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The limiting isosteric heats of adsorption on y-alumina were determined by gas-solid chromato-
graphy in the temperature range 150—225°C for the compounds: CCl; (9.0 kecal/mol), CHCly
(10.2), CH,Cl, (9.9), CH;—CCl; (8.2), CH;Cl—CHCl, (8.2 and 9.6 according to adsorption posi-
tion). The results are discussed with regard to possible orientations of the adsorbed molecules on
the solid surface as well as to the interaction of the electric surface field with the adsorbate mole-

cular dipoles.

Gas chromatographic procedures find increasing
interest for evaluating thermodynamic quantities
relevant to physical adsorption® and have been
used in this laboratory for determining the heats of
adsorption of several hydrocarbons on solid adsor-
bents 2 2. It was shown that with linear alifatic com-
pounds the adsorbate-adsorbent interactions are
non-specific in nature and largely due to dispersion
forces, whereas unsaturated or aromatic compounds
clearly showed a contribution from the electrostatic
interaction with the adsorbate z-electron system.

It was thought worth extending the research to
other organic vapours which, contrary to the apolar
ones studied previously, have a permanent electric
moment. In the present work the heats of adsorption
for CHCl;, CH,Cl,, CH;-CCl;, CH,Cl-CHCl,
(and CCly for comparison) on y-Al,O; were deter-
mined, aiming at revealing the interaction of the
surface electric field with the adsorbate molecular
dipoles and possibly obtaining information on the
orientation of the adsorbed molecules on the surface.

Experimental

Materials. B.D.H. y-Al,0, “for chromatographic
adsorption analysis”, from the same batch used
previously (BET nitrogen area = 14812 m?/g)
was activated at 300 °C in air before column pack-
ing and then flushed with the carrier gas for 6 hrs.
at 200 °C.

As for the adsorbates, Merck “Uvasol” CHCI,
and CH,Cl, and C.Erba “RS” CCl, and CH; — CCl,

were emploved without further purification; Fluka
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“Purum” (98%) CH,Cl—CHCI, was purified by
known methods* % and repeatedly distilled (ni =
1.47146; lit.: ab =1.47159%). A purity check, re-
quired after the experimental observations referred
to below, was made by GLC (stationary phase:
Apiezon Grease L on 60— 80 mesh Celite) and
gave >99.77%.

Apparatus and procedure. The experimental set-
up for measuring gas chromatographic retention
times, column temperatures and carrier gas flow-
rates was essentially the same as described previ-
ously 2. True retention times? at several tempera-
tures were measured with constant
(throughout each experimental run) for injected
samples of 0.1 to 2 ul (i.e., about 1 to 30 wmol)
and corrected for the temperature difference between
column and flow-meler and for the pressure drop
across the column, according to James and Martin ®.

Two independent runs were always made with
each adsorbate.

Electrolytic hydrogen (99.995%) was employed
in all cases but for one run with CH,Cl - CHCI,
where helium (99.9%) was used.

flow-rates

The experimental conditions are summarized in

Table 1.

Results. Plotting logt vs. 1/T (t=corrected re-
tention time, T = abs. temperature) for each injected
amount, straight-lines were always found. By least
squares fitting of data to the equation logt —=a + b/T,
the heat of adsorption. (},, was gained from the
slope b=0,/2.303 R. The results are reported in
Table 2.

It should be noted that two sets of data are re-
ported for CH,Cl— CHCl,: this derives from an
unexpected feature in the chromatograms of this
compound, which always exhibited two distinct
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Table 1.
Column: stainless steel; length 100 ¢m; i. d. 0.6 cm Gas-chromatographic conditions.
Adsorbate Run Carrier  Temperature Flow rate  Pressure
gas range [°C] [ml/min]  drop range
[atm]
CCl, 1 H, 160—202 100 0.92—1.02
2 H, 155—196 100 0.90—1.00
CHCl, 1 H, 160 —200 100 0.91—1.02
2 Ha, 160—200 100 0.91—1.01
CH,CI, 1 H, 150—190 105 0.92—-1.03
2 H, 150—190 105 0.92-1.03
CH;—CCly 1 H, 165—200 60 0.62—0.68
2 H, 165—200 60 0.62—0.68
CH,Cl—CHCI, 1 H, 200—225 100 1.02—1.08
2 He 195—225 75 1.19—1.26
Table 2. Heats of adsorption, Qa
CCl, pemol 1.03 3.09 5.15 7.21 10.30 20.59 (kcal/mol), measured for different
Qa 892 884 879 874 8.72  8.67 injected sample amounts (umol).
CHCl4 umol 1.24 3.72 6.20 8.68 1240 24.79
Qa 10.14 9.75 9.79 9.71 9.76 9.63
CH,Cl, samol 1.60 4.81 8.02 11.23 16.04 32.07
Qa 9.70 9.62 9.50 9.37 9.29 9.21
CH;—CCl, wumol 0.99 2.97 4.95 6.93 9.90 19.80
Qa 8.04 8.07 8.16 8.16 8.32 8.51
CH,Cl—CHCI, (a) nmol 1.08 3.24 5.40 7.56 10.79 21.58
Qa 808 807 7.89 791 779  8.04
CH,Cl1—CHCI, (b) umol 3.24 5.40 7.56 10.79 21.58
Qa 9.55  9.44 947 948  9.53

The standard deviation of Q2. was usually
0.5 kcal/mol.

peaks. Since sample impurity was excluded, the oc-
currence of a chemical reaction in the adsorbed
phase was suspected. This, however, could also be
ruled out since: 1) no change occurred when helium
was substituted to hydrogen as the carrier gas, and
2) very good base-line stability and peak repro-
ducibility were always obtained. The fact might then
be explained if the CH,Cl— CHCl, molecules were
adsorbed in two different positions with substan-
tially differing values of the adsorption heat: would
this be the case, the elution should take place at
different rates originating two well resolved peaks.
The data in Table 2 under the headings (a) and
(b) refer to the peaks with shorter and longer re-
tention times, respectively.

When the @,’s obtained in one run were plotted
vs. the adsorbate amount (which is proportional to
surface coverage) a slight dependence on the cover-
age was observed: Figure 1 shows that extrapola-
tion to zero coverage could be performed safely.

Very good agreement was found between the
extrapolated values, (0,0, of different runs for each

+0.2—0.3 and never exceeded

adsorbate: these values, together with the averages,
are reported in Table 3.
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Fig. 1. Change of the chromatographic heat of adsorption
with injected sample amount (data from runs 2).
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Table 3. Chromatographic heats of adsorption (kcal/mol) at
zero surface coverage.

Adsorbate Run Qa0 Qa,0

CCly 1 9.0 9.0
2 9.0

CHCl, 1 10.1 10.2
2 10.2

CH,Cl, 1 100 9.9
2 9.8

CH,;—CCl, 1 8.2 8.2
2 8.1

CH,Cl—CHCI, (a) 1 8.2 8.2
2 8.2

CH,Cl— CHCI, (b) 1 9.6 9.7
2 9.8

Discussion

As already stated 1 the gas chromatographic heat
of adsorption at zero coverage coincides with the
limiting isosteric heat; thus, it can be related di-
rectly to the adsorption potential 1% 11,

For CHCl,, Q,4 is distinctly larger than for CCl,.
On the contrary, earlier measurements by Ross
et al.'® on graphitized carbon black gave almost
equal values for the limiting isosteric heats of both
adsorbates (8.00 and 8.35 kcal/mol, respectively).
This different behaviour can be related to the stron-
ger surface electric field of the oxidic adsorbent.
While with CCl; the largest part of the adsorption
potential can be attributed to the dispersion inter-
action, with the permanent dipole moment of CHCly
a significant contribution by electrostatic interaction
is also to be expected. Further, in the case of a
symmetrical molecule such as CCl; the question of
the adsorption position does not arise, whereas with
molecules of lower symmetry a position corre-
sponding to a maximum of the dispersion inter-
action energy is favoured !*; when the adsorbate
has a permanent dipole moment further restriction
to molecular rotation in the adsorbed layer results
from the orienting effect of the surface field, which
tends to align the dipoles parallel to the field and
pointing to the surface. In the case of CHCI; both
effects cooperate to favour the same orientation,
since the moment (1.05 D) lies on the symmetry
axis and points to the Cl atoms plane.

Should the electrostatic energy, ¢., of a polar
molecule in an electric field be given!® by &=
—uFcosi (where p=dipole moment, F =electric
field intensity at the centre of the dipole, 9 = angle
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between dipole and field directions), the energy is
at a maximum when ¥ =180°. Thus, the CHCl;
molecules should be adsorbed with their three
chlorine atoms facing the surface. Incidentally, it
may be remembered that the same orientation was
demonstrated on different experimental grounds for
CHCI; adsorbed on graphite 6.

Reported estimates of the surface field were in
the order of 1 —2 3 10° esu for alkali halides!? and
2.7 % 10% esu for rutile 8. With the rounded value
of 10%, the above equation gives for CHCly e.=
1.05 < 107 2° J/molecule or E, = 1.5 kcal/mol, which
is close to the experimental difference in Q.

In CH.Cl, the electric moment (1.57 D) is di-
rected along the bisectrix of the Cl—C —Cl angle.
The orienting effect of the field should cause the
molecules to be adsorbed in an “upright” position
with the Cl atoms only contacting the surface. For
the principle of maximum dispersion interaction,
however, an “inclined” position with one H and
two Cl atoms close to the surface should be pre-
ferred. It is readily seen from scale models that in
the latter position it would be 9 == 100°, the electro-
static contribution thus becoming very small. Since
an only slight lowering in the adsorption heat of
CH,Cl, with respect to CHCl was found experimen-
tally, it seems likely that an average adsorption
position, closer to the “upright” one, is experienced
by CH,Cl, .

With CH; — CCly, Q, ¢ is significantly lower with
respect not only to CHCl; but also to CCl,. Since
#=1.9D, an “upright” position analogous to that
of CHCly can be excluded, whereas a “lying-down™
position with two Cl and two H atoms contacling
the surface seems acceptable. On account of known
bond polarizabilities, it may be guessed that even
the dispersion energy term should be smaller than
in the case of CCly; moreover, in this position
D =~ 90°, the electrostatic term decreasing to a
negligible value.

The case of CH,Cl - CHC, is more complicated
by the possible existence of internal rotation iso-
mers, while two distinct adsorption positions were
experimentally detected. The value of the molecular
dipole moment (1.4 D), as derived from gas-phase
or dilute solution measurements, is of little aid
here. Vector calculation from the individual
—CH,Cl and —CHCl, group moments!? gave
3.0D and 0.6 D for the moments of the cis (stag-
gered) and trans (eclipsed) configuration, respec-
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tively. None of the measured adsorption heats seems
able to correspond to adsorption of molecules in the
cis configuration, on account of the high values both
of the dipole moment and of the dispersion energy.
With the trans configuration, mainly two types of
adsorbed molecules can be considered (since any
other possibility would not give a sufficiently high
interaction energy) : (i) with two H’s and two Cl’s,
and (ii) with two CI's and one H (pertaining to the
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