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Received 25 February 2003; received in revised form 23 July 2003; accepted 4 August 2003

Abstract

Polymer membranes were prepared by radical polymerization of the 1,4,7,10-(tetraoxacyclododecan-2-yl) methyl methacrylate (CR4MA)

monomer and a small quantity of a cross-linking agent ethyleneglycoldimethacrylate. High vacuum pressure techniques were used to

evaluate oxygen and helium transport through these membranes at temperatures below and above its glass transition temperature, between 0

and 50 8C. The apparent values of both the permeability and diffusion coefficients are unusually low because of the high packing degree of

these polymeric membrane materials. The results obtained were also compared with those determined for polymer membranes derived from

their open chain counterparts, the polymer derivatives from methacrylate monomers with a number of oxyethylene units in the ester residue

variable between 2 and 6, and with a set of other polymers.

q 2003 Published by Elsevier Ltd.
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1. Introduction

The discovery by Pedersen [1] of crown ethers represents

a very important advance for many fields, from both basic

and applied points of view. It is now well known that cyclic

ethers and related macrocycles can coordinate with metal

ions in hydrophobic solvents originating the separation from

their associated anions and making their salts soluble in

these solvents. These compounds offer great possibilities to

be useful as metal ions catalysts, ion-exchange membranes,

molecular imprinting compounds, surfactants, chirality

inductive reagents, etc. [2].

Polymers including these chemical structures can

potentially show many of the applications indicated above

and in this sense different researchers have investigated the

synthesis, properties and uses of polymers containing crown

ethers in their structure, and very often for species

separation [3–7]. On the other hand, in the last years, the

possibility to use methacrylate polymers as matrix for the

introduction of transition metal complexes aimed at

achieving facilitated transport of oxygen has been explored

[8–11]. Methacrylic polymers with lineal side-chains,

either aliphatic [12–16] or oxyethylenic [17], show

increasing diffusion coefficients with increasing length of

the pendant group, up to about 12 bonds. When the number

of bonds exceeds 12, there exists the possibility of

crystallization [18,19] both in acrylates and methacrylates,

and the increase of the diffusion coefficient on increasing the

length of the side-chain levels off [7,8].

The introduction of the pendant groups which enhance

stiffness completely changes the structure and thus, the

diffusivity properties of the methacrylates. This is seen

when studying poly(t-butyl methacrylate) [20] or metha-

crylates with liquid crystal properties [21]. Up to now [14,

17] we have systematically studied the gas transport

properties of methacrylates with flexible side-chains; in

this work we present the results obtained on the transport

properties of a meth(acrylic) polymer containing a crown

ether in the ester residue: poly(1,4,7,10-tetraoxacyclodode-

can-2-yl) methyl methacrylate, the structure of which

appears in Scheme 1.
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2. Experimental

2.1. Materials

All materials and solvents used for the synthesis of the

monomers were commercially available, and they were used

as received unless otherwise indicated. Tri(ethylene gly-

col)monomethyl ether (Aldrich, 95%) was purified by

vacuum distillation. Dioxane (Aldrich, 99%) was distilled

twice: the first time over sodium hydroxide and the second

time over sodium. Dichloromethane (Merck, 99.5%) was

purified by distillation over CaCl2. Triethylamine (Fluka,

98%) was distilled over sodium hydroxide. 4-hydroxy-

2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPOL) (Aldrich,

98%) was used as received. 2,20-Azobisisobutyronitrile,

AIBN, (Fluka, 98%) was recrystallized from methanol, and

dried under high vacuum at room temperature.

2.2. Synthesis of the monomer and of the polymer

The synthetic route followed to prepare the (1,4,7,10-

tetraoxacyclododecan-2-yl) methyl methacrylate (CR4MA)

is depicted in Scheme 1 and will be described in detail

elsewhere. The membrane was prepared by radical polym-

erization of CR4MA using 1,2-ethanedioldimethacrylate as

cross-linking agent and AIBN (1 wt%) as initiator. The

nominal cross-linking ratio, i.e. the ratio between the

number of moles of monomer to the cross-linking agent,

was 100. The addition of a cross-linking agent is necessary

in order to obtain membranes with adequate mechanical

properties. The reaction was carried out in a silanized glass

mould of 100 mm thickness in oxygen free atmosphere at

70 8C for 5 h. The network thus prepared was extracted

three times in dioxane for a period of 48 h. Finally, the

network was dried at room temperature for one week and the

residual solvent was eliminated under high vacuum.

2.3. Density determination

The density of the membranes derived was measured

with a 5 ml Weld pycnometer device at 25 8C. Two hundred

milligrams of the proper membrane were introduced in the

dried pycnometer, and the solvent added to the device. The

density was obtained from the different weights of pure

solvent and the solvent–membrane system.

This density value, r ¼ 1:208 g=cm3 was used to

estimate the fractional free volume (FFV) at 25 8C by

applying

FFV ¼
V 2 1:3Vw

V
ð1Þ

where V is the polymer specific volume, and Vw is the

specific Van der Waals volume, which was estimated by

using the Hyperchem computer program, version 5.01 [22].

2.4. Thermal analysis

The glass transition temperature of the membranes was

determined by differential scanning calorimetry using a

Perkin–Elmer DSC-7 calorimeter. The measurements were

carried out between 280 and 100 8C under nitrogen

atmosphere at a heating rate of 10 8C/min and quenched

with a cooling rate of 200 8C/min. Probes were little

fragments of film samples put into covered 20 ml aluminium

pans. The Tg value obtained, Tg ¼ 278 K; was taken from

the second runs and correspond to the onset of the DSC

curves measured from the extension of the pre- and post-

transition baseline. A DSC run is shown in Fig. 1.

2.5. Permeation measurements

A lab made permeator has been used that consists of a gas

cell in the middle of which the polymer membrane is placed.

This membrane separates the upstream and downstream

chambers. For the simplified equations relating the gas flow

through the membrane to the transport coefficients to be

Scheme 1. Synthetic route of (1,4,7,10-tetraoxacyclododecan-2-yl) methacrylate (CR4MA).
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valid, the downstream pressure has to be kept very low,

negligible as compared to the upstream. This is accom-

plished by thorough evacuation of the downstream, prior to

any measurement, by means of a Edwards turbomolecular

pump. At the low-pressure side, a MKS Baratron type 627B

absolute pressure transducer measures the pressure increase,

while at the upstream a Gometrics pressure detector is used

to control the gas pressure at which the experiment is

performed. The Baratron 627B can be used in the pressure

range of 1–1024 Torr. The Baratron is connected via a

MKS power supply/readout unit to the PC, which records

the pressure increase at given time intervals. The whole set-

up is temperature controlled in the range of 5–80 8C by

means of a water bath.

Before measurements are performed, vacuum is kept

overnight in order to remove any rests of solvent from the

membrane and to attain a downstream pressure as low as

possible. Prior to permeation experiment, a measurement of

the pressure increase due to imperfect vacuum isolation of

the downstream chamber is recorded. This blank experiment

is then subtracted from the permeation experiment

performed immediately afterwards in order to calculate

the gas transport coefficients from the corrected pressure

curves. In that way the pressure increase is related solely to

the gas diffusing across the membrane.

The permeability and diffusivity coefficients have been

calculated from the curves measuring the pressure increase

at the downstream. Eq. (2), derived from the integration of

Fick’s laws relates the amount of diffusant per unit of area,

QðtÞ; traversing the membrane to the thickness of the

membrane l; to the concentration of diffusant at the

upstream side of the membrane C1 and to the diffusion

coefficient D: In fact, only four terms of this summatory are

enough for correct fitting of our pressure vs time curves:

QðtÞ

lC1

¼
Dt

l2
2

1

6
2

2

p2

X1
n¼1

ð21Þ

n2
exp

2Dn2p2t

l2

 !
ð2Þ

the diffusion coefficient is directly obtained from the fitting

and the solubility coefficient is directly proportional to C1:

The permeability P is obtained as SD ¼ P: Calculation of

the uncertainties in the diffusion coefficients have been

performed in the following way:

s ¼ 100
½j

LeðLÞ

3u
þj j

L2eðuÞ

6u2 j�

D
ð3Þ

where L is the thickness, u is the time lag and D is the

diffusion coefficient. Uncertainties, both in permeability and

diffusivity, are about a 20%.

Examples of the flow curves thus obtained and the fits

performed are shown in Figs. 2 and 3. An accurate

determination of the leak rate of the apparatus is essential

specially when low flow rates are being measured, as is the

case of the experiments performed with oxygen in this

work; Fig. 3 shows the corrected flow curve of one of

the experiments perfomed with oxygen at 35 8C. Though the

leak rate is of the same order as the flow caused by the

diffusion of oxygen through the membrane, the corrected

flow curves obtained can be easily fitted using Eq. (2).

3. Results and discussion

3.1. Temperature variation of the helium transport

coefficients

The transport coefficients of helium have been measured

in the temperature range of 5–40 8C and those of oxygen at

35 8C. The temperature range in which measurements have

been made comprises the glass transition, which appears in

the temperature range 5–30 8C by DSC (Fig. 1). Per-

meability, diffusivity and solubility appear collected in

Table 1 and the temperature variation of P; D and S for

helium are depicted in Figs. 4–6. As shown in Fig. 4, the

temperature variation of permeability suffers a change in
Fig. 2. Flow curve for He, showing the fitting of the steady state to a straight

line.

Fig. 3. Flow curve for oxygen showing the fitting of the whole curve with

Eq. (2).

Fig. 1. DSC of PCR4MA.
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slope at about 28 8C; Fig. 5 shows the solubility increase

with temperature, though it is not possible to assess whether

a change in slope at the Tg takes place because of the very

small values of solubility. In Fig. 6, the diffusion coefficient

variation with temperature appears depicted in Arrhenius

coordinates. In the range of Tg; there seems to be a double

break, a feature which is sometimes seen when studying

diffusivity across the glass transition in some gas/polymer

systems. Up to now, there is no general rule enabling to

predict which pairs polymer/gas will show them. For

example, helium shows double breaks at the glass transition

in poly(vinyl acetate) (PVAC), single breaks in poly(ethy-

lene terephthalate) (PET) and no breaks in poly(vinyl

chloride) (PVC) or poly(ethyl methacrylate) (PEMA) [12].

Breaks at the glass transition are said to be due to differences

in the diffusion activation energy below and above the glass

transition [12,23], though it has to be taken into account that

sometimes a double break at the glass transition takes place,

and, however, no differences in the diffusion activation

energies are seen. This is the case for He in poly(vinyl

acetate), and in the PCR4MA studied in this work. In fact,

the behaviour of helium in PCR4MA and in polyvinyl

acetate is very similar: the diffusion of He in polyvinyl

acetate shows a double break at the Tg; which is at about

25 8C; the activation energy above and below the glass

transition is the same, i.e. 22.4 kJ mol21. PCR4MA shows a

double break, and the activation energy under and over the

glass transition is similar, 25 kJ mol21 under Tg and

29.9 kJ mol21 over Tg: Other authors [24] have proposed

that the shape of the permeating gas and its size, related to

the minimum critical volume in the polymer could be the

cause of the changes in the activation energy at the glass

transition.

Though, as pointed above, the temperature evolution

of the helium diffusion coefficients is very similar in

poly(vinyl acetate) (PVAC) and in PCR4MA, the actual

diffusion coefficients are very different, even if the glass

transition takes place almost at the same temperature.

At 35 8C DPVACðHeÞ ¼ 1:12 £ 1025 cm2 s21 [26] and

DPCR4MAðHeÞ ¼ 1:4 £ 1026 cm2 s21: At their respective

Tg; DPVACðHeÞ ¼ 8:1 £ 1026 cm2 s21 ðTg ¼ 25 8CÞ and

DPCR4MA ¼ 6 £ 1027 cm2 s21 ðTg ¼ 15 8CÞ: In fact, the

diffusion coefficients both for oxygen and helium are very

small in this polymer, as is discussed in the next section.

3.2. Oxygen and helium transport coefficients at 35 8C

At 35 8C, i.e. just over the glass transition, the gas

transport coefficients for helium and oxygen are those which

appear in Table 2. As shown in the table the permeability of

oxygen is extremely low, because both solubility and

diffusivity are so. This table collects also gas transport

coefficients of these two gases in another polymer, poly(2-

[2-(2-ethoxyethoxy)ethoxy]ethyl methacrylate) PTEMA

[17], a methacrylate with a linear side-chain consisting of

three oxyethylene units, i.e. a polymer which contains the

same ether units as PCR4MA, not as a cycle but as a linear

Fig. 6. Diffusivity of He as a function of temperature in Arrhenius

coordinates.

Table 1

Helium transport coefficients at 1 bar

T (8C) D £ 107 (cm2 s21) S £ 104 (cm3(STP)/cm3cm Hg) P (barrer)

5 4.3 1.31 0.56

10 5.4 1.31 0.72

16 6.2 1.53 0.95

19 7.5 1.55 1.16

22 7.7 1.61 1.24

25 8.0 1.67 1.33

28 10.7 1.71 1.84

31 12.6 1.7 2.14

34 13.9 1.8 2.45

37 15.8 1.8 2.86

40 17.2 1.9 3.34

Fig. 4. Permeability of He as a function of temperature.

Fig. 5. Solubility of He as a function of temperature.
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chain. The glass transition temperature and the FFV of this

polymer appear collected in Table 3, together with other

methacrylic polymers. The FFV has been obtained in all

cases by applying Eq. (1), being the estimation of the

occupied volume performed either by group contribution or

by means of simulation programs like Hyperchem. The

solubility coefficient both for He and O2 are very similar in

PTEMA and PCR4MA. The solubility of gases in polymer

matrixes is the sum of two contributions, (i) the condensa-

bility of the gas, which depends on the critical temperature

of the gas itself and on the availability of excess free

volume, and (ii) the interaction of the gas with the polymer

matrix. The chemical composition of both polymers is very

similar, so no large differences in the interaction of helium

and oxygen with the matrix are to be expected. On the other

hand, helium and oxygen are not very condensable gases, so

the contribution of gas condensability cannot differ much in

PTEMA and PCR4MA. Thus, very similar solubility

coefficients are to be expected (Scheme 2).

However, the diffusion coefficients are largely different

in these two methacrylates: the diffusion coefficient of

oxygen in PTEMA is 280 times greater than in PCR4MA,

and 12 times in the case of helium. In fact, the diffusion

coefficients in PCR4MA are among the lowest found in the

literature, especially for He. This can be seen in Table 4,

which collects data on He and O2 diffusivity in polymers of

very different structure, together with the glass transition

temperatures and FFV of the polymers. As in the case of the

polymers collected in Table 3, the FFV has been obtained in

all cases by applying Eq. (1), being the estimation of the

occupied volume performed either by group contribution or

by means of simulation programs like Hyperchem. At 25 8C

the diffusivity of He in this membrane is 8 £ 1027 cm2 s21.

For example, at the same temperature the diffusion

coefficient of He in butyl rubber [26] is 6 £ 1026 cm2 s21,

for natural rubber [28] 22 £ 1026 cm2 s21, silicone rubber

[24] 100 £ 1026 cm2 s21; even in glassy polymers, values

of the diffusion coefficient are over 10 times the value

obtained for this polymer. In polyvinyl acetate, which has

roughly the same glass transition temperature, it is

9.8 £ 1026 cm2 s21 and in poly(ethylene terephthalate),

which is a barrier polymer, i.e. a polymer with very low

Table 2

Transport data of helium and oxygen at 35 8C in the two methacrylic backbone polymers

Sample Oxygen Helium

P (barrer) D £ 108 (cm2 s21) S £ 104 (cm3(STP) cm23 cm Hg21) P (barrer) D £ 108 (cm2 s21) S £ 104 (cm3(STP) cm2 cm Hg21)

P4CRMA 0.006 0.5 1.3 2.45 140 1.8

PTEMA 3.9 140 2.8 14.4 1700 0.85

Table 3

Oxygen transport data at 35 8C in various polymethacrylates

Sample D £ 108

(cm2 s21)

S £ 104

(cm3(STP) cm23 cm Hg21)

Tg

(K)

FFV

PMMA [26] 0.39 2.5 379 0.121

P4CRMA 0.5 1.3 278 0.135

PtBMA [20] 10.8 4.2 392 0.188

PEMAa [16] 11.5 1.6 338 0.151

PEEMA [17] 20 7.3 257 0.201

PDEMA [17] 38 37 229 0.195

PTEMA [17] 140 2.8 218 0.191

CP3 [14] 175 41.3 <220 0.191

PtBMA: poly(t-butyl methacrylate; PEEMA poly((2-ethoxyethoxy)

ethoxy]ethyl methacrylate); PDEMA poly(2-(2-ethoxyethoxy)ethoxy]ethyl

methacrylate); CP3 90/10 copolymer of dodecyl and ethyl methacrylate.

The rest as defined in the text.
a At 25 8C.

Scheme 2. Chemical structure of PCR4MA.

Table 4

Diffusion of He and O2 in some polymers at 25 8C

Polymer Tg

(K)

FFV DHe £ 108

(cm2 s21)

DOx £ 108

(cm2 s21)

aD

(He/O2)

PMMA [26] 379 0.121 400 0.39 1025

PVC [28] 358 0.120 280 0.4 233

P4CRMA 288 0.223 140 0.5 280

PET [28] 343 0.152 170 1.2 142

PFS-t But [29] 471 0.137 <555 1.2 447

PTFE [26] 433 0.153 81.1 1.5 53

PC [25] 423 0.164 673 4.1 164

PVAC 298 0.138 955 5.6 170

Butylrubber [28] 203 0.119 593 8.1 73.2

6FDA-6FpDA [30] 593 0.272 740 9 82

PEMA [16] 338 0.151 4250 10.6 401

PS [26] 373 0.177 1040 11 94

Polychloroprene [26] 223 0.191 6040 101 60

PTEMA [28] 218 0.191 1700 140 12.1

Polybutadiene(cis) [26] 183 0.177 1550 150 10

Poly(isoprene) [28] 200 0.156 2160 173 12.5

PDMS [25] 150 0.33 10000 4100 2.4

Data for PTEMA, PDMS, 6FDA-6FpDA, PC, PTFE and P4CRMA are

at 35 8C. PDMS poly(dimethyl siloxane); PS poly(styrene); PC Bisphenosl-

A polycarbonate; PFS-t But polysulfone. The rest as defined in the text.
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values of permeability, it is 1.7 £ 1026 cm2 s21. As a result

of the very low diffusivity and low solubility, the

permeability of this material to He is among the smallest

in the literature [25–27], and certainly much lower than

values reported for materials with similar Tg:

Are these low diffusivity values to be expected? Figs.

7–12 show the dependence of the diffusion coefficients of

He and O2 on the two features which are frequently related

to diffusivity, i.e. glass transition temperature and FFV.

Figs. 7 and 10 show the dependence of the diffusion

coefficients of helium and oxygen with the glass transition

temperature. Obviously a rough correlation exists, and the

lower the glass transition, the higher the diffusivity of gases;

when the glass transition is well over the measuring

temperature, the diffusivity ceases to depend on its

proximity. For instance in the case of oxygen, the diffusion

coefficients lie between 4 £ 1029 and 1 £ 1027 cm2 s21 for

membranes with glass transitions between 338 and 690 K.

As mentioned above, the correlation between Tg and D is

rather rough, however, some polymers deviate more clearly

from it than others: He and O2 diffusion coefficients in

butyl rubber are much lower than expected according to its

Tg; and the same happens with our PCR4MA and in

Fig. 8. Diffusivity of He in a set of polymers as a function of their FFV at

25 8C. Membranes measured under the glass transition are represented in

open symbols, membranes measured over their glass transition are

represented in solid symbols.

Fig. 9. Diffusivity of He in a set of polymers as a function of the ratio

between their glass transition and FFV at 25 8C. Membranes measured

under the glass transition are represented in open symbols, membranes

measured over their glass transition are represented in solid symbols.

Fig. 7. Diffusivity of He in a set of polymers as a function of their glass

transition.

Fig. 10. Diffusivity of oxygen in a set of polymers as a function of their

glass transition.

Fig. 11. Diffusivity of oxygen in a set of polymers as a function of their FFV

at 25 8C. Membranes measured under the glass transition are represented in

open symbols, membranes measured over their glass transition are

represented in solid symbols.

Fig. 12. Diffusivity of oxygen in a set of polymers as a function of the ration

between their glass transition and FFV at 25 8C. Membranes measured

under the glass transition are represented in open symbols, membranes

measured over their glass transition are represented in solid symbols.

PCR4MA and poly(dimethyl phenylene oxide) are represented by asterisk.
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poly(tetrafluoroethylene) (PTFE); on the opposite, He and

O2 diffusion coefficients are much higher than expected in

polyethyl methacrylate and in hexafluoro dianhydride 4, 40

hexafluoro diamine polyimide called 6FDA-6FpDA

hereafter.

Figs. 8 and 11 show the, again rough correlation between

the inverse of FFV and the diffusivity. In this case, for both

studied gases, the diffusion coefficients are lower than

would be expected for 6FDA-6FpDA and poly(tetrafluor-

oethylene), and higher for isoprene and butyl rubber in the

case of oxygen, and poly(ethyl methacrylate) and poly-

chlorprene in the case of He.

Our polymer, PCR4MA, does not deviate from the

general trend which correlates FFV and the diffusion

coefficient of oxygen (Fig. 11), and deviates somewhat in

the case of He (Fig. 8); however, while the correlation

between FFV and Doxygen is quite good, this is not the case

of the correlation between FFV and Dhelium: Then, it can be

assessed that the results obtained for this polymer are those

expectable according to its FFV, and not so much according

to its Tg:

In general, in membranes which have very large Tg; such

as 6FDA-6FpDA, the diffusion coefficients are lower than

expected when represented as a function of the FFV. In the

same way, membranes which have very low FFV show D

which are lower than expected when represented a function

of Tg; this is the case for butyl rubber and our PCR4MA.

If both features, Tg and FFV, are taken together, as is

done in Figs. 10 and 12, the correlation for oxygen is much

improved, but not for He. In fact Fig. 12 shows that only

PCR4MA and poly(dimethyl phenylene oxide) deviate

rather strongly from the overall behaviour, the former

negatively and the latter positively. Thus, though the

transport data of this polymer are not anomalous,

PCR4MA is in fact among the polymers which show the

lower diffusion values both for He and O2, taking into

account its density, FFV and Tg:

Finally, the diffusivity selectivity aDðHe=O2Þ as a

function of the ratio Tg=FFV is shown in Fig. 13. A clear

correlation between the diffusivity selectivity and the Tg=

FFV ratio is seen, a single correlation which includes data

obtained measuring below and above the glass transition. As

expected the correlation extrapolates to 1 for very small

values of the ratio Tg=FFV; i.e. either very low glass

transitions or very high FFV or a combination of both.

Again, some polymers deviate more strongly, namely

poly(ethyl methacrylate), polychloroprene and PCR4MA

positively and poly(tetrafluoroethylene) negatively. In the

case of poly(ethyl methacrylate) and poly(chloroprene) the

deviation is due to very high values of the diffusion

coefficient of helium (Fig. 9), while in the case of

poly(tetrafluoroethylene) to the opposite (Fig. 9); in the

case of PCR4MA rather by very low values of the oxygen

diffusion coefficient (Fig. 12). Mistaken estimation of the

FFV could also bring about these deviations: it should be

over-estimation of FFV in the case of poly(tetrafluoroethy-

lene) and PCR4MA and underestimation for polychloro-

prene and poly(ethyl methacrylate); however, these

polymers give no especially deviated results in Fig. 8,

which represents the diffusion coefficients of oxygen as a

function of the FFV.
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