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Abstract

Surface properties of two polyethers containing pyridine and pyrazine units, respectively, were compared with polysulfone. The polymers
were investigated by inverse gas chromatography. The dispersive contributions of the surface free energi aanhdikg; parameters
expressing the ability of the stationary phase to act as Lewis acid or Lewis base were calculated. It was shown that the polymer with pyridine
units possessed extraordinarily higla values whereas the polysulfone showed amphoteric behaviour with predominant Lewis basicity.
© 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction compared with the conventional polysulfoe which is
known to be one of the most suitable materials for mem-
Polymers with polar groups are required for many appli- branes. The behaviour of the polymers was compared by
cations, for example polymer blending, surface modifica- means of dispersive contributions of the surface free energy,
tion, bioactive materials and membranes. We recently which is a measure for dispersive interactions, as well as the
published new results about the synthesis and propertiesK,, andKg values which describe the ability of a polymer
of amidine and pyridine group containing polymers [1,2]. surface to act as electron acceptor or donor.
It was shown by inverse gas chromatography (i.g.c.) that the
surface properties of these polymers are strongly deter- N CH
mined by the basic nature of the polar groups [2]. 1;0@_0@_343
Another application is the utilization of pyridine and pyr- . n
azine group containing polyethers and polyether sulfones
for membranes [3,4]. For example, methylated poly(pyri- CH CH
dine ether sulfones) exhibit excellent gas separation pro- 0'[('“33-0@3@’ ~o-Or-s:O- °‘@8H
perties which are comparable with the best poly(ether N : :
imide) membranes. High selectivities are found for £LO 2
CH,; and He/N separation. Additionally, the reactivities (ratio pyrazine : sulfone = 1: 4)
of various alkylating agents such as methyl triflate, dimethyl o
sulfate, methyl methanesulfonate, methyl iodide and o @ so @ o @ & @
propanesulfone have been investigated and it was found : CH,
that the alkylation of poly(pyridine ether)s is sterically n
hindered by substitution in the 2,6-position [3,4]. 3
This paper reports investigations of the surface properties
of three different polyethers by i.g.c. In two of them,
pyridine and pyrazine groups were incorporated into the
polymer chain in order to increase the surface polarity.
The two nitrogen-containing polymerd and 2 were

n

2. Inverse gas chromatography

Inverse gas chromatography involves the adsorption of
known, volatile probe molecules onto the surface of an
* Corresponding author. unknown stationary phase. From the interactions of the
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probe molecules with the solid a variety of parameters and the boiling temperatures of solventdG;? resulted from
magnitudes may be calculated. the distance between thTInV, values of polar solutes and
Depending on the amount of injected probe molecules, the straight n-alkane line. From its temperature dependence
i.g.c. measurements can be carried out in two different con- the enthalpy of specific interactionsH:P, can be calculated
f:e_nt.ratio.n ranges: (i) at finite concentration and_(ii.) _at AGP = AHP — TASP 5)
infinite dilution. We performed measurements at infinite
dilution. Here, lateral interactions of probe molecules are Where AS? is the specific entropy of adsorptioAHz?
negligible and the retention times only depend on the active results from the slope of thaG3"/T vs. 1/T plot.
sites of the investigated surface. There are various concepts to quantify electron donor—
The values which were directly measured were the reten- acceptor interactions. The acid—base concepts introduced
tion time of a non-interacting marker (methang), the by Drago [12,13] and Gutmann [14] are the most widely
retention times of solutegg, the mass of the stationary used ini.g.c. The 4-parameter equation described by Drago
phase, i.e. of the polymerspsyy, the temperature of the €t al. allows prediction of the enthalpies of adduct formation

column, T, the flow rate,F, the column inlet pressure in gas-phase or poorly solvating media for several Lewis
and the column outlet pressurg,. The net retention acid—base systems. These parameters represent covalent
volume,Vy, can be computed from: and electrostatic contributions.

) Gutmann attributed donor (DN) and acceptohNf
n =Feorrl: @ numbers to Lewis bases (electron donors) and Lewis acids
whereF corris the corrected flow rate depending BT, p; (electron acceptors). Later, the acceptor numbers were

andp,. tz' is the effective retention time, i.e. the difference corrected for van der Waals contributios\() by Riddle
betweentg and ty. From the net retention volume the and Fowkes [15]. The advantages and disadvantages of both
specific retention volumey,, standardized to°C and 1 g methods were compared by Schreiber et al. [16,17]. In this

mass of stationary phase (polymer) is found from [5]: paper we have chosen Gutmann’s approach [14].
Using AHSP values,K , andKg parameters can be calcu-

§= w 2 lated according to Eq. (6) [18]. The validity of this method
“Moly was proven by Schreiber et al. [17]:
For the evaluation of the dispersive interactions between the _ AHSP =K, DN + KgAN* (6)

mobile and the solid phase two different variants have been ) o .

described [6,7]. In this paper we have only applied the Ka andKjg describe the Lewis acid—base character of inves-

approach described by Dorris and Gray [6]. tigated surfaces.K, results from the slope of the
Assuming that in i.g.c. measurements with n-alkanes as — AHa”/AN" vs. DN/AN" plot. The intercept of the straight

probe molecules only dispersive interactions are to be takenline represent&e.

into account and that each methylene group of the n-alkanes

has its own contribution to the free energy of adsorption, the )

dispersive contribution of the surface free energy of the 3. Experimental

stationary phase,;%, can be calculated according to: )
3.1. Materials

(AGCHZ)Z

TNE ®3)
4N 2a?:HﬂCH2

d
rs= Polyethers containing heterocycleg, (2) were syn-
thesized as described previously [19]. PolysulfoBewas
N is Avogadro’s numbemcy, andyc, are the surface area  obtained by nucleophilic aromatic reaction of bisphenol-A
(6 A% and the surface free energy of one methylene group, with 4,4-dichlorodipheny! sulfone according to Lezzi and
respectively.AGgy, is the contribution of one methylene  Huang [20]. An excess of bisphenol-A was added to the
group to the free energy of adsorption. This increment reaction mixture in order to obtain OH group terminated
results from the slope of the plot &TInV, vs. the number  oligomers. Details about their synthesis and use for prepara-
of C atoms of the respective n-alkanes. tion of multiblock copolymers were described in ref. [21].

In addition to dispersive interactions, electron donor— Properties of polymer$—3 are summarized in Table 1.
acceptor interactions take place when polar (specific)
solutes are injected into the chromatographic column. Con- 3 5 l.g.c. measurements
sequently, the variation of the free energy of adsorption,
AG, may be written as a sum of dispersive (d) and specific

i An HP 5890 Series Il gas chromatograph equipped with a
(sp) contributions [8,9]:

flame ionization detector was used for i.g.c. measurements.
AG, = AGY + AGSP (4) The carrier gas was helium. The flow rate of 10-15 ml/min
was measured and controlled by an electronic flow meter.
In this work, theAGZ® values were obtained by Sawyer's The flow rates were corrected for the pressure drop along the
method [10,11]. Sawyer and Brookman plotRd@inV, vs. column and the temperature differences between the column
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Table 1
Sample characteristics
Sample Colour 75 (dl/g) M®, (g/mol) Mass los$

1% at 10% at
1 white 0.075 8300 406 479C
2 light brown 0.076 7150 18¢ 490C
3 white 0.255 7500 38C 492C

In chloroform;c = 0.2 g/dl.
® GPC in chloroform using polystyrene standards.
¢ Investigated by TGA.

Table 2
7‘5’ values of investigated polymers
Polymer ~v4 (MJind)
32C 40C 50C 110C 130C 150C
1 37.2 36.6 33.6 - - -
2 44.6 45.0 46.1 - - _
3 - - - 34.9 34.9 33.9

and the electronic flow meter. The measurements weren-undecane, chloroform, dichloromethane, tetrahydrofuran,
carried out in a temperature range from°G2to 150C. diethyl ether, acetone, ethylacetate and acetic acid were
Hamilton syringes were used for injection of very small used as probe molecules (solutes). The solvents of analytical
amounts of probe molecules. Net retention times were deter-grade purity (p.a.) were dried with molecular sieves and

mined as the difference between the retention times of the used without further purification.

solutes and a non-interacting marker (methane) using peak

maxima. The retention peaks obtained were almost symme-

trical and independent of the amounts of probe molecules 4. Results and discussion

injected into the column.

Polymers were crushed and sieved with an electro- In order to determine the dispersive contributions of the
magnetic jig. Particle sizes were in the range 80—L%0 surface free energiesd, of the polymerd—3, the retention
The sieved polymers were packed into glass columns behaviour of different n-alkanes was investigated. Analysis
(0.5 mlength, 4 mm inner diameter) without further treat- of the resulting retention volumes according to the proce-
ment. n-Hexane, n-heptane, n-octane, n-nonane, n-decanejure of Dorris and Gray [6] yielded tl‘ﬁ values shown in
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Fig. 1. Determination of the specific contribution of the free energy of adsorptiahGs” (Sawyer method, 12C, sample3). DEE: diethyl ether, DCM:
dichloromethane, CHL: chloroform, ACE: acetone, THF: tetrahydrofuran, ETAC: ethyl acetate.
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+ DEE A THF o CHL + DC A ETA | ACE

60

-AG /T, [J/K-mol]

2.35 2.44 2.53 2.62

1000-1/T, [1/K]

Fig. 2. Determination of the specific adsorption enthalpy (sarBpI®EE: diethyl ether, THF: tetrahydrofuran, CHL: chloroform, DCM: dichloromethane,
ETAC: ethyl acetate, ACE: acetone.

Table 2. Any significant influence of the pyridine or pyrazine Tapie 3

group on the dispersive surface interactions of the polyetherssemi-quantitativek , andKg parameters

under investigation could not be concluded. The values

obtained are comparable to those of aromatic polyesters [22].
Measurements with solvents of different polarity allowed 1 0.13 2.24 17.2

evaluation of the Lewis acid—base properties of the sample3 031 1.28 41

surfaces. The procedure is demonstrated for polyBer

According to Sawyer et al. [10,11RTInV values vs. boil-

ing temperatures of the respective solvents were plotted.energy of adsorptioAG’. From their temperature depen-

The plots are shown in Fig. 1. dences, shown in Fig. 2, enthalpies of specific interactions,
The values for the n-alkanes lie on a straight line, reflect- AHZ", could be obtained.

ing the reference state for the dispersive interactions. Inorder to obtain the characteristic surface paramétgrs

Deviations of the other measuring points from this reference and Kg, the AHZ? values were related to the donor and

line point to additional interactions caused by the polar acceptor numbers of the solvents using Eq. (6). The respec-

nature of the solvents. The distances from the referencetive plot for polymer3 is shown in Fig. 3 and the resulting

line correspond to the specific contributions of the free Ka andKg values are summarized in Table 3.

Polymer Ka Kg Kg/Ka
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Fig. 3. Determination oK, andKg (sample3).
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Table 4

Ka andKpg parameters of different polymers

Compound Ka Kg Kg/Ka Reference
Vectra® 0.20 0.13 0.65 [22]
Vectre® (modified with NHs) 0.16 0.73 4.57 [22]
Vectre® (modified with CL/CO5,) 0.57 0.19 0.33 [22]
PET/PHBE' 0.18 0.14 0.78 [22]
PET/PHB (with amide groups) 0.44 0.44 1.0 [22]
Polycarbonate 0.55 1.93 3.51 [22]
Polystyrene 0.06 0.35 5.83 [24]
Chlorinated polyethylene 0.35 0.06 0.17 [24]
Nylon-6,6 0.08 0.40 5.0 [23]
Glass fibre 0.34 0.40 1.18 [23]
Aromatic polyester 0.21 0.51 2.43 [2]
Polyester (with pyridine groups) 0.13 2.70 20.7 [2]
Polyamidines 0.10 0.4-1.0 4-10 [25]

2 Poly(ethylene terephthalate-co-oxybenzoate)
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