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STUDY OF THE Af)SORPTION EFFECTS AT THE SURFACE OF POLY-
(ETHYLENE GLYCOL)-COATED COLUMN PACKINGS
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LEabaratoire de Chimie Technique de PEcole Polvtechnique Fédérale de Laus , 1015 Lausanne
(Switzerland) ' )

SUMMARY

Gas chromatographic data for a series of solutes on a purified dimethoxypoly-
(ethylene glycol) are presented. The retention volumes were measured on columns
prepared with two supports, one wettable and the other partially wettable by the sta-
tionary phase, at four temperatures and on four column packings with different
loadings. The data permitied the evaluation of equilibrium parameters characterizing
solute absorption in the stationary phase and solute adsorption at the different inter-
faces in the column. An attempt to interpret the results is described.

INTRODUCTION

The “relative adsorption’ of solutes at liquid-solid and liquid—gas interfaces
can best be studied with solvents of intermediate polarity which allow the simul-
taneous determination of solution and adsorption data with reasonable precision.
Data at high solute dilution (“ideal dilution™) can be obtained relatively easily in the
dynamic measuring system of the gas chromatographic column if information is
available on the surface areas of the different interfaces (support-liquid-gas) in the
column. To circumvent the experimental determination of the actual surface areas,
the model proposed by Martin® assumes that the surface area of the supported liquid
in the column is equal to that of the support. As pointed out by Serpinet?, this model
presumes complete wettability and cannot be applied to partially wetted supports. The
formation of a uniform film implies that a support with 2 high surface energy was used.
Unforiunately, in this case adsorption at the liguid-solid interface cannot be excluded.
Supports of low surface energy will be only partially wetted by a polar liquid. An ex-
tension of the model of Martin, proposed® for the case of partial wetting, assumes that
the sum of the surface areas, that of the Liguid and of the non-wetted part of the
support, equals the surface area of the support. Certainly, this approximation is not
nearly as goad as that for the case of complete wettability, but, it will allow the evalua-

* Partially from the Doctoral Thesis of A.S
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tion of gas chromatographic data. We propose, therefore, to use eqn. 1, derived
elsewhere?, for the interpretation of the data presented in this paper:

V= Ve j{l — af Y47 - Y21 [/RT} + (1 — @) RTT/k, ¢))

where V7 , is the specific retention volume of the solute, j, in the absence of adsorption
effecis; a is the proportion of the surface covered by the stationary phase and
Z = aswe/wa (as is the specific surface area of the support, ws and w; are the weights
of the support, o, and the stationary liquid, 4, respectively, in the column). The specific
retention: volume, V7 ;, accounts for solution phenomena. It permits the calculation
of Henry’s molal coefficient, g; (= RT/1000 V3, which in turn is related to the differ-
ence of the standard chemical potential, AV, of the solute between the ideal dilute
gas and liquid phases. The same is true, mutatis mutandis, for Henry’s coefficient for
the adscrption on the non-covered solid surface. The following equations express these
coefficients in terms of the thermodynamic functions that characterize the dissolution

and the adsorption equilibria:

RTIng, =Aui® —AHP —TASP + ACH [T —Tt — T(IITH]

RTIn kP = Au}® = AH{® — TAS{® + ACG) [T — TT — TIa(TITH)] (3)

Thereby, AH{P, AS(® and ACY, are the differences in the molar enthalpy, molar
entropy and molar heat capzcity of the solute (at constant pressure) between the ideal
dilute gas phase and the phase g (= 4 or 6).

The terms Y{## account for interfacial adsorption and are related to the initial
change of the interfacial tension, y4#, with the soluie concentration in the bulk,
mP:

FWer) PReTY _
o = [ 28] | - [ ] @~ im0 @
T

where 7Tt is a chosen standard temperature, s4® js the surface entropy either at the
gas-liquid, 4y (B = y), or at the liquid-solid, ic (8 = o), interface.

In order to acquir2 data permitting the study of solution parameters in the
bulk and adsorption data at the surface, firstly the polar liquid and the support bad
to be chosen. Dimethoxypoly(ethylene glycel) was considered to be a good model
solvent for several reasons. First, poly(ethylene glycols) are prepared by polyaddition
resulting in a polymer with a relatively narrow molecular weight distribution (Poisson-
distributed degree of polymerization). Thus, such polymers are relatively well charac-
terized and, especiaiiy those of high molecular weight, resemble monadisperse systems.
Secondly. they can be considered to be of moderate polarity and thirdly, their thermal
stability is excellent if contact with air is carefully avoided. Finally, a polymer “with-
out end groups™ can be prepared by methoxylation of the terminal hydroxyl groups
(the synthesis of the methoxy derivative will be described in a forthcoming paper).
We succeeded in transforming the end groups to a large extent with 2 procedure
typically [eaving less than 103 mol kg~! of unreacted hydroxyl groups. An analytical
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method, developed in our laboratory*, showed that the residual hydroxyl content in
the polymer used in this investigation (molecular weight 2177 4 27) was very low and
amounted to 6.7 - 107* ml kg,

It would be desirable to have a polymer without end groups, as solution data
on polymers with end groups cannot be interpreted unambiguously, especially when
comparing polymers of different molecular weights. There will always be doubts as 1o
whether a certain effect originates from the different end group concentrations or is
caused by the different size of the polymerS~7. The general formula of the dimethoxy-
(polyethylene glycols) is H {CH,—O-CH,}H. Consequently, it can be considered as a
hydrogen-terminated poly-(2-oxapropane). This smallest and most neutral substituent
will certainly minimize the end group effect but cannot eliminate it. The steric environ-
ment of the ether groups near the end is different from that inside the polymer chain.

It was intended to apply two different supports, one wettable (high surface
energy) and the other non-wettable (low surface energy) by the polymer. The use of
a support of high surface energy involves a certain risk. Eqn. 1 shows that the two
terms responsible for the interfacial adsorption, ¥{**” and Y¢*®, appear as a sum and
there is no simple means of determining them separately. On high-energy suppotts, the
liquid-solid interfacial energy, 94, could also be high, and consequently the term
Y% might also make an important contribution. Non-treated silicas have wettable,
high-energy surfaces. As poly(ethylene glycols) have repeatedly been proposed for
their deactivation®.?, one could hope that the use of a thermally deactivated silica,
coupled with the special interaction of the basic ether groups of the polymer with the
residual silanols at the surface, would result in an inactive interface. Therefore,
Chromosorb G was chosen as the wetiable support. An aliquot of this material,
silanized in our laboratory by fixing on it a dense monomolecular trimethylsiloxy layer,
was used as the partially wettable support.

With these materials, data were obtained that permit the evaluation of the -
parameters in eqn. 1 by assuming that the term responsible for the liquid-solid inter-

facial adsorption, Y{*?, is negligible.
EXPERIMENTAL

Materials

Solutes. The substances used as soluies were obtained from Fluka (Buchs,
Switzerland) and were used without additional purification.

Stationary liguid. This was prepared from a2 poly(ethylene glycol) of nominal
molecular weight 2000 (Fluka) purified as described elsewhere®. The molecular weight
was calculated® from the concentration of hydroxyl end groups in the polymer and
amounted to 2149 4- 27 (average of six determinations). The method of methoxylation
of this polymer will be described in 2 forthcoming paper. The molecular weight of the
product, dimethoxypoly(ethylene glycol), was calculated to be 2149 + 28 = 2177 L 27.
The residual hydroxyl content was 6.7 < 10~* mol kg~! (average of six determinations).

Supports. Two Kinds of support were used. One was the 200-250-gzm diameter
fraction of non-acid-washed Chromosorb G from Johns-Manville (Denver, Colo.,
U.S.A.) without any treatment {support N (non-silanized)]. Part of this fraction was
first digested with 209/ nitric acid at room temperature for 48 h, then washed with
distilled water, dried at 110° and 15 torr and made to react with trimethylsilanol in
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the presence of ammonia vapour at 100° for 24 h in three successive treatments
{support S (silanized)]. The surface area of the support was calculated from the
nitrogen isotherm by the standard BET method, using 16.2 A* as the surface area
occupied by one nitrogen molecule. The isotherms were determined with an auto-
matic apparatus (Sorptomatic from Carlo Erba, Milan, Italy). The specific surface
arez of support N was 0.54 + 0.03 m?g~! (average of three detetminations) The same
figure was assumed to be valid for support S.

Column packings. These were prepared by wetting an exact amount of support
{2040 g weighed with a precision of -4 0.01 g) with a methanolic solution of an exact
amount of stationary phase (1-5 g weighed to - 0.001 g) and evaporating the solvent
at 70-80° under slightly reduced pressure in an argon atmosphere. Finally, the dry
packing was kept at 107> torr at rcom temperature overnight. Contact with oxygen
was carcfully avoided when handling the prepared packing. Columns were filled
under aggon pressure; the prepared colurins, if not used, were stored filled with high-
purity argen and both ends closed airtight with a metal cap; the remaining column
packings were stored under argon in sealed ampoules.

The weight of the packing in the column was calculated as the difference of the
weight of the empty and packed columns(see Table I). After proioaged use a slight
weight loss was always observed, which was attributed to the evaporation of last
traces of methanol. The amount of the stationary liquid in the column was therefore
calculated by taking into account this weight loss, as indicated in Table L.

Apparatus

The apparatus used for the determination of retention data was an assembly of
a slighily modified Packard-Becker (Delft, The Netherlands) Model 419 chromato-
graph with accessory equipment for temperature and flow control. ‘A substantial
reducticn in the temperature gradient was atiained by inserting an additional box of
aluminium into the column oven as described elsewhere!®. For the measurement of the
temperature gradient (see Fig. 1), a cube-shaped wire skeleton was built, slightly smaller
than the dimensions of the oven (each edge 17.5 cm). A chromel wire was fixed on the
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Fig. 1. Scheme of the disposition of measuring elcmnents for the deiermination of the temperature
and its gradient. Arrangement of the platinum resistance thertnometer, Pt, and of the soldering
points of the alumel (full line}-chromel (open line) thermocouple [shown in (b)] on the wire skeieton.
The planes of the mean position of the left (l) and right (r) column are indicated by dashed lines.
For Jetails, see text.



ADSORPT]EON EFFECTS ON PEG-COATED COLUMN PACKINGS 67

skeleton and an alumel wire was soldered to it at each corner. The common reference
point for the thermocouples 1-7 was the solder point zero. The temperature difference
between 0 and 1-7 was measured with a microvolimeter (digital voltmeter type
Trendicator 400 A, with multipoint selector type 405-A ; Doric Sci. Div., San Diego,
Calif., U.S.A.). The absolute temperature was measured in position O with 2 platinum
resistance thermometer (type DS-100-T5, Doric) which was calibrated by the Eidg.
Amt fur Mass und Gewichte (Berne, Switzerland) between 0° and 400° with a preci-
sion of 4- 0.1° for the absolute temperature.

Measurements
Flow-rate. The flow-rate was measured at the inlet of the column with a flow

control and flow meter unit from Brooks Instrument Div. (Veenendaal, The Nether-
lands; flow control unit type 4251-IA-2DEOQ and a mass flow sensor type 5841-2).
The mass flow meter was calibrated to give a digital display of the volume
flow-rate, V,, of the helium carrier gas at 760 torr and 0°. During a day, 2 more or less
regular increase of 1 Y of the flow-rate was observed, as checked with a soap-film flow
meter. Intermediate values for the day were calculated with the help of methane re-
tention times, measured between every second chromatogram. The relative error of
these corrected flow-rates used for calculations is estimated to be about + 0.29,.
Column temperature. This was calculated as follows. The absolute temperature
was read at position 0 (T;) and the temperature differences (67;) were measured be-
tween this point and points 1-7 (the maximal temperature difference between two
corners was typically 0.4°). A mean temperature was calculated for the lefi- and right-
hand sides of the cube in the z—y plane using the following equations (see Fig. 1):

0T, = (0T, + 0T + 0T, + 6T3)[4; 8T, = (8T, + 6T, + 6T)/4 )

As the coils of the columns were parallel to the z—y plane (see Fig. 12) and the centres
of the columns were situated at 1/4 and 3/4 of the full distance along the x-axis, the
average temperatures of the left-hand side (I) and right-hand side () columns are
given as

T..=To+ (30T, + 6T)f4 snd T, , = T, + (0T, + 3 6T.)/4 ©)

Pressures. The inlet and outlet pressures necessary for calculating the mean
column pressure were determined by considering the slight flow resistance of the in-
Jjector tubing at the inlet and that of the detector at the outlet of the column. The
inlet resistance (R;) was determined at different temperatures and flow-rates by
omitting the column and measuring the flow-rate after the injector (¥’):

R, = APV’ Q)
To measure the outlet resistance (R,), an empty column was placed in the apparatus
and the total flow resistance was determined by measuring the flow-rate at the detector

outlet, V", giving

R = Ri+ Ry = (4P, + AP/ V" 3)
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Both resistances, R; and R,, depended clightly on the temperature. However, the
resuiting correction was co small ithat 2 mean value was used in the calculations
{R; = 0.10 and Ry = 0.03 torr min mi~?). With the packel column in the apparatus,
the atmospheric pressure, P,, and the pressure drop, 4P’, were measured (Ashcroft
Digigauge from Dresser Industries, Stratford, Conn., U.S.A.) and the volumetric
flow-rate was calculated at the inlet { V{(T,)] and at the outlet [ V(T)] of the column
for the given column temperature. The true pressure drop is then calculated as

AP = AP — V{TIR, — VTR, ©®)
The true outlet and inlet pressures are then given by

Py =P, + V(TIRy; P;=P,+ AP (10)

Gross retention times. These values (¢3) were determined as being the difference
betwesn the start and the peak maximum by using the Datachrom-2 evaluation sys-
tem from Kratos-Instem (Stafford, Great Britain). For exact time measurements the
original clock of the computer (type PDP-11-05 from Digital Equipment Corp.,
Maynard, Mass., U.S.A.) was replaced by a qua.:z frequency-controlled clock. The
reproducibility of the time measurements was - 0.2 sec. The long-range stability of
the clock was such that it did not differ more than 1 sec day~! from real time (error
less than 30 ppm). The dead time was determined as the gross retention time of
methane and was subtracted from every determination. In this way a net retention
time, $§, was obtained.

Chromatographic data. Measurements were made on the substances listed in
Table I at near 70°, 90°, 110° and 130° on the eight columns listed in Table I. The
net retention volume, VF, was calculated with the flow-rate corrections assuming that

the helium carrier gas is an ideal gas:
VE =% V, (T.[273.15) (760/P,) J? an

TABLE X

COLUMN PACKING CHARACTERISTICS

Percentages, p, are given as weight of stationary liquid/total weight of the packing. The columns
were coiled Pyrex tubes (coil diameter 15.5 cm) of .D. 0.4 cm. Column lengths were 330 cm except
for nominal loading 339/, where the length was 230 cm.

Supporr Perceniage of liquid Weight of packing in the Weignt of liquid
Nominal PR ” cofumn in the column
Nominal, prepared, == 100
Pi(%) . pa(%) Filedin,  Afreruse, = 2ell00()
Wiee (8) Weaz () -
N 4 4.001 24.44 24.40 0.976
11 11.110 29.55 29.46 3.273
20 20.002 3496 3493 6.987
) 33 33.33 2124 < 2122 7.073
s 4 4.003 24.07 24.05 0.953
11 11111 27.59 27.51 3.057
20 20.001 3443 34.36 6.872

33 3333 19.56 19.55 6.516
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where ¢§ is the net retention time by assuming that methane is a non-retained sub-
stance and V; is the mass flow-rate expressed in volume flow-rate at 0° and 760 torr.
The determination of the column temperature, 7., was explained above. The correc-
tioa factor, J2 = (3/2)(P /P,y — 1J/I(P:i/P,)® — 1], was calculated with the aid of the
corrected inlet and outlet pressures, P, and P,. After an initial evaluation of the specific
retention volumes, V¥/w,, the specific retention volume of methane could be estimated
from the regularity of the thermodynamic data for the n-alkanes. It was nearly in-
depeadent of the temperature in the experimenial range and amounted to about 0.3
ml g~ The specific retention volume of a given substance was then calculated by
assuming that methane was not adsorbed at the surface of the liguid:

V,=(Vy/w,) + V (methane) ~ V¥ + 0.3 (12)

Note that these specific retention voiumes are according to the general nomenclature,
VT values measured at the column temperature.

Specific retention volumes. The experimental specific retention volumes are not
given explicitly in this paper (2 table of individual values can be supplied by the
authors on request). The data on columns with a 33 ¢/ nominal loading were systemat-
ically higher and were omiited from the calculation of the data in Table II. The data
on all other columns were evaluated on the basis of equn. 1 by the following scheme:

(i) First for each given substance j, on each given column, i, the dependence of
¥i.1 = RT In V(j[i) on temperature was expressed as

Vis=a,,+b,,T+ Cz.;Tz a3

by fitting the experimental values by the method of least squares. The first derivative
was then used to correct the experimental values of y for small temperature deviations
from the desired values (70°, 80°, 110° and 130°). The largest deviation to account for
was 0.6°. The corrected y values were transformed into specific retention volumes,
which were now considered as experimental data determined at exactly 70°, 90°, 110°

and 130°.
(i) Eqn. 1 was fitted to the corrected experimental values of columns N by a

numerical iterative regression calculation.
(iii) With the aid of regression coefficients the specific retention volumes were

re-calculated and the difference, 6 = V (regr)-V,(exp), was used to determine the
reiative error at every point:

0.y = 6/ ¥V (regr) . (14)-

From these data, the variance of the specific retention volume can be calculated for
each substance as

V[Vg (j/i)] = Zarzcl 1'_1/(1\’1.1 - v) == ()-rzgl (15)

where N is the number of experimental points and » the number of parameters (v = 5).
The regression coefficients are summarized in Table 1. .
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(iv) For the evaluation of data on support S, first the value of the proportion
of the surface wetted by the stationary phase, a, was estimated as explained in Resulis
and Discussion. By using solution and adscrption data on the totally wetted support
N and the value of a, two new coefficients were calculated accounting for the adsorp-
tion on the non-wetted surface of support S (see Table I1). For the calculation of the
standard deviation it was supposed that the number of parameters is two (» = 2) and
the other parameters (determined on support N) have no error.

The resuits expressed by the regression coefficients are given in Table IL. In
order to illustrate the general trend on the different columns at different temperatures,
the average of the specific retention volumes of zll substances was calculated. The
results are summarized in Table III. To illustrate the orders of magnitude and to
facilitaie conversion of retention indices into specific retention volumes, such data
were calculated for n-alkanes for every 0.5 carbon number and for every 5° step in
temperature. The results are given in Table IV.

TABLE 1

AVERAGE SPECIFIC RETENTION VOLUMES, P,(mlg-!), AS A FUNCTION OF THE
TEMPERATURE AND THE NOMINAL LOADING OF THE PACKING

Data calculated with omission of all substances that were not determined at all temperatures and
on 2ll columns (the numbers refer te j in Table I): 8, 15, 20, 24, 25, 28, 33-38, 4244, 48, 49, 53,
57, 64, 65, 69, 75 and 76.

Supporr Loadizg Temperature (°C) Average over-
95) all tempera-
70 7] 110 130 tures

Non-treated (N) 4 161.45 84.86 49.29 30.82 81.61

11 151.00 80.59% 46.29 29.67 76.89

20 147.55 78.91 46.36 29.03 75.46

33 148.87 79.64 46.28 29.26 76.01
Silanized (S) 4 157.15 82.08 47.92 29.85 79.25

11 150.03 79.85 46.26 29.20 76.34

20 145.80 77.68 4544 28.69 74.40

33 145.98 78.10 45.62 28.86 74.64

Calculations. All the necessary calculations were made using a Control Data
Computer (Model Cyber 7326) at the Ecole Polytechnique Fédérale de Lausanne. The
programs were writien in Fortran and the various regression coefficients were deter-
mined by the least-squares method, using the routine CARLIN of the pumerical
analysis library POLYFTN, developed in the Department of Mathematics (under the
responsibility of Prof. J. Descloux).

RESULTS AND DISCUSSION

For the evaluation of the data on the wettable support, N, it was assumed that
the stationary phase forms a uniform film. In this instance the parameter « can be set
equal to unity and the last term in eqn. 1 reduces to zero. Fig. 2 shows that the average
overall specific retention volumes vary linearly as a function of ¢, with the exception of
the highly loaded column (33 %, nominal), which systematically gave too high results.
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We have no reasonable explanation for this phenomenon. Actually, one would expect
the opposite effect, because assuming that at high loading the pores of the support are
filled by the stationarv liquid the liquid surface should therefore be lower than
assumed in the model. For this reason all data on this column will not be considered
further.
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Fig. 2. Average specific retention volumes on columns with non-treated support (N; full symbols)
and on columns with silanized support (S; open symbols). For the calculation of the average, only
solutes with complete set of data were considered (see Table II).

The data on columns with 4, 11 and 20 %, nominal loadings, determined at 70°,
30°, 110° and 130°, were used to calculate all regression coeflicients in one run as under
Experimental (see Table II). It is important to note that it was necessary to use all of
the terms in eqn. 2, including the last term accounting for the temperature dependence
of the molar enthalpy and entropy of dissolution. This term was highly significant, and
further, interacted strongly with the term describing the interfacial adsorption in the
regression calculations. The values derived for the difference in molar heat capacity,
ACE?, appeared to be reasonable and showed obvious regularities: for instance, they
increased regularly in homologous series. The residual variance around the regression
surface corresponded in general to relative errors of about - 29/ for a single determi-
nation (95 % significance level), the values being higher for sclutes with low retention
volumes. .

Fig. 2 shows that the average retention volumes on columns prepared with the
silanized support, S, were systematically lower than those on columns N. Con-
sequently, it could be concluded that, as a general rule, adsorption on the uncovered
surface was much lower than that at the liquid interfaces. Because of this, a direct
evaluation of the adsorption parameters was not possible. Therefore, the following
procedure was applied. Firstly, one of the columns S (209) was extracted with hot
methanol overnight. The surface of the resulting support should be similar to the
non-wetted part of the column packings, both surfaces having been in contact with a_
solution of the stationary phase. With this extfracted support in 2 column, retention
volumes were determined at 100° for those solutes which showed the largest interfacial
adsorption in previous experiments and the parameter X" was calculated for each
solute. All parameters in egn. 1 were now known and the value of a could be calculated
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for these substances. On columns S of nominal loadings 20 and 33 9 the calculation
gave inconsistent results with values of « ranging from —1 to +1; these were identi-
fied as being artefacts due to random experimental errors and data on these columns
were excluded from the foilowing evaluations. Experimental values of e, listed in
Table V, for the columns of nominal loadings 4 and 11 9/, should be independent of the
solute and therefore their average was used in the following calculations. By assuming
that the values of all parameters determined on columnas S remain valid and using the
value of e estimated as described, the only unknown term in egn. 1 is that which is
responsible for the liquid-solid adsorption. For the evaluation of this term the cor-
responding enthalpy, 4AH{®, and entropy, A S{*’, were assumed to be constant in the
experimental range. Consequently, the last term in eqn. 3 was taken to be zero. With
these assumptions, the parameters 4 H{™ and AS{” were evaluated for each substance
by using data on columns S of 4 and 119 loading (sece Table II).

TABLEV

ESTIMATION OF THE PARAMETER ¢ IN EQN. 1 FOR COLUMNS OF NOMINAL
LOADING 4 AND 119, WITH THE AID OF ALKANES AND ALKENES

For explanation, see text. Data on columns of nominal loading 20 and 3024 gave inconsistent results.

Solute Loading (%)
4 11

Heptane 0.42 0.64
Octane 0.38 0.65
Nonane 0.30 0.57 -
Decane 0.27 0.59
Undecane 0.27 Q.55
Dodecane 0.27 0.62
Heptene 0.25 0.34
Octene 0.23 0.36
Nonene 0.22 0.39
Decene 0.24 G643
Undecene 0.28 0.36
Average 0.28 0.50

We shall pot discuss solution parameters here as they will be compared in
forthcoming papers to data on hydrexyl-terminated poly(ethylene glycols) and di-
methoxypoly(ethylene glycols) of different molecular weights. However, we shall
make a few remarks on the retention indices listed in Table IL.

Berezkin'' showed that, to a first approximation, retention indices depend
linearly on the variable { = a;w;/w,. They also depend almost linearly on tempera-
ture. Consequently, by using the coefficients listed in Table I, retention indices can be
estimated with good precision for any column if the specific surface area of the
liquid—gas interface a:, (= A2y/wa =~ {) are known, by the use of eqgn. 16:

12

=BT =T fta, it (T =T e, 520

L2 4 aal?

16}

where I is the retention index at temperature 7" without any adsorption effects and 7't
is a chosen standard temperature (here Tt = 100°).
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It is now interesting to note that in homologous series the value of 7° in-
creases by almost 100 i.u. for each additional methylene group in the molecule, as has
been stated eariier as a general rule'?. Actually, it was described in the literature that
this rule fails on polar stationary phases!3.

Obvicusly, this rule fails if retention indices are examined on a column where
interfacial adsorption contributes seriously to the retention, n-alkane standards being
retained more strongly than polar solutes by adsorption. From the results, we con-
clude that the methylene increment in a slightly adsorbed homologous series on 2 col-
umn without adsorption amounts to 100 i.u. but decreases more or less linesarly with
increasing importance of the interfacial adsorption. On the basis of this observation,
an exploratory test may be proposed for judging the importance of the interfacial
adsorption on a given column. By determining the retention indices of a few sup-
posedly slightly adsorbed homologous series on columns of low loading, a strong
deviation of the increment below 100 wiil indicate strong adsorption of the n-alkanes.

Let us now put forward the question. of whether precise retention indices can
be determined on polar stationary phases by the use of another homologous series, as
a secondary standard, as was proposed in the literature'*—'5, To discuss this question,
hypothetical retention indices, I’, are listed in Table II. They were calculated as if the
n-alkanes would not be adsorbed at all, thus artificially creating a series of non-
adsorbed standards. It is now observed that the retention indices, J', of the “real”
n-alkanes are strongly influenced by the column loading. At the same time the varia-
tion of I’ of the polar solutes is strongly attenuated but, with a very few exceptions,
remains noticeable. It can be concluded that by using secondary, slightly adsorbed
standards, the effect of adsorption can be accounted for a very few similar substances
but that this method does not permit the determination of precise retention indices.

The contribution of the adsorption on the uncovered part of the silanized
support 1s very low, in the order of 0.1 9 of the total retention. Therefore, the esti-
mated parameters 4 H{° and A S{*’ should only be taken as approximate values despite
the fact that the relative error would suggest a better accuracy (see Table il). It is ob-
served that the adsorption enthalpies are too high for such an adsorption and they do
not always show the expected regularities, e.g., in homologous series. The two param-
eters combined allow the calculation of the standard chemical potential differences,
Aul@, the value of which, of course, is of better quality. Actually, in the calculation
the other two parameters were determined from the temperature dependence of this
function. It can be assumed that the surface of a silanized support is more or less apolar
in nzature and that the intervening adsorption forces are dispersion forces. Such forces
are well characterized by rctention indices on 2 non-polar stationary phase, I*, such
as a saturated hydrocarbon, Cg;H;v6.-

Therefore, in Fig. 3 the values of A ! (100°) are plotted as a function of
retenticn indices, I*. It is observed that poiar solutes, especially those with basic sub-
stituents, are adsorbed more strongly than slightly polar solutes. They might form a
loose complex with the trimethylsiloxy substituents at the surface by a very weak o

(d,p) additive bond such as for instance, in the case of nitriles, = Si—N=C—-R.
The thermodynamic interpretation of the interfacial adsorption is given in eqn.

4. As was mentioned in the Introduction, there is no simple means of measuring

separately the terms allowing for the adsorption at the gas-liquid and gas—solid inter-
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Fig. 3. Standard chemical potential difference, dulld’, characterizing the adsorption on the non-
covered surface of columns S at 100° (silanized support) plotted as a function of the retention indices

I{3. The stationary phase A is a branched alkane, Cg;H;56. Solute symbols (the numbers refer to

j in Table II): @, alkanes, alkenes and alkynes (1-20); O, cyclic and bicyclic compounds (21-28,
74,75); A, chloro- and bromoalkanes (29-38); X, cyano-, nitro- and acetoxyalkanes (39-49); -+,
alcohols (50-60); A\, ketones and ethers (61-70); i_1, chloromethanes (71-73); \/, others (76-79).

faces, and the evaluation of the data gives the sum of both terms. Therefore, before any
attempt is made to correlate the measured sum with solute properties, a decision has to
be made concerning the relative importance of the individual contributions. Data
given by Martin'” and Martire'® suggest that even on liquids of medium polarity the
liquid-gas term predominates. Therefore, for the following comparison with the model
of Defay and Prigogine'® we assumed that the measured values, listed in Table 11, are
due exclusively to liquid-gas adsorption. In ref. 3, the equation given by Defay and
Prigogine for the surface tension of non-athermal binary mixtures of molecules of
different size was adapted to the ideal dilute case. Considering the small molecules as
solutes, as is the case in gas chromatography, we obtain

o MR'T . ;
[ amj_‘:"-’ ] o = 100;0r;_wj {l o exp[(y;_ — % Z:f ) .9;’);"]} an
my =0

where m; is the molal concentration of the solute, j, in the polymeric solvent, 4; y, y2
and y; are the surface tensions of the solution, pure solvent and solute, respectively;
and w,; is the molar surface area of a monolayer of the substance identified by the
subscript. The solvent molecule is considered to be a chain composed of r; segments.
The size of the unit segment changes with the solute; its volume is set equal to that of
the solute molecule. An essential feature of the underlying ““parallel layer model™ for
the derivation of eqn. 17 is that a solute molecule is assumed to exhibit a certain
“configurational enthalpy™, g,, inside the solvent, due to the solute being surrounded
by a certain number of interacting segments of the solvent. The number of surrounding

segments will be lower for solutes at the surface: the proportion of the coordination
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aumber lost is B. The estimation of most parameters in egn. 17 is straightforward.
For the remaining parameters, different methods of approximations and methods of
evaluation were proposed eisewhere® which will not be rep@ated here in detail. In the
following we describe the application of these methods in order to correlate our
experimental values, Y$*¥’, with solute properties.

In Method A in ref. 3, the parameter rie; was equated to the molar surface
area of the solvent, @,, and was considered as an empirical parameter. Its estimation
was based on the fact that 1,2-dimethoxyethane forms a nearly athermal solution in
dimethoxypoly(ethylene glycol) [enthalpy of dissolution (see Table II), A H® —
—7669 cal mol~!; enthalpy cf condensation of the pure substance, A*"4-Hj = —7681
cal mol~—! (ref. 20)]. Therefore, the excess enthalpy of mixing, identified as the con-
figurational enthalpy, g,, is zero. In this case eqn. 17 permits the calculation of the
parameter w; by using the experimental value for Y{*’, which is —8.2 erg kg cm™?
mol~1, This gives 5.4 - 10'° cm® mol~! for the molar surface area of dimethoxypoly-
(ethylene glycol). It is interesting to compare this value with two simple estimates.
Assuming that the solvent molecules have cukic (approximately spherical) shape, the
surface area of the monomolecular layer is given by wy = V¥3N'? = 1.4 - 10*° cm?
mol~! (V; is the molar volume; N is Avogadro’s number). By assuming that the
molecules are cylinders with a diameter of 3.7 A, a similar estimation gives 7.2 - 10*°
cm?® mol~1. The experimental value obtained with egn. 17 is a reasonable intermediate
between these extremes. Aco:pting now the intermediate value for w;, the term g;f8
can be calculated for each solute, j, using the experimental values for Y, listed in
Table Ii.

In Method B in ref. 3, it was assumed that the molar surface could be estimated
from the molar volume as w; = V}*N'?. This permitted the calculation of the values
of the term g;3 with the aid of experimental data.

Having calculated the term g8 by the two methods A and B, an experimental
estimate of the configurational enthalpy, g;, was necessary in order to derive the value
of 8. In the following, two methods (a and b) are proposed for this estimation.

Method a
In Method a it was assumed that

g, = AHS — Acosd-{o (18)

Values of A4 H'® were taken from Table II. The enthalpy of condensation of the pure
substance, A4°°*4-HY, was calculated with the aid of the Antoine equation:

B

The constanis A4,. B; and C, were taken from ref. 21.

Method b

In Method b, values of g; are estimated by comparing gas chromatographic
data measured on dimethoxypoly(ethylene glycol) with those measured on 2 non-
polar standard. As a non-polar stationary phase the branched alkane Cg,H,.s con-
sidered earlier'® was chosen, the molar voiume of which is comparable to that of the
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actual stationary phase. Details of this method are described elsewhere® together
with the estimation of the necessary numerical valuzs of the constants. The con-
figurational enthalpy is given by :

gy = RTIa [V,GIA)/V2GIX)] — (V851 + €9 ©0)

where X and A refer to the polar and to the non-polar stationary phases, respectively.
The “specific polarity”, 8! (= —7.0 cal mol™?), of the polar chain of the solvent
molecule was estimated from data for segment-like molecules, such as dimethoxy-
ethane. The constant C°, which allows for the effect of the end groups, was assumed
to be zero.

The experimental values of g,8, calculated by Methods A and B, were now
plotted as a function of the configurational enthalpies estimated by Methods a and
b. The parameter § was obtained from the slope of this plot. Method A gave values of
B that depended on the solute, j. The plot of values of g;8 calculated by Method B
versus configurational enthalpies estimated by Method a gave values for 8 ranging
from 0.32 to 0.6 for solutes with important interfacial adsorption. By plotting the
same values against g; estimated by Method b the same solutes gave values of 8
between 0.35 and 0.40. A very strong dispersion was observed for slightly adsorbed
solutes.

By accepting an average value of § &~ 0.4 obtained with Method B, the inter-
facial adsorption was now re-calculated by using egn. 17 with configuraticnal enthal-
pies estlrnated by Method a, giving values Y {*, and with those estimated by Method b,
giving Y'{®. Values of surface tensions were taken from ref. 22.

T T
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".;..s.‘;.;.m,‘.. u‘r 2 I
Fig. 4. The initial decreases [at m$® = 0] in the surface tension of the solution calculated by Method
Ba (see text), —Y (R}, plotted as a function of experimental values from Table I, Y = ay/2m{®
at 100°. The parameter § was set equa!l to 0.4. No data for the following solutes: 16-20, 22, 24, 25,
31, 37, 38, 46, 49, 55, 57, 58, 6% and 77.

Fig. 5. The initial decrease [at m{** = 0] of the surface tension of the solution calculated by Method
Bb (see text), — Y52, plotted as a function of experimental values from Table I, Y& = éy/ém{®,
at 10G°. The parameter f was set equal to 0.4. No data for the following solutes: 16, 17, 22, 24, 25
4s, 55, 57, 58, 60 and 77.
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In Figs. 4 and 5, these values of Y{** and Y{® are plotted as a function of the
experimental values, Y¢¥, which are listed in Table I [Y{¥= 3y“"{am{P]. The cor-
relation is reasonable, especially considering the assumptions and approximations
used in the derivation. Let us enumerate the points which seem to be the most prob-
lematic.

The configurational enthalpy estimated by Methods a and b gave a very poor
correlation if plotted against each other. Nevertheless, the plots in Figs. 4 and 5 both
give reasonable correlations, indicating that the calculated data for interfacial adsorp-
tion are nct influenced seriously by the choice of g;, especially for slighily adsorbed
solutes. By using data determined on pure substances (Method a), the correlation
seems to be improved.

It was assumed that the solid-liquid interfacial adsorption is negligible. This

need not necessarily be true, especially for solutes capable of specific interactions

with the solid surface.
The assumption that all molecules are spherical, which permitted the calcula-

tion of the molar surface areas from molar volumes, is also questionable.
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