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Abstract

Small-angle X-ray scattering and wide-angle X-ray scattering studies were carried out for perfluorinated sulfocationic membranes

MF-4SK (membranes of a Nafion type) in the normal ‘as-manufactured’ state and soaked in ethylene glycol at 110 8C and subsequently

washed with water. It was shown that such a treatment of MF-4SK membranes resulted in alterations of their nanostructure and these

alterations were stable for a long time. On the basis of the paracrystalline layered model of the perfluorinated membrane nanostructure

these structure alterations were interpreted as an increase in the thickness of the liquid layers (ionic channels) separating clusters of

ionomer groups in MF-4SK membranes. The importance of these structure alterations was confirmed by the twofold growth of the quantum

yield of anthracene photo-oxidation catalyzed by tetraphenylporphyrin (TPP) immobilized on MF-4SK membranes treated with ethylene

glycol.
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1. Introduction

Perfluorinated sulfocationic membranes are derived from

copolymers of tetrafluoroethylene and perfluorovinyl ether

terminating in a sulfo group and have the following

structural formula

Such membranes are widely used in electrochemical

technologies including chlor-alkali production and proton

exchange membrane fuel cells [1–3]. They have also

appeared to be a promising material for the developments of

novel sensors, electrochromic or photoconversion devices

and heterogeneous electrocatalytic and photocatalytic

systems where they are often used as matrices for the

immobilization of reactive low molecular weight com-

pounds or enzymes [4–15].

The structure of perfluorinated ionomer membranes was

intensively studied with various techniques including X-ray

and neutron diffraction methods [16–33]. The main

structural feature of these membranes is microphase

separation associated with clustering of ionomer groups.

However, the detailed structure of these membranes was not

unequivocally determined up to now [24,28,31–33].

One of the methods of modification of perfluorinated

membranes properties which may be essential for their

technological applications is the treatment of these mem-

branes with alcohol or glycol resulting in additional

swelling of these membranes. In order to get an insight

into the molecular mechanisms of this process we have

carried out the small-angle X-ray scattering (SAXS) and

wide-angle X-ray scattering (WAXS) studies of these

membranes before and after swelling with ethylene glycol.

We have also analyzed some chemical properties of these

membranes before and after such a swelling and correlated

the modification of these properties with the membrane

structure alterations revealed.
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2. Experimental

The perfluorinated sulfocationic membranes with the

trademark ‘MF-4SK’ were obtained from the ‘Plastpoly-

mer’ company (St. Petersburg, Russia) in the Hþ-ionic form

in the wet state (swollen in distilled water). These

membranes were prepared by the extrusion method, had

the nominal thickness of 120 mm and the exchange capacity

of 0.87 mg Equiv. per gram that corresponds to the

equivalent weight (i.e. the weight of polymer which will

neutralize 1 Equiv. of a base) of 1150 g/Equiv. For the

treatment with ethylene glycol MF-4SK membranes were

soaked in ethylene glycol at 110 8C for a predefined period

of time and then washed thoroughly with distilled water.

Membranes in the air-dried state (dry membranes) were

obtained by drying in the room ambient conditions for 24 h.

The water content in membranes was measured gravime-

trically as the weight difference between membranes in the

wet and in the dry states. For immobilization of TPP

membranes were stored in a 1023 M solution of TPP

(‘Merck’, USA) in chloroform for 24 h and then washed

with pure chloroform in a Soxlet apparatus.

Photo-oxidation of anthracene (high purity grade) was

carried out in 7 £ 1024 M chloroform solution with oxygen

of the air in the presence of MF-4SK membranes with

immobilized TPP. The TPP content in MF-4SK membranes

was (3–10) £ 1028 M/cm2. The solution was illuminated

with a filtered light of a mercury lamp (l . 580 nm). The

efficiency of singlet oxygen generation was estimated as the

quantum yield FðAO2Þ of photosensitized oxidation of

anthracene. The FðAO2Þ values were calculated as the ratio

of the number of oxidized anthracene molecules (in the

linear part of the kinetic curve) to the number of the light

quanta absorbed by the immobilized TPP. The number of

oxidized anthracene molecules in the solution was deter-

mined by the height of anthracene absorption bands in the

range of 300–400 nm. Electron absorption spectra were

measured with a ‘Specord M-40’ spectrophotometer.

The SAXS and WAXS measurements were performed

for MF-4SK membranes in the wet and in the air-dried states

in transmission geometry using the X-ray diffractometer of a

local design. In the course of the X-ray exposure membranes

were kept in the sealed cell preventing their dehydration.

The X-ray radiation from the fine focus Cu X-ray tube run at

30 kV/30 mA was Ni-filtered and line-focused with the

glass mirror collimator of Franks type [34]. X-ray scattering

patterns were recorded with the gas-filled (85% Xe, 15%

Me) one-dimensional position-sensitive detector with delay

line readout constructed in JINR [35]. The sample-to-

detector distance was 415 mm for SAXS and 140 mm for

WAXS measurements. Experimental curves were corrected

for the background scattering, desmeared by the method

[36] and plotted as the functions of S ¼ ð2 sin uÞ=l; where l

is Cu Ka-wavelength (0.1542 nm) and u is a half of the

scattering angle.

As a test for the membranes structural isotropy two-

dimensional WAXS patterns were recorded in the X-ray

camera with a pinhole collimation and a flat X-ray film. No

preferred orientation (texture) in the plane of these

membranes was revealed by this method.

3. Results

The SAXS and WAXS patterns for the wet MF-4SK

membranes (membranes swollen in water) are shown in

Figs. 1 and 2. In order to depict the inner part of the SAXS

curve more clearly the S-axis in Fig. 1 is given on a

logarithmic scale. The SAXS pattern for MF-4SK mem-

branes exhibits two maxima at S < 0:055 and 0.2 nm21

corresponding to the Bragg distances d ¼ ðSÞ21 of approxi-

mately 18 and 5 nm. Similar small-angle maxima (but

sometimes at different d values) were observed for

perfluorinated sulfocationic membranes in the earlier

small-angle neutron scattering [16,27,31] and SAXS

[17–24,27,31] studies. The first maximum (18 nm in this

study) may be attributed (as in the case of many other

semicrystalline polymers) to the scattering by alternating

crystalline and amorphous regions. The second maximum

(5 nm) is associated with the existence of clusters of

ionomer groups (ionic clusters) in perfluorinated sulfoca-

tionic membranes [16–18]. The low intensity of the first

maximum corresponds to the low crystallinity of perfluori-

nated membranes with the equivalent weight of 1150 g/

Equiv. studied in this work. It was shown in the earlier

WAXS studies that crystallinity of perfluorinated mem-

branes grew with the increase in the equivalent weight [17,

18].

The WAXS pattern for MF-4SK membranes comprises a

broad diffraction maximum centered at S < 1:9 nm21 (Fig.

2). This pattern is very similar to the WAXS patterns for

Nafion membranes with the analogous equivalent weight

[17,18,23].

Fig. 1. SAXS pattern for MF-4SK wet membranes. The S-axis is on a

logarithmic scale. The arrows indicate the SAXS maxima corresponding to

the Bragg distances of approximately 18 and 5 nm.

A.V. Krivandin et al. / Polymer 44 (2003) 5789–57965790



The diffraction maximum in Fig. 2 is markedly

asymmetric. It can be decomposed into two diffraction

peaks ascribed to the diffraction by amorphous and crystal-

line regions in perfluorinated membranes [17,18]. The best

least-squares fit for the experimental intensity IðSÞ we have

got by decomposition according to the formula

IðSÞ ¼ IaðSÞ þ IcðSÞ þ k ð1aÞ

IaðSÞ ¼ I1ð1 þ ððS 2 S1Þ=b1Þ
2Þ21S21 ð1bÞ

IcðSÞ ¼ I2 expð2ððS 2 S2Þ=b2Þ
2Þ ð1cÞ

with I1; S1; b1; I2; S2; b2; k as variables of such fit. The first

item IaðSÞ in (1a) is a broad amorphous peak. It is given by

the Cauchy distribution multiplied with S21 to allow the

asymmetry of this peak (the multiplier S21 may be

considered as the inverse Lorentz correction factor). The

second peak IcðSÞ in (1a) is a rather sharp crystalline peak of

the Gaussian form. Note that the polarization and absorption

correction factors, as well as the influence of the Lorentz

correction factor on the narrow crystalline peak IcðSÞ; were

neglected in this analysis because of their minor effect. The

peaks IaðSÞ and IcðSÞ resulting from such a fit are shown in

Fig. 2. The first broad asymmetric peak IaðSÞ has a

maximum at S ¼ 1:85 ^ 0:02 nm21. It accounts for the

short-range order in perfluorinated membrane amorphous

phase. The second rather sharp peak IcðSÞ centered at

S ¼ 2:03 ^ 0:01 nm21 was indexed as the 100 reflection of

the hexagonal crystalline lattice of a perfluorinated

membrane [37].

The crystallinity of MF-4SK membranes we assessed as

C ¼

Ð
IcðSÞS

2 dSÐ
½IcðSÞ þ IaðSÞ�S

2 dS
·100% ð2Þ

by integration over the interval from S ¼ 0:0 to 4.0 nm21

and found it to be about 10%. This value differs slightly

from 12% [18] and 8% [20] reported earlier for perfluori-

nated sulfocationic membranes in Hþ-ionic form with the

analogous equivalent weight.

The effects of ethylene glycol treatment on the MF-4SK

membrane structure are depicted by the WAXS and SAXS

patterns in Figs. 3–7.

Ethylene glycol had only minor effect on WAXS patterns

of MF-4SK membranes in the wet and in the dry states as

shown in Figs. 3 and 4. Note that the patterns in Figs. 3 and 4

are extended to the higher S values than in Fig. 2. The main

effect of ethylene glycol on the WAXS pattern for MF-4SK

membranes in the wet state was some intensity elevation for

S . 2:5 nm21. Water gives a diffraction halo in this S-

range, and such an intensity elevation is very likely due to

the higher water content in MF-4SK membranes treated

with ethylene glycol as compared with the untreated

membranes. This was confirmed by the comparative study

of MF-4SK membranes treated and untreated with ethylene

glycol when WAXS patterns were taken for membranes in

the air-dried state (Fig. 4). The X-ray scattering for such

membranes decreased for S . 2:5 nm21 as compared with

the wet membranes and was the same for membranes both

treated and untreated with ethylene glycol.

The SAXS patterns for MF-4SK wet membranes before

and after the treatment with ethylene glycol are shown in

Figs. 5 and 6. Ethylene glycol almost did not influence the

first maximum at S < 0:055 nm21 (Fig. 5) and so it did not

disturb the long-period structure in MF-4SK membranes.

But the treatment with ethylene glycol increased signifi-

cantly the intensity in the initial part of the SAXS pattern

(Fig. 5).

According to the SAXS theory [38] such increase in the

intensity may be caused by the increase in the quantity, size

or electron density contrast of local heterogeneities (for

example, small voids filled with water) in MF-4SK

membranes after their treatment with ethylene glycol.

The most important effect of ethylene glycol on the MF-

4SK membrane structure was revealed in the SAXS region

of the second maximum at S < 0:2 nm21 (Fig. 6). As a

result of the MF-4SK membranes treatment with ethylene

glycol this maximum significantly shifted to the smaller

Fig. 2. WAXS pattern for MF-4SK wet membranes (dots) and its least-

squares fit (1) by the sum of an amorphous peak (2), a crystalline peak (3)

and a constant (4).

Fig. 3. WAXS patterns for MF-4SK wet membranes before (1) and after (2)

the treatment with ethylene glycol for 9 min.
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angles. This implies essential alterations of membrane

ordered nanostructure (i.e. the structure associated with the

ionic clusters) under the action of ethylene glycol.

The structure alterations of MF-4SK membranes treated

with ethylene glycol preserved at least partly after the

membrane drying (Fig. 7). As in the earlier studies [17,18]

the drying shifted the second SAXS maximum to higher S

values (Fig. 7), but a clear difference in the SAXS patterns

remained for the membranes treated with ethylene glycol

and for the untreated membranes resembling the difference

for these membranes in the wet state.

The structure alterations of MF-4SK membranes treated

with ethylene glycol were stable at least for 5 months. This

is illustrated by the SAXS patterns of one and the same

membrane taken with the interval of 5 months after its

prolonged soaking in water and repeated water changes

(Fig. 8).

The time course of MF-4SK membrane structure

alterations under the action of ethylene glycol was assessed

with the analysis of the Bragg distance d ¼ ðSmaxÞ
21 for the

second SAXS maximum as a function of the duration of the

membrane treatment with ethylene glycol. In order to

determine these d values the SAXS patterns were decom-

posed by a least-squares fit into the Gaussian peak and the

underlying diffusive scattering according to the formula

IðSÞ ¼ Imax expð2pðS 2 SmaxÞ
2
=D2

SÞ þ a=ð1 þ ðS=bÞ2ÞC ð3Þ

where Imax; Smax; DS; a; b; c are variables of such a fit. An

example of such a fit is shown in Fig. 9. The parameters of

the Gaussian peaks (their height Imax; center Smax; and

integral width DS) found for all membranes by such fits and

corresponding Bragg distances d are given in Table 1. The

time course of d values (Table 1) shows that structure

alterations of MF-4SK membrane under the action of

ethylene glycol are rather fast. The main part of these

alterations takes place in the first two minutes of membrane

storage in ethylene glycol.

The time course of MF-4SK membrane structure

alterations as depicted by d values (Table 1) correlates

with the increase in the water content in MF-4SK membrane

and the quantum yield of anthracene photo-oxidation

catalyzed by tetraphenylporphyrin (TPP) immobilized on

MF-4SK membrane (Table 2). Note that TPP immobiliz-

Fig. 4. WAXS patterns for MF-4SK air-dried membranes before (1) and

after (2) the treatment with ethylene glycol for 9 min.

Fig. 5. SAXS patterns for MF-4SK wet membranes before (1) and after (2)

the treatment with ethylene glycol for 9 min.

Fig. 6. SAXS patterns for MF-4SK wet membranes before (1) and after the

treatment with ethylene glycol for 0.5 min (2), 2 min (3), 9 min (4) and

30 min (5).

Fig. 7. SAXS patterns for MF-4SK air-dried membranes before (1) and after

(2) the treatment with ethylene glycol for 9 min.
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ation on MF-4SK membranes treated with ethylene glycol

made it possible to obtain a much more effective photo-

catalytic system as compared with an untreated membrane.

Very likely this is due to a higher TPP accessibility for a

substrate in the treated membranes resulting from the

structure alterations of these membranes.

The interpretation of the MF-4SK membrane structure

alterations revealed depends on a nanostructure model of

these membranes, i.e. a model of a spatial organization of

ionic clusters accounting for the SAXS maximum at

S < 0:2 nm21. Several very distinct structure models of

these clusters have been proposed earlier [17–21,24–28,

31–33,37]. We suppose the layered structure model to be

the most probable as it accounts for the experimental SAXS

data in the best way [20,21,39]. In this model bilayers of

polytetrafluoroethylene backbone chains with copolymer

perfluorovinyl ether side chains are separated by aqueous

layers, copolymer side chains terminating by ionomer

groups protrude into these aqueous layers and ionic clusters

are formed by ionomer groups on each side of a polymeric

bilayer (Fig. 10). For such a layered structure the SAXS

maximum at S < 0:2 nm21 arises from the one-dimensional

quasi periodicity in the direction normal to the polymeric

bilayers and a shift of this maximum to smaller scattering

angles denotes an increase in the quasi period of these

bilayers.

In order to analyze this one-dimensional layered

nanostructure of MF-4SK membranes and its alteration

under the action of ethylene glycol in a quantitative manner

we applied the paracrystalline X-ray diffraction theory [38,

40–42], i.e. the diffraction theory accounting for the lattice

distortions of the second kind.

Let rðxÞ be the projection of an electron density of such a

layered structure to the axis x normal to the polymer bilayer

planes, roðxÞ; the same projection of an electron density of

one bilayer and ra; an electron density of aqueous layers

separating adjacent bilayers. We assume that all bilayers

have the same roðxÞ; and paracrystalline lattice distortions

arise from a variation of the thickness of the aqueous layers.

For such a structure model the intensity function corre-

sponding to DrðxÞ ¼ rðxÞ2 ra is given on the relative scale

by

IðSÞ ¼ ½I{DrðxÞ}�2 ¼ {f 2ðSÞZðSÞ} p VðSÞ; ð4Þ

where I; the symbol of the Fourier transform; f ðSÞ ¼

I{DroðxÞ}; the scattering amplitude (the structure factor)

for a single bilayer with electron density profile

DroðxÞ ¼ roðxÞ2 ra; ZðSÞ; the interference function

(lattice factor); VðSÞ; the shape factor; p , the symbol

of the convolution operation.

We assume that the layered structure contains many

Fig. 8. Two SAXS patterns for MF-4SK wet membranes treated with

ethylene glycol for 9 min. The patterns were taken with the interval of 5

months.

Fig. 9. SAXS pattern for MF-4SK wet membranes treated with ethylene

glycol for 9 min (dots) and its least-squares fit (1) with the sum of a

Gaussian peak (2) and an underlying diffusive scattering (3).

Table 1

The parameters of the second SAXS maximum (height Imax; center Smax;

and integral width DS) found by a least-squares fit according to the formula

(3) and Bragg distances d ¼ ðSmaxÞ
21 for MF-4SK wet membranes treated

with ethylene glycol for various periods of time t

t (min) Imax (rel.units) Smax (nm21) DS (nm21) d (nm)

0 (untreated) 2.65 0.202 0.106 4.95

0.5 2.94 0.182 0.124 5.49

2 3.85 0.162 0.129 6.17

9 4.50 0.154 0.124 6.49

30 5.24 0.147 0.125 6.80

Table 2

The water content W (weight%) in MF-4SK membranes and the quantum

yield FðAO2Þ of anthracene photo-oxidation catalyzed by TPP immobi-

lized in MF-4SK membranes for membranes treated with ethylene glycol

for various periods of time t

t (min) W (wt%) FðAO2Þ.(1025)

0 (untreated) 22 5.2

0.5 26 12.3

2.0 31 10.6

8.0 – 12.2

9.0 35 12.7

30 31 9.1
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layers and the thickness W of this structure is large. The

shape factor VðSÞ is centered at S ¼ 0 and has a width

approximately equal to ðWÞ21 [40,41]. So for large W the

shape factor is pointlike with respect to ZðSÞ and VðSÞ does

not influence the SAXS maximum. Then instead of (4) one

gets

IðSÞ ¼ f 2ðSÞZðSÞ ð5Þ

In SAXS study we can approximate the profile of one

bilayer roðxÞ with the step function of the width L as shown

in Fig. 10. For such roðxÞ

f ðSÞ ¼
sinðpLSÞ

pS
ð6Þ

The interference function ZðSÞ in our case can be written

[41] as

ZðSÞ ¼
1 2 lFðSÞl2

1 2 2lFðSÞlcosð2pS �aÞ þ lFðSÞl2
ð7Þ

where FðSÞ is the Fourier transform of the distance

distribution function H1 for the centers of adjacent bilayers

FðSÞ ¼ I½H1ðxÞ� ð8Þ

and �a; is the average distance between the centers of such

bilayers.

We assume as in [40,41] that H1 follows the normal

Gaussian law with mean square deviation s

H1ðxÞ ¼
1

s
ffiffiffiffi
2p

p exp 2
ðx þ �aÞ2

2s2

 !
ð9Þ

and

lFðSÞl ¼ exp½22ðpSsÞ2� ð10Þ

After the substitution of (6),(7),(10) in (5) and introduction

of a scaling factor A one gets

IðSÞ ¼
A sin2ðpLSÞ

ðpSÞ2

£
1 2 ½expð22ðpSsÞ2Þ�2

1 2 2 expð22ðpSsÞ2Þcosð2pS �aÞ þ ½expð22ðpSsÞ2Þ�2

ð11Þ

The experimental intensity was multiplied with the Lorenz

correction factor S2 [43] and then this corrected intensity

was least-squares fitted with the expression (11) for

0.06 nm21 , S , 0:36 nm21 with A; L; �a and s as

variables. Examples of these fits are shown in Fig. 11.

Parameters L; �a; s determined for membranes before and

after the treatment with ethylene glycol are given in Table 3.

Note that the values of �a derived by the paracrystallineFig. 10. A cross-section of the layered structure model for ionic clusters in a

perfluorinated sulfocationic membrane and its schematic electron density

distribution rðxÞ:

Fig. 11. The Lorentz corrected experimental SAXS data (circles) and its

least-squares fits (solid lines) with the expression (11) for MF-4SK wet

membranes before (a) and after (b) the treatment with ethylene glycol for

9 min.
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approach (Table 3) are essentially less than the Bragg

distances (Table 1).

For all the membranes the fits with (11) gave almost

the same values of bilayer thickness L (Table 3). It was

2.09 nm for untreated membranes and it increased up to

2.21 nm (i.e. for only 6%) for membranes treated for

30 min with ethylene glycol. This shows that ethylene

glycol had only minor effect on the structure of

polymeric bilayers in the layered structure of ionic

clusters in MF-4SK membranes. This conclusion is in

accordance with the results of our WAXS study of

ethylene glycol effect on MF-4SK membranes.

The average spacing �a and its mean square deviation

s considerably increased after membranes were treated

with ethylene glycol (Table 3). This means that ethylene

glycol essentially enlarged the interbilayer distance and

variation of this distance in MF-4SK membranes. The

values of s= �a (Table 3) show that disorder in the layered

nanostructure of perfluorinated sulfocationic membranes

is very high and it increases even more under the

action of ethylene glycol. One can also notice the values

of parameters in Table 3 allow partial overlapping

of bilayers. This is very likely a result of the use of

simplified symmetric distance distribution function H1ðxÞ:

This overlapping does not seem to be very significant as

it does not exceed 2–3% of the bilayer mass for all the

membranes studied.

We can assess the width of the aqueous layers (ionic

channels) in MF-4SK membranes as the difference of the

average spacing �a and the polymeric bilayer thickness L

(Table 3). We get the thickness of this aqueous layers to be

about 2 nm in untreated membrane and about 2.5 nm in

membranes treated with ethylene glycol for 9–30 min.

Surely these values are overestimated because they were

determined by the calculations with a step function profile

roðxÞ: The ratio of 2.5 nm/2 nm ¼ 1.25 may be considered

as the ratio of the water content in membranes treated with

ethylene glycol and in untreated membranes. This ratio

reasonably agrees with the mean ratio of the water content

in these membranes determined on the basis of the

gravimetric measurements (Table 2) which equals to 33%/

22% ¼ 1.5.

4. Conclusions

The SAXS and WAXS studies showed that soaking of

perfluorinated sulfocationic membranes MF-4SK in ethyl-

ene glycol at 110 8C caused fast and stable alterations of

their nanostructure while their molecular structure remained

essentially unchanged. The SAXS data processed according

to the paracrystalline diffraction theory showed that such a

treatment of MF-4SK membranes increased the thickness of

the aqueous layers (ionic channels) in ionic clusters of these

membranes. This conclusion agrees with the higher water

content in membranes treated with ethylene glycol. The

growth of the quantum yield of anthracene photo-oxidation

catalyzed by tetraphenylporphyrin (TPP) immobilized on

MF-4SK membranes treated with ethylene glycol can be

explained by a higher TPP accessibility for a substrate due

to the broadened ionic channels in such membranes.
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