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COMPARISON OF CHEMICALLY BONDED AND PHYSICALLY COATED 
POLYETHYLENE GLYCOL STATIONARY PHASES :N GAS CHROMATO- 
GRAPHY 

SUMXlARY 

Studies of Ihe gas chromarogr~phic behaviour of bonded and coated PEG 20x4 
stationary phases shotted that bonded PEG ZOM has ;t liquid-type structure above 
room temperature. Retention diagrams for several solute molecules in the form of 
In V, wrsus the reciprocal of the absolute temperature show clear diKerences bet\\een 
bonded and coated PEG 20M on Chromosorb W. The absence of an inflection in the 
retention diagrams for bonded PEG 2OM is observed_ in contrast to the marked 
chanse in retention volumes for coated PEG 20M at or near the melting points. 
Both bonded and coated PEG 2OM have almost identical enthalpies above the melting 
point of coated PEG 20M and the same holds for bonded PEG 2OM at .SO ‘C and 
35 ‘C. Peak asymmetry 113s calculated and marked differences beween bonded and 
coated PEG 20M stationary phases \\‘ere observed. 

New stationary phases chemically bonded to solid supports have recent11 
been revie\ved by Locke’. The main advantage of these packings in gas chromatography 
(GC) is that the stationary phases are thermally stable and their temperature limit is 
SO-90 :C higher than those for conventionally coated stationary phases. In addition. 
there may be rapid mass transfer betneen the bonded support and the mobile phase 
such that hiph carrier gas velocities can be used \\ith little decrease in column ef- 
ficiency’. The organic compounds attached to the solid support are oriented like 
bristles on the surface of the support, resulting in no pooling. Consequently. the 
speed of the mass transfer is considerably higher than with comentional stationary 
phases3. The term “brush-’ is used for silica esterified with aliphatic alcohols instead 
of esterified silicaa. 

The bristles of the brushes are monomeric organic molecules bonded chemi- 
cally3. The effect of rotation of the bristles bonded chemically on one end increases 
with increasing chain length and the croxhding of the monomeric bristles may result 
in their bonding on two or more points of the support surface. The result may be 
that spatial order of the bristles decreases and their structure becomes more similar 
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to that of liquids. Polymerization of the chemically bonded mole&x on the surface 
of the supports always results iri liquid (or solid) type structures. 

In st&ionary liquid phases bonded chemically, organic molecules with short 
chain lengths, such as triethylene glycol or octanol, form a monomolecular layer on 
an inactive support. As one end of the molecules is fixed on to the support, the area 
where these molecules can move freely is limited. Therefore, these stationary liquid 
phases behave as solids. However, the problem is to decide whether stationary liquid 
phases of larger molecular weight organic compounds such as polyethylene glycol 
1000 behave as solids or liquids at column temperatures in GC. The question of 
whether a process is gas-solid or gas-liquid chromatography arises when chemically 
bonded stationary phases are used as column packing materials in GC. In this paper 
we will focus our attention on this point. 

In polyamide stationary phases physically coated on Dia-solid M, the peak 
shapes and the separation factors for diesters of dibasic alkanoic acids below the 
melting points of the stationary liquid phases were nearly identical with those above 
the melting poin&. Aue and Kapila6, in their work with silica gels, commented that, 
judging from the chromatograms, there is no longer any difference between gas-solid 
and gas-liquid chromatography. Smidsrad and Guillet’ found that a plot of the 
logarithm of the spectic retention volume against the reciprocal of the absolute 
temperature showed a marked inflection at a temperature close to the transition 
temperatures for a polymer on using it as a stationary phase in a gas chromatograph. 

This paper describes some results obtained by the GC analysis of both poly- 
meric stationary phases chemically bonded and physically coated, with particular 
emphasis on transitions of the first order of the polymer. Polyethylene glycol 3900 
and 20M were selected as polymers and were bonded to Chromosorb W. The elution 
behaviours of several solutes were observed at temperatures between room temper- 
ature and 150 “C, and were compared with those for the physically coated supports. 

EXPERIMENTAL 

Preparation of bonded and coated stationary phases 
The inactive support used in this work was Chromosorb W, 80-100 mesh. 

Activation of the support surfaces was carried out by covering 100 ml of the support 
with 30 ml of concentrated hydrochloric acid, refluxing for 4 h and washing with 
distilled water until neutral and with acetone three times8. The support was then 
placed in a vacuum desiccator over silica gel, evacuated and kept at 100 “C for 6 h. 
Replacement of the. surface hydroxyl groups with chloride was carried out with 
silicon tetrachlorideg. To 50 ml (18 g) of activated Chromosorb W covered with 60 ml 
of dry n-hexane in a 500~ml flask were slowly added 30 ml (45 g) of silicon tetra- 
chloride and the mixture was stirred under reflux for 1.5 h. The chlorinated Chromo- 
sorb W was then thoroughly washed with dry n-hexane. 

Twenty grams of PEG 20M or 10 g of PEG 3900 were dissolved in 90 ml of 
dry benzene and the solution was added slowly to the chlorinated Chromosorb W in 
the flask, followed by refluxing for 6 h. The PEG-Chromosorb W was then extracted 
with dry benzene for 8 h in a Soxhlet extractor to remove all traces of non-bonded 
PEG and dried in vacua at 100 “C for 4 h. 

. EsterScation of the chlorinated support with PEG resulted in polymer con- 
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tents of 4.2% for PEG 20M and 2.0”/, for PEG 3900. The polymer contents -were 
determined by carbon and hydrogen elemental analysis of the surface. Conven- 
tionally coated stationary phase was prepared by dissolving a weighed amount of 
PEG 20M in benzene, mixing the solution with a weighed amount of inactive Chro- 
mosorb W AW and evaporatin g the solvent. The polymer concentration on the 
support was 4.2%. 

Dererminaiion of gas chromatograms 
The columns were 1.5 m x 3 mm I.D. stainless-steel tubes and were packed 

under reduced pressure with vibration. A Yanagimoto Model GSO gas chromato- 
graph equipped with a flow meter, pressure gauge and a flame-ionization detector 
was used. A trap, containing anhydrous calcium chloride, was placed in the carrier 
gas (nitrogen) line in order to remove trace amounts of water. 

All sample solutes used in this study were of reagent grade. To prevent chemi- 
cal attack of the bonded phases (Le., hydrolysis), the solutes were dried and re- 
distilled before injection. Volumes of 2 ~1 of sample solutes were injected on to the 
column using a Hamilton lO-~1 syringe. The flow-rate of the carrier gas was 16 ml/min 
for all temperatures. The temperature at the injection port was 20 “C higher than 
either the solute boiling point or the column temperature, whichever was the greater. 

Ill I I I III I t II 
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l/T x 103 

fig. 1.~ Retention diagrams for acetonc. 0, Bonded PEG 2OM; 0, coated PEG 20M ; X, bonded 
PEG 3900. 



Specific retention volumes, V,, were calculated from the following equation: 

where J = l:S(P’- l)/(P3- 1) is the compressibility factor; P is the ratio of the inlet 
to the outlet &ssurc (P = Pr/Po); V, is the measured retention volume for the &lute; 
V, is the measured retention volume for the non-interacting reference sample; W is 
the mass of the stationary phase; and TR is the room temperature (in “K) when the 
fiow meter is checked. The specific retention volume, V,, is conventionally reported as 
millilitres of carrier gas (measured at 273 “K) per gram of stationary phase. 

Peak asymmetry was calculated by the ratio of the back to front sides of the 
base-line band widrh. These half-widths were obtained as follows: the base-line band 
width was found from the intersections of the tangents to the inflection points with 
the base-line; the dividing point between the front and back sides was found by the 
intersection of the perpendictdar from the peak maximum with the base-line. The 
number of theoretical plates was also calculated by the usual method. 
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Fig. 2. Retention diagrams for methanol. Symbok~as in Fig. 1. 
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Differential thermal analysis 
Differential thermal analysis traces were obtained on a Shimadzu instrument 

at a scan rate of 20 “C/min and f10 PV full scale. 

RESULTS AND DISCUSSION 

Retention diagrams for several solute molecules in the form of ploh of In k, 
against the reciprocal of the absolute temperature (l/T) are shown in Figs. 1-6. The 
retention diagrams on coated PEG 20M for all solutes show the expected sharp 
maxima and minima near the melting point of the polymer. The maxima correspond 
to the melting point of the polymerlOsll and the values were 62-64 “C (60 “C for 
methanol), which are in good agreement with the values determined with a hot-plate 
melting-point apparatus (60 “C). 

The retention diasams on bonded PEG 20M are linear or slightly curved plots, 
indicating the absence of phase transition. This suggests that bonded PEG 20M and 
coated PEG 20M have different properties near the melting point. A generalized plot 
of the In Vg versus the reciprocal of the absoIute temperature is shown in Fig. 7. At 
temperatures above the melting point, the retention diagam (II-III) should be 
linear, as predicted by theory, and retention volumes obtained by extrapolation 
(II-IV) of this straight line to below the melting point correspond to those obtained 
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Fig. 3. Retention diagrams for benzene. Symbols as in Fig. I. 
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Fig. 4. Retention diagrams for toluene. Symbols as in Fig. 1. 

when the stationary phase is completely amorphous. Similarly, the line I-XV is the 
region at temperatures beiow the melting point, where the retention time is directly 
proportional to the amount of amorphous material, as penetration of the probe into 
the bulk of the crystalline phase is precluded. Hence, ‘the retention diagrams shift 
from the line TV-I-II-III to the line Iv-II-111 with the crystallinity of the stationary 
phase at temperatures below the melting point. 

In general, the retention volume above a glass transition can be divided into 
surface and bulk contributionsll: 

where C is the fraction of the polymer crystallized and VI& and VgS are the bulk and 
surface retention volumes. If a non-polar stationary phase is used with non-polar 
solutes, the contribution of Vgs is neglected, because there is no need to consider sur- 
face adsorption of solutes on the stationary phase. 



PEG STATIONARY PHASES IN GC 267 

III I I111 I IIll 
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Fig. 5. Retention diagrams for cyclohexane. Symbols as in Fig. 1. 

If one assumes that the crystalline regions of bonded PEG 20M exist below 
60 “C (melting point of unbonded PEG 20M) (C > 0), the values of Vg decrease with 
increasing column temperature through the path VI-I-V in Fig. 7. if C = 0 for 
bonded PEG 20M below 60 “C, then the retention diagram lies on the path IV-II-III_ 
From the results shown in Figs. l-6, it is indicated that bonded PEG 20M is in the 
completely amorphous state. The absence of a melting transition in bonded PEG 20M 
is evident from the differential thermograms for both bonded and coated PEG 20M 
stationary phases shown in Fig. 8. 

It is still uncertain from the above results whether bonded PEG 20M at 
temperatures below 60 “C is in a liquid state or in a completely amorphous form. 
Bonded PEG 20M is essentially solid, because one end of the PEG molecules is fixed 
to the surface of the stationary support and free movement of the..molecules is not 
possible. The presence of a slight inflection at or near 60 “C in the retention diagrams 
for bonded PEG 20M might suggest the presence of any phase transition. 

From theoretical considerations; the slope of the in Vg versus l/T graph is 
(AH, -AH,,, --dH,)IR, where AH, is the enthalpy of vaporization of the solute mole- 
cules, AH, is the enthalpy of mixing of the solute molecule and the stationary phase 
and AH, is the enthalpy of adsorption of the solute molecules at the stkionary 
phase-vapour interface’. The adsorption of the solute molecules at the stationary 
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Fig. 8. Differential thermograms for bonded and coated PEG 20M. 

phase-support interface is neglected. Table I gives the values of the slope at 80 “C 
and 35 “C for several solutes. The slopes at 80 “C for both bonded and coated PEG 
20M are similar, which indicates that the thermodynamic functions at temperatures 
above 60 “C (melting point for coated PEG 20M) are equal. The same effect occurs 
for bonded PEG 20M at 80 “C and 35 “C. These results seem to suggest that the 
state of bonded PEG 20M at temperatures beIow 60 “C is identical with that above 
60 “C. Because of a deviation from linearity and possible errors in interpolation, the 
slopes for coated PEG 20M at 35 “C were not calculated. 

Peak asymmetry on PEG 20M stationary phases is shown in Table II. The 
values from room temperature to 150 “C for bonded PEG 20M were higher than 
unity (results for temperatures higher than 100 “C are not shown), and the ratio of 
the maximum and minimum values was less than 2. The values for coated PEG 20M, 
on the other hand, varied from 0.02 in some instances to as much as 11.6 .in others. 
At temperatures below the solute melting points the values were less than unity, and 
above the solute melting points the values were higher than unity, indicating that 
solute melting points affect peak asymmetry. Little difference in the solute-polymer 

TABLE I 

SLOPES OF THE RETENTION DIAGRAMS FOR DIFFERENT SOLUTES 

Solute 35 “C 

Bonded 
PEG 20&f 

Bonded 
PEG 3900 

80 “C 

Coated Bonded Bonded 
PEG 2OM PEG 20M PEG 3900 

Acetone 3.4 3.0 3.5 1.3 
Methanol 2.9 4.8 4.6 2.6 
Benzene 4.2 2.6 4.6 3.9 2.9 
Toluene 4.9 3.6 4.4 4.3 3.5 
CycIoh&ane 4.5 2.9 3.1 3.1 1.6 
n-Hexane 4.4 2.3 1.5 2.1 0.8 
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Fig. 9. Relationship between peak width at half-height and column temperature for methanol. 8, 
Bonded PEG 20M; 0, coated PEG 20M. 

interactions on bonded PEG 20M for the whole temperature range is confirmed by 
these results. The differences in the b/a values (Table II) for bonded and coated 
PEG 20M above 60 “C indicate that the properties of both stationary phases are 
essentially different, even in the liquified state. 

From the above discussion, it is concluded that bonded PEG 20M has a liquid 
rather than an amorphous solid character, even belo\? 60 “C. Hence, gas-liquid 
chromatography on bonded PEG 20M for the whole temperature range studied is 
corSrmed by these results, in contrast to coated PEG 20M, on which gas-liquid 
chromatography takes place above the melting point and gas-solid chromatography 
below the melting point. 
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Fig_ IO. Relationship of peak width at half-height and column temperature for toluene. Symbols as 
in Fig. 9. 
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Figs. 9 and 10 show the relationships between peak width at half-height and 
column temperature for methanol and toIuene. The shapes of the curves are similar 
to those for In V, ~~CSUS Z/T_ The number of theoretical plates on coated PEG 20M 
attained a maximum value near the solute boiling points and is nearly constant over 
the boiling point range. Ahhough the relationships between the number of theoretical 
plates and column tem_perature on bonded PEG 20M for several solutes vary widely, 
it can be said that the number of theoretical plates on bonded PEG 20M was not 
greater than that on coated PEG 20M. This observation was different from that for 
bonded stationary phases of low-molecular-weight materials. 
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