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(Abstract)

Thé heatfcapacity of methane from 0.4 to 28°K wasA
.méaéured for'Both pure'methane and.sémpleﬁ doped‘with'
-‘about 0.8% oxygén as a‘épin-species confersion catalyst.
With the convérsion catalyst it was possible to obtain
CQUiiibrium with‘tﬁe spin system_withih abOﬁt-SO minutes
and‘tb measure heat capacities downrt070{4°. “For pure
- méthane the Spiﬁ;speciés conversion becomesbvery slow
below 10°; however, one can measure ndn-equilibriﬁm

heai éapacities on the basis of no changé in spin-species
' composition. -Entropy values are calculated from the
heat capacities on the basis of bothifiXed‘and equili-
-brium-spih-épecies composition and cqmpared with the 
statisti@ai'calcuiatioh_for.gaseOUS metﬁaﬁe.. The
fesults:agree within possible experimcntél error with

- the eXpected zero point enthpies for the two spin

‘situations.



1- Introduction

" The 1ow-femperature properties of methane and its
'v'deut ated derivatives have long been of interest for

(1-4)

thelx A~ trans1t10ns asseelated, presumably, thh"

| the_beglnnlng_of rotatienél disorder. ;With the
extension'of héaéuremenps ihto"the liquid_heliuh range,
_additiohalhcomprications apbearedcs).inhthe,prdperties'
bf methane vhich were 1afer establishedvés'relafed to
hlnterconverslon of nuclear sp1n speC1es (679) With
four protons and tetrahedral structure there are threce
spin speCLes of the follow1ng symmetry and total Spln:
A(Ieé),-T(Iél), E(i=0} The high- tempelature distri-

(¥p) is § A, 9T, 2 E. Slnce the 1owest rotatlonal

butlon
state _JQO,'15 allowed only for the A spec1es ~the

| equ111br1um comp051t10n at 0°K will be 100" A for the
gas and presumably also for the solid 51nceusome
Itorsional motioh will be allowed by quanfum tunneling.
bIh contrast to the behavior of ortho and para hydrogen,
-1nterconver51on of spin- spec1es in methane 1s rapld in
the gas( ) because of degenerac1es for hlgher states
of different species. Interconver51on‘rates decrease‘
withvdecreasiho temperature”in the'soiid. and Coluell
et al (). were. unablc to measure equ111br1um heat
capaclt;es_below 5°. At that polnt the_thermal relaxa-

~tion time had become several hours.



' This-research was designed partiuularly to explore
the t.ermdl propertles of methanesbelou 5°K a¢ well as
to refine knowledge in related areas; It haSahoped that
by addition of a relatively high eonéentration{of a
paramagnetic species, the meth&ne'ﬁntereOnVerséen could
be'catélyéed and equildbrium meesurements extended-te
much iewer'temperatures About 0.8% exfgen proved to
be a satlsfactory catalyst Equillbrium)heat capacity
measurements revealed a_strlking peakvnear’lfK'which
}has‘beenvreported hriefly (12)

In thls paper we present a full report.on our
experlmental measurements tooether w1th their tnerme-h
dynamic 1nterpretat10n. Further dlscu551on in terms
of detéiled_models'for:the crystalllne-statevwrll,be
presented eISeWhere_toéether with the'details of our
calCuIatiOns'related'te"the'propertiesiof orygen in a
methane'lattice‘and the mechanism of.the.spinvconversion
'catalysis 613'15) Even for our present purposes
‘however, ’a brlef summary of the present plcture of the
_structure of crystalllne methane is needed |

James and keenan(l6) proposed several structures
for methane and analysed then on a classrcal ba51s more
vepproprlate for CD4 than for CH4 ‘Yamamoto, Kataoka,
and othersl7518 have publlshed an extensive series of
papers on the quantum statistical-mechanics of methane

~in these structures. They conclude that methane .below

the A-transition near- 20°K has the ”eight‘sublattice

N
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antiferrorotational structure', which'placcs'three—
fourths of the molecules in sites of JZd symmetry while
the remaining one-fourth are in.sites of Oh symmetry.

The'molecules in Oh 51tes w111 remain stentlall)

~dlsordcled 011entat10ﬂd11y and have rotatlonal energy

levels similar to those for the gas; the ‘lowest level

- has’ symmetry A the next set of nine levels'(J=1) at

energy’ 12 to 15 k (estlmated value of s/k) are of

sxmmetry_T;.hhlle the*ZS levels with J=2 include ten

of E and'fifteén.of T sfmmetryvand'afe at energy 30
._for4S§K;u-With these relatively large energy separatiens,
-cohversioh»preferentially to the A spin-species on |
-coqling Will‘begin above 10°K and Qill be nearly complete
_belowh7°K. it is priharily this process that yields
'the rather hig h heat capac1ty near 6° observed by.

_Colwell, et al. (S)

Thé‘hOlecules on the Dza sites interlock with one

o8

another, as cog wheels, and their torsional energy level

pdttern will be_collapsed and distorted from that of

the gas. _Kataoka, et al,(l7) have develbped‘an-ihter~

moleculai potential for torsional motion which appears

to fit our results very well. It yields ét]lowest energy

a state of symmetry A and degeneracy S,frbm spin. Next

- are a set of T states at about 1.9°K with total de-

gcneracy nine followed by a doubly degenerate E level

at about 2.8° K. Then there is a 1arce.energ)‘1nterva1

between thls array of "Ground" tor51ona1 states and the

llbzatlonallv exc1ted states above about 70 K.



k\CltatLon of the molecules on: DZd'sites from the

lowest?A'state to the T and E states at 1,9 andiZfé°K,
respectively, yields the heat capacttyspeak nears 1°
In our earlier note we showed that our heat capétity”
data were well fitted on this model aﬁdfbbtainedsthe
more precise values of 1.951 and 2.89?_fbr‘the AiT.and
A-E'séparations. : | | ;
The'statiStical theorY'of Yamambtd; Kataoka"et
| al,-con51ders the- coopelatlve nature of these tOI\lOﬂll
phenomcna, and this -is important at hlohe temperatures;
but below 2°K'it is probably a good approximation to
“assume fixed energy separations as was‘indicated’ébsve
There have also,Been extensive inVestigations'of
nuqlearfﬁagnetinreSOnaﬁce(éfg) for solid methane which
confirmed the interéonVersion:df spin sbeéies-below 
10°K. We shall relate'these'résults to dur:work.ih'the
(1

paper-to'follow. Bloom and Morrison‘l®) have reviewed

many topiés related to solid methane.
ZZ;t‘Experimental Methods and Apﬁératus_,

.The_measutéments were made in a calorimeter'&ésiqned

for use - down through the hellum -3 ranoe to about O 3 K.
It is: generally 51mllar to that descrlbed by Flnegold
~and Ph1111ps (20) The helium-3-cooled cryostat was
inserted inrajdewar'system,_conSisting of-two‘conteﬁtric
glass dewars, the outer for liquid_nitrogen”ana the

inner with a pumpable jacket for liquid helium-4. The



- pumhlnu speod was such that the tenveletu;e of- the helium-4
bath could be reduced to-1. l K. 1In addition, the pumping
System'for the helium-4 bath was equipped with a pres-
sore‘regulator so that the temperatUre of the bath
could be COntrolled‘between 4.2° and l.i°K.e_ |
‘The‘celorimeter and helium~3'chamber were-enclosed_
1in a.vacuom can. Thermal contact could be established
.becween the helium-4 hath and the helium-S chamhervand
’betweeh the heliﬁmFS chamber and the_calorimeter by air-
?actuated:mechanice1~clamps_Cheat switches).  The helium-S
coold he_cooledAfrom 1.1° to 0.3°K by{reducihg.the vapor
pressure. o -
The'caldrimeter was hechanically subporced hx
monofllament n)lon thxeads, also the caiorimeter &es
connected to the 1aboratory gas handlino system by a
thln-wall stainless steelvcaplllary This fllllng
caplllary ‘and the electrical leads were thernallv
anchored to the he11um 3 chamber before contactlnv the
calorlmeter.

: The caloxlmeter, shown in flgure 1 was Constructed
prlmarlly of copper. The cylindrical sectlon has a
length of 37 mm, an 1nternal dlameter of 44 mm hlth a
_ wall thlckness of 1 0 mm and w1th an addltlonal thickness
of 0 6 mm. at each relnforc1ng ring. The C}llndrlcal
‘sectlon and the bottom dlshed end were one 1nteor41
‘piece’ of metal. The dlshed ends had a uall thlckness

of 1.0 mm and a depth of 12 mm. Inside the cell a



spiral coil of 0.3 mm thick coppe? foil, nniformly

spread,over the volume of the cell,'was'thermally

X

anchored to the outer wall to improve the thermal

:contact'with a sample. Midway between the dished ends

'a»coppeercrew tashattached to the outer wall of the

cell S0 that a bobbln wound hlth a heater coil could

 'be readily connected to the calorlmeter In order to

prov1de a means of attaching the thermoncter to the
cell' a p1ece of foil was soldered ‘to the t0p dlshed
endr A copper rod 1. 6 mm in dlameter, was soldered
to the out51de of the calorlmeter and was extended
'above the calorlmeter to lie 1n between the Jaus of .
the mechanlcal heat switch. All the pleces 1nclud1na
‘the top dlshed end 'were 51lver soldered together,b
theblnterlor and exterlor surfaces were gold plated
u'Thedcalorlmeter had an 1nternal volume of 79 cm3 and
- a mass con51st1ng of 125 gm of copper and 6 gm of other
) mater1als. 'A "_ » :

- An’ encapsulated four- lead doped Ge re51stance
thermometer(2 ) was attached to the calorlmeter by

"rolllng the thermometer in a f011 soldered to the cell

and u51ng General Electrlc 7031 varnlsh for thermal

£ .,i

‘-contact and mechan1cal stab111ty To ensure good thernal;

'contact w1th the cell, each lead fron the thermometer

was. connected to a 1ength of fine copper wire (0 3 mm

khameteﬂ,_wound»and varnished ;n place about the c0pper‘

'vc001ing rod. To the other end of the fine copper wires
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a - frce st ndind coil of Pt*99 W wire 22 (0 06 mm diame

was tonnected for thcrmal lsolatlon 1heso c011s were.

then connectod to leads from the mtasullng LLlCUlt

The. Ge thernometer (Ge 782) was Lﬂllblatcd for the

region 0. to 30°K on a tempexature ctale, deslonated

Tn, in the laboratorv of Professor horman b Ph1111p§5

The callbxatlon was derived- fron a conblnatlon of

Pt- r051st"nce thermometl) (FSS) betteer 1 v and 30 K,

| gas thermometry betheen 4 2° and 70 h the vapﬂx-

pressure of 4He (T58) betheen 4 2° and 1. 1 h ,anu;
mdgnetlc thelmometry below 3°K hlth a slnole crv<ta1 of

3)12

Ce Mgs(NO
" The heater attached to the calorlmeter was con- .

12H 0 (CMN)

structed by non- 1nduct1ve1y w1nd1ng and thermally

anchorlng hlth St)cast 2850GT a glven lenqth of Pt 9% W

wire of 0.022 mm diameter ‘upon the heater bobbin. The

re51stance of the heater, made from approxlmately dm of

w1re,»was 5470 'Q at 4 2°K.

The heat capacity of théhempty délerimetérﬁwés“"
measuredfséteralhtimes over the temperature fénge_of
interestl b.3° to 30°K. The contribution of the empty
calorlmeter to the total heat capaC1ty was never over

50% Vand was: less than 1% in the 1nterest1no 16010n below

_ 2;S°K f01 the samples contalnlng oxygen

" The. mass of calorimetric samples was detcrmlned by

Weighlng.ln a small pressure vessel.(zgl _Since methane

has a rather high freezing point, a special refrigerant

‘;Qar)



was needed for the transfer of a sample to thec calori-

meter withOut obstruction of the filling tube by a

- frozen piug. Natural gae,'which is ?mpure methane,
served very well as this-refrieerant"it was in turn
11qu1flcd by use of 11qu1d nltrooen |

Our pu1e methane was obtalned from the Pacxxlc
Oxygen Company w1th a reported purlty of 99. 999%.
Ana1)51s in a mass spectrometer showed less than
5 ppm of O2 or other 1mpur1ty Our samples of.CH4‘+ O2
were 1ntended to have about 1 mol° 02.. Some fraction-
ation occurred in transfe1 to the calorlmeter hence
each sample was analyzed by gas chromatoglaphy after
calorlmetrlc measurement Table 1 gives the size and
comp051t10n of the samples conta1n1ng ox>gen

Some addltlonal detalls concernlna the appalatua

bare glven elseuhere (15)

Table»l;-,Samples_of CH, + 0,

Sample Mass vo

- Sample No. . -~ (gm) 5» MOL% Moles of CH,

4
100 6.380  0.68 0.3923,
101 .27 0.86 0.4465,
w02 6.561 0.85 ~0.4021,
103 3.358 0.80 10.2060,
104  2.671 0.87 0.

; Molecular welght of CH4: 16.041 gm/mole.



3. Experimental Measurements

The heat‘capacity measurements were ma@e by the usual
‘heét'pnISe method. The effective sﬁrfbundings of the
'celofimeterbtb whichyheat’exchange took nlace was the

. heiium—3 chamber Andhaseociated structure which will be
called the "block" In the brincipairseries of measure-
' ments reported in tables 2 and 3 the tenperaturc of the
block was controlled by one Or another automatlc tempera-
ture_regulator, elther a regulat01 of the VapQI.pleabpre
of helium?S Of'helium-4‘or é’regulated eiectrical heater
'yleldlng constant temperatures abovL the b0111na p01nt
of hellum 4, Prlor to the use’ of these regulatoxs,
howeyer,_some measurements_were made in ‘which the block
was alldwed‘tofdiifttthermally:pfesumably at a nearly
‘:constant tempefatufe. Since there waeiho\accurate meas-
-urementﬁof bieckfteméerature in these;preliminary meas-
vurements,rtheir interpretatidn.must be baeed entirely on
caieriheter drifts and is somewhat uhcertain. We report
here'in‘téble 4 only those preiiminary'values that con-

_stitute-an'important'supplement to the regular series

' _w1th a regulated block temperature

Interpretatlon of heat exchange correctlons in thlS
research was compllcated by the slowness of thermal
equ111brat10n between the nuclear- Spln spec1es conversion
and- the 1att1ce—v1brat10n energy‘, Whlle we shall later
dlscuss thlS situation for various tempelatuxe ranges
for’ both pure and oxygen-doped nethane we consider

flrst a general case and two 11m1t1ng 51mp71f1catlons



' Tablé 2. ‘Heat capacity of_oxygéhfdpped methane

{1 cal = 4.184 JJ

T C(cal)

“Sample 101

1.5760  .5980%
1.6557. .5605%
1.8710 © = .4763%
'2.0088 - '.4243
2.2451 .3795%
2.5230 3556
©2.8135 . .3397*,"
3.1661 .3410?
3.4410 . .3446%
3.8261 .3540%
6.9561 .  .756
7.5233 o .795%
7.7342  .824
- 8.3367 - Lo04*
8.9974 1.013
‘ Sample 102
.70885 . 1.126%
76893 1.142%
84133 1.142%
.90087 .1.106*'
.93992 1.109%

.99886 1.071°%
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‘Tablevzi(continﬁed)

“Sample 102 (continued)

©1.08840 - .1.0027
1.20010 . .904* ¢
1.29690 . .814%

-~ 11.43970  1.515%

12.63920 T 1.879
©13.35050 2.047%
14.13900 '2.368
16.51030 13,502
17.29090 - 4.069

18.02460 . 4.847
'18.72100 .. 6.071 -
21.10460 . 4.636
'21,78720 4.685 =
2252660 . 4.797
23.40100. 4.908
24.38820 5.027
25,47220 5.234
26.65410 5.395 -

Sample 103

.45619  .6857*
49313 .7955*
50345 . .8334
.s1258  .8556
52364 .8911

.53647 ‘ .9249



Table 2 (continuecd)

Sample 103 (Continucd)

15

17,

.55020
".56482€ .9984
.58028 1.0379
.59569 1.0750
1.41940 7237 %
1.46910 .6871
(44560 2.9297
15.78360 13.0926
'16;23700 3.3558
'16.80160 13,7275
42920 4.2325
18.13600 5.0637
18.79120 6.3291
119.30150 8.9500
19.66840  13.12
19.91820  22.22
120.11720  24.60
20.64420  5.1927
121.58640 4.7151
© 22.66070 4.8224
23.81110 4.9660
25.07940 5.1890 -
26.40630 5.4125
27.76710 5.4809
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‘Table 2 (continued)

'._T

~ Sample 104

43673
43744
| ;44461
44796
45327
.46001
46319
.47276
47427

.48641

.48765

,49947

50281

51123

"",52497
53920
. .56771
58067
.59560
.62389

64427
66558
68774

- .70877

}'~72915

C(cal)

L6037

.604 %
.633
657
665

691
.699 ©

134
740
779
780
.819
.838
.856
.895

- .942

1.008"

1.039.

1.062°

1.101

131

-169 -

1.200

1
1
1.195°
1
1

.214



Table 2 (continued):
LT C(cal)

Sample 104 (continued)

75262 1.217
C.77991 - ©1.219
©.81133 1.205

84733 1.188

87870 1.169

.90186  ©  1.163

92699 1.142

.95467 1.120
98463 . 1.093
1.01860  1.066
1.05590 . 1.035

"_1.09570 - .999
1.13890 954
1.18600 .912
1,23960 .857
1.30190  .806
1.37250 749

1.44740 .696

1.52740 .645
6.38800 - .715
6.87600 .744
7.10870 761

7.5268 .837
7.8374 .859
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Table 2 (continued)
T C(cal)

Sample 104 (continued)

8.2514 . .925

8.6723 - .991

9.1150 . 1.066
“9.6040 | 1.143

® : . » . Yo . . \' .
: These values may be slightly 'too small; reason given
- in text. v . ' o



Table 3. Heat capacity of pure methane

(1 cal = 4.184 J)

Non-Equilibrium Data

T C(cal)
. Series 9._.
5.9835 . .178
. 6.9203 - .284
'§.0141 - 449
9.9042 - .793.
Series ‘14A
. 2.1945 © 00381
2.2338 00404
2.3238 . .00439
1 2.4174 ©.00496
2.4855 . .00539
2.5321 .00555
2.5378 .00587
2.6051 ~.00640
2.6750 00704
27503 .00780
2;9013 7 .00960
2.9314 - .01007
3.0055 . .01097
3.1107 .01259
5.2046 . .01412
3:3008  .01587
3.3997 ©.01834
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Table 3 (continued) .

Series 14A (continued)

T - C(cal)
3.4425 .. .01848
3.5442 02067

3.7101 02479
13.7880 .02698>
.03036

©3.9253

Series 14B -

4.3029 0382
4.5015 .0463
4.7078 .0559
4.8996 .0652
5.0945 - L0761
15,2832 .0879
5.4318 .0988
_5.6006' .1128
5.7705 1271
5.9444 .1435
6.1294 .1620
6.2856 .1804
6.4343 1997
1 6.6152 2226
6.7438 .2431
6.8989 .2651
7.1134 .2955
,7.2237-

.3213

17



Table 3 (continued)

Series 14B (continued)

21

28.

7184

T ~ C(cal)
7.5524 3607 .
7.9043 .4143
8.2415 4717 -
. 8.6328 .5367
9.1080 6273
9.6137 7269
vSetiés 14C
4.4985 L0575
4;5398' .0612
§r3604 1072
5.6860 1367
7.9392 4257
9.8450 7723
Series 14D
.4026  4.599
22.7433 4.738
24.5678 4.976
26.5792 5,295

5.581



- Table 3 (continued).
Series T C(cal)
Equilibr_ium Data ©
14C 7.7669 . 0.801
13 ~7.9301 . .855
14C 19.7402° - 1.114
13 9.8299 - 1.143
7- . .10.8742 1.305
S 13 11.3526 1.407
7. 11.9787 1.5541




Table 4. Additional heat’capaciky measurements
| for methane

(1 cal = 4.184 J)

T C(cal)

Sample 100; Oxygen-doped

2.3706 0.366 + 0.03
3.0316 411 07
4.2448 371 %+ .05
4.4105 458 }09'
4.6907 .463 &7 .08
1 5.0129 .497 = .08
5.3223 555 + .08
5.7910 .596 & .08
6.2778 633 + .06
6.8211 U716 ¢ .05
7.1847 736 + .01
7.7809 .910 £ .06
8.2777 .928 + .02
8.8695 1.009 + .01
19.5878 1.146 + .01
10.2155 1.230 + .02
10.9945 1.399 + .01
12.1089 1.676 + .o;'
13.2824 2.002 £+ .02
14.0669 2.238 ¢ .03
15.5121 2.871 ¢+ .01
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Table 4 (continued)  >

T " C(cal)
‘Series 4, pure methane

15.2513 .- 2.486 -

©15.6139 T 2.661

16.0344 - 2.847

16.3216  © 2.930
16.6564  3.154
16.9764 . 3.363

. 17.3723 3.611
17.7299 '3.922
‘18,0576 "4.067
18.3962 1 4.619
18.7506 4.999

18.7529 4.904

19.2247  5.877
19.7119 :f;164
20.2213 10.511

' 20.4810 52.044 .



Table 4 (contiﬁhed)
T o C(cal)

Series 5, pure methane

15.1314 2.365

15.7982 2662
| 16.3325 Av | ii946 |
15.3319?” o 2.958
16.9308 3{305;
17.4869 | 3.654
17.9209 4.032

©18.3343 4.459
18.7540 _ 4:976"“'
1910861'.-’11 5.472
20.9891  ©  4.522

"21,5709’ 4.510
22.2748 4.592

23.1684  4.702




The calorimeter is_gssuméd to reach-&apid.thefmal
equilibrium with the lattlce energy of the methane.
There‘remains,'then, slow heat transfer*with rate
constantéikB and ks'respectively-with_the block at
tempeféture_TB and the nuclear spin systém at temper-
ature~TS._ In general the calorimetefttgmperature
drift aftér a heating-intervél will ﬁe governed by

the equatidn‘
CIE =g = ky(Tp-T) + k (T,-T) (1)

where t is the ‘time, C is the:heat c;pacityﬁbf the
‘calorimeter plus methane lattice‘and q is‘the rate
of heat flow into that system. . o

If the heat transfer from the spin system is
elther negllglbly slow or so rapid that 1t has already |
'attalned equlllbrlum the last term 1n equat;on (l)
can be omltted and the remalnder 1ntegrated w1th Ty

constant to yield.

T = Tp + (T,-Tp) e_xp(--kB't./C)_v o (2)

Here Tg is_the‘tempefature.at zéro_timéttvif'thé.spin
system istin’eQUilibrium,.C:ihcludes thé,spiﬁdheét.
capacity. If the expdnent is small,)thié épptoximates
to a linedr eqUation.which was found tdlbe édequate

in.most-bdt not all cases.

(9%
w
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‘Aﬁothef simplifed case arises ifvthe heat cxchange
with tﬁe block can be neglected. In tbis case we
cannof.assume Ts constant; rather it will Varyfin
accordance with heat transfer and the spin-related
heat:cabacity CS which ﬁan be taken to be constant for
a given measurement. After considerable manipulation

"one obtains

. i CTS,0+CST0 \ Cf(TO_Ts,o) : k (C+C )t i
L C+C C+Cy exp ( —“—Ej-“~*) (3)
v s | } )

where-TS' is the spin-system temperature at zero time.

2% -
~This ¢duatidn is seen to have the same geﬁeral fbrm as
eduation‘(Z).' In.éither éase the ibgdfitﬁm of the drift
‘rate,~16g(dT/df), éeéredses linearly withrtime and one
can eXtiépdlate to:find TO; Bﬁt if'équationv(S)'is
assﬁmed,:thé exfrapolatidn also yieldé an unchanged spin
_»temperature at Zero time. o

_While we have a few'examples whefe both terms_on’
thé righf’side df equatidﬁ'fl) are bomparably importént
at some time during fhe after drifts,'it didvnoﬁ seem
worthwhile to attémpt to interpret these data in terms
of a general ihtegrétion of‘thdt equation. Iﬁ these
cases thé'héat transfer to the spin éystem dominéted
the eériy arifté'whilé the late drift§ were‘ﬁel1-fitted
:'on thetbasis sza'small heat transfér'with the Bloék

after equilibration with the spin system.
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Any errors arising from energ dld temperature
‘measurcncnt% should not lead to errors in heat gapagities
exeeedingul% which is less, in mbst‘regions, than the
ﬁnceftainty3arising from_interﬁretation'of the after
‘drifté, |

Letvqs now -turn to a discussion ofithe actual
-resultsrih varioﬁs temperature reoionsr ‘For oxygen-
doped methane we - always obtain equlllbrlum with the
sp1n system but in some cases only after about 30
minutes. Colwell, et al,( ) rep01teu equlllbratlon times
”of.severql hours near 5°K for a sample containlng 50" ppm
‘oxygen.'fln all”caseé the temperatufe"historY-ineluded
aboutvld'hrs at 4.25K-after'initia1 ceolihg with
*helium-4;-also the Calorimeter was sohetimés“hcld*over—
nlght at that temperature between sets of mea%urements.
For work below 1.5°K the calorlmeter wa> cooled by use
,of_heliumeS.and‘measufements.followed immeéiately'aftef
equilibration. |

For the first heat capacity measurement after rapid
cooliﬁg‘fhere ié*always some.additionalvuncertainty’
about thermalvequilibration before the heat input.
.This.iS-espeeially iikely to be a probiem in the region
ebelew 6° where eqﬁilibration is very siow'with the spin
system. The effect would be to yleld too ‘low a heat
capecity siﬁCe;the initial spin-energy would be higher
than,thevequilibfiumfvalue for the initial temperature.
A1l measurements of this type beldw.6°,’i}e., immediately

preceded,by cooling, are marked with anfasterisk in



table 2. Those in series 102 below 1.0° are definitely
too low and are omitted from figure, 2. It is not

clear’that others are in error, but: the entire series

from 1.5 _ to 4.0° are subject to this error and m4>

2
T3

1nd1cate too low a curve in figure 3.

Thcrmost 1nterest1ng result is thé_pedk in the
heat capacity near 0.8°K shown in figure 2 and con-
cerning ‘which a prellmlnary rep01t( 2) has been
published. Although this is a region of slow equili-
brium the measurements are-apparently'fgproducible
'within-a:éingle series to within + 1%.° HoWever, as
justldiScussed, lack of perfect‘thermél”equiiibration
can 1ead to uncertalntles somewhat larger than 1%.

In the 2-10° reglon shown in . flgure 3 the heat
capacity continues to show-a-spin~reIated“contribﬁtion,
but the 1affice contribution increaseS rapid1y and.
‘dominates near 10?K. ‘The heat capacity.in the 2-5°
regionvié'rafher small, equilibrium is'éfill slow,
and the'resulfs are less accurate than below 2°. |
- Between 4‘énd 6° we have only measurements from the
'1ess'a¢curate ?reliminary‘series withouﬁ block regula-
gtion,‘-Thg estimated uncertainty,, whiCh is given for
each value in table 4 for this series, is based on the
range ofvreasonable intefpretations of.the_after drifts;
Several of thése early points overlap the region of
.more aCcﬁrate measurement above 6°. In this range the

agreement,is good enough to support the validity of



the feguits frdmA4'to 6°K. Thc-resulfs of Colwell,
et al,(s),begin hear'5° and agree quite well with our
dafa up to 10°.

‘We turn now td the.data for puré ﬁethane below
10°K._ Thé behavior of pure methane was explored by

cooling for ¢ hr at 1.1°K and then breaking the

‘thermal contact (by the heat switch). . The calorimeter

teﬁperature rose rapidly to 2.0° in 10 minutes and
reached 2.3° in an hour. After another 6 hr cooling
at 1#1? and égain.breaking-therma1~cohtact, the
_calbrimepgr temperature again rose rapidly'to 2.0° and
apprgached 2.2°:after-two hours. It.was ‘impractical
tOvhake heat capacity measurements in this temperature
range beCause the'lattice heat capacity:is so small
thaf fhe‘heat;flow:from'the spin system dominates the
.situation,_ | '

Beginhing ét about 2.2°K one can measure the’
”ndn-eqﬁilibriuﬁ” heat capacity of the lattice system
alone by.¢Xtrapoiation of the after dfiftS‘With
equation (3) which considers*the,heat'transfer from
theispin'system. Aithough this extrapolation removes
: fhé héat_éapacity érising from'éhange in Spih-species
composition, itvdoés not determine,thé spin—species
composition'ofbthe equivélentgsﬁin temferature% Since
there 1s at least sbme rotatibnal.or librational
contribution to. the ”lattice"}heai capa;ity)Which will

be different for different spin[specdes,lthere is some

- residual indeterminancy associated with_theseAnon-gquili—

brium heat capacities.

o
~J



Figures 4 and § shoﬁ the non-equilibrium resules
for the:2~4° and 4-10° regions, respectively, togscther:
with fhe results_of Colwell, et al.(s) The resgits
of the two inveStigations_agree reaéona51y well mear
2.3°Kvand again near 6.5°; but the dafa of Colwéil,
ét.al, afc considerably higher than‘odré from 3;5 to 6°
while they are significantly lower from 7.5 to 10°K.

On the”BaSis of the model of Kataoka, et al,(17) we
have made rougﬁ calculations-of the librational heat
capacity for various spin-species distributibns;' This
effect.ié very small at'2°K, but rises rapidly for the

T (and L) spin-species.(24)

For the A‘spin45pecies
~the librational heat capacity becomes significant only
about 6°K. V_

Befbfe the series 14B measurements the‘sample had
been’héid Be1ow 4.2°K for:a Veryﬁléng:timé while the
serieé 14A méasﬁremeﬁts were made and between series
14A,and 14B. On the other hand.the séﬁplé had been
heated above 18°K pfior to cooling agéin_ﬁo 4.2° for
11 hr priér tOrsefies'4C} The'heat'capacity values in

-series -4C are a little larger than those in series 4B

which would agree with a higher spin temperature (more

-species‘T and E);in.series 4C.*1Presuméb1y,'if the
sample had been held an even .shorter time at 4.2°K,
even highér heat capacities would have been obtained.
Hence,’if,tolwell; et al,(s) did not ho1d their sample
as long bé1ow 4,2° as we did, they would have had more
T (add E) specié§ rémaining and their highér'heat

capacities from 3.5 to 6° are understandable.

28
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} iﬁ}the vi;inity of 6°K the rate%of spin—spetics
convcr§ion becomes Targe endugh thatithe spin tempera-
turc'wili_hotvdiffer,much from the lattice temperature
at the beginning of a héat capacilty measurement.
Cérrespoﬁdingly, the éxtrapolation of-after drifts
becomes.moré unCeftaing At slightly higher temperatures
one obtaiﬁs after drifts such as are'shownAon figure 6.
There'are;two,regions in which the 1og:(dT/dt).is
‘1inear ith. In the'earlief:period:presumably the spin
relaxation dominates and one may appiy equation (3) to
yield the non-equiliﬁrium heat capacity.whilé in the
later-period one assumes spin gquilibfium and- that
eQuation“(Z).may.bé applied for heat tranSfer to-the
blpck to yieidvdn equilibrium heat capatity. There are
five examples between 7.5 and 10°K for which both
equilibfium énd nqn-eQuilibrium”heatiCapacities.were}
"derived_aﬁdvlisted'in séparate sectioﬁs'of,table 2.

AboveulopK measuremenﬁs on both'pure;methaneﬁand
the bxygeh—dopéd samples yield equilibrium heat capacities
shown onifigures 7 and 8. Our only valueé‘for pure
methane are from preliminary series Qithoutbtemperature
regulation of the block. ‘We report.these in-table 4
only'abéve-15°K’wheré,complete thermai‘equilibrium
after_heéting.is reasdnabiy rapid:. As.cén be seen on
figuré 8 our rgsuits for,pure,methang agfee with those
oflcblweii, et_di,'above 18°, but below-that temperature
ouf_reSults are slightly lower (and our unreported

results below 15° depart even further on the low side) .



Our results for oxygen—dﬁped methape:(yhjch wefe nade
with,temperature regulation of theublock), arc higher
than those from either research fof'pprc methaiie by an
‘amount'Which increases from 10°K toward the trinsition
. near 20°. Above the transition all results agree quite
well,' :
| AThé X-type transition near 20°K'was investigated
in two wéys in addition to the heat éapacity data shown
‘on figure 8 and recorded‘in the tables.  Integral
heatinglexpériments_wére performed in which the sample
is heatéd'from abqut 19 to 21°K. The results are given
in Tab1e S for thé exact temperatufe interval for each
experiment. Also given_is the integral heat. converted
. to the interval 19.0 - 21.Q° by use of heat capa;ity
data.u ' |
_In;addition.the temperature was observed while
heating_through the transition and an essentially
cthtént temperature was observed for an appreciéble
time.  F6r'ﬁuré methane this apparent'témperature of
tranéitiéh was found to.be 20.53°K. 'Coiwell; et al’(S)
_measured'thi§'tempefatﬁre'by heéting into_the transition
and theﬁ.ﬁeaSUring the temperature at zero heat input.
They found 20.49°; the difference of 0. o'4° ‘could éasi_ly
be cauéedfby'thermél.gradients in ouriexperiment. We
shall use Colwell's value for our’céléuiations.

(25)

Sperandio’ reported 20.55° for this transition temper-

‘ature in reasonable agreement with the other values.



Table 5. Enthalpy change for the” A-transition

(1 cal = 4.184 J)

Temperaturé ranée : AH(Ti+T2) CAH(19.5+21.0°)
T . T, (cal/mole) - © " (cal/mole)

1 : 2

Pure methane

19.251  20.654  21.949 S 22.27
18.427  20.929 37.847 C 2236
18.819  21.300 270755 22.ds
. | | avéraée   22.36 + 0.1

Oxygen-doped methane .

19f557”5- 21.265  19.167  18.55
19.417  20.778  17.627 17.84
18.6815[f 20,793 23.451 © 1s.08
18.746  20.834  23.369  18.18

average - 18.17 + 0.3

'Fof begén-dopéé\methane‘wé obtéined 20.30°K for
the tfaﬁéition temperatdrévwhiéhwis 0.23?_16Qer tﬁén
that forlpure methane. Also note that the heat of
trénsition AH(i9f21°) is 4.2;cal/méie;lesskwhereas_thev
‘heat capaéity.belowJ19° is COnsiderab1y¢iarger'for,the
oxygenjdoped»sample than for pure-methané;

| Iﬁ this cdhhection'it is interesting to note. the
results df'Eugken and Veith(zé) for krypton mixtures
with methahe. For a sample with 3.70 mol% Kr the
nA-transifibn héé shifted_down:in»tempeiaturelby 1°K

and the heat .capacity of the mixture below the transition
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has iﬁcféased considerably as for our bxygen mixtures.
The heighf of the transition has, héwever, decreascd
significantly from some 80 Cal/deg4%01e‘to under

20 cal/dég-mole. For further increases of the ﬁ%ypton
concentration the transition shifted té lower témpera~
tures and génerally'broadened until the transition was
no longer detected at 32 moly Kr.

Thﬁs, it seems plausible that the introduction of
the oxygeh imﬁhrities (0.8 to 0.9 mol%) has so ﬁffected
the intermolecular forces that the A-tranéition has
been shifted down in temperafure and_brbadened.

Since the heat capacity for pure héfhane ané the
0xygen5AOp¢d samples agree to within eXpefimental
uncertaiﬁty at 9°K and'28°K, with Conéidefablé disparity
between thesé temperatures,-the changes in'éhthalpy ﬁnd
entropy,befween’9° and 28°K were éomputéd'and‘compared.

The following results were obtained:

AH(9°+28°K) (cal/mole) AS(9°»28°K) (cal/deg-mole)
0.014

+
"+

4 * 02.; 84.80 + 0.30 - 4.368

cH

'+

“ Pure CH - 84.85 ¢+ 0.21 _ . 4.341 + 0.005

4{}
:The enthalpy increments are indeed néarly‘eQual,
but thé'yaiue'for theioxygen-doped SampleS'shéuld’have
some contributidn’from’fhe oxygen. A; determined from
the free mOIecuie model fqr an additive oxygen heat
.capacity, fhe dissolved oxygen could pOssibly contribute
as“much"a$}0.38 cal/mole. Taking this cstimate into
account, the two valﬁes of AH(9°~»28°K) still égree_to'

within 0.5%.
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The entropy increﬁents likewise tally with each
othet_quite closely..‘In.thiekcuse, the maximum additive
contribution by oxygen‘ie‘Q.OZlmcal/deg;moLe for the
free moiecule_model. With this Correction AS(9°+28°K)
for the'CH4 + 0, sample remains sllght’v higher by
O.I4%t‘ Seemlngly, despite the conSLderable effect of
the dissolved oxygen on the A;trans%t;on! the over-all
IChange in entnalpy and entrooy fof the affected_tegion

remains the same within experimental uncertainty.
4. Entropy Comparisons; Discussion

As 1nd1cated in the introduction, Qe shail present
here the calculatlons of experlmental entxop» differences
based upon‘our experimental data and make comparisons
with gas=phasé Statistica; caloulations.qf:thelentropy
and zerojpointrentropy nelues fot appropriate models.
We_leave;to another place the discussion of our results
in»relétion to more detailed statistical-eeloqlations
for the solidustate. o

For oomparison'we recalcuiated'the Statistical
entropy of methane in the 1dea1 gas state using the
usual equatlons(27) w1th recent constantbiend nolecnlar
’parameteré 28,29 The result for 298 15° h and 1\atm is
44, 51 cal/deo -mole on the practlcal ba515 excluding'
nuclear spin. This does not-d1ffe1 810n1ficantlv from
" literature values, for example_a 1944 calculltlon(JO)
reported 44.50. 'ThlS statlstloally qalculoted entropy

for the gas remains the best value for use in thermodynamic



calculatlons If nuclear spin}cntrgpy-i$-inc1udcd this
is 1ngxeaqu by R &n 16 = 5.51 cal/deg-mole to yicld a
total of 50.02. For calculations rélatéd to the, cxperi-
mental'measurements on liquid methanc a conveniegt set
of conditions is 99‘.5451( and 246.1 Torr or 0.3238 atn.
The statistical entrdpy without nuclear spin for these
conditions is 37.93 cal/deg-mole.

| Wé shall use as a basis of comparison the entropy
of thé_liﬁuid at 21.0°K. The experimehfal data on
solid‘methane above this tempelatule and on the llquld
are uncompllcated by the pecullarltles at lower temper-

(1,5,25)

atures and are quite accurately knoun. Literature

values-for the heats of quion and vaporization are given
in table 6. There is good_agreement for the heat of
fusion.  The calorimetric heat of VapdrizatiOn of
.Clusius and Frank(4b) agrees well witﬁ-that calculated
' from thefvépor pressure equatibn by the exaét Clapeyron
7equéti6n,- The liquid(SI) an&,faporcszi volumes are
accurately known; hence this-éalculation has high
réliability. The equation of state of the vapor also

‘ yields an acCufate cbrrection ffom the ideal'to,fhe real

3")

gas. The equatlon of Pitzer and Curl( with,pa;ameters

for methane from Pope, et al,(SZb) ylelds -O.OS7 cal/

deg-mole while the equation of McGlashan and Potter (322)

(34,35)

'Yieldsi-OIOSS Other eQUations which should

yield a good approxlmdtlon for nethdue confirm a value
near -0.06 (which differs from the value -0. 14 adopted
' without*bkplénation by Colwellik et al. (S)) The result

for the entropy of solid methane at 21°°“is given in table



Table 6. Heats of fusion and vaporizution for methanec

Heat of‘fusicn: T, = 90.67°K

TP

Source  _. Temperature Range (dKj ‘ AHf(éal/mole)
sperandio(2%) 87.62 92.32° . 225.65
| 87.20 90.91 L 224.72
| 88.70. 93.44 o 225.15
Clusius (1) - 89.20 . 90.92 o 225.7
o 90.15 © 91.92  222.3
88.33 95.27 224.5
88.71  93.49 223.3
Average | 2244,

Heat of vaporization: T = 99.54°K, P = 246.1 torr

Source , | ' - AH (cal/mole)
| S vap T

Clusius and Frank(4b) | ’: 2036 + 2

Célculatipn_from vapor pressure data - 2037.5

Table 7. Calculated entropy of solid methane at 21°K
from data at higher temperatures in cal/deg-mole

§°-ideal gas atl99.54?, 0;323& atm . . 37.93
qureétiohfto.feal,gasn e ;v - - .06
_Condensatidn“2037/99}s4 S -20.46
Liquid:héétﬁcaﬁaCity . I - 1.21
_Solidification‘ : ST - 2,48
~ Solid heat capacity o N v '.-10.66‘

S° solid at 21,0° (without nuclear spin) 3.06



For most substances thefnuclean?Spin species
distribution remains’ unchanged down to the lowest
: [

bl

temperature of heat capacity measurements; then the

o

1

usual equations and third law of thermodynamics ;iclu
an entropy value excluding nuclear spin, Use of the
ndn?equilibrium heat capacities for methane (or
extrapolation'fromﬁaboVe 12°X) should yield an apprbxi—
mation_tp.this case for methane, but fhére are compli-
cating factors to be discussed. Figure 9 shows é
Vseleétipﬁ'of pertinent data below 20°K presented as
1C/T Vé1ués.whose'integral yields the eﬁtrbpy. We show
thé fé1ué$ of Colwell et‘al,(s) from lé,to 20° sincer

we believe'their data.are probably bettef than ours in
‘this réngé} Below 10° we show ourivalues from éerieﬁ

13 énd-14Cvtbgether‘with'd”few points from Colwell, et al.
- The entropx values corresponding to several curvés

through this region are given in table 8.

Table 8. Entropy of methane at 19.5°K on the
‘:basis of frozen spin-species composition

S

S

821.6 fr§m:tab1e 7 (cal/deg-molc) o o ' :3.06

‘Sub;cract' ‘S(trans) = 22.36/20.49 " - -1.09

19.5 fféﬁ data at higﬁer temperature:, é , '1.97

Si9.5 frpm.fbest curve" below 19.5° o 1.93
Slg.s from-D¢bye fup;ti0n-(6D = 72.8)1* 

plus experimental curve above 12° 2.06.

from pure>méthané data of this résearch_. 1.81

19.5
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Pdrenthetically we firsr note:thnt if one had data
§n1y'above 12°K, as .is typical when liquid hydrogen is
the. refrigerant, one wéuld find aﬁ.excclléﬁt fit with
the Debyé function in the region 12-14° with 8y = 72.8.
Then if'one adds. the Debye entropy at 12° to that for
the.ekberimental curve above 12°, the result at 19.5°
is 2.06'which slight1y exceeds‘the value of 1.97 calcu-
‘iated_ffom'the statistical entropy‘of:thé gas and.
experimcntal data'above 19.5°. " This Eaiculation:yields
agreement to better than 0.1 cal/deg-mole which Sne
'Qould ihterprét aquuite-saiisfactory sincc either.the
véxtraﬁolation-below”12°.or the vélué—bésed on data at
higher tgmperatures could be in error<by,0f05 and
’ po$sib1y by 0.1 cal/degfmolé. Whiie the data then
availabléiWefe slightly less acéurate‘ih:some regions,
the situétion remainéd'substantially-as_Stated above
ﬁntil the;measurements Wefe extended into the 1iqgid
helium-fange. o |

Next we notevthatla straightforwara‘calculation
‘Basedvupoh:our hon;eqUilibrium heat capacities below
10°K and our pureémethane data above 10° yields

'S = 1.81 which is too small by 0.16. Although these

19.5 _
data yie1d'a reésonably smooth curve (not shown on
figu;evg), we believe this is;aécidenfélq' The higher
vaiues of Colwell, et al, are to be b%éferfed‘above 10°
because in'this\region our data arc.nof based on a

controlled block temperature. Below 10° our experimental

quality is‘excellent,_but there is a variation of result



with thormal history which indicatef that the spin-
:pec1es eomp051t10n is varyilng and affects the heat
Capaclty. .
We show as a solid line on figure 9 our e;timate
of the true heat capacity for freten spin-specieé
compoéition. " This 1is based on the non-equilibrium
data neaf 2° but rises -above the non-eQuilibrium values
from 3 td'10° by anfamouﬁt calculated from estimatecs
about the spin-species composition and its etfctt on
the librational heat. capacity calculated f1om the moeel
of-Kataoka; et al.(17) Near 12° the heat capacity is
reduced'ffom the measured equilibrium value by an |
amdunt-similarly-calculated'for change iﬁ spin-species
comp051t10n. This last cofrection decfeases rapidly
‘with rlslng temperature. The entropy based on this
"best curve'" is 1.93 at 19.5° in good agreement with
the Value 1.97 .derived from data at higher'temperatures.
Thete.is an interestingvtheoretical'possibility'
‘that‘tﬁe femaining entropy at 0° on'the_frozen spin
speeies basis may not be exactly R &n 16;. This
situatioﬂ ie diecussed.in an Appendix.
It is now interesting to re-examine figure 8.
The solid curve is our best estimate of the true hedt
_capac1ty w1th the sp1n spec1es composition froz zen at -
the high- temperature pattern. The Debye extrapolation
" curve is too high below 15° and the fit in the 12-15°
‘reglon 1is accidentai since the'experimeﬁtal data include

a small contribution from spin-species conversion.
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Alsoeshown for comparison on figurehQ is a .dashed curve
for C = (const) T3 fitted in the 16-18° range. Actually,
~the fit to the T3 curve in thehi6-18°irange is accidental
since thexk-transitiOn'is beginning to havevsomo effect
here. | |
We turn now to con51de1at10n of the equtllbltun

heat caudc1ty curve below 10 K Lntludlno our data for
oxygen doped methane For our compatlson we add the
nuclear 5p1n entlopy R &n 16 = 5.509 te our earlie“
value for the entropy at 21. O° obtalnlno 8 57 cal/dec-
mole. Also the expected zero p01nt entron) on this
basis 1is R &n 5 = 3. 198 since all of the methane will
be convelted to the A 5p1n species Wlth spln I=2 and
go 21+1. | | |

. The variou; incrementsvin this caIculation'are
§hown'in'tab1e 9.. The extrapolation below 0;44° is
calculated from the energy level patteIn given above
whlch fits the heat capac1ty peak near l° The entropy
_1ntroduced_1n spin-species redlstrlbutlon for the
molecules at D, sites is (3/4) R tn (16/5) = 1.733.
It may be noted. that this is-appreximeteifvthefentropy
at 3°. ”Since the heat capacity remains-above'Q.S’cal/
deg-melevat its'ninimum neér 3°;‘there_is considerable
QVerlap hetween the'peak~near 15 associated - with the
spin~speeiestredistfibution‘for the nethane'On DZd sites
_and the hlgh heat capacity in the 4- 6° reolon associated

with the redistribution for that on O} sites. Lattice

heat capacity also begins to be significant above 2°;
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| hence thcxe is no dlStlnCt peak assoelated with the

spin for the O sites. o ox

Table 9. Entropy including nuclear
-vspin-for_solid methane (in cal/deg-mole)

0-0.44° R (Extrapolatlon) -0.167 :
©0.44 - 3.0° | o 1.52 + .05

3.0 - 19.5 o . 2.66 + .05

19.5 - 21.0 transition 18. 17/20 300 .89, |

Zero pornt entropy, R 2n 5 | ' 3.198

821 0 (sample contalnlng 0.8% 02) je 8.44
'Estlmated entropy of 02 3 o - .06

821.0 ror pure methane , | ."8.38

$51.0 From h]gher temperature data . 8.57

'Tﬁe cemparison'wifh the entropy>integrated from
our heétveepacity dafa for oxygen-doped methane 1is
shown in table 9.

: Furthermore, the oxygen impurity must contrlbute
some*entrepy which should be subtracted-from the 8.44
Velue in table 9. We have estimated. thlS correction:
~ for the oxygen(ls) to be O 06 + .02 which increases the
dlfference'shown in table 9-to_0.19-ca1{deg-mole. This
discrepancy is at the upper limit of experimental errovr
for all of the increments included in table 7 as well
as ‘table 9?and seeme improbably but noe‘impossibly large.
chévef, it is éiso.poseible that the exygen was not
uniformly distributed in our doped Sampleerwhen

crystallized and that a small portion of the methane
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falled to attain spln species equtllbrlum at very low
temperatures. If this last-stated 51tuatlon arose,-it

could explaln part or all of the entlopy dlf erence

o between'the-two values for 821 0 in table 9, and in

that case our heat capac1t1es 1n the spxn species
converslon region below about 6° should be increased
sllghtly | | |

In conclus1on, it appears'that thetvarious
'pecullarltles 1n the 10h-temperature thermal propeltles
'of methane are now understood 1n terms of spln spccles
comp051t10n which. becomes frozen belon about i0°K -
unless catalyzed with paramagnetlc molecules such as
boxygen. With the catalyst present the methane conyerts
to spec1es A with a zero- p01nt entropy of R &n 5. |
Wlthout the catalyst the. methane retalns most of its
total nuclear sp1n entropy of R %n 16. The deta11ed
;shape of the spin- equlllbrlum heat capac1ty curve,
dlncludlng the peak near 1° 'K, 1is generallyscon51stent'
with the model presented by Kataoka Okoda, and |
Yamamoto,(17) but we await w1th 1nterest calculated
heat capac1t1es based on full use of thelr theory
'1nc1ud1ng cooperatlve effects | |
ThlS research was sponsored by the EnerO) Research

and Development Admlnlstratlon



5. Appendix

When methane is cooled without a spin-species conversion
catalyst some species T and E molecules will remain at

0°K. On the assumption of the eight-sublattice anti-

ferrorotational structure as discussed by James and

-Keenan(lﬁ) and by Kataoka, et al,(l’) the zero-point

degeneracy is 5 for the A species and 9 for the T
species for either the Dzd or Oh sites without ambiguity.

Also for the E species the degeneracy is clearly 2 at

the DZ

expeCtedgto have a 6-fold degeneracy in their lowest

d'Sites; but at the Op sites the E molecules are

energy.levei.' This is shown. most cleafly by Nishiyama
and Yémémoto(IS)-for a methane molecule in a raie gas
iatticéﬁwith-site$ a1$o of Oh stmefry; Kataoka, -

et al,(;7) indicate a similar pattern for the E species

at the 0, sites in solid methane. Our extrapolation

h
below 2° implied by the "best curve'" of figure 9 and
table 8 relates to.a state including SOmé,E»molecules
on Oy sites. '}f we takg the higthempérature fraction-
of such ﬁolecules; (1/4)'x;(2/16) = 1/32, the extra
'zero?poiﬁﬁvéﬁtfbpy (above thevR'Qn 16 for protén spin)
would be (1/32) R &n(6/2) = 0.07 cal/deg-mole on the
basis of the 6-fold aégenéracy fOr‘thelE ébeciés on Op
sites. This value is of the same sign and slightly.
lafger than tﬁe‘differeﬁce (i.97-1.93) shown in table 8,

but the unéertainty in these experimental values is too

large to make this comparison really significant.
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FIGURE CAPTIONS

Diagram of the calorimeter.

Equlllbrlum heat capac1ty of methane ‘(doped

w1th oxygen) below 1.7°K.

“Equilibrium heat capacity of methane from 1

to 10°K. Open circles are for methane
doped with oxygehj:solid'circles for pure
‘methane.
Non-equilibrium heat’capacity of'methane
'v(With frozen spin+5pecie§§;ompdsition) from
j2 IO 4°K.
Non equlllbrlum heat capac1ty of methane from
4 to 10 K; 'see text for dlscu551on of spln;

'

spec1es compObltlon for various measurements.

1After drlfts showing two reglons where

N log (AT/At) is 11near in. tlme

_Equilibriumvheat capacity of méthane-from

10 to 17°K.

-Heat capacity of methane in the region of the

transition near 20°K.
Entropy for_non4equilibridm methane from
C/T vs T plot; see text for explahation of

various$ curves.
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Fig"ure 1. Diagram of the calorimeter.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights. ' -
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