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GAS CI-IROMA’~OGRAPHIC STUDY 01’ THIN I~ILMS 017 PARAFFINS ON 

CRAPMITE SUPPORTS 

SUMMARY 

Studies of the retention volume of hydrocarbons and fluorocnrbons in a normal 
paraffin coated on a graphite surface rcvealccl the complcs character of the melting 
of the multilayers of the stationary phase. 

As on hydrosylatcd supports, the film melts at a much higher temperature than 
the bulk materiul, but the progressive nature of the chromatographic results shows 
the clifferent arrangcnients of the molcculcs in the thin layer on the graphite. 

INTRODUCTION 

The retention of a solute in the inner part of ;I stationary phase is strongly cle- 
pcndcnt upon the accessibility of this bulk rnatcrinl to the solute nloIecules across 
the interfaces, Nevertheless, gas chromatography has been scarcely used in studies 
of the transformations of surface phases. Most studies deal with transitions of bulk 
materials, for instance, with liquid crystal transitions or polymer transformations by 
gas-solid chromatography. 

As we showed recentIyll2, plots of the logarithm of the specific retention volume 
against the reciprocal of the absolute temperature in the region of the melting of a 
paraffin usecl as a stationary phase on a siliceous support show at least one transition 
of the film at about 4” above the usual melting point of the bulk material. 

The study of this transformation in terms of the pcrcentagc of stationary 
phase in the column for different hydrocarbons ancl fluorocarbons as solutes reveals 
the existence of a monolayer in which the molecules are oricntcd pcrpenclicularly to 
the surface or make a. small angle to the perpendicular. 

The planar character of the surface#f graphite and the Letter clefinecl structure 
of this material suggested a similar studywith tliis support ancl with the same normal 
paraffins as stationary phases. The stretched molecules of these paraffins are assumed 
to lie horizontally on the grtlphite surface, in which position they fit very well the 



surface of the suplxwt :J. Studies by cliffcrcnt physical nietl~ocls~l~~ reveal that tllc 
t~~ernlocly~~nn~ic pqxrties of these corn]muncls arc nmtliliccl wlien tlley arc clis]mml 
in 8 t]lin layer of ii few ndxular clinnictcrs thicknesS on cnrbon supports. Apparently 
tllc first niu]ti]aycrs iire coniprcssecl close to the surfacc, as ASH AND I~INI~ENIXXi” 
clisrovercc] recently by direct density nicasurenicnts. 

‘r]liS piper clcucribcs ;I stud>* of tlie variation of the spcific retention volunlcs 
of llyclrtrrarbons ant1 fluorocarbons wit11 tcnipcmturc Ibr cliffcrent ]xrcenta~es of 
clocosanc as stationnr~* pliasc on ;i vcq* pure iiiclustrinl papliitc Support. T]le results 
indicate the continuous variation of tlic pcrnical~ility of tlic thin film to tile nloleculcs 
ofvc)latilc solutes, thus fxnfrniinfi tllc variation of the ri&lity of tliis lilni with 
tcrilpcr:tturc. III addition, tliey indicate new am1 rntlm well defined transitions at 
te~~per:~turc:s al~ovc ancl l~cl~nv the norniul melting point of tllc! stationnry pllasc, for 
wliicll wee pro]xm? ;i tcntativc iiitor])rctntioii. 

All of the c.spcrinicnts wc!rc! lxxforniccl witli a I~lJor~it~~r~-~ii~~cle clironmtojirapli 
in whicli tlic ClMSiCid air batli wis rcplacctl witli a staiiclard I/IO0 laboratory licluicl 
hl.t11. 

The Sti~tiollar~ pliascs wcrc comincrcial products at gY-ggKx, purity for lnlmra- 
tory use. Tlic purification of clocosane by licluid clironiatograpliy cm a silica gel cul- 
unin so ns to eliniinate trncc amounts of polar coni]~c~uncls dots not affect tllc results. 
Tlic fluorinated solutes were csl~erinicntal products Itinclly supplied by SocicM clcs 
Procluitu Cliiniiqucs U~inc-liulilmaiin. l’lic graphite 1% 77 of particle clianictcr 
0.200-0.250 nini was ii IJecliincy procluct. It I ‘s ;I very pure industrial graphite, alrcacl~ 
usecl by JEQUIER’ in this Momtory. It ws rcclucccl by us at 1100” uncler liyclrogen 
so as to cliniinatc the surface osiclcs for tlic purlmsc of obtaining ;I. htter clclinccl 
niatcrialA. This treidment niodiks the tlicrniodynsniic propcrtiw of the aclsorbcnt 
but it clots not change tlic gcncrd fwni of the phenomena clescribcd in this paper. 
The surface area of the gmpliitc is o,r)d riP/g after recluction, itccorcling to classical 
l3.IZ.T. nicaSurenicnts. 

Tlic support was coatccl by IIIC~IIS of a solution of docosanc in nlctliylcne chlo- 
rich, l’lic replacenient of this solvent by ~Aiexane purified cwcr silica gel kl no in- 
fluence on the results of tlie esldnicnts. ‘I’llc evaporation was coni]~letc!cl xhve the 
melting point of the stationary phsc, 

Most Solutes were introclucccl in minute riniount.s of gas by ;\. lmd-space SampI- 
ing technique, the volunic of sample gas lxing about 1 jkl, I-‘crtluoroclodecane W:w 
introcluced in the liquid stutc iLS a few tcnthS of a microlitrc of solution in pcrfluoro- 
nietl~ylcyclolicsanc. 
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Cnlcaclnlions 
Specific retention volumes, V,, were calculated according to the usual metllocl”. 

Most results of this work wcrc interpreted more clearly in terms of specific retention 
volumes per gram of support, VC. If t is the mass percentnge of stntionary phase per 
gram of support, then 

Corrections for the non-idcality of the gas pli~sc were not taken into account, 
as sucll a correction would llavc been small witll hydrogen as carrier gas. Also, our 
purpose was to compare the retention volumes of different columns at different tcm- 
peratures nnd not to effect absolute detcrmim~tions. 

The first 0.01% of piWilftiIl on the graphite results in iL large dcactivntion of tile 
surface without modifying the lincurity of the relationship between log V’c: aticl I/T 
(Fig. Ia)*, For 0.03G~/~ of stationary pliasc. n clccrease of the slop appears well 
ih~v~ tlic melting tcmpcrature of tlic stationary plinsc, 1.1 (43,7 + 273.2) (Fig. 11~). 
This tempcmturc of transitinn clccrcnscs to a. value lower than Y’f for a conceiitrn- 
tion of stationary plinse of 0.075% (Fig. Ic), at wliicli tempcri~turc :I iicw Ixwalc in 
tlic curLee appears at ;I temperature higher than ‘I’f. 

l’liis double break lends to a single, roundccl transition cnclosiiig tllc melting 
pint for t = 0.1250/;‘, (Fig. Id). It is worth noting tllat the increase in the retention 
continues well l~cyo~icl Tj. For o,4o/U (IYg. Ic), tllis transition rcprcsents ;I typical 

Fig, 1, ViWhtioll uf lug 1”~ with r/r for jr-octilnc as solute nntl clil’fcrcnt pcrccntiqps of ClOCOSiWlC 
on grnpliitc: (it) o.o3’&: (b) 0.036’)~, : (c) 0.075%; (cl) 06125’~: (c) o,‘t’~: (f) r.20/,: (6) g.oy&, 
--._-_ 
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csamlh in which the increase beyoncl Tf is terminated by a. sharp peak nt 47” followed 
by a slowly inclined plntcau that cstcnds to about 55” followed by tlic normal linear 
decrcasc that is common in gas-liquid cl~romatogral~l~y. The increase begins a little 
below Tf, and in the normal melting interval of clocosttnc becoincs larger and. larger 
for higher percentages of stationary pliasc (1.2%, Fig. If). However, the increase in 
the retention volume ;~bovc ‘l’f remains signiiicant even for 50/o of clocosane (Fig. ~g), 
in spite of the shape of tllc lognritliniic graph and in spite of the relatively high load 
on this support of low surface ;mx. 

‘I’llc solubility in the paraffins of partially fluorinated compounds (C,F1,*C,H,) 
is low, ancl the solubility of fluorocarbons (C,,F1,) is almost nil. The curves obtained 
for tllcsc “solutes” do not differ from the prcccding WIGS in their general shnpe, but 
in tlic rclativc iniportzuicc of tlic cliffercnt transitions (Figs. 2 ~~13). For intcrmccliatc 

loads (o.4%, l;igs.?c ancl 3a)‘; the increase in the retention volume is small or nil bc- 
low aid at about the melting tcnipcraturc of clocosane. The increase is very signifi- 
cant, however, beyond 2’1 and the peak at 47” is rather sharp. III aclclition, for all of 
these 1)erfluorinatcd !!solutcs” and above a lo;~l of 0,4OA,, a large decrease in the re- 
tention volume is observccl il few degrees under the normal melting point of docosanc. 

By decreasing the tcniperaturc, a significant hysteresis effect can be observed 
for the shifted cliromatograpl~ic transition, which takes place above thd normal 
melting point of the stationary phase. Nevertheless, as with Chromosorb, the 
decrease in the retention, which characterizes the inverse transition, is observed 
well above the normal crystallisation temperature of cloco+me (Fig. 42~). The apparent 
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Fig. 3. Variation of log vf; with I /7’ for C,,Fp, iw 
011 graphite: (it) 0,4:{,; (1~) 1.2%. 

“solute” ant1 cliffercnt parccntugcn of clocosano 

Fig. 4. Variation of log 1’0 with r/‘l’ with increasing and clccreasing tumpcraturcs (in the direction 
of the arrows): (a) for woctanc as solute uncl 0,54%, of clocounnc on grapllitc; (b) for C,F1,*CIII-Ia 
as solute nntl I,zy$ of clocosanf2 on gmphitc. 

shift of the melting point cannot bc merely ascribed to a. delay in the temperature of 
the bath reaching equilibrium, 

The decrease in the retention volume of perfluorinated “solutes” a few degrees 
under the normal melting point of the stationary phase &o gives rise to 8 hysteresis 
effect, which is larger and extends over about zoo (Fig, 4b). The return to the equilib- 
rium curve is a function of time. 



Tlic continuous increase in the retention volume above the melting point of 
the stationary phase suggests thnt at thcsc tcmperaturcs the progressive melting of a 
lilm of par&fin that remains llartly rigid near the carbon surface occurs. Heating the 
coluInn permits an increasing proportion of the stationary phase to participate in the 
clironIatograpl~ic process, This interpretation is in. good agreement with our cxpcri- 
mcnts on silica supports and with the observations by scvcral workers4-‘J of the modifi- 
cations of tlic propertics of normal paraffins on contact with graphite surfaces. 

l’lic progressive nature of the variation in retention with increasing tempera- 
ture, contrasting with the abrupt transition obscrvcd with silica supports, can be 
interpreted rather well in terms of tlIc cliffcrcnt arrangements of tlic molecules of the 
lihn, Instcacl of tlic tllick, compact, single morrolaycr that paraffin molecules form on 
Ini~crol~c~rous hydroxylatcd silicas112, their horizontal position on the surface of graph- 
ite leads to thicker multilaycrs of the stationary phase. It is easily conceivable 
why such multilaycrs pn~grcssivcly npproach the mobility of a normal liquid, be- 
ginning with .the layer farthest from tlw graphite surface. 

The intcrcst of chron~ntograplIy wit11 perfluorinated solutes lies in the fact that 
it gives ;I sensitive test of small variations in the rigiclity of surface layers, even if the 
layers wc wry thin nncl if the support IIns a. small surface area. Hence, in addition to 
tile continuous phcIIomcnon already obscrvcd on graphite by other methods, WC 
founcl two breaks in the curve clIaractcrizcc1 by a peak at 47” and a plateau from 50 
to 55”. We consider tllat these effects are connected with the “melting” of the last 
monola~ers of clocosnne in, contact with the graphite. This hypothesis is in agree- 
ment wItlI our observation of these breaks for concentrations of stationary phase as 
low as 0.075%, at which level tllc layer is only a few molecular cliamctcrs thick, ac- 
corcling to the molecular cross-sectional awn estimations of GROSZI& for dotriacontanc 
and KIWI 1~10 for lower hyclrocarbons. 1.. In aclclition, iIs for the transformation of 
moIIoli~yers on ChromosorbsIl, we have coniirmccl recently by thcrmnl analysis the 
physical reality of s0ni0 of these transitionsI2. 

Tlic blunt cliaractcr of the trnnsitiolis for tliis low coating of the surface agrecs 
well with the fact that the melting of a mono- or bimolecular layer cannot bc nmely 
consiclerecl m ;I co-operative l~llcnc~n~c~~oI~ , as is the cast with the melting of a crystal 
or the transition of a thick I~lOllOli~JTr, ‘The large amplitude of the transitions of the 
retention volumes for flUoriIli~tcc1 solutes confirms that they are connected witlI ;I 
progressive modification of tlie intcrfaccs, wliicli are tile only psitions wlicre tliesc 
compounds are appreciably rctaincd, 

On the contrary, however, tllc retentions of the fluorocarbons do not incrcasc 
below ancl at about the melting point of clocosane and the large increase in retention 
obscrvccl in this tcmpcraturc~ r:mge for hydrocarbon solutes must bc ascribccl to tlw 
cryoscopic effect of a vcrg solul~lc solute, 

Extrapolation of the straight lines of the graph of log VG against I/T at the 
temperature of melting (;r/ = 43.7 + 273~) divides the retention volume into 
three parts (Fig. 5); VQ a, corresponding to the pure adsorption at the gas-organic 
layer interface, which is generally low ; V,-J~, the retention volume in tlw bulk sta- 
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tionary phase; am1 Vcf, tlic retention volume cstrnpolatecl at the temperature ‘r/ 
in the “m&cd” multilayer. 

These definitions arc justiticcl eslx2rimcntnlly by the linearity pf the variation 
of V/on with t, the percentage of clocosane, for the high values of this parameter ac- 
cording to the normal laws of gas-liquid cl~romatogral~lly (Fig. 6). However, the ex- 
trapolatecl straight line intercepts the t axis at 0.90/O of stationary phase. The effect 
is as if under this load of organic material there would not be any rehl bulk material 
in the column. Rclow o,9o/o, the VU, values measurer1 for octane must be connected 
with a pre-melting or a “cryoscopic” effect of the solute. In agreement with these 
ideas, V, increases with t and rcachcs $1 constant vnluc for about 1% of stationary 
pl1WL 

VO 
80, 

60, 

40, 

PO, 

1 a 4 

Fig. G, (a) Spccilic rctcntion volume nttributccl to the cnpillnry conclcnsccl liquid. VOD (cm3 per 
gmm:of support), UCYS~~S the pcrccntagc of docosnnc on grnphitc, t, for ,rr-octnnc as solute. 
(b) Specific rctcntion volume originating from the mcltccl film, T’a~, V~YSNS the pcrcontngo of deco- 
snnc on gmphitc, t, for woctnnc as solute. 
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Hence, according to the above-quoted molecular cross-sectional nrcas for 
normal parrtlfins, it nppcnrs tliat tllerc is no docosanc in the normal bulk liquid state 
at its niclting point unless it forms at least 30 layers of molcculcs in a. liorizontal 
position on tllc graphite surfacc. 

Xctchm by the s~uccuxivc Iti~ws 0.f sohilt 
CVitli the aim of cl~aractcriaing quantitatively tlic permeability of the succes- 

sive layers of docosanc to a. l~yclrcxx.rbon solute, we clefined tlic “differential spxific 
rctcntion volume”, LL’~, as 

dvc; i’,, z I.o[) ---. clt # 100 +gf- 

a.nd WC studied its varintion wit11 T: = 
nr -I- Tl/ 4.1 

2 
for two columns with lands rn and p&+1 

This study was carried out for tlnxe tempcraturcs: 
0, = O/ = 43*7”, tlie melting point of clc~co~.nc 
0, = q~.~” in tllc “melting” rang2 of tlic first layers ncnr the grnpllite 
O:, = 7x.6” in tlw tcrmincll lincar part of tllc grapll of log VG against I/?'. 

Altliougli tllc small spacing of tlw low values of t renders very imprecise tile 
determination of -Jo for lightI>* londcd columns . , a clear incrcasc in the retention vol- 
ume can lx observed for tllicker layers (Fig. 7). Altl~ough tlw additional layers 
modify the physical properties of the underlying layers, tllc increase in vu wit11 G 
reflects the state of the esternal layers becoming more and more normal. 

The classical specific retention volume of octane in clocosane was cletermined 
by separate experiments wit11 two differently loaded columns of DRICS-treated 
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Chromosorb I?. The results of thcsc determinations wcrc in agreement to within a 
few tenths of 1%. 

For the three temperatures used, the vR values tend towards these specific 
retention volumes asymptotically. As shown in Kg. 7 and Table I, the difference bc- 
tween v. and tlrc limiting value remains very large at the normal melting temperature 
of docosane, even for ? = 3.5% of stationary phase. Hcncc, docosane does not have 
normal solvent properties even in. the external part of a very thick multilayer at the 
normal melting temperature. 

At 49.4” and 7x.6”, the asymptotic values are more nearly reached for llighly 
loaded columns, Nevertheless, it is worth noting that in spite of the perfect linearity 
of the graph of log V. versus 112. above 55” at all loads, docosane never possesses 
normal solvent properties on graphite, even in thick layers, 

43.7 17.30 ‘727 I605 
4%~ 1.33f I.329 1x55 
71.6 514 512 @s ---.--_- _._-. ----. -..-.-_.-__.--.._---.-...--_._- . I_-_-.-..-----~-.__-.- 

Hence, the thickness of the abnormal layer of a paraffin on graphite appears 
to be much more_,cxtended than after other physical measurements. 

The decrease in the retention volume for perfluorinatcd “solutes” a few dc- 
grces below the melting point of the solvent is an objective property of the stationary 
phase, as shown by the hysteresis effect obscrvcd. 

For a tentative interpretation, we compare tllis plIc1i01nc1~01i with the continu- 
ous variation of many propertics of normal paraffins prcccding the solid-solid trans- 
formation in these compou~~cls one or two degrees below tllcir melting point. This 
transformation is a change in tbc crystalline structure connected with the possibility 
of the stretched molecules rotating more or less freelv around their elongated axis’“. 

If such a transformation exists in multilayers,Vit may lead to :I change in the 
nature of the surface CHn or CM2 groups, on which the adsorption of fluorocarbons 
is very sensitive. However, this transformation may be hindered by the underlying 
surface under a determined thickness of the layer, which was confirmed experimental- 
ly. In acldition, it is worth noting that the results of a few experiments carried out 
with hexatriacontane insteacl of docosane inclicatecl a higher limiting thickness at 
which the decrease occurrecl corresponding to a concentration of o.GG~/~ instead of 
o.4oo/o. This effect is as if the arrangement of molecules changes from a horizontal to 
a vertical position, 

These experiments conlirtnecl the ability of gas chromatography to supply 
information about the state of surface phases. In aclclition, they llavc showy the im- 
possibility of carrying out gas cllromatographic determinations of the usual solvent 
properties of paraffins over a large temperature range when graphite is usecl as tile 
support, Hence this restriction, encountered with hydroxylatecl silicas and many 
stationary phases following our recent studies, must now be extended to other chro- 
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matogral~hic systems. l~inally wc point out the lack of signilicnncc of the simple 
concept of specific retention volume whw parrtffins arc used as solvents on a support 
that is being more commonly used for analytical purposes. In addition to the “sup- 
port effect”, the influcncc of the support on the l~hysical st:ltc of the stationary phase 
must be talccn into account. 


