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Abstract

The inverse gas chromatography method was utilized to obtain the thermodynamic properties and the surface energy of a semicrystalline
polymer, poly(ethylene oxide) (PEO). PEO was used as a stationary phase in the chromatographic column and 16 solutes with a different
chemical nature were used as eluents such as alkanes, acetates and alcohols. Each family has provided information on the type and strength of
the PEO—-solute interactions. Alkanes showed endothermic interaction parageterd the molar heat of mixing in a temperature range of
70—130C. Acetates and alcohols showed better interactions with the PEO layer and butanol was found to be the best solvent for PEO among
all solutes used. The variation in molecular weight of PEO above 4000 g'stobwed no apparent effect on the interaction coefficients. The
dispersive contribution of the surface energy of PEO was measured as a function of temperature, which ranged between 8.00 and
13.00 mJ m?, indicating a poor surface energy of PE®1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction this paper are to revisit the application of the IGC method to
high molecular weight PEO with the modifications cited in

In recent years, literature has shown the inverse gas chro-our earlier publication [16], and to extend this application to
matography (IGC) method to be effective, accurate and calculations of the surface energy of PEO and to affirm our
versatile as a method for the characterization of polymer earlier conclusion that IGC is capable of obtaining a wealth
systems [1-3]. Its versatility comes from the fact that IGC of information on a polymeric system.
can be applied successfully to the characterization of simple
or complex systems such as amorphous, or crystalline poly-
mers and polymer blends. It is selective because systems ca. Theory
be studied over a wide range of temperatures and composi-
tions. For information on the features of IGC, the reader is 2.1. Thermodynamics of IGC
referred to our earlier reviews [1-3].

Undoubtedly, poly(ethylene oxide) (PEO) as a water  The elution behavior on the chromatographic column was
soluble polymer has properties with industrial and recently examined and a complete analysis of the thermo-
commercial interest. It is often used as a stationary phasedynamics of inverse gas chromatography was reported ear-
for commercial GC columns. PEO possesses solid lier [16]. By measuring the net retention time of solutes,
polymer—electrolyte properties upon mixing with an flow rate of carrier gas, temperature of the column, mass
appropriate electrolyte salt [4,5]. Recently, this property of the polymer in the stationary phase, and the pressure of
has received much attention because it may lead to devel-the carrier gas at the inlet and outlet of the column, the
oping polymer—electrolyte batteries. Other applications reduced specific retention volum¥g, can be calculated
range from adhesives, pharmaceuticals, cosmetics,from the chromatographic experiment. The teraf
packaging films, paper coatings, textile wraps and lubricant describes the elution behavior of solutes on a chromato-
additives. Although there have been numerous applicationsgraphic column, and it is defined as [1-3]:
of IGC on PEO during _the 1970s and 1980s [6-15], and ATF273153(P/P,)? — 1
because of the conductivity properties of PEO, the goals of Vg = = 3

Tw  2(Pi/Py)°—1

*Tel.: +1-706-568-2075; Fax: +1-706-569-3133. whereAt =t, — t, is the difference between retention time

@)

0032-3861/99/%$ - see front matt€r 1999 Elsevier Science Ltd. All rights reserved.
PIl: S0032-3861(98)00534-5



3480 2.Y. Al-Saigh / Polymer 40 (1999) 34793485

of the solutet, and of the market,,, F is the flow rate ofthe ~ when alkane solutes are used, dipole—dipole forces or a

carrier gas measured at room temperafiyrev is the mass ~ combination of dipole—dipole/dispersive forces when acet-

of the stationary phase, afj andP, are the column inlet  ate solutes are used and H-bonding or a combination of H-

and outlet pressures, respectively. bonding/dispersive forces when alcohol solutes are used.
The termVyg, plays a major role in the calculation of the From the chromatographic measureme$of solutes

thermodynamic parameters and the surface energy. The sur{Eq. (1)) can be used to calculate the surface engrgiyhis

face interaction between the polymer and the solute is method of characterization was first reported by Fowkes

expressed in terms of the free energy of mixinG [18] who determined the surface energy of several compo-
which is the key term in the miscibility of the polymer— nents. Generally, the contribution of dispersive forces and
solute system. all other types of forces can be added and expressed as the
AG,, = AH,, — TAS, ) energy of adhesion as follows:
d

A negative value oAG,, indicates that the polymer—solute Ya=7 + v (7)
system is miscible. I%; is the volume fraction of théth  wherey“is the contribution of dispersive forces atf is
component, then the free energy of mixing as described bythe contribution of specific interaction forces such as H-
Flory—Huggins theory [17] is: bonding, dipole—dipole, acid—base, etc.
AGi = RT{N; IN ¢1 + Ny IN ¢ + Nypox} (3) The IGC method has been successfqlly appl_le_d in recent

) i years to determine the surface properties of divided solids
wheren, is the number of moles of thiéh componentRT [19-28]. From the gas chromatographic measuremafis,

has its usual meaning andis a parameter which is inver- s qetermined by using Eq. (1) which can be related to the

sely proportional to the absolute temperature. The para-gqyilibrium constank between the adsorbed solute and the
meterx was introduced as an enthalpic contact parameter, polymer surface as follows:

the two logarithmic terms represent the (combinatory) VO — KA )
entropy of mixing. The strength of the interaction between "9

PEO, polymer (2) and the solute (1) is represented by the whereK is the surface partition coefficient aAds the total
parametel 1, which was derived earlier and reported else- surface area of the polymer stationary phase in the chroma-
where [16]. tographic column. Thermodynamically, the molar free

energy of adsorptionAG, can be related t&/g using the
27315R V. By —V . ; : g
5 :2 — L2 Tipo (4) following relationship [29]:
VgV, P3 My, RT
AG,= —RTInVg+C 9)

x12=1In

Eq. (4) has been routinely used for the calculationyef

obtained from the IGC experimenté;, P, M5, v,, andBy; where C is a constant depending on the weight and the

are the solute molar volume, the solute saturated vaporspecific surface area of the packing material and the refer-

pressure, the polymer molecular weight, the polymer speci- €nce adsorption state [30].

fic volume, and the second virial coefficient, respectively. ~ The energy of adhesion (Eq. (7)) is also related to the free
V§ can also be utilized for the calculation of the molar energy of adsorption (Eg. (9)) as follows:

heat (enthalpy) of sorption of solutes absorbed by the amor- 44

phous layer of PEOAHS) as in the following equation: RTIn Vg +c= 2Nay/vsvi (10)

AHS— R a(n Vvg) . wherey? and+¢ are the dispersive components of the solid
1= a(UT) (5) surface and the interactive solutes phase, respectiMaly,

Avogadro’s number and is the area of the adsorbed mole-
cules (solutes).
In IGC experiments, a series of interactive solutes, like
alkanes, can be injected into the chromatographic column in
» 27315R o order to determine the dispersive surface enefdyA plot
1= Wexp[ —Pi(Biy = V)IRT (6) of AG, or (RTIn V§) versus the number of carbons in the
alkane series can be meaningful. Such a plot is linear and the
slope of the straight lines will account for the incremental
contribution by a CHgroup to the free energy of adsorption
2.2. Determination of surface energy of polymers (AGEH?).
Eq. (10) can be re-written to yield the dispersive surface
In general, the surface interaction of solutes with the energy as follows:
polymer layer can be attributed to the interaction of disper- 1 ( AGEH) 2
sive forces or a combination of dispersive forces with H- 4= { } (11)
bonding or with dipole—dipole forces. In the case of PEO, dven, | Necy,
the polymer—solute interactions are due to dispersive forceswhere ¢y, is the surface energy of a linear saturated

The molar heat of mixingAH?7, of PEO—solutes can be
calculated using the weight fraction activity coefficient of
the solute at infinite dilutionQ?, as follows:
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hydrocarbon andicy, is the area of one —CH2— group. this study is semicrystalline, every effort was made to avoid
Eqg. (11) will be used to test the IGC method for obtaining recrystallization of PEO by keeping the chromatograph
the dispersive contribution to the surface energy of PEO. operational at all times. During the course of the experi-
ments, the oven temperature was uniformly increased until
a complete set of data of the whole study was obtained.

3. Experimental Control of the mass of PEO in the stationary phase has
been modified and a new method for coating the polymer
3.1. Materials was developed and recently reported [16]. A flow rate of

8 ml min~* was used throughout this work in order to elimi-

Three chemically different families of solutes were nate the effect of flow rate (kinetic) o values. From our
selected in this work. Decreasingly small amounts of a ser- previous experiments, the flow rate of the carrier gas
ies of alkanes, acetates and alcohols were injected into the(nitrogen in this case) between 0 and 10 ml rfithas no
chromatographic column. This enabled us to obtain infor- significant effect on the retention volumes. Flow rates above
mation regarding the strength and the type of interaction 10 ml min~* may cause a considerable error in the retention
forces between PEO and the gaseous mobile phase. Solutegolumes, particularly if helium is used as a carrier gas [33].
were selected to represent three classes of interactions with  The chromatographic modifications were extended to
the PEO backbone; non-polar, dipole—dipole, and polar. A include a completely automated data handling system. An
total of 16 solutes were purchased from Aldrich as analog/digital data acquisition board (IEEE-488) in the form
chromatographic grade. Their purity was checked by gas of a Keithly-type digital multimeter was interfaced with a
chromatography prior to use. High molecular weight personal computer containing a second IEEE-488 board.
poly(ethylene oxide) was supplied by Union Carbide This allowed for precise measurements of the retention
(South Charleston, WV) in a powder form as Polyox. Mole- times of the solutes injected into the chromatographic col-
cular weight determination was carried out using GPC. PEO umn. The chromatographic signal was analyzed as a func-
was dissolved in hexafluoro-isopropanol and the columnstion of time, and the data was stored for further
were calibrated with PMMA standards. PEO has an averagethermodynamic calculations which were also performed
weight molecular weight of 1100000. The melting by the PC. The retention of solutes on zero loading column
temperature of PEO was determined using modulated (support only) were stored in a separate file and interpolated
differential scanning calorimetry (TA Instrument 2100) over a wide range of temperatures. These retention volumes
which revealed &, value of 73.00C. This T, value is in were then subtracted from those measured on loaded col-
agreement with the earlier observed m.p. of 72C7(B1]. umns. This procedure was used to correct for the effect of
Chromatographic support, Chromosorb W (AW-DMCS the ‘inert’ solid support on the retention volumes. This auto-
treated, 60/80 mesh) was obtained from Analabs. Chroma-mated system was fast and ideal for routine IGC measure-
tographic columns were made in the laboratory from 1/4 ments.
inch copper tubing which was purchased locally. All copper
columns were washed with methanol and annealed for sev-
eral hours before use. One column loading is used in this 4. Results and discussion
work, 0.5681 g of PEO (7% wt/wt) was coated onto
7.9597 g of Chromosorb W. PEO was dissolved in hot acet- 4.1. Specific retention volumes
onitrile and then deposited onto the solid support using the

method reported previously [16]. Specific retention volumegy of 16 solutes having a dif-
ferent chemical nature were obtained on 7% PEO. Thigse
3.2. Instrumentations and procedure values were corrected for the effect of the solid support and

flow rate. A series of alkanes was used ranging from pentane

Chromatographic measurements were made using a modto dodecane, to provide insight into the effect of the disper-
ified Hewlett Packard 5730A gas chromatograph equipped sive forces on the interactions between solutes and PEO as
with a thermal conductivity detector. The chromatograph the number of CH groups increases. Two series of four
was modified to allow continuous monitoring of the carrier acetates and alcohols were selected to provide information
gas flow rate, the inlet and outlet pressure, and the columnon the dipole—dipole and H-bonding interaction forces, or
temperature. These modifications along with the complete the dual effect of these forces and the dispersive forces with
chromatographic procedure were reported in our earlier PEO backbone. Table 1 shows the specific retention
publications [32]. The continuous monitoring is important volumes of the three families over a wide range of tempera-
because it reduces the experimental error significantly in thetures (67—13%C). Retention volumes decreased as tempera-
four measurable parameters mentioned. This procedureture increased for all solutes indicating that the interactions
yielded better controlled measurable quantities. The moni- of solutes and, therefore, solubility of PEO in these solutes
tored parameters are usually measured over a period of 7 hincrease as temperature increases. On the other hand, reten-
and then their values were averaged. Since the PEO used irtion volumes increased as the number of carbons increased
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Table 1

Specific retention volumed/g, in a temperature range of 67—280

Solutes 67 77 87 107 117 127
Pentane 7.16 6.48 4.88 3.67 3.45 2.64
Hexane 9.36 6.49 6.12 4.161 3.53 3.26
Heptane 16.47 13.21 9.511 6.55 7.68 7.41
Octane 33.81 24.15 17.89 12.98 12.10 10.51
Nonane 36.19 24.35 19.07 16.09
Decane 59.88 42.20 31.55 25.54
Undecane 36.19 72.35 53.28 41.08
Dodecane 126.26 89.11 65.97
Methyl acetate 45.67 29.13 21.96 16.61 12.28 7.84
Ethyl acetate 41.53 50.07 42.62 21.37 16.15 10.67
Propyl acetate 61.85 76.94 54.35 34.62 25.94 18.47
Butyl acetate 145.47 101.75 59.13 43.27 31.47
Methanol 67.90 51.31 35.80 23.93 17.54 12.05
Propanol 80.83 56.78 22.68 22.169 16.36 10.78
Butanol 55.95 40.25 28.86

in the alkane series as a result of increasing the dispersivedispersive interaction forces with PEO. Similarly, alcohols

forces as the number of GHyroups increases. Dodecane showed a similar trend to acetates with butanol having the
showed the highest interaction with PEO among the alkanehighest interaction among the three families. It is apparent
family. Plots of InVg versus the inverse of temperature for that butanol is the best solvent for PEO among the 16 solutes
the three families in the temperature range 67-=C3are used due to the combination of H-bonding/dispersive forces.
shown in Figs. 1-4. These plots are known as retention To help understand the interaction between PEO and
diagrams which resulted in linear relationships for all solutes, the slopes of the straight lines in Figs. 1-4 may
solutes except for ethyl and propyl acetate due to possiblebe meaningful. The slopes of these lines are translated
condensation at the injection port. The linear relationship is into the molar heats of sorption of solutes into the PEO

an indication that an equilibrium between solutes and PEO
has been established at the temperature range within the
linear portion. In this casa/g values are amenable for ther-
modynamic analysis.

The acetate series showed no systematic increase with
carbon number, as in the alkanes, due to the absence of
the dispersive forces as the number of carbon atoms in the
acetate backbone increases. However, butyl acetate showed
a higher interaction than the other acetates, indicating higher
dipole—dipole or a combination of dipole—dipole and

Table 2

Molar heat of sorptionAH$, of PEO—solutes at 160G
Solutes AHS (kcal mole™?)
Pentane —4.35

Hexane —4.38

Heptane —3.83

Octane -5.12

Nonane -5.73

Decane —-5.98
Undecane -8.34
Dodecane —-9.56

Methyl acetate —-6.97

Ethyl acetate —-6.70

Propyl acetate -5.97

Butyl acetate -8.14

Methanol —8.08

Ethanol —8.60

Propanol -8.23

Butanol -9.74

In Vg

25 ¢

3.5

1.5

0.5 +

24

1
2.7
1/Tx 10-3

29

Fig. 1. Specific retention volume¥j, of pentane, hexane, heptane and
octane in a temperature range of 70-130(®) pentane, X ) hexane,
(A) heptane, (< ) octane.
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2.5 :
26 265 27 275 28 285 29 295
1/T x 10-3

Fig. 2. Specific retention volume¥y, of nonane, decane, undecane, and
dodecane in a temperature range of 70°€3@_X) nonane, M) decane,
( X ) undecane,£) dodecane.

layer according to Eq. (5). Accordingly, Table 2 shows the
values (slopes) foAH3 at an average temperature of 100
for the three families. In case of alkanes, as the number of

CH, group increases, the molar heat of sorption becomes

more exothermic. Acetates and alcohols showed more
exothermic values than alkanes.

4.2. Interaction parameters and surface characterization

PEO-Solute interaction parameters, such as Flory—
Huggins interaction parametexs, at infinite dilution of
solute, were calculated using Eq. (4), in the temperature
range 67-13C. These calculations were limited to the

availability of Antoine equation constants, these constants

for the acetate and alcohol families were not available at
the temperature range used in this work. Accordingly,
was only calculated for the alkane family. The specific

5.5

4.5

In Vg

35 |

2.5

2 —
2.7 2.8 2.9
1/T x 10-3

Fig. 3. Specific retention volume¥y, of acetates in a temperature range of
70-130C: (V) n-methyl acetate, X ) n-ethyl acetate [{) n-propyl acetate,
(O) n-butyl acetate.
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Table 3
PEO-solute interaction parametegsy, in a temperature range of 67—
130°C

Solute 67 7 87 107 117 127
Pentane 1.10 0.91 0.91 0.66 0.47 0.49
Hexane 1.76 1.80 1.55 1.36 1.26 1.07
Heptane 2.08 1.94 1.93 1.67 1.21 1.17
Octane 2.23 2.16 2.08 1.71 1.46 1.34
Nonane 2.15 1.79 1.67 1.53
Decane 241 1.93 1.84 1.70
Undecane 2.07 1.97 1.85
Dodecane 2.20 2.10 2.00

volume of PEO was calculated using the equation [34],
[35]

v, =0.9217+6.90 X 10~ *(t — 70) (12)

Table 3 shows the relationship gf, of alkanes with the
number of carbons in the family and the temperature. Table
3 indicates values of 1, ranging betweent 0.40 to + 2.40

for all alkanes and the temperature range used. These values
indicate the poor interaction between alkanes and PEO.
Values ofx, followed the same trend a#;, decreased as
temperature increased and increased as number of carbons
increased. Endothermic excess heat of mixingl;, was

also observed. Table 4 shows the values of the molar
heats of mixing of alkanes which ranged from 2.92 to
5.00 kcal mol'* which complimentedy, values. Table 5
shows a comparison gf;, values from several alkane—PEO
systems measured by different groups. Our data appeared to
agree well with others in spite of the difference in MW of
PEO. Leung [8] observed similar results when the IGC
method was applied to low molecular weight (1000—2000)

4.5

35

In Vg

2.5

2 : ‘ ‘ i 1 : f

2.4 2.5 2.6 2.8 29

2.7
1/T x 10-3

Fig. 4. Specific retention volumegy, of alcohols in a temperature range of
70-130C: (O) n-methanol, {) n-ethanol, W) n-propanol, Z )n-butanol.
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Table 4 information was obtained on the surface rather than the
Molar heat of mixing AH?, of PEO-solute bulk properties of PEO. Cheng and Bonner [9] came to
Solutes AH (kcal mole™) the same conclusion when they applied the IGC method to

PEO of 4x 10° in the temperature range 50—260 Klein

Pentane 2.92 at 9¢ and Jeberien [7] plotted the interaction parameters of PEO—
Hexane 2.95 at 9C lut f diff ¢ | | ight . f It
Heptane 4.70 at 9T solutes of different molecular weight ranging from small to
Octane 4.17 at 9T 20000. They obtained a sharp decreasg nin the low
Nonane 4.30 at 10T molecular weight region (0—1000), then, values tend to
Decane 4.97 at 10C become independent of the molecular weight of the station-
Undecane 336 at11¢ ary phase. Our conclusion is affirmed by Marcille et al. [14]
Dodecane 3.11 at 11C@

with their observation made by applying IGC to the poly-

isobutylene—alkane system. However, a recent publication
by Wolf et al. [36] suggested otherwise. Using gas chroma-
tography and a head space accessory on a poly(dimethyl

methoxy-poly(ethylene oxide). Positive interaction coeffi-

cients were obtained ranging from 1.9 to 3.3 for alkanes siloxane)—toluene system, the parameter depended on

n-Cs to n-Cyo. i the polymer molecular weight. It is not clear from this
There has been speculation as to whether or not the mole-

| iaht of pol h p” hen th paper if infinite dilution or finite dilution gas chromatogra-
cuar weig t of po YMErS nas any € ec.t ¥, when the phy experiments have been performed.
polymer is used in a chromatographic column [6,13].

Martire 1131 h h hat IGC i o hod f To calculate the dispersive component of the surface
artire [13] has shown that Is a sensitive method for one gy plots of RTIN V) versus the number of carbons
calculation of polymer molecular weights in the range of

4 i > - in the alkane series were generated for each temperature
10" by determining the constants of empirical equations

using Eqg. (9). A linear relationship was obtained in all
derived from theoretical considerations. Since there is no g Eq. (9) P

i lationship b ° and th | lecul these plots and the slopes of the straight lines were com-
irect relationship betweeWy and the polymer molecular puted as the free energy of desorption of a Qftoup,

weight, varying the molecular weight of the polymer in the AGS™:. Utilizing Eq. (11), the dispersive component of

stationary phase may revegl information on_the depende_ncethe surface energy of PEO was calculated as a function of
of x12 0n the molecular weight of polymers in IGC experi- temperature. The cross-sectional area of an adsorbed CH

ments. To answer this question, a comparative data on PEogroup,aCHz, is considered to be & P{2,37,40]. The surface-

in Table 5 was comp|lled. We I|m|ted_ our comparison _to free energy of a solid containing only Glgroups,yc., is
alkanes only and avoided solutes with mixed interaction computed as a function of temperature as f0||OWS'2

forces. Table 5 clearly demonstrates that the molecular
weight of PEO in the stationary phase has no apparent effect.yCH —3680—0058T (13)
onx,values. Molecular weight of PEO varied from 1000 to :

1100000, whilex;, values ranged from 1.93 to 3.2, a dif- \yhereT s the temperaturéC). Table 6 shows the relation-
ference of only approximately 1.00 for a wide range of ghiy of the dispersive surface energy of PEO with tempera-
molecular weights. This is in good agreement with the e |t ranged from 8.57 to 13.70 mJ#and showed a
fact that the interaction of the mobile phase is occurring sharp decrease at a temperature aboveCLOThis is in
only within the surface layer and not penetrating into the agreement with earlier results reported by Papirer et al.
bulk of PEO. Sln_ce PEO is a thin film of a few microns [37] who observed a decrease of the surface energy of
coated on a solid support, these data suggest that thisreated CaC@with increasing temperature. This observa-
tion was attributed to a different kind of adsorption of

Table 5 solutes on the surfaces; alkane vapors may be penetrating

Comparative data on the effect of molecular weight (MW) of PEQ grof the surface of PEO at temperatures higher than the melting

PEO-solutes temperature of PEO. At these temperatures, the surface of

Solute X12 MW Temperature Reference PEO expands, thus the surface energy decreases and allows
(> the vapor to penetrate the surface. Similar observations were

Heptane 1.93 10700 70 [25]

Decane 2.42 10700 70 [25] Table 6 , ,

Decane 3.2 10700 100 [25] Dispersive surface energies of PEO apgl, (mJ m™)

Heptane 2.08 1100000 68 This Work Temperature°C) CH; surface energy  Surface energy,

Heptane 1.80 1100000 100 This Work

Decane 2.17 1100000 100 This Work 67.00 33.45 8.57

Hexane 1.83 10800 70 [26] 77.00 32.95 11.04

Decane 2.18 10800 70 [26] 87.00 32.45 15.22

Heptane 2.18 2000 67 [27] 107.00 31.45 17.49

Decane 2.59 2000 67 [27] 117.00 30.95 14.61

Heptane 2.98 1000 57 [27] 127.00 30.45 13.69
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