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The relation between the logarithm of the retention volume of hydrocarbons 
and fluorocarbons on paraffins and fatty esters, as stationary phases, against the 
reciprocal of the absolute temperature has been studied. It indicates an apparent 
increase of the melting point of the. film in contact with the support. The influence 
of the support, of the stationary phase, and of the proportion of the support present, 
on this phenomenon is discussed. 

The results give some information on the wetting of the support and on the 
physical state of a liquid in a dispersecl medium. They indicate that the liquid’s 
properties cannot be correlated with those of a normal liquid. 

.* . __. . 

INTRODUCTION 

The melting point of the stationary phase presents a limit for its practical use 
at low temperatures. The effect on the retention properties of solutes of crossing the 
transition temperature has been observed by many workers’. Some confusion arises 
from the qualitative character of much of this work, as the commercial equipment 
used is rarely suitable for this type of wor’k. Also, the poorly defined stationary phases 
with no sharp melting points which have been generally used for analysis are not 
always beneficial. 

According to most authors, if the liquid produced is not mesomorphic, melting 
is characterized by a rather sharp variation of the retention of the solute. The transi- 
tion from adsorption to solubility phenomena allows molecules deep in the stationary 
phase to participate in the retention, the diffusion of the solute in the solid state being 
much too slow a phenomenon to allow complete equilibrium in a gas chromatographic 
(GC) column. 

A linear relationship exists between the logarithm of specific retention volume 
and the reciprocal of the absolute temperature in the region of adsorption, as well 
as of the solubility. Therefore, for a given solute and a chemically well defined station- 
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ary phase, the graph of log V/D VS. I/7’ (temperature increasing towards the right in 
the figures) would be made up of two straight lines separated by a sharp transition. 

Much more complex phenomena are seen when w0rkin.g with a column of 
Chromosorb I? lightly loaded (I %) with docosane, C221-140, and with either a very 
soluble solute, fz-heptane, or a slightly soluble and very adsorbable one, perfluoro- 
dodecane, C,,F,, (Fig. I). The retention increases at the melting point of docosane, 
but a second sharp increase of retention, which reaches its maximum 4.7” above 
the melting point of clocosane, must be associated with a new phenomenonz~3. An 
important hysteresis effect, extending over two degrees, may be observed by cooling. 
The retention, however, decreases much above the stationary-phase melting point 
(evaluated in the chromatographic bath itself), so the phenomenon cannot be 
ascribed to a delay in the temperature of the bath reaching equilibrium. 

43.9 4w 

Fig. I. Variation of log vO with I/T for I oh of docoscznc on Chromosorb I?; v/, (cm3). (a) With 
w-hcptnne <as solute; (b) with pcrfluorododecanc as solute. a’ and b’ rcfcr to measurcmcnts at 
dccrensing tcmperaturcs. 

In this paper the influence on these transitions of most experimental param- 
eters, changing either the stationary phase or the siliceous support or the percent- 
age of stationary phase on the support, is studied. A first interpretation of the 
pllenomena is proposed. We consider also some of the consequences of these experi- 
ments for analysis and for the determination of physical constants by GC. 

EXPERIMENTAL 

All the experiments were performed with a classical chIomatograph (Intersmat) 
equipped with a catharometer, in which the air-bath had been replaced by a standard 
I/IOO laboratory liquid bath (Prolabo). The bath reaches equilibrium immediately, 

S tationavy flItuses 
Most stationary phases are commercial products for laboratory use: the esters 

are laboratory-made compounds obtained from octadecanol (puriss. Fluka) by 
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reaction with the corresponding acid chlorides. Polar impurities originating from the 
reagents were separated by liquid-phase chromatography on a silicic acid column. 

.sol?a4tcs 
The hydrocarbons used were laboratory reagent grade. Fluorocarbons and 

amphipathic compounds such as C,F,,- C,EI, were experimental products kindly 
supplied by Uginc-Kuhlmann, 

Chromosorbs used were all Go-80 *mesh commercial products from J’ohns- 
Manville. Chromosorb P NAW, which is generally used, is characterized by a specific 
surface area of 4.1 mz/g, according to our BET measurements with nitrogen. It is an 
essentially macroporous product, the mean pore diameter of which is o.G ,.v (ref. 4). Oiher 
Chromosorbs arc stil.1 more macroporous. We are grateful fo Pechiney-St. Gobain 
for the samples of “Spherosils”. They are made of very pure adsorbing silica in beads 
of diameter 100-200 A. Their specific surface area and mean pore diameters are: 
XOC 005, IO m2/g ancl 3000 A, SOB ozg, 25 m2/g and 1250 A, XOB 075, IOO m’2/g 
and 300 A. : 

A solution of the stationary phase in a volatile and very pure solvent w&s 
evaporated, using standard procedures, The solvent was chosen so that it coild 
be evaporated above the melting point of stationary phase. There was then no danger 
of precipitation of crystals outside the support. ,C 

Injections 
Except for perfluorododecane, introduced in the liquid state as a solution in 

perfluorom&hylcyclohexane, all the solutes were injected individually in the gas 
phase by a head-space sampling technique, the volume of sample gas being a few 
tenths of a microlitre. 

The temperature was changed by 0.5“ or 1.0~ increments. 

Specific retention volumes V D were calculated according to the method of 
LITTIXWOOD~. 

~muI,~s AND DISCUSSION 

Surfme 9aattire of the “shifted’ ’ tmmition ~henowmaow 
According to most authors, in a lightly loaded GC column, at: least a part of the 

stationary phase is dispersed as a thin film over all the accessible surface of the sup- 
port. The excess would be in the smallest pores due to capillary condensation (Fig. 2). 

The relative importance of this excess would increase for increasingly loaded columns. 
GID~~NGS~ gives an approximative theory for the equilibrium between both phases 
which results in a formula giving the thickness of the film as _a function of the radius 
of the largest filled pores. 

. 
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Immediately after our first results on the “shifted” Imelting transition for 
docosane we suggested that the “normal” one at 43.7” is connected with the capillary 
liquid, and that the second one, at 48.4” is a property of the film. 

thin film 
\ 

caplllury liquid 
--I 

Fig. 2. GIDDINGS’ moclcl for lightly loaclccl paclcings. 

The results of our latest experiments can be summarised as follows : 

(I) Fig. 3’ indicates “shifts” for different percentages of docosane as solvent on 
untreated Chromosorb 1’ as support. With less than I o/o docosane the shifted transi- 
tion is tlzeonlyone observed, whatever the solute. These results correspond ratherwell 
with the ideas of GIUDINGS on the formation of a film at low percentages of stationary 
phase, if it is accepted that the transformation at 48.8” and 4.7” above the bulk 
melting point of docosane is related to the film. 

(2) No “shifted” transition is observed, even for very lightly loaded columns, 
in the case of silanized Chromosorb I? (Fig. 4). The occurrence of a “normal” transition 
in its place immediately suggests the absence of a thin film of docosane on this support. 

Fig. st (a) Variation of log Vi with I/T for different percentages of clocosanc on Chromosorb I? 
NAW, with B-hcptanc as solute; (b) variation of log V,, with r/T for difTc?rcnl perccntagcs of cloco- 
sane on Chromosorb I? NAW, with perfluorododecane as solute. 

* For &reatcL: clarity curves have bcon displacccl along the 106 V,, axis. The amplitude of 
transitions is charnctcrizcd by an arbitrary logarithmic scale. 
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Precisely this hypothesis had been suggested by the present author7 as a result 
of a study of the retention volume as a function of the mass of stationary phase on 
these supports. 

(3) l’he interest of fluorocarbons as “solutes” arises from their very low solubil- 
ity in paraffi.ns and most organic solvents. A strong retention of such “solutes” must 
be merely a surface phenomenon. It may take place either at the liquid-gas interface, 
where the fluorinated compound lowers the surface tension according to the GIBBS 
equation, or at one OI the solid-gas or sohd-liquid interfaces, where they are strongly 
adsorbed. 

If, as we think, an untreatecl Chromosorb coated with a paraffin contains a 
film ancl a capillary-condensed liquid, melting of this liquid would not be evidenced 
by any important change of the retention volume of a fluorocarbon, ras long as the 
percentage of stationary phase in the column is not too high. 

This is precisely what was observed, both with a hydrocarbon (Figs. I and 3) 

Fig. ~1. Variation of log v, with I/T for I o/o of clocosane on Chromosorb P DMCS treated. (a) With 
fi-heptsne as solute; (1~) with pcrfluorododccanc as solute. I 

30.0 33B *‘lc 

Fig. 5. Variation of log V, with r/T for I “/l of octnc’lccyl acetate =as solvent on Chromosorb I? NAW, 
With +z-hoptanc ZLY solute; (b) with pcrfluorododccnnc as solute; (c) with C&l?,,-C$I, as solute. 
a,‘, b’ and c’ rcfcr to mcasuremcnts at clccrasing tcmpcratures. 
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and with an ester (Fig. 5) as solvent, so long as the load does not surpass 5 yO (Fig. 3). 
Conversely a “shifted” transition in the retention of fluorocarbons was observecl, even 
with the lowest percentages of stationary phase (Figs. 3 and 5). If the retention is an 
essentially surface phenomenon and if the extent of the organic surface is not modi- 
fied* by melting, we must conclude that the nature of the surface accessible to the 
solute is itself changed. This observation fits in well with the concept of the “shifted” 
melting of the film, giving access for fluorocarbons to the liquid-solid interface on 
which they are strongly adsorbed by the silancl groups. 

In fact, the solubility of perfluorododecane in docosane is not strictly negligible. 
This situation seems to be responsible for the “normal” transition observed with 
fluorocarbon solutes, when the column load is greater than z-5 %, of docosane. But 
even at 30 O/0 it is not sufticiently high to eradicate the transition connected with the 
residual film in. the logarithmic curve. 

It is noteworthy that amphipathic compouncls such as C,F&C,N, give a 
curve (see Fig. 5) with a slight “normal” transition and a marked shifted transition, 
This situation is very logical for these compounds, which behave as intermediates 
between fluorocarbons and hydrocarbons. The usual polar or polarisable compounds 
such as ethyl ether, acetone, chloroform and carbon tetrachloride, do not behave 
very differently from heptane. 

(4) The objective character of the observed transitions as a property of both 
the solvent and the support has been confirmed in the absence of solutes by thermal 
analyses0. A thermogram enhances supplementary peaks, which can easily be related 
to transformations in the solid state of the capillary-condensed liquid and the film. 
These transformations would perhaps be difficult to observe by chromatographic 
studies. However, the occurrence of two important thermal peaks, coinciding within 
a few tenths of a degree with the chromatographic transitions confirms the physical 
significance of the phenomenon. 

Resolution of the transitions by means of thermal properties is even better 
than by chromatography. Solutes, even when injected in very small quantities, must 
modify the solvent melting temperature. This results is a sort of “cryoscopic effect”, 
responsible for the long tail observed on the solid-state side of the normal transition. 
The superiority of chromatography lies in its ability to supply us with information 
about the arrangements of phases. ‘.I I 

(5) I3y extrapolating the straight lines in Fig. 3 it is relatively easy to separate 
the retention originating from the melted film and the retention to be attributed to 
the capillary-condensed liquid at a temperature above the two transitions. 

3Cf we plot the absolute retention volume attributed to the capillary liquid 
(liquid-in-bulk state),, VN,,, against the percentage of stationary phase, tf, we observe 
an almost linear decrease for increasingly low percentages of docosane (Fig. 6, curve 
a). Extrapolating this line to the tj axis leads us to suppose that capillary liquid 
is absent at concentrations below 0.75 oh of stationary phase. 

Taking into account the 4.1 m2/g surface area of the uncoated support (un- 
treated Chromosorb P), this critical percentage corresponds to an area of 28A2 per 

. * Melting cannot occur, in fact, without sffccting the arca available do the gas. Ncverthclcss, 
BET surface nrca mcnsurcmcnb ma& lx KRBJCI~ on supports coated with diffcrcnt pcrccntagcs 
of stationary phsscs seem to,show that mcasurcmcnts madc in liquid nitrogen give a sound cstimczto 
of Lhc organic liquid surface. 
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molecule of docosane in the film. It is noteworthy that this value corresponds within 
1 or 2A2 to the numerical estimates given by many autl~ors10 for the molecular area 
of fatty acids, alcohols or esters spread over water in the so-called “superficial meso- 
morphic” state. Therefore, the film of which we are studying transformations by GC 
seems to be a monolayer in which molecules are in an elongated configuration, the 
chains being directed towards the surface of the support, even if they are not strictly 
perpendicular to it. 

1 

4 
Fig. 6. (a) Absolute rctcntion volume attributccl to the capillary conclcnsecl liquid, T/Nb, V~YSWS 
the percentage of docosanc, if, for ut-heptanc as solute and Chromo$orb I3 NAW as support; V,V 
(cd) ; (b) absolute retention volume originating from the melted film, V/N,, vwszcs the pcrcentnge 
of clocosanc, 11, for n-hcptanc 8s solute ancl Chromosorb I? NAP as support. 

Stm?y of the transformation of t3tte$ht 
We are led to connect the transition observed at 48.4” for docosane with the 

transformation from the well ordered “mesomorphic” state to a disordered, so-called 
“liquid expanded” state, according to the observations of TRAPE~NIKOV~~ on aqueous 
films of fatty alcohols. This transform.ation, above the normal melting point of the 
alcohol, has been shown by methods such as viscosimetry and surface pressure or 
energy measurements which would have been unpractical with our solid substrates. 
The same author has also recently12 demonstrated the existence of a shifted transition 
in the case of thick films of fatty alcohols on water, but at lower temperature, due 
to the different properties of the films at the air-water and the alcohol-water inter- 
faces. 

It seems that we are observing similar transformations in the case of a silanol- 
covered solid support. Curve 3 indicates film transformation even with high per- 
centages of docosane, but the temperature of transition is significantly lowered in 
such conditions (46.9” instead of 48.4” at low percentages of the phase). For inter- 
mediate values of the load, from s-10 y/o, the curves indicate the transformation 
of the residual monolayer in the less curved parts of the support and at the same time 
the transformation at the solid-liquid interface of the film, resulting from the immer- 
sion of the film in the filled pores (Figs. 2 and 7). 
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It seems that our film behaves as an isolated layer of a smectic liquid. By 
analogy, it is known that chromatographic retention in liquid crystals as solvents, 
undergoes less change by melting than by the transformation of the liquid crystal 
into an isotropic liquid13. 

However, it is worthy of note that we observed compact films with paraffins, 
which are reputed not to spread over water-l”. 

film at ihe liquid,selid interfac 
residual menelayw_7 T 

Fig. 7, Disposition of the stationary liquid in almost-filled pores. 

I 

Fihts of esters 

If the phenomenon we observe with other paraffins, such as dotriacontane, 
as the stationary phCase is exactly the same as that with docosane, a little larger 
shift is observed with an olefin, such as I-octadecene. 

EIowever, the phenomenon is especially interesting with fatty acid es,ters as 
the stationary phases. With compounds such as methyl stearate (Fig. 8, curve a) 
or octadecyl acetate (Fig. 8, curve b), the shift exceeds 20~. The shift decreases 
steadily from octadecyl acetate to propionate and hexanoate (Fig. 8, curves b, d and 
c). These curves bring out, at least qualitatively, the influence of molecular inter- 
actions by hydrogen bonding at the solid-liquid interface. The difference between 
the two temperatures of transition decreases steadily in inverse proportion to the 
distance between the carboxyl group and the solid surface. 

Fig. 8. Variation of log T/, with I/T for I yO of clifforcnt cstcrs on Chromosorb P NAW. (a) Methyl 
stesratx (puriss.) as solvent nncl n-octsnc as solute; (b) oct,zdccyl ncctate cas solvont and n-octane 
as solute; (cl) octaclecyl propionate as solvent and n-hcptanc c~ soluto; (c) octndccyl hcxanoato 
as solvent and n-heptanc as solute. 
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Micvoj1o~oa6s sti@orts 
Results obtained with “spherosils” indicate the influence of the pore radius 

on the formation of the adsorbed film itself. XOC 005, which is similar in texture 
to Chromosorb I?, behaves in a similar manner, if a percentage of docosane, suitable 
for its surface area, is used. 

The “shifted” transition is already reduced in amplitude for XOB 015 (more 
microporous), even when it is covered with a suitable percentage of stationary phase, 

The shifted transition is not observed with XOB 075’ except perhaps for very 
high loads (75 (z/o), which are disproportionate with its surface area. 

The explanation must lie in the small pores (300 A) of this support: as the 
vapour pressure in equilibrium with a capillary liquid is recluced, accorcling to I<EJ.- 
VIN’S formula, the surface pressure of a film in equilibriums with a meniscus undergoes 
a similar reduction, 

The lack of wetting of microporous solids due to this sort of capillary suction 
has baffled many authors. This is probably the reason why they did not observe 
shifted transitions as we did, since adsorption is generally studied on microporous 
solids except in GC workls. 

A short comment is appropriate on the lowering of the melting point, or, more 
exactly, freezing point, of a pure compound in very small pores. This homomolecular 
effect is described by the formula derived by I<UBEJ.KA~~ which has often been verified 
and involves only the surface tension of the liquid as a physical constant. As already 
discussedo, the proportion of the porous volume of the Chromosorb which is contained 
in pores of less than 0.1 ,U is completely negligible. Therefore, the lowering of 
the freezing point of the capillary liquid is much too small to be shown in our 
experiments. 

Conseqacenccs for gas cltromatogma~lzy 
(I) Studying phase transitions by GC should be a test of the existence of a 

film on a surface, in other words a test of the wettability of the support. This in- 
formation could lead to a more realistic ‘description of mass-transfer phenomenon 
in packed columns. ” 

In our work on docosane and Chromosorb P the curve VN~ against tf, giving the 
retention volume created by melting the film, illustrates the occurrence of a complete 
monomolecular film for 0.75 o/o docosane. But, in addition, it can be seen that the 
area of the film remains almost unchanged up to about 5 o/o of stationary phase 
(Fig. 6, curve b). It does not appear that the film thickens when the macropores are 
progressively filled, but that the internal surface is merely immersed for high per- 
centages of stationary phase. The occurrence of the transition at 46.9” would be 
characteristic of that immersion. 

(2) The Femperature interval in which the paraffin film remains compact is 
narrow above its normal bulk melting point (4 to 5”). This interval is larger for esters 
(IO to zoo). It should be still more extended for much polar compounds. Comparison 
of the present work on silicas with similar studies made in this laboratory on films 
spread on glycerol 17 tends to suggest this. In this compactness interval there is no 
simple relationship between absolute retention volume VN and the mass of stationary 
phase in a given column. 

We have shown that. the liquid dispersed in a column no longer keeps the prop- 
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erties of a normal liquid. The so-called “solid support effect” often appears to be 
a modification of the stationary liquid itself. 

(3) Without contesting the possibility of GC determinations of thermodynamic 
constants, requiring many corrections, it appears that GC, a dynamic technique, 
operating in a dispersed medium, is primarily a method for studying interfaces. 
Transformations of surface phases certainly offer a very large field of applications 
to the method. 
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