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Tt:is convenientito«describetthe:shapedfchittion ppedisty ttivesezw rmatlig, Y ,dbfinedlas
the ratio . of :the magnitudes «df tthe Slgpes df tthe ttrdiling cantl eatiing edipss att thetir
points of:inflexion ; ithuswhen tthe ttrailing cetige iis sttegper tthan tiiee ltading edies, thee
skew :ratio:is;greater tthan wnity.

‘Various itheoretical ttreatments «of ggasHliguitl adbromettegepihy (L)), using;
methods first: developedfforppartitiondhromategraplyy/! = sttatt fhom tiieeconoeptt offtiie
distribution isotherm wwhich ¢gives tthe cconcerttrettion off thhee ssdittte iin titee stetionamy
phase:as-aifunctionofithe.concentrationdftthesditteiin tthemuorting (fzes)) piteesee. Intiie:
context: of G!L{C.thedistributioniiscthermmélates ttire ccorsestbattion ccaff thieesaliiteeiin
‘the ‘liquid ;phase «expressed iin mmdles per wmit wdlume off titre pitosee tto thee gartiail
pressure ;p . of ithe-solute, cf. wef. 3, pp. «§b eéé ssegy. Aoccorting tro Hextth tiee  plicted”’ toeett—
‘ment!.andthe “‘rate’’ ttreatment4, tthe sdkew rdatio Shodill bee umiity iff thiee dstimbutiom
isothermiisilinear,ibut:shoiuldibellesstthanwmityiif ttiretigtrimtitonisttienm s concame:
‘towards ‘the;pressure:axis:and (gredter tthan winityiff ttle iisdtiserm iis conueete towaardis
‘the concentration :axis. The :skew ratio iis tthus méldatetl tro tiiee s¥ggw off tifee casrmaditores;,
(d%/dp?) p=o, ofithe graph diciagainst jpmeartihecorigin:

/R Z 1:accordingas < :1:};; >m—1'0 Zw.. - (@)

Until recently mno:experimentdl cdatalhave theen mavaildile tto trestt tiliis preetiom, Butt
it has ibeen generally :accepted iantl cextentlet] iin tthe fidliowing way (¢ff.meff. 33, . D5H) -
At low concentrations tthermole ffraction w«df tthe sdlitte iin titee Higpniitl pitasee it mearntiy
proportionalitoithe concentrationce,soiitiiscassumet tthrtt tthve Stregre afftttee dstrbutiom

isotherm (c vs. p)iis essentidlly tthessame zas tthett ff thhe ggus sdliibiltyy (kv uss. ) plots,
whichiisilineariif:the-systemGbeys EHenrnysllaw;,

fo==1llx,, (&3)

where % :is:the (Henry sllaw.constant, cequdl tto tthe wepour ppressurxe off tiltee puree solintee
only if ‘the solution iisidedl (over tthe certtire cconcerttration mange™ . Thus siew natios
greater ‘than sunity . are:said ito Ibe @ttributdble tto megetiive dtexticttions ffoom Henmgs

v Although:iniHenry's origindliformulationditthisliawttiressdhiblitpyvwasseospprossedtliintermssoff

amount (presumably mass)periunitwolume, tthe'-smtumcrttcdittheIMWlmtmmsoifmu}k.ffwtionss
has become universiliin:dllitthermodynaniicvworkstinece IImBwss saND HRvenanan s, '
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law (x vs. p plot concave towards x axis) and vice versa. Furthermore, since negative
deviations from Henry’s law are often associated with positive deviations from Raoult’s
law (which may be stated as eqn. (2) but with # equal to the vapour pressure of the
pure solute) and vice versa, the skew ratio might be expected to correlate with
deviations from Raoult’s law.

AsHWORTH AND EVERETT? have measured the solubilities of a series of low mole-
cular weight hydrocarbons (C; to Cg) in dinonyl phthalate and in squalane, and the
same systems have since been studied by G.L.C.%° Only the solutions of the four
normal alkanes and of 2,2-dimethylbutane in dinonyl phthalate show positive
deviations from Raoult’s law in the low solute concentration region. In the other
systems, including all the solutions in squalane, there are negative deviations from
Raoult’s law and positive deviations from Henry’s law over the whole of the con-
centration range (o << ¥ << 0.1) covered by the G.L.C. experiments. According to the
foregoing argument, we should therefore expect skew ratios Zess than unity in these
latter cases and that the skew ratio should decrease with increasing sample size. In fact,
both in the work of EVERETT AND STODDART® and more recent work in this laboratory?,
while the value of the skew ratio obtained by extrapolating to zero sample size is
always just less than unity*, the skew ratio always increases with increasing sample
size, being in some cases greater than 3 for 10 ul samples.

This apparent contradiction between theory and experiment has previously been
remarked upon by FREEGUARD AND STOCK!?, who have measured the vapour-liquid
‘““isotherms”’ for these systems and found them all to be concave towards the con-
centration axis. FREEGUARD AND STOCK state that this is the normal shape of the
isotherm for all solutions of vapours in involatile liquids except those showing un-
usually large negative deviations from Raoult’s law. While this is generally true, the
situation is complicated by the fact that FREEGUARD AND StocK have plotted their
““isotherms’’ in terms of the amount of solute per gram of solvent rather than per ml
of 'solution. It is therefore worthwhile to examine again the question of the shape of
the distribution isotherm, with the object of establishing rigorously its curvature,
since this is the property which through eqn. (1) determines the skew ratio of the
elution peaks.

The concentration of the solute in the liquid phase, defined as the number of moles
of solute per unit volume of solution, is well approximated by

c = ”n
- Nglg -+ NV (3)

where 75 and # are the numbers of moles of solvent and solute respectively, and v,
and v are the molar volumes of pure solvent and solute respectively. (The approxima-
tion consists in ignoring the volume of mixing, which is always small in dilute solu-
tions.) The relation between the concentration ¢ and the mole fraction x of the solute,

defined by

2 = n
=0 7 (4)

* The limiting value of the skew ratio is in every case between 0.80 and 0.85. The fact that it is
less than unity is probably due to finite response times of the katharometer and recorderil,
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is then

x

gy == ][—u” (5)

where
Tigy —— W

;= - - ' (6)

Combining eqn. (3) with eqn. (2) gives for the distribution isothermx of a solution
obeying Henry’s law
Ty = — _z_*i i (D

The curvature of the isotherm is them mot zero but

d=c B 2zh ]l

—= (8)
dg> oy Lk —xp)®
and at p =0 has the value
<dl=’¢> _z= 2 —x
(W =0 ohk® m@,fbﬂ( ¥ ) (0)

where wg/v has been set equal to », the ratio of the sizes of the solvemt and solute
molecules, so that & = (v — 1)/7-. The limiting curvature of the distribution isotherm
for a system obeying Henry’s law is thus always positive unless v > vy. It is extremely
unlikely that the molar volume of any relatively imvolatile liquid suitable for use as
the stationary phase in G.L.C. will be smaller than the molar volume of any relatively
volatile solute which can be studied by this method. Consequently, if @ sysfem obeys
Henry’s law we must expect G.L.C. dution praks to kave shew ratvos greater thar unztv
even at zero sample size.

The confusion on this point has arisem becaunse of the assumptiom that molal
concentration ¢, molar concentration ¢, and mole fractiom x are linearly related at
low concentration, 7.c.,

aAr .
c - = Qg = % (x0)
instead of
. M /24 . . g
(cI =% e ms——__k e (xx)

‘While the consequent ermor im ¢ is trivial, that in the corvature d®c/dp* is important.
The conditions under which a symmetrical peak is to be expected may be exam-
ined by expressing d%/dp* in terms of the activity coefficient, 3, of the wolatile solute

defined by
p=prx. (x2)

where p° is the vapour pressure of pure solute (x - 1).
’ Combining eqns. (3) and (12) gives, instezd of eqm. (z1),

Wy = ————— (x3)

Py —ap
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whence
d2e

_ dy
dp2/p=0

] it N
= e TP Gp Jeol (x4)
where * is the value towards which y tends as x tends to zero. Further, since

dy dy /dp

dp dx/ dx’
while from eqn. (12),
_Elﬁ) e 1’0 0
dg/p=0 TV
we find 4 4
o (SY I (e
7 dp /p=0 clx)x=0 )

Thus (d2%c/dp?)p—o is zero and R = 1 when

dIlny Yy —1
( dx )x=0 =*= ¥y ' (IS)

In general, from egns. (1) and (14)

A

dlny) ¥ —1

R 2 1 accordin as( S
< g dx x=0. > 1 4

(16)

For molecules of equal size R = 1 when (d In y/d%)z~0 = 0, while for molecules of
different sizes the limiting slope of In ¢ against x must reach a sufficiently large value
in the range o to 1. Since nearly all systems relevant to gas chromatography consist of
- mixtures of molecules of widely different sizes, it is of interest to see what predictions
- follow from the theories of such solutions.

We consider first athermal solutions. The statistical theory gives!?

v — (v — 1)x]¥z—1
lg — (g — 1)#]*=

Yath = (x7)

where 2 is the average number of nearest neighbours in the quasi-lattice of the liquid,
and g is defined by
g = ¥ —2v + 2., ‘ - (18)

We shall assume that » in these equations can be identified with that defined earlier
by the ratio of the molar volumes of the components (¢f. ASHWORTH AND EVERETT?).
Equation (17) can be written

yiz—1 (v — ax)i‘z—l .
Yath = q,&,z ’ (I -—ﬁx)*a ’ (19)

where
a=”_y-l, as before; and p=q;—1

(20)
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Taking logarithms and differentiating we obtain

d ln Yath . ﬁ o
: dx —&zl—ﬁx (Ge—1n—3 (21)
so that when x - 0 Al
d ‘1 Yath _ (Y I)(q — I)
dx )x==0 - ( v g : (22)
Thus for athermal solutions
1 —

If 2 > o and » is large (2.¢., the case of a high polymer solution in the Flory-Huggins
approximation), ¢ = » and so

I N oo

and symmetrical elutlon peaks W111 be observed, at least for very small sample sizes.
For non-athermal solut1ons eqn. (I 7) must be multlphed by

S g(r —x) 17
yin = exp oz [T ] (25)
where w is the “interchange energy’’ defined by
w = z{e12 — ¥(e*11 ~+ &%) }, (26)
and g4 are the pair interaction potentials!?, This leads to
d In y¢n 2w 1
e = — 37 '3 @)

and, adding this term to eqn. (22),

dlny Y —— 1 I /¥y —1I 2w
= —— - . 8
( dx )x=—-0 ( r q( 4 + RT (28)

Thus when w is positive, as was found for all the solutions studied by ASHWORTH AND

EVERETT, the limiting slope of In 9 against x is even less than for the athermal case
and the elution peaks will by more unsymmetrical.

Peak symmetry will be observed only when w has a negative value satisfying

kT ¥

2w Y — I) (29)

The occurrence of large negative values of w is in fact extremely rare and limited
to mixtures with a highly polar component. Consequently, since most mixtures of
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non-polar liquids of widely different molecular size are described with reasonable
accuracy by the statistical theory of solutions, we conclude that the occurrence of
skew ratios greater than unity must be regarded as normal in G. L C. irrespective of
the sign of moderate deviations from Henry’s law.
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SUMMARY

An analysis is given of the relationship between peak shape and the deviation from
ideality of the solution of vapour in the stationary phase. Earlier discussions have
obscured the true situation by overlooking the mathematical consequence of assuming
that the concentration of the solution is directly proportional to the mole fraction.
A more rigorous analysis leads to a relationship between the nature of the peak
asymmetry and the behaviour of the activity coefficient of the volatile solute in
infinitely dilute solution. Comparison with the theory of mixtures of molecules of
different sizes shows that asymmetry of the peak, with the slope of the trailing edge
greater than that of the leading edge (skew ratio > 1), must be regarded as normal in
gas-liquid chromatography irrespective of the sign of moderate deviations from Henry's
law.
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