the phosplHln: nd grew out to the very edge of the container. 
sample. For this purpose a number of odd sha!x, ;ually the phosphorus is pure only in the 
lead containers were prepared for the phosphorll' rnter of the specimen, and as one examines the 
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an IOstant~neolls transition to bbck crystalline I 
phorus .• region (2) a del.lyed transition. and reg i.," 
transItions only to noncrystalline phosphorus. 

\Iges he finds increasing amounts of the different 
)Jlymorphic forms (red, etc.) there. 

Containers (4) and (5) provided a thermal 
,radient along the axis of the sample due to the 
'lnical shaped lead center part. They produced 
othing new or startling, but simply gave in an 
'ial direction the kind of results which had 

'reviously been observed when the gradient was 
.J! radial. Several containers of the type (3) were 
-cd to see if growth from a central nucleus could 
t observed. By this one means growth of 
rystals in a manner whereby a crystal starts 
'mewhere and grows rapidly at the expense of 
e material in the surrounding regions. The idea 

THERMO -
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~~b:!~~~~ HEATING 
L!:. - COIL 

i!!i!!!] I 

8 

~3 
FIG. 4. Types of lead cont a iners. The upper diagram 

shows the pressure cylinder with ~ simple type of lead 
co nta iner (or the phosphorus. The lower diagra ms show 
" arious types of containers used to give dilTcrcnt degrees 
o( thermal isola tion of the phosphorus. 

of container (3) then was to impa ir this type of 
g rowth by the imposition of ·the artifical metallic 
barrier (B) . At the same time the barrier would 
be sufticien t1y ligh t so as not to materially effect 
the thermal conditions within the lead capsule. 
In no case of this kind was there any obsen'able 
effect due to this type of barrier. Likewise, all 
attempts to ascertain a preferred orientation of 
crystals in these experiments were without suc­
cess. Hence, it was concluded that the crystalline 
growth was not much dependent upon " seed 
crystals," but that the important factor in the 
whole question was temperature. 

The general conclusions of this section are that 
there is 110 transition from black noncl'ystalline 
phosphorus in the ordinary experiment.' The 
part that black noncrystalline does play is to 
furnish heat when it is formed in quantities 
sufficient to raise the temperature of all of the 
phosphorus sufficiently hij:!h to enable a transi­
tion to black crystalline phosphorus to take 
place. As a result of this connection between the 
two forms of black phosphorus it i impossible to 
gi\'e accurately he regions in a P·T plot in which 

• It has already been mentioned tha t this transition 
will not occur at 14 .000 a tlllospheres and 300"C which is 
undo ubtedly a higher temperature thdn is usuo, lIy reached 
d uring a transi t ion with the outer cdinder nt 200· C. In 
another experiment, employing an Internal rurnacc this 
trdn. ition was made to run at 12.000 atlllospheres at 
temoerature of 500· ±50·. 
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the one or the othe is fQrmed. ThereR\:I~ :\~~a:s B ~s;n: ~h: ::al instrument was to always keep th •. I ~iyen inC" 
be a ion like region ~2 in Fig. 3. And, finally, two calorimeter temperatures quite the same h\ to the I 

the degree of thermal isolation is important in the' I passlll~ an ac.c~rate y measurable current through ,Ii lions .) 
heat of , 
irom lha 

experimcnt since the transition temperature is a a heat Ing COli 10 the colder of the two until till' 
func tion of it. d esired temperature balance was attained. Sin t 

RELATIONS or !lIE VARIOUS POLnlORPIfIC 

FOR~IS 

This section is concerned with the measure­
ment of the differences in the total heats between 
the variolls forms of phosphorus. They were 
obta ined from the heats of reaction of the differ­
ent kinds of phosphorus with bromine. The 
purpose of such measurements was twofold. In 
the first place, the large difference in heat 
content between the two forms of black phos­
phorus has already been mentioned as serving as 
partial evidence favorin g the identity of black 
noncrystalline as a separate polymorphic form. 
The second purpose of the measurements was for 
a furth er attack on the no\\' time-honored 
problem 6-l1 of the relat i\'e stabilities of black and 
red phosphorus. A descript ion of the experi­
mental procedure follows: 

A special balanced null method calorimeter 
was built for the measurement of the heats of 
reaction for the different samples of phosphorus. 
It was composed of two identical calorimeters 
immersed in the same consta'Jlt temperature bath 
(constancy of 0.01°). The heat capacities were 
adjustable by simple addition or removal of 
water. For these c-xperiments they were made 
equal to about 1 kg wa ter equivalent. A ten 
junction copper-constantan thermopile of about 
15 ohms resistance ran between the two ca lorime­
ters, giving a sensiti\ity with the galvanometer 
used of 3900 millimeters per degree. With this 
sensitivity and heat capacity the calorimeter was 
accurate to about one-tenth of a calorie in one 
hundred calories, and its constancy with time 
sufficiently reliable so as not to impair the above 
figure for accuracy if the heat was added oyer a 
period of as long as two hou rs. The meLhod of 

• A. Smits and S. C. Bokhorst Proc. Arnst Acad 17 
962 (1915). ,. ., 

7 A. Smits, G. Meyer and R. Ph. Beck Proc. Arnst 
Acad . 18,992 ( 1915) . ,. 

• A. Smits and S. C. Bokhorst, Zeit •. f. physik. Chemie 
91,3 ,249 (1 9 16). -

• A. Smils, Compte. rendus 26 , :\'0\' . (1928). 
10 A. Smits, Compte. rendus 28 , Jan. (1929) . 
JI Sec reference I. 

the relative heat capacities of the two calorimeter, ,~cat COll I 
\\:ere accur~tely known, the heat formed by J As far 
given reactIon could be measured by the currenl ,loncrySl.; 
used to balance it in the other. The reaction results S( 

proper took place in a snlall glass bulb immer:,<'{j 
in the constantly stirrcd water within Ill\' 
calorimeter, the glass bulb being connected to thl' 
exterior by means of small bore tube sealed' to il . 
The procedure was then as follows: The calorilJlr 

:IP,at cor 
' hosphoT 
;tock i s~ 

.he prob, 

. of the 
ters were brought to a constant and eflll,ll :bove Ii;: 
temperature. A weighed amount of phosphorll The di 
was then dropped into the glass bulb of one. Th,· -etween 
bromine solution had previously been poured in. lnd that 
Heating by means of a current was then stant,1 
in the othC"r and the temperatures maint ainL,1 

ixplainec 
-ertainly 

equal until the reaction had run to its fitn l xperime 
completion (about two hours) . Due to the l on~ ,blyace 
time involved for the reaction , it was fortu n,II.· -,hosphor 
that the balanced type of calorimeter was u"" ... 1 ~nse. i.e. 
A second experiment was a lways run in which tho 'Jrrns. I 
reaction took place in the other calorimeter. :ention~ 

The preparation of the phosphorus for lhr xists in 
experiment was as follows: The various sampk hat it u 
were po\\'dered and screened through a 100 me h 1ation. 
screen, washed out with CS" dried, shaken wil h ·)tter (i 

Cae03 and water, rin5ed in water, washed ill Jation t 
dilute HN03, again rinsed , and finally dticd jll' 

several hOllrs at 75°C. It was then accur~k" 
\veighed out into sanlples of nearly 100 nlg c.lrh ---
A 30 cc volume of the bromine mixture (6 p:u ' 
CS, to one part Br~) was used to pro\'ick ,w 

ample excess of bromine to insure a com pkll 
reaction. Now, there is a heat of solution (,I 
PBrs in C~S and Br. varying with the COli ' <"I 

trations involved. Hence, in each experiment thf 
same amount of phosphorus was used and Ir k.· 
wise the same amount of the bromine soillti'" 
which was mixed in a large quantity to supply Ih. 

whole series of experiments. In this manrH'r .1 

was ensured that the heat arising from such ~ 
source would in all cases be the same, and ior I\:-
purpose in hand could accurately be call1 d,, 
out. 

The results of the calorimetric determinal i.· .. 
are given in Table I; the heats of reaction hI' '' ll'his poo, 
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ing the dual instrument was to always keep II" 
'0 calorimeter temperatures quite the same 1,\ 
5.<;i ng an accurately measurable current thrOll ,1 
heating coil ill the colder of the two until 1 i 
sired temperature balance was attained. Sin" 
erclative heat capacities of t he two calorimclr-I 

ere accurately known, the heat formed b\ 
iven reaclion could be measured by the cun 1" "1 

sed to balance it in the other. The reaCt i,·, 
Iroper took place in a small glass bulb immer,"l 

~
I the constantly stirred water within 11 

lorimeter, the glass bulb being connected to 11.., 
_xterior by means of small bore tube ealed to II 

he procedure was then as follows: The calorilu, 
ers were brought to a constant and cqu. 
emperature. A weighed amount of phosphofu 
as then dropped into the glass bulb of one. T 
romine solution had previously been poured II: 

eating by means of a current was then start, 
n the other and the temperatures maintaihl I 

qual until the reaction had run to its Ii "." 
completion (about two hours) . Due to the 1"1 .. 
t ime iiwolved for the reaction, it was fortu n.I" 
that the balanced type of calorimeter was u-.( I 
A second experiment was always run i.n whirh Ita 

reaction took place in the other calorimeter. 
The preparation of the phosphorus for 1111 

experiment was as follows: The various sam!" ,· 
were powdered and screened through a 100 m, 
screen, washed out with CS2, dried, shaken II' I" 
CaC03 and water, rinsed in water, washed I 

dilu te HNO" again rinsed, and finally dried l ' 

several hours at 75°C. It was then accural, • 
weighed out into samples of nearly 100 mg c.llh 
A 30 cc volume of the bromine mixture (6 PJII 

CSZ to one part Brz) was used to provide .". 
ample excess of bromine to insure a campkl r 

reaction. Now, there is a heat of solution "I 
PBrs in CzS and Br: varying with the conCl'n 
trations involved. Hence, in each experiment Ih, 

same amount of phosphorus was used and lik\ 
wise the same amount of the bromine solU li 
which was mixed in a large quantity to supply 11., 
whole series of experiments. In this manntr It 

was ensured that the heat arising from such J 

source would in all cases be the same, and fl,r I" 
purpose in hand could accurately be callCl'l" 
out. 

The results of the calorimetric determinalil ' 
are given in Table I; the heats of reaction Itll 

, .. 
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,i"en include all heats of solution , etc. which add 
,II the total heat under the experimental con­
!;Iions as outlined above. By subtracting the 
cat of solution of anyone type of phosphorus 

~rom that of another we obtain the difference in 
cat content MI. 
As far as establishing the identity of black 

.ollcrystalline phosphorus is concerned these 
c5ults seem quite conclusive. The difference in 
,cat content between it and black crystalline 
'!lOsphorus produced from the identical white 
.Iock is about 30 kilojoules per gram atom. Since 
he probable error of an individual measurement 
; of the order of -} kilojoule per gram atom, the 
;hove figure appears to be quite significant. 

The difference of 7.2 kilojoules per gram atom 
<!tween the recent black crystalline phosphorus 
nd that of Bridgman produced in 191.4 should be 
xplained. The magnitude of the difference is 
~rtainly too great to be accounted for by 
·xperimentaluncertainty. It is, however, reason­
lbly accounted for if one assumes that Bridgman's 
,hasphorus was not uniform in a polymorphic 
~nse , i.e., that it contained several polymorphic 
)rms. In this connection it has already been 
1cntioned that a thermal gradient generally 
xists in a phosphorus sample during the time 
~at it is undergoing its polymorphic transfor­
·'~tjon. It has likewise been shown that the 
otter (inner) portions will favor a transfor­
,ation to black crystalllne phosphorus, whereas 

the outer, cooler portions \\'ill probably ~o to a 
large extent into noncrystall ine phosphorus. This 
phenomenon was especially pronounced in the 
experiments in which the gradients \\'ere pur­
posely made large. ;\ow, in selectin~ the samples 
for the calorimetric work, there was on ly a 
limited supply of the 1914 phosphorlis. and 
consequently it \\'as taken pretty much as it 
came. (Presumably it \\'as not pure black crystal­
line.) In the case of the recent phosphorus the 
supply was large and the selection of the samples 
could be made with considerable care. This 
undoubtedly could account for the difference 
observed in the heat content values. The question 
might be asked, if the presence of the less dense 
noncrystalline form might not be detected due to 
the lowering of the density of the whole mass 
which it produces. Unfortunately it cannot, 
where the flotation method of density determi­
nation must be used , since it will give the density 
of the more dense (pure) particles only. 

The last problem concerns the relative thermo­
dynamic stabilities of the various forms. F irst 
consider the case of red and of black crystalline. 
Bridgman lS first worked on th;s employing the 
method of specific heats, but finding this not 

"Ogir, Comptes rend us 92, 83 (1881) . 
.. H. C. Duss. Thesis 1924, I\ !allinckrodt Laboratory, 

llnn-ard University . 
" P. W. Bridgman, Phys. Rev. 45 , 844 (1934). 
" See reference 1. 

TABLE J. Htals of reaction of differ",t typu of plwsphor1ls wilh bromi,~. 

HUT OF' REACTIOS AVERAGE DIFF\:RENCE 
TYPE OF PnOSPIlORUS (1/) (II) 1111 

(1) Black Crystalline 152.2 
kilojoules 

153.2 

(Recent) 154.1 
gram,-.atom 

7.2 
kilojoules 

(2) Black Crystall ine 161.2 .. 16Q.4 
gram·atom 

(Bridgman's 1914) 159.7 .. 
16.4 .. 

(3) Commercial Red 177.2 .. 176.8 
176.5 .. 

1.1 .. 
(4) Laboratory Red" 177.8 .. 177.9 

178.0 .. 
6.6 .. 

(5) Black Noncrystalline 184.0 .. 184.5 
185.0 .. 

64.5 .. 
(6) White See references 12 249.0 

and 13. 

- I 
• This phOtlphorus produ~ under nitroeen pr~5!ure of 6000 atmospht:res and at a temperature or JUOoc. These conditions maintained (or 6 hours. 

I 

j 
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TAULF: 11. l 'opor presmrrs of phosphorus. 

TE~I "ERATURE 

357.1°C 
443.7°C 
44' .2°C 

\ "APOR l"R F,s....,l·kf; 
Black 

2.3 

58.5 

(elll of H&) 
Red 

5.2 
73.2 

sufficiently sensitive turned to vapor pressures. 
On the basis of t.hese measurements he found 
black phosphorus to be the more stable form 
since i ts vapor pressure was the lower, Bridgman's 
results are given in Table II. 

These results are very definite in attributing a 
lower vapor pressure to black phosphorus at both 
temperatures, and hence in pronouncing it the 
more stable form of phosphorus, 

The results of SmitsU and his colleagues are 
given in Table III. _ ° 

It will be noticed that below ;,60 black 
phosphorus has a lower vapor pressure, and above 
that red has tJle lower. Ordinarily we would take 
this to indica te that black was the stable form 
below 5600 and red above . Howeyer, Smits 
regards this as an extremely unlik~l~ situation, 
and points to an apparent meta- tabIllty of black 
phosphorus below 560° as a solution of tl~e 
problem. Among other evidence i~ favor of this 
he gives the experimental observatIon that he has 
made to the effect that the vapor pressure below 
5600 is not constant for black phosphorus but 
apparently increases with time, this indicating a 
disturbed condition of "inner equilibrium" in the 
solid phase of the black phosphorus. ~s furt~er 
evidence in favor of this interpreta tIOn Smits 
cites the fact that he has found the triple-point of 
black phosphorus to be slightly lower than that 
of red, 

Now, since the temperature ranges covered by 
the observations of Bridgman and Smits do not 
overlap, there is no actual contlict in the expe~i­
mental data, However, their conclusions are m 
direct contradiction, 

Since one can obtain from vapor pressure data 
of this type, a value for the differen ce in the heat 
contents between the two forms of phosphorus, 
it is possible to compare this yapor pressure data 
with my calorimetric . results. The thermo­
dyn amic equation, 

" See reference 7. 

TAULE III. Vapor pressure of phosphorus. 

VAPOR PRESSURE (in atmosph('rcI ) 
Black Red 

515°C 
5$3° 
567° 
571)° 

8.5 (increasing) 
J9.3 " 
28.6 (constant) 
39.5 " 

10.5 
21.5 
28.5 
35.0 

d(log p) . . 
---, R = II. (Heat of VaponzatlOn) 
delfT) 

gives the heat of vaporization from the vapor 
pressure curve. Now, if one obtains in Ih i, 
manner the heats of vaporization at a cert.lln 
temperature for the two kinds of phosphoru, 
under discussion, and subtracts one from anothr r, 
the result will be equal to the difference in he,ll 

contents, These, then, may be compared with til\' 
values ill Table I. 

In Fig, 5 the author has plotted the data of 
Smits and of Bridgman. The points from the dal ,\ 
of the latter are connected by dashed lines, Th~ 
solid Ii.nes attempt to connect points given J" 
both. The failure of the curves to continue J 

straight lines in the region of 5600 is a 1>11 
distressing, and may have some significance .1' 

Smits has indicated. In the lower temperaturl 
regions the curves do approximatp. "traight linr 
Only in this region can the slopes of the two linl ' 
be determined with ally accuracy. The chan e til 
slope of the lines in the region of 5600 is far 1('" 

8~----r----'-----'-----r-----r-

0.. 

<.!>6\-----+---t--­o 
...J 

5~--~---_+-----~ 

110 120 130 140 

r"lo' 
150 160 

FIG, 5. Vapor-pressure vs. I /temperalur~. The ~O~\:. 
curve is (or black cryslalli"e, the upper for red. 1 010· 

connecled by d,lsheu lines are llriugrnan's, :he others ." 
Smits'. 
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TAR! E 111 . Vapor pTelSlI" of phosphorus. 

T£MPF.MATVi1.U 

$15·C 
553· 
567· 
5iS· 

8.5 (increasing) 
19.3 .. 
28.6 (constant) 
39.5 .. 

10.'; 
2U 
h .. ' 
350 

================ 
d(log p) 
d(l/T) . R = II. (Heat of Vaporization ) 

gives the heal of vaporization from th~ \ .1 1' 
pre~sure curve. );'ow, if one obtains in I" 
manner the heats of vaporization at a C(,rI .lI 

temper~ture for the two kinus of phosph"1\ 
under discussiOn, and subtracts one from anolhl 
the result will be equal to the difference in L •. 
contents. These, then, may be compared with ;1 
values in Table 1. 

In Fig. 5 the author has plotted the dat., , 
Smits and of Bridgman. The points from the d, •• 
of the latter are connected by dashed lines. I I 
solid lines attempt to connect points given I 
both. The failure of the curves to continue . 
straigh t lines in the region of 5600 is a i 
distressing, and may have some signific,ll1cl' 
Smits ha~ indicated. In the lower tempcr.llll 
regions the curves do approximate straigh t IiI\( 
Only in this region can the slopes of the two I!J 
be determined with any accuracy. The chan I ' 

slope of the lines in the region of $600 is far t. 

8r----,-----.----.----.----, 

71----+--,~ 

a. 
8 6'1----+---4--
...J 

110 120 130 I~O 

r'·lo· 
FIG •• 5. Vapor.pressure vs. l 'temperature. The I, , .. 

curv. 15 for blo{k crystalline. the upper for red. I',· • 
connected b>' dashed lines are Bridgman's the OIh~" ., 
Smits'. ' 
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"id for accurate measurement, and a slight 
,,' rimental error in a vapor pressure measure­
'Ill would be J:!rcatly maJ:!nified in a calculation 
.1 heat of vaporization. Consequent ly the only 
'l"k with the calorimetric datalS which would 
\'e any meaning is in the nei!,;hborhood of 
O°e. Here Bridgman's data J:!i \'e a \'alue of 19.1 
.vjoules per gram atom as the difference in 
'JI heats between black (1914) and red 
:t1sphorus. This compares favorably with the 
,llIe of 17 .5 which one obtains from Table 1. 
'lparently, this agreement would tend to sup­
rt the validity of the vapor pressure data for 
Ick phosphorus below 560°, At the same time, 
would cast some doubt on Smits' hypothesis of 
c metastability of black phosphorus in this 
~ion. This follows from the facl that mits has 
,ICed emphasis on the fact th at the data for 
Jck phosphorus below 560°C is not good since 
nstant values cannot be obtained . The tend­
:cy, he says, is always toward an increase, and 
csumably toward a \'alue higher than that of 
J phosphorus. Were this the case, there would 
,' no agreement with the calorime'tric values like 

" This comparison of c~lorimetric data at 20·C with 
,por pressure dala at 350·C is only justified by the fact 
Jt there is no measurable difference in the specific 
' ltS of black and of red phosphorus. 

that indicatcd above, sinc~ the data for the black 
phosphorus would admittedly be incorrect. 

As a consequence, 'it seems reasonable to 
conclude, that black phosphorus belo\\' 560°C is 
the stable form of phosphorus. 

;\OW, glancing again at Table I. one is con­
fronted with a progression of this nature: black, 
red, white. This is the order of the stabilities, the 
order of the total heats, and the order of the 
densities. :\s far a- density and lotal heats are 
concerned, black amorphous phosphorus helongs 
between red phosphorus and white pho~ph()rus. 
One is tempted to argue by analogy anc! IJlace 
bl ack amorphous phosphorus there also in order 
of stability. Of course, there is 11 0 th ermo­
dynamical justification for so doing, Quite by 
accident , however, it was discovered that after 
prolonged heating at about 125°C black amor­
phous pho phorus could be transformed into a 
brilliant violet form of phosphorus, this of course, 
being a form of red phosphorus. )laturally, now 
olle could positively say that at lcast at 125°C 
red 7t!as more stable than black amorpholls, and this 
would in turn place black crystalline above black 
amorphous in order of stability. 

In conclusion, the author gratefully acknowl­
edges the help he has received on this problem 
from Professor Bridgman. 
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An Electron Diffraction Study of the Grain Boundaries in Iron 

RAnfOND i\lORGAN. SYLVa STECKI.ER ASD BERNARD L. ;\liLLER 

Randol Jforgllll Laboratory of Physics, University oj Pen IIsylt'a nia, Philadelphia, Pe>t>lsylvallia 

(Received August 27, 1937) 

Grain boundary membranes, left after the dissolution of iron in ammonium persulphate 
solution, were studied by means of electron diffraction to determine whether crystalline 
materials are present in the membranes, and if present to identify the crystals. Samples of 
untreated and heat·treated transformer iron, and heat· treated electrode posited iron were used , 
It was found that heat·treated electrode posited iron left residues which were suitable [or slUdy 
by electron diffraction when supported by Resoglar. uacking films, From the electron diffraction 
pallern. obtained, identification was made of the presence of Fe,C aod of "FeOOII. It is 
suggested that the "FeOOIl did not exist originally in the grain boundaries, but may have 
been formed by some chemical reaction either between iron and ammonium persulphate, or 
between some grain boundary constituent such as an iron oxide and the persulphate solution. 
The method of studying grain boundary materi.tls doe. not afford a complete analysis, but 
it is believed that it makes possihle important contributions since the presence of crystalline 
materials in the residues may be detected. 


