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The possibility of using gas chromatography for the separation of natural isotopes
has been investigated so far only for hydrogenl-4 and neon®. The introduction of
high efficiency columns, however, opens new possibilities for the determination of
isotopic molecules. A partial separation of deuterated and tritiated cyclohexane has
been obtained by WiLzBAcH AND RiEsz8, 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 chromatographic 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 0.1°C can
easily be obtained in the temperature range o-50°.

Perdeuterobenzene was obtained from TFluka (Buchs); its purity was higher
than g9 %.

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 (1-2 %). ’

Glass capillary columns, 0.3 mm internal diameter were used, and prepared as
described by DESTY et al.t. The experiments were carried out on columns coated, as
described elsewhere?, 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 #-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!O,
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The gas chromatograms of benzene and perdeuterobenzene, performed on these
columns under the same experimental conditions, are shown in Fig. 1. The ratio
of the retention volumes is 1.0035 on A, r.0357 on B and 1.0198 on C.

The nature of the stationary phase plays an important role in the separation of
these substances. From Fig. 1 it appears that on a less polar phase ¢.g. squalane, better
results are obtained, only a barely appreciable separation being observed on the dino-
nyl phthalate column.
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Fig. 1. Gas chroxﬁatograms of benzene and perdeuterobenzenc on capillary columns coated with
dinonyl phthalate (A:40 m), squalane (B: 40 m) and silicone oil (C: 80 m). Temperature: 20°;
carricr gas: nitrogen; flow rate: o.5 ml/min,

In order to make a quantitative 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 (Bz) and perdeutero-
benzene (dBz) were run at different temperatures on the squalane and silicone oil
columns and the ratio of the corrected retention volumes: (V°gr Bz/V°g dBz), is
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ISOTOPIC EFFECTS IN GAS—LIQUID CHROMATOGRAPHY. T, II

compared in Table I with the corresponding ratio of the vapour pressures, (PdBz/PBz)
measured by INGOLD et al.ll. 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 squalane column
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Fig. 2. Logarithm X 10® of the ratio of the retention volumes (bcnmne/pcrdeuteroben7ene) on

squalane (A) and silicone oil (C) and of the vapour pressures (perdeuterobenzene/benzenc)
" versus 1/T (B).

(A) and on silicone oil column (C) and the logarithm of the ratio of the vapour pres-
sures (B)¢ is plotted against the reciprocal of the absolute temperature. There is a
linear relationship between these values, which holds in the range of ternperature
investigated. It can be e\pressed by the followmg equation:

VerpBz (AHBz — AHqaunz)enr. I
log —2—2 — .. fow + C
°8 Ve, dBz 2.3 It 7T (

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 squalane: (4dHpz; — AHapz)enr. = —46.2 cal.

on silicone oil: (AH n; — AH gnz)enr. = —11.4 cal.

By extrapolation to 1/7 = o, the value of the constant C is determined and from it
the difference of the entropy change calculated by the following equation:

ASpz — ASanz = 2.3 RC. L (?)
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The difference of entropy can also be calculated {from the following relatlonshlp
44GBz - AFdBv == AI'IB? e AI’Idnv — T(ASIH - Asdnz)chr

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

e
ACGpy — AGery, = — 2 .3 BT 1o og _O_IEEZ_
ndnz

I3oth values are given in Table I1.

TABLE 11

Squalanc Silicone oil 702

(A4S pa-
T 48 AGpa- (A4S gz~ (48 AG pga- AS A48

Ad ?S) € A Gglz?z ASg Blzj chr A45g l?zz) m d Gg;iz 4'(5d Bl::jch r A(sd BLB m

X r0% X ro? 103 X 10

273 —7.69 —22.31 —8.75 —1.006 —_ - —_—
283 —7.42 —21.73 —8.65 —1.23 —11.38 o 7.42
293 —7.17 —20.37 —8.82 —1.65 —11.38 o 7.17
303 —6.93 —19.84 —8.70 —1.77 —11.30 o 6.93
313 —6.71 — —_ — —11.43 o 6.71
323 —6.50 — — _— —11.20 o 6.50

The gas chromatographic process might be taken as consisting of two reactions,
one due to condensation (c) of the eluted component and the other due to mixing (m)
with the partition liquid. The calculated enthalpy and entropy changes are therefore
the sum of the contributions due to each reaction:

(AHBz -_— Af{dnz)chr. = (AHch - AIimBz) - (AHchz -+ AHmde)

(3)
(ASBZ -_ Asdl}z)clu'. = (ASch -+ ASm]Sz) - (Aschz -+ l'smdlsz)

By using the difference between the latent heat of these molecules determined by
INGoLD ¢t al. (4H ¢ Bi—AH ¢ aBz = — 20.96 cal) 11, the difference of the changes of heat
of mixing in excess is calculated as: :

AH mBz — AH map. = — 25.2 cal for squalane
and:
CA-H Bz — AH manz = 0.6 cal for silicone oil,

‘The values of entropy change of the process of mixing are calculated according to:
(A4Spy — ASapz)m = (4Snz — ASanz)enr, — (ASnz — ASanz)e

By considering the Clausius-Clapeyron equatlon for the vaporization of benzene and
perdeuterobenzene

PCany AHvape — AHvpz 1

TR e et et et i it s et 8 s Cl (4‘)

Poy,, 23 R r

and for the chromatographic' process of these compounds (eqn. 1) and by introducing
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the relationship!?

V°rupz (¥P°)ama
log ——nZ =1

°8 Verana o (»P°) 2 (5)
where ¥ is the activity coefficient, and by combining eqns. (1), (4) and (5) and account-

ing for eqn. (3), the following equation is obtamed being AHy = — AdH,:

Yanz AHmIM' — AH pianz 1 v

log 2482 _ — 4 (C"—C 6
o8 23R F( ) (6)

From the plot of the logarithm of the ratio of the activity coefficients, calculated ac-
cording to eqn. (3), versus 1/T (Fig. 3), the difference between the integration constants
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Fig. 3. Logarithm of the ratio of the activity coefficients (perdcuterobenzene/benzenc) versus 1/7T.

is calculated by graphlc extrapolation. From this the difference between the heats of
mixing in excess is obtained. The values — 20.50 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, giveninTablel, 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 mixing, while the converse holds for silicone oil. Both ratios tend to unity on
raising the temperature.

As a tentative explanation 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 s¢ 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
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phase, exert 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 perdeuterobenzene 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 expected 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, and
the difference of AG, AH and A4S for both substances together with the ratio of the
activity coefficients on squalane and silicone oil have been calculated.
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