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5itiss, tho J32moleculee lose their rotational degree of freedom.
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f’oi”prossure~ up to 3000 atmospheres and temprn.tui’eaup to 400° C. W lm.ve$wxlo

‘X2R2 wci oonsi.cior the mo~t satisfactory extrapolf$tionof the equation of state to

;?.~.Rhpressuraa in which we are i.nterested~ths cmergy of interaction of hydrogen

xo?,esukesis so IarRo that it cannot be delmr.ninodaccurately from a combination..

:f.p.o,ds*,o hind.e.rearotation at high densities. 3) TZxm there 26 an uncertainty of

fxm cwrtro~ ~iitfi (oommwxd entropy) ckpsndhg on whether we endow our high den.

aity system with the rigidity of a solid or the flexibility of a liquid.

At.khe highest dencities, hydrogen is an Einstein solid. ApParen~;ly

WJ.fisolid crz?ngessmoothly from a molecular lattice to a met~.1with increase of

$;a~is fi(;,y● We find a denei.tyof’0.5 fdcm3 at . pressure of around one mgaberq

,-——-
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G,mi the following energies obtained;

TA3ml I

-.,. G’J e~ 63 “.

@-J‘~ ~~~) (kcfw’lnde] (W&lob) (kca2/mole) (kca?molo)

2.50 3*8O 2.11 X.24 1.24

2●‘8”5 i.79 0.98 0.55 O*54

?.0{) (3.81 0.42 0.18 0.18

,*.-,~G.*CU 0.33 0.13 0.02 -0.01

:3.50 0.30 -()●O2 mo.~g -0●09

?b.gebwlnte valuea of these enor@es are probably not ccuv?eotbut it is clear

.k:~,q+.if the @droEen m02ecuIee alvlays approached eaoh other in the most favorablo

manner they could CODO approximately 0.35 ~ olo6er to each other. Thus, for non-

to be given by Eq. (1) with

is taken to bo

ii. ~AWWiQ4TAL EQUATION OF STATE DATA AT ROOM TEMPERATURE (300° K)---

4) have nmasured tho denai%y of hydrogen gas at roomNoming and Shtq-le

i;ci~~)~ra~res Up ‘GO a pressure of 10W atmospheres. In order to obtain the oorrm=.,

ymi~ing entropios, it is convenient to o.xprossthe equation of state of hydrogon
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in the Heattie-Bri@nan form5):
———-——.—. .

(2)

..,
Iw?z’o ‘v is the molar volume in liters, P is the pressure in atmospheres, ‘i!is

‘ihfiabsolute temperature= and the oonstents are: R = .08206,AO = .1975,

%= .=.(30506,BQ = .0?096,b= -.04359,c = 504. From this it follows that the en-

WOPT is given by the oqutition;

iiereS~ is the entropy of hydrogan gaa at one atmosphere pressure neglecting gas

im,perimotion(omitting nuolear spin). The values of S! have

to 6000° K. At 3C)O”K, S? = 31.269 end we obtain the values

1’= 3oo~ K

“.—-.:-.

24*620
998.8
506●8
342.9
261.1
179.3
138.5
97.78
77.36
65.16
!57.01
46.81
40.61

s
koatimoh

SI.1269
24.8!59
2S.46t3
22.6M?
22.06E
21.228
20.628
19.763
19.128
18.624
18.201
1?.514
2.6.960
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.i?~.O EGTIWJTIALENERGY UIWLS FOR WTI.ON OF J3!ZDRGOEN?30LECULE..——

Tbn potential energy of’an aesem’blymay be ewtimated in the follcwin~

???nno r . Most %ypss of van der Waal’s

en.er{:yof interaction of the aJ3f3Gmbly

v .eumof the energy of interaction of

The energy of interadion

for the caae of hydrogon.

of u compressed gas can be

forces are add~ti.v~ w-d &hort ranged. The

with a particular molecule is therefore .~usfi

“thismolecule

with the next

Lennard-Jonos

determined by

in their man lattice positions and calculating Mm energy of’thi~ one

assembly per mokcule, w(R), as a function of R$ the distance of

its lattico point, is:

Jo

neighbors, 12 (for syherj.=Www i;%.afactor 6 h made up of the number of nearest

co.jc:.,osopucking} and l/’2(becaufm the energy of interaction of a pair of mok-

paoking is

cc/mcOe (4}
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w(o) = 12 e(a)

.Fj,,q.3 shows those potential energy wells for diff’erentdensities of hydrogen.

Fran the shapo of these curves it would appear tihatthe -potentialenargy v;023s

.mxz:.d.be ro~rosented by the equation;

Iv[l?)- w(o) = 13,(R/a)~.,
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3S8.8

410.3.

404.9

~1~.%

411●7

264.Q

313●6

369.7

433.6

505.0

584.8

673.6

772.0

880.3

999.3

1128.4

.

e
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2009

1122

1243

1372

M08

2651

Moo

1957
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2293

2%63
—..
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deuwd Rot
Bn

125.2

343●g

3.65.2
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XV. LWWARD-CYOIJESAND DLVONSHIRE EQUATXC)NOF STATE FOR COMPRESSED GAS.. ....--s,>-.=...—-- -

IgnRe,rti-Jonesand Devonahiro showed tlxzttho properties of a gas can be

nx}uwssed in terms of the potential wells discussed in the :preced.lu:;,parugrapk.

wetl!mibeoo.mesbettor a~ the material becomes more oompreased.

‘,:%+

Jo

determine the properties of tha assembly in terms of ‘thefree

are given in Fowler nnd Wggenhaim. If we let

tiw properties of the systsm are:

.,6 , EINSTEIN SOLIDS
.--,.e _ -.—. ——___

klwn tha matter becomes very den6e it Mcomes rigid

(?3 Wtro,py

@3wn.f3-d.re

Z-KXAEKLU(3KK.I

whiah oharao%erizes the liquid and gaseous phases.

me assume that this conmurd entropy is lo~t, The

aomprossmi gas tti ‘becomesan Einstein solid. At

kod./lnok

atl?l●

and lose~ the

At densi-ties

l.mnard-Jones

tha high temporatumG

here,tha differenoa between t.hoEinstein and Debye treatment~ ia nog3i-
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W. &fN’DEREDROTATKM.....eti... ....=.—a —

Y> ‘~3convenient to idealize the hindering of rotation of the mnleculoo

by su,ppoatigthat thero are only two possibilities. If the holecules rotate they

j:c}’batei’L*~alYand occupy We large amount of spaoe oharacteri.zedby their intar==

.wjecular potential. Howmrer~ the molem.d.escan completely stop rotating in which

ca~e they lose the ontro~ of rotation but gain the advantago of a lower potentiiel

$.
enek’qy. it i.seasy to form the equilibrium constant for the ratio of number of

4

him.doreamokcuhs$ I:h,to the number of rotating molecules, Nr. Tha aub=cript r

h to hindered.

[- ‘%0 ‘r) “ ‘T/2000)(Sr“ %jim]

‘?heentropydii’fercmcg dug tO the rotationis

different for the two cases.

the transition from the

This ‘br~sition oocurs

and at higher densities
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rotating to the hindered

at densities of the order

for higher temperatures.
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%IGingthe EinGtein solid energies and entropies, the transition points have

cs,j.cul$ted.They are given in Table IV.

TA?3JAEIv.—..

?!
—---
2000

3000

4003

5000
...-—..

kmnse
..—

0.320

0.380

0.431

0.474
~ ...=

%

29.50

48.34

68.85

90.51
=.—....= ._-Ar--

Sr

16●96

19.04

20.59

21.84

~h

24●30

38.Q3

54.31

70.43

~

34.37

15.86

16.94

17.81
,.-—.-.—

——

26.90

43.59

61.58

80.47
=-=---

‘%2%XISQ

25.66

17.45

18.7?

19.83
.———.—- .-.

‘1’h~transition fox T = 1000 occurs at a density below 0.30 aniiis

not illQur Wulstein Uolid..

Rbrmf,. and stran~oare respectively (Er +Rh)~2 and (Sr + Sh)/2.

‘been

thuo

They

:3733 the R and S which have Ixmn assif:nedto tho transition points.

VII. RESULTS OF CALCULATIONS—.

Tne oaloulated adiabatic are given in Fig. 2. The curves shown have

bem made UD $G folkwe: Einstein solid for densities 0.30 to 0.50; Lennard-Jones

and Devonshire mmpressed gas for densities 0.10 to 0.30; and the last low d.en5ity

:,jointfor each curve is ex-perimental(Table S1].

f~~e~ota~ion ~dering tr~sition lmwers the premx.mo for the lo~~en-. .

tqp,v Gurvos at the higher densitie&~ Theee curves have boon drawn rather arbi-

trarily and tlm actual pressures probably do not Ghangw as abruptly as indicated.

The cente~s of the transitions are given in Table IV; the slope of the curre in

‘thiliregion is not known at a).1.
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‘@2 wxwra in th6 pressure calculations are all in tho dir60tion *9 make

tk calmlated valuestoo high. The actuelpressuresmay be aa mwh as a l?aotor

~wierthanthosogi.venin Fig. 2 in the mgabw region.

Th@ prfunnm iwthmmals are given in Fig. 3. The sam data are used,

of cMnu?ae3 in this plst as in the previous one, Again the transitions i’ortha

hinderingof rotationwe drawnarbitrarilyexceptfor -pwxition.
●

ErNr@es and energies are given h Figs. 4 and 5.
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