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The possibility of using gas chromatography for the separation of natural isotopes 
has been investigated so far only for hydrogenl-” and neon”. The introduction of 
high efficiency columns, however, opens new possibilities for the determination of 
isotopic molecules. A partial separation of deuteratecl and tritiated cyclohexane has 
been obtained by WILZBACEI AND RZESZ O, but more recently FALCONER AND CVETA- 

NOVIC’ have shown that a number of hydrocarbons can be effectively separated from 
their partially and fully deuterated isomers on capillary columns. 

The purpose of this investigation was to evaluate the factors which affect the 
separation and the determination of two isotopically substituted molecules by gas- 
liquid chromatography with the aim of obtaining a number of fundamental data, 
which may then be extended to the analysis of any system. This work deals with the 
gas chromatographi.c investigation of benzene and perdeuterobenzene where the 
mass difference is about 7.7 %. 

EXPERIMENTAL 

A home-made gas chromatograph was used with a hydrogen flame ionization detector; 
the main advantage is, in comparison to commercially available instruments, that it 
can be thermostated by a circulating liquid so that an accuracy of about o.xOC can 
easily be obtained in the temperature range 0-50~. 

Perdeuterobenzene was obtained from Fluka (Buchs) ; its purity was higher 
than gg %. 

Experiments were performed to estimate the response of the hydrogen flame 
detector towards benzene and perdeuterobenzene. It was found that the ratio of the 
peak areas is the same as the ratio of the molar concentrations in the range of the 
experimental error (I-2 %), 

Glass capillary columns, 0.3 mm internal diameter were used, and prepaied as 
described by DESTY et al .8. The experiments were carried out on columns coated, as 
described elsewhereO, with the following liquid phases : dinonyl phthalate (A), squa- 
lane (B) and silicone oil 702 (C). The number of theoretical plates and the length of 
these columns, (taking n-heptane as internal standard), were: A 40,000 (40 m long) ; 

B 40,000 (40 m long) ; C 160,000 (80 m long). 
Retention volumes have been corrected for the dead volume according to PETER- 

SON AND HIRSH~~. 
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The gas chromatograms of benzene and perdeuterobenzene, performed on these 
columns under the same experimental conditions, are shown in Fig,. I. The ratio 
of the retention volumes is x.oogg on A, 1.0357 on B and r.oIgS on C. 

The nature of the stationary phase plays an important role in the separation of 
these substances. From Fig. I it appears that on a less polar phase e.g. squalane, better 
results are obtained, only a barely appreciable separation being observed on the dino- 
nyl phthalate column. 

(A) 

-_ -. _- 
Time (mid 

Fig. I. Gas chromatograms of benzene and perdeuterobenzcnc on capillary columns coated with 
dinonyl phthalate (A: 40 m), squalanc (B: 40 m) and silicone oil (C: 80 m). Temperature: zoo ; 

cwricr gas: nitrogen: flow rate: 0.5 ml/mine 

In order to make a juantitative appraisal of this behaviour, the thermodynamics 
of the chromatographic process were studied. The results were calculated not in 
terms of the absolute values but as the differences between the changes of the thermo- 
dynamic functions. It should be pointed out that absolute retention volumes can be 
measured only with an accuracy of about 3 %. Calculations on the ratio of relative 
retention volumes obtained by running a combined sample afford a degree of accuracy 
about one hundred times higher. Gas chromatograms of benzene (l3z) and perdeutero- 
benzene (dBz) were run at different temperatures on the syualane and silicone oil 
columns and the ratio of the corrected retention volumes: (V”n Bz/V/‘“n dBz), is 
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compared in Table I with the corresponding ratio of the vapour pressures, (PdBz/PBz) 
measured by INGOLD et al. 11. With the squalane column the’ former ratio is higher 
than the latter. The converse is observed with the silicone oil column. The inter- 
action of the two molecules is therefore quite different with the two liquid phases. 

In Fig. 2 the logarithm of ‘the ratio of the retention volumes on squklane column 

16- 
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Fig. 2. Logarithm x 10~ of the ratio of the retention volumes (bcnzene/pcrcleuterobcnzcne) on 
squalane (A) and silicone oil (C) and of the vapour pressures (pcrdeuterobenzcnc/bcnzenc) 

V~YSUS x/T (B) . 

(A) and on silicone oil column (C) and the logarithm of the ratio of the vapour pres- 
sures (l3)O is plotted against the reciprocal of the absolute temperature. There is a 
linear relationship between tljF,se values, which holds in ,the range of temperature 
investigated. It can be expressed by the following equation: 

From the slopes of A and C on the graph the difference of enthalpy related to the 
chromatographic process can be calculated; the results are : 

on squalanc : (dHJ3z - ~~clB~)chr~ - -46.2 cal. 

on silicone oil: (dHnz - dHd~~)~l,~, = -11.4 cal. 

By extrapolation to I/T = o, the value of the constant C is determined and from it 
the difference of the entropy change calculated by the following equation: 

dSnz - .4Sdnz = 2.3 RC (2) 

J. Chromalog,, 12 (rgG3) 8-14 
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The difference of entropy can also be calculated from the following relationship: 

AGnz - AGdnl, = dN137. - ~~-dISZ - T(dSBz - dSdBz)chr, 

The differences of free energy changes are obtained from the retention volumes: 

volt Bz 
dG~3, - AGdm, = - 2.3 IZT log --- 

VOIZ cl132 

Roth values are given in Table II. 

TABLE II 

273 -7.Gg -22.31 --5.75 -1 .oG - - 
283 - 7.4.2 -2 I .73 -S.65 --r.23 -11.3s 0 7.42 
293 -7.17 -20.37 -s*s2 ---_I .Gs -11.35 0 7.17 
303 -6.93 -1g.84 -s.70 -1.77 -11.3G 0 6.93 
313 -G.71 - - - -11.43 0 G.71 
323 --6.50 - - - -11.29 0 G.50 

The gas chromatographic process might be taken as consisting of two reactions, 

one due to condensation (c) of the eluted component and the other duo to mixing (m) 
with the partition liquid. The calculated enthalpy and entropy changes are therefore 
the sum of the contributions due to each reaction: 

By using the difference between the latent heat of these molecules determinecl by 
INGoLD 08 al. (AN, Bz-~wc dBz = - 20.96 cal) 11, the difference of the changes of heat 
of mixing in escess is calculatecl as: 

and : 
AH mBz -AdTf,dBz = - 25.2 cd for squalane 

d.?fmBz - Alf,dnZ = 9.6 cd for silicone oil, 

.The values of entropy change of the process of mising are calculated according to: 

(AsBz - ~~Scll3z)m = (nsl3z - ~Srll3z)chr. - @513z - ~&lnzjc 

Ry considering the Clausius-Clapeyron equation for the vaporization of 
pcrdeutcrobenzen.e 

benzene and 

(4) ’ 

and for the chromatographic process of these compounds (eqn. I) and by introducing 

J. CAromalog., 12 (1963) S-i4 
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the relationship12 

where y is the activity coefficient, and by combining eqns. (I), (4) and (5) and account- 
ing for eqn. (3), the following equation is obtained, being AHv = - AH,: 

From the plot of the logarithm of the ratio of the activity coefficients, calculated ac- 
cording to eqn. (5), VCYSZLS I/T (Fig. 3), the difference between the integration constants 
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Pig. 3, Logarithm of the ratio of the activity cocfficicnts (perclcutcrobcnzcnc/bcnzenc) V~YSUS I/T. 

is calculated by graphic extrapolation. From, this the difference between the heats of 
mixing in excess is obtained. The values - ~0.50 cal for squalane and + 6.4 cal for 
silicone oil are in fair agreement with the ones previously reported. 

DISCUSSION 

The data obtained from the gas chromatographic behaviour of benzene and perdeute- 
robenzene, given inTable I, show that the ratio of the activity coefficients in squalane 
is greater than one and in silicone oil less than one. This means that in squalane the 
difference between the heats of solution acts in the same direction as that of the heat 
of mising, while the converse holds for silicone oil. Both ratios tend to unity on 
raising the temperature. 

As a tentative esplanation for this behaviour, the fact that in the liquid state 
there is a stronger attraction among the benzene molecules than is the case in per- 
deuterobenzene might be taken into account. These attractions, due to the inter- 
action of z electrons in the two molecules, are responsible for the different vapour 
pressures of the two molecules. The dispersion strengths, due to the dipoles of a polar 

J. Chromalog., 
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phase, esert a strong competitive action against the association strengths with the 
result that on a polar stationary phase the two substances behave almost in the same 
way and therefore a lower separation is achieved. 
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SUMMARY 

The separation of benzene and perdeuterobenxene by gas-liquid chromatography 
has been investigated on glass capillary columns. The nature of the liquid phase plays 
a very important role in the separation of isotopically substituted molecules, the 
less polar (squalane) being more effective than silicone oil, With the former, the 
separation is better than espected on account of the differences of vapour pressure, 
the reverse is found with the latter phase. 

The thermodynamics of the chromatographic process have been studied, ancl 
the difference of AG, AH and dS for both substances together with the ratio of the 
activity coefficients on squalane and silicone oil have been calculated. 
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