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'—, INTRODUCTION TO THE SERIES BN
In the last decades Chemxcal ‘Physics has attra.cted an ever .
) #‘nctmsmg amount of interest. The variety of problems, such as -
“those of chemical kmetxcs ‘molecular physxcs, molecular ..pectros~
_ copy, transport processes, thermodynamics, the study of the: state
" of mattet, and the variety of experimental methods used, makes
+-. “the great development of this field -understandable. But the -

- B

. consequence of this breadth of subject matter has been the - -

. scattering of the relevant hterature in a great number of pubhca.- -
“tioms... T .

Despite ‘this vanety and the implicit - dﬁfxculty of exactly
" defining the tapic of Chemical Physms there are a certajn number

molecules and atoms as well -as the behawor of statistical en-" "-
oy, sembles of molecules and atoms. This new series is devoted tothis®:
~ group of problems whxch a:e cha.ractenstac of modern’ Chemxcal o

~ Physics. : = .
As a consequence of the eniormops growth in the amount of

‘of basic problems that conéern the properties -of individual = ?

‘information to bg transmitted, thé original pa,pers ‘as published

v in the leadmg scientific-journals, have of necessity ‘been made as. .
R short as is compatnble with a minimum of scientific clarity. Theyf
- have, therefore, become mcreasmgly difficult to follow fqr anyone
.who is mot an expert/m this specific field. In order to alleviate
, this situation, numerous publicatfons have recently appeared ”
- which are devoted to review articles and which contain a-more or
“less cr;t:ca} survey of the literature in a specific field. .
. An alternative way to improve the situation, however, is to ask "
Clan: expert to write a comprehenslve article in which he explams
*" his view on a subj ect freely and without limitation of space.. The
',emphasm in this ca.se would be on the personal ideas of the author.
This i$ the approach that has been attempted in this new series.
- We hope that as a consequence of this approach, the series may
 becomte -especially stimulating. for new research
‘ I‘mally, we. h0pe that the style of this series wﬂl develop m;td .-

!
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—ot INTRODUCTI’ON TO 'rm:\‘ SERIES

something more personal and léss academxc tha.n what has become
the standard scientific style. Such a hope however, is not likely to
be coripletely realized until a certain degree of matunty has been
attained — a process which normaﬁy requires a few years.

At _present, we intend to publisl one volume a year, but this
schedule may be revised in'the future
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2 J H. VANDERWAALSANDJ .C. PLATTEEUW

I INTRODUGT ION
A. General Nature of Clathrates

‘ Some ten years ago Palin'and Powell”’“’ 81,22 studied the pecuL

' jar “compounds” which are formed-by hydroquinone with a large
number of gases and volatile litaids. ‘They showed that in these
compounds the hydroqulnone molecules, as a result of hydrogen
bonding, form two interpemetrating three-dinensional networks

- -which enclose roughly spherical cavitjes, in a ratio of 1 cavity to

- every 3 hydroqumone molecules. If the cavities are all empty the
crystal lattice.is that of the’ metastable g modification of hydro-

-quinone, However, if a certain fractmn of the cavities is occupied.

by molecules of a second compornent, the crystals may be thermo-
dynamtcally stableina certain region of tempemture and pressure.

The- type of molecules which ‘may be bound in the cavities is very

‘diverse, as it includes O,, Ny, CH,, C,H,, CH,OH HCI, SO, and

" even the noble gases A, Kr, Xe. Apparently almost any substance

may be bound, provided its molecules are ne1ther too large (CCL,)

. mnor too small . (He).

Once such a molecular complex with hydroqumone has been

| formed it may pe.rmst under conditions where it is rio longer ther- -

modynamically stable, Because the molgcules of the second com- -

ponent are enclosed in the cavities they cannot. escape without
breaking a number of hydrogen bonds in the ﬁ-hydroqmnone lat-
- tice. This corresponds to a considerable energy of activation which
may prevent the attainment of therrnodynamc ethbnum

An example is the complex with argon which can be-kept indef--

: miﬂzly in an ordinary bottle; although the equlhbnum pressure of
, argon over the ‘crystal amoynts to several atmospheres at room
temperature Powell? nanled these complexes “clathrate com-
pounds ** which according tq him are those compounds *in which

two or more components are associated without ordinary chemical
union but through complete enclosure of one set of molecula ina -

suitable structure formed by another.”

Not only hydroguinone, but alse phenol and a number of related

' substances have been: reported®: . 33,4 to form clathrate dom-

R poun&'sofasxmﬁgrtype Butthisclassofsubstancesprovestobe-- ’

\ . x . )
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 CLATHRATE sownons THR ‘3, '. S

) eyen larger. Before any structura.l mformation was avaxlable IR
. Nikitin® already expressed the opinion that the hjnding mecha- =~ ° -
. 'nism operating in the so-called gas hydrates, and whiclf remained .~
mystery despite a century of extensive research, should be of the -
same type as that in the phenol co&npounds just mentioned,
Recently Nikitin's contcntmn was indeed confumed by the results
~ " of the x-ray work on gas hydrates of von Stackelberg and Mil-
- - ler,$%48angd. Pauling gnd Marsh.2 Before we come to a discyssion
" of the work'of these authors it seems. appmppate to relate a few
. relevant facts from the. earlier invatigations on the natm'e of the
gas hydrates.* »
In 1810 Davy. dlscovered chlorme hydrate when coolmg a satu—
rated solution of chlorine in water below 9°C. Research by Villard,
+" de Forcrand and many others subsequently showed, that this type
., of hydrate can be f¢rrned by water with'a large number of gases or.
. volatile liquids such as Cl,, Bry, H,S; CO,, CH., CHCl, and again
. theinert gases A Kr, Xe it was further estabhshed that the pro- o
cess. - d
: B . water+gas$hydrate/ ' :
. isa umvanant ethbnum so that at a given temperatnxe the A
' pressure of the gas has a unique value. (According to de Forcramnd *
*_krypton hydrate, for instance, has an equilibrium pressure of { -,
. .14.5°atm at 0°C, which nses to 47.5 atm at 12.5°C.) . o fact, the .
o - study of gas hydrates constituted an essential step in { develop— -
" ment of the theory o of heterogeneous eqt‘uhbna 'by Bakh Rooze- oo
'boam“l RTINS -,
. The accurate composmon of the gas hydratea for a long tlme PR
S maiﬁfad a eanttoverszal sub;ect since direct analysis. lwds to -
C = ambig _ousaresults owing to. decompoﬁtion of the hydratd andfor
[ mclusxon of mother liquor in the crystals. Thus it was firmly be-
- lieved that the nonstoichiometric compositions of gas hydrates
found expenmentally*w«ere all due to errord in the -analysis. But
more recent determmatxons of the oomPosuion by the mdzxect LT
. : : ‘ o S ; ‘ .
. Fora detaﬂed dccount of the workan ga.s hydra.ﬁes and reierencea pnotto

- ' 1925 the reader is referred to Schroder's historical accoudt of thissubjeét,e
- w’bﬂe later refmnoes are ngen m von Sudwlbem‘s papers L S A

-
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* Marsh? determined the crystal structure of chlorine hydrate.

i

4 J. B. VAN DER WAaALS AND J. C, PLATTEEUW

" yuethod of Schetfer and Meyer {cf. Section I1I.C.{ 1)} in some'cases
- also led to clearly nonstoichiometrie results.

The mechanism responsible for the formation of gas hydrates

" became clear when von Stackelberg and his school 443 in_Bonn
succeéded in determining the x-ray diffraction patterns of a num-

ber of gas hydrates and Claussen® helped tq formulate structural
arrays fitting these patterns. Almost sxmultaneously Pauling and

According to these authors all gas hydrates crystallize in exthér
of two gubic structures (I and I} in which the \hydmted molecules -
are situated in cavities formed by a framework of water molecules

'linked together by hydrogen bonds. The numbers and sizes of the

cavities differ for the two structures, but in both the water mole-

A commori feature of all clathrates. dlscussed SO far is z. host

lamce by itseif th ermoaynarmcaﬂy ‘unstable, whicli is stabilized.
h by inclusion of the ‘second component. The forces hinding- this
companent must be similar in nature to the intermolecular forcex ‘
in hquxds It seems natural, therefore, to regard a clathtaté com--
pound’” as a solid solution of the second comjblmont " ﬁu’ {matu-

stable) host lattice.

Inthe present Teview a descnptxon is g:ven of the phase behavmr
of clithrates on the basis of a solution theory. The tréatment is
restristed ta those cases where the ‘empty host lattice ('solvent’)

'is indeed unstable, although ‘many of the present considerations

also apply to the few cases known where the host lattice is stable.

- An exgmple of the latteris the chroman complex first discovered by

Dianin® and recently exammed by Baker and McOnue a.nd Powpll
and Wefters,3
Although it is dif ificult to predict exactls v svhich solute molecules

- will form clathrate solutions in any given host lattice, the general |

principle is quite ¢lear. All. mplecules which fit into the cavities
will be able to-stabilize the host lattice, unless they show a spéific
¢hemical interaction with the solvent molecules HCI (or the other

hydrogen halides), for instance, does not form a clathrate with

ater, Dut rather the stoichiometric - compounds - HCI - H,0,

l

o

" cules are tetrahedrally coordmated as in ordmc.ry ice. Appa.rentlv -
', gas hydrates are clathrate cofnpounds. '

T g it
- e i
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HCi 21—’,0 and HCl 3H30 it readﬂy forms a hydroqumone
/chthra.te Ammqma, on the other hand, does not fooyi clathratos

with either water or hyquumone Molecules with a very low

polatizabmty (He, Ne, H,) ark not known to form clathrate sola- -

 tions by themselvbs, but they do help to stabikize the clathrate of a
more polarizable solute s:multaneously present.# It is almost need-

Jess to say that in the followmg we shall only consider those hydra- |

-tes which are in fact clathrates and which are frequently referred

to a8 “gas hydrates,” althotigh the molecules of certain volatile

" iquids' may ‘aléo be included. S
‘In the next section we shall glve » bnef account of the crystal

; structute of the hydroqumoue clathrates and of the gas hydrates,

as-far as is needed-for a proper understandmg of the subsequent

. .parts. The reader who js intsrested in'the phenomenalogy of other .

‘clathrate compounds should consuit one of the many Teview

*articles?3 on inclusion compounds. *

Part 11 is devoted to a rigorous a.na.lysxs of the thanhodyna.mzc

_behavior of clathrates on .the basis of statsstxcal mechanics, using ‘.

- amodei ana;logous to that cmunonly ahployed for déscribing ideal ~

loea!wed adso:ptmn The formulas are derived for the general case ="

> of a clathrate containing » types of cavitiés and M different encag-

- ed solates. Stabi.hty cenditions are formulated foy clathrates rela- ..
“tive: to the gaseous solites md thie stable modxﬁcatm of the sok " e

A

“went, and the methed 6f c,mlp.rd-Jones and,Devonshire isused in - '

e qhantxtatwc analysis of the thermodynamic proper;aes of some .

hydroqumene clatfirates fu = 1) and gas hydratés {n = 2).

In Part 1 hetem Tenehis f-quhbrla mvolvmg clzthrates are. . *
rom the csperiméntal point of view. In particnlar a .
- iher revergible investigation of the equilib-
@ and gas,, circumventing the hysteresis

woofa number of binary’ .md ternary

" systems are. considersd in shme detail, since vontrowrsxal state- -
* méents have appeai:) in the ‘literature on’ this S_llb]ifc& :




8 J. H.. VAN DER WAALS AND ]. C. PLATTEEUW

' B; Structural Information’

(1 Hydroguinone C la;hmtes ‘
Fi 1gm'e 1 illustrates the structure of B- hydroqumone as deter-
_mined by Palin and Powell. 2 3 Some of the cavities are represent-
ed by transparent spheres containing a ball corresponding in size
with an encaged argon.atom. At the top and bottom of each. cavity

-

Fig. 1. The crystal structure of a' hyqumnone cla.thrate a.ccordmg to
Palin and Powell.? The balls inside the ‘transpgrent- spheres represent .
argon atoms encaged in the-cavities formed by the two interpenetrating

’ ’ _latt'ices. _(photograph kindly supplied _by Dr. Powell).

there isa hexagon of: oxygen’ atoms for;ned by six hydroqq:mone |

‘molecules linked to each other by hydrogen bonds, three of them
pointing upwards and thiree downwa.rds (this is partlcula.rly clear
at'the top of the upper sphere in Fig. 1).

* The cavity is further bounded by two carbon atoms and an

N ad]a.cent hydrogen atom of each of six of the hydroquinone mole-

‘cules in the manner shown in the figure. Hence, the wall of the .

cavity is formed by:12 oxygen atoms, 12 carbon atoms, and 18

L)
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hydrégen atbms, _a.bout evenly dxstnbuted over a sphere wzth
* radius 8.95 A. The. fzeld ‘within the cawty, however, may not be -
expected to have complete sphencal symmetry a -quadrupole -
+- |, placed at the center will show a preferred orientation because the
.. oxygen atoms ate all nearer the poles ‘of the cawty and the carbon
. atoms nearer the equaior. .
_/The foregping lattice is that which i is found in the cla.thrates of
hyﬁmqmnone with small molecules (C;H,, HCl, etc.). Powell®
- further showed that if larger molecules are mcluded the hydro~
qmone lattice is distorted to form oblong cavities; 'this distortion
. -increases in the series (;H,OH SO,, CO, and has beeome\extreme_ e
for CH.CN SooLT R SR
, Lo (2) Hydrates A
O ’I"he unit cell of Structure Tisillustrated in Fig. 2; taken from the
- p‘per by von Stackelberg and Miiller.#8 It contains 46 water mole- ., .
cules which enciose two types of cavxtxes The smaller ca'(utxes are . .

» . ST N~
E A e ) #
. , - ‘b o
K LS o 4 1. * . -
: B . n / 1 "I' . 4 . ".'
- i & vt Y )
! e - . : '
B i 4 . o’
}ﬂ’ RSV { (% a |
” . !
oy - g -
L . .
1 ¥
VoA g
.-‘--,- (TN h
5 v ot
' LA O f A -0
-
e
~ i A =
ey Nl e e - : v
N : . )

Fk ~2 Umtcal! of & gu hydrate of Stmoture I sccordmg td von Sba,ckel-
- }bargandMﬂ&em"Forthonkeofclanty only the elements lying in the .
+» " ‘meafer half of the unit oell have been-drawn. The smaller dots indicate
’ ‘, ﬂ‘n tatrahedmlly surrounded water molecules, the’ ‘larger dots. reprwent
r“'.theocnhnétthetwotypwofmnhes : o

K

mteﬁ at the verﬁces and the center of the umt cell* they az.rq; ach
iomad bya. pentagonal dodecahedral array of 20 water molecules.
remmmg :nx wa:ter mdlecules in the umt cell form bndges :

]
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& J. H. VAN DER WAALS AND J. C. PLATTEEUW

TABLE L Thbrmodyna'mc Data and Lattlce Constants of Some

: Hydrates - :
(The data in the table have been copied from the papers by wn

‘ ata.ckelberg and Miiller* and von Stackclberg and Jahns except

when otherwise mchcatad )

Solute’ (iﬁ : Heat of formation .

Dissoc. ] Max. ‘temp. at Lattlcef
order of ‘ . fromspure water

- pressure . which hydrates . o constant,
increas- A L L7 e and gas at 0° C R

. at9° C exist, °C . SR A
ing bp) , -kcal/mole solute ‘
A 95.56 atm® no maximum exisss < -
CH, ' 26.0. atm _ po maximum exists 3145
Kr 145 atm  n> maximum exists - 13.9-5:0.5
Xe 115 atm % * no maximum exists 1694066 = 120
C.H, 5.44 atm * * no maximum esists 50 '

- CH, 5.2 atm 145 163t o
N,O 10 atm o1 CoORT 12.03 .
CH, 5.7 atm 16 16 .
Co, 12.47 atin ® 10.208 D 134 12.07
H,S - 68 mm*  205® - I48t 1202
Cl, - 262 mm 28.7 L 180 , 1203
CH,C1 311 mm . ) SN € 12.00

S0, 207 mm 121 s 166 S 14,97
JCHBr 187 ' mm ‘145 83 12.09
CHSH- 239 mm 12 - 186 ' 12,12
“Br, 43.90 mm' 5811 20881 T 121
C.H, 194 atm* | X RN b 17,40
CHCL,F 115  mm™ g61™ RIS
C.H, L 200 ‘mm - 48 310 .. 17.30
CH,L; 116 mm ‘ 1.9 , 20 - 1733
‘CH,I - 74 mm 4.3 LT NE 17.14
CHCl, (50 mmg) - 1.6 1 , 1738 .
o~ Stackelberg, M von, and Mul]er H RS 'f‘« Ltvochem. 58 2“
{1954), Table I, .

b Stdckelberg, M von, and ]atms W., Fr iln s e, 5’3, }.62 (1954),
Table II.°
o0 Dxepen G. A M private comrumuri:

4 Schrodder, V\ Die Geschuizie der €in -, ¥ linke, Statigart,
1925, p. 87. S ‘

¢ Diepen, G A M., and bche*ter F.1 feen oo b, 68 598 (1950).

! Roberts, O. L. arownsvvo*nbe E. F ion e G Gl Ges [039,

No. 30, 37 (1940)

. . . : v,

A



B CLATH RATE .SOJLU TIONS - 9

“

between these dodeeahedra in such a way that a second type of |
cawty is formed: a tetrakaidecahedron havmg two opposite

-'hexagonal facss and twelve pentagonal faces. (One of these hexa:

-goms has been marked by heewler linesin the lower center of Fxg 2.)

Although the agreement between the observed x-ray mtensitxes,

' and those calculated from the aforementioned model is not perfect,
'the latter i5 thought to be essentlally correct. The “composition”

- 'of a gas hydrate of Stmcture Iis then dzaractenzed by

"..'46 wa.termolecule's,~ , o .
© 2 smaller cavities: z‘—-zo" ‘ a1=395A RN

8 larger cavmes. 2y = 24, 3y = 4.30A

l

The nuinber of oxygen atoms Sm-roundmg the two tyres of cavities
are denoted by z, z,, and @, a3 are the average distauces of these

~ atoms to the centers of<the cages.” The smaller cawvities are very'

mayhe s

nearly spherloal and have,a free diameter of approximately 5.1 A :

. - when assuming Pauhng s value® of 1.4 A for the van der Waals .
 radius of oxygen. The larger cavities are slightly oblate, since the
Col 'd.lstances from the center. to the surrounding oxygen ‘atoms vary . .

betWeen 404 A and 4.85 A, Their free digmeter is appro;umatelyy
_'5 8 A. (Cf. ref. 30 fxgures are based on a unitwell edge = 12.0A.)°
. Accordmg t6 von Staokelberg, and Miler,$8 the hydrates'

- tabﬁlated in the top section of Table all crystalhze in Structuré I. -

The molecules of the gases bound'in these hydrates are rblatlve,y |

. sma.ll and in general ocm.py both types of cavities. If sl cavities

‘were filled, the comp051t10n would be 1 gas 53 H,0, but as we shall

: sae, a certaun fra.ctvon of the cavxhes must remam emptv when the’
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" hydrate is formed in equihbrmm thh anaqueous phase. The mole-
cules of CHyBr, CH,SH, and Br, have such dimensions that while
they are still crystallmng in Structure I, they cannot ‘occupy the
~ smaller cavities. Thisis supported by the high water content of the
~ bromine hydrate (1 Br,: 8.47 H,0) found by Miss Mulders!® and
" further proved by the intensity of its x-ray diffraction pattern.s
The unit cell of the hydrates crystallizing in Structure II is
rather comphcated and for a detailed description the reader is
referred to the original publications.* 8 Its ”composmon" is
charactenzed by: - -
| _ 136 water molecules, I
16 smaller cavmes 11==20 a; =391 A
-8 larger cavities: z, = 28, a.-_473A
The smaller cavities are distorted pentagon dodecahedra (d1sta.nce
of oxygen atoms to centenvaries between 3.77 and 3.95 A); their
- average free diameter is only about 5.0 A. The larger cavities are
almost spherical; the oxygen atoms e at the vertices of hexadeca-
~ hedra and their free diameter is 8.7 A. The distances have been’
“calculated on the basis of a unit cell edge of 17.40 A as found for -
‘propane hydrate, - : ’
. Hydrates of Structure II are fonned only by molecules which
‘ are too large to be accommodated in Structure I. This :mphes that
* they occupy :only the larger cavities.-Also very common aré the
‘so-called mixed hydrates discussed. by von Stackelberg and Mein-
‘hold*” in which large molecules {e.g. CHCl;) occupy the larger
cavities of Structure II. and small molecules (e.g, CO,, N,, H,S)
oc¢cupy the smaller cavities as well as some of the larger ones. In
‘Section 11, C.{2)(b) a quantitative discussion is given of the phase
behavmr of the system methane—propane-water in which such a
‘ mlxed hydrate occurs.

COIL STATISTIGAL THEORY
A. Basic Assumptions '

The' thermodynamic properties of clathrat&s can be derived
~ from a simple model which corresponds to the three-difmensional -
genera.hzatwn of ideal locabzed adsorptxon In ref 52 the deriva- .



