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Interaction of Charged Nitroxyls with Some High-polymer

Membranes. A Spin Label Study
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The bonding and immobilization of a neutral,
an anionic and a cationic nitroxyl radical to
some neutral and negatively charged high-
%olymer membranes have been investigated.

SR measurements show that the mobility
and the diffusion of the radicals in neutral
cellulose membranes are related to the degree
of swelling and to the nature of the radical.
Additional hydrogen bonding, electrostatic
interaction and stereochemical interaction be-
tween nitroxyls and cellulose may exist. The
latter types of interaction are strong between
cellulose and 4 in acetone, and exist also be-
tween 6 and cellulose in water. In the charged
membranes the charge of the radical has a
much greater influence on the form of the
ESR spectra than has the degree of swelling.
It was shown that sulfonated polysulfones bind
the cation radical stronger than carboxy-
methylcellulose, even if the sulfonated poly-
sulfone has larger pores. A neutral radical
is also bound and immobilized in the sulfonated
polysulfone. Increasing ionic strength in the
membrane decreases the mobility of the radical.
The possibility of stereochemical and electro-
static interactions between membranes and
nitroxyls is discussed.

The purpose of this work is to extend previous
results ! on the non-covalent spin labelling of
polycarboxylic acid membranes. The use of
nitroxyl radicals has recently been introduced
in the field of ion exchange membrane chem-
istry;>~ the aim in this case is to characterize
the interactions inside a mechanically ordered
matrix, which are dependent on the porosity of
the support or specifically due to the nature of
the functional groups of the radical and the
support, with solvent effects taken into account.

Cellulose membranes were studied for two
reasons: (1) because of its neutrality the

membrane serves as model of the backbone
of polymeric ion exchange membranes, and
(2) to determine the adsorption and desorption
of neutral, positively charged and negatively
charged small molecules in the cellulose in
water, acetone, and acetone/water, respectively.
The choice of nitroxyl spin labels was made
accordingly; the nitroxyls I—5 are of similar
molecular size, their spectroscopic behaviour
is similar, the only variable is the nature of
the non-paramagnetic part of the molecule.
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Cation exchange membranes of different
chemical nature (polycarboxylic and sulfonated
polysulfonic) and with varying porosity were
chosen to determine the nature of the electro-
static attraction and repulsion in the mem-
brane using the spin labels 7, 3 and 4. Provided
there are no stereochemical interactions or
hydrogen bonds present the neutral spin label
would provide information on the electrostatic
interaction between the membrane and the
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counterion, and the anion spin label on the
activity of the anions in the membrane, respec-
tively.

EXPERIMENTAL

Nitroxyls. The syntheses of the radicals 1—6
have been described previously.*— The radicals
were dissolved in water or the appropriate
solvent to a concentration of 1 mg/ml.

Membranes. The polymeric membranes con-
sisted of regenerated cellulose, carboxymethyl-
cellulose and of sulfonated polysulfone (struc-
tural unit 6).

+0.465n (5O3Na)

6

The films of regenerated cellulose are from
a tube for dialysis manufactured by the Union
Carbide Corporation, U.S.A., treated with a
boiling solution of sodium bicarbonate and
subsequently washed with water. The pore
size for the water swollen cellulose membrane
is 2 nm (estimated by the manufacturer).

The films of carboxymethylcellulose (CMC)
were prepared as described in Ref. 9; they are
polycarboxylic ion exchange membranes ob-
tained by the reticulation of CMC with formal-
dehyde. Pore size in water swollen membranes
is 0.9 nm.'?
. The membranes of the sulfonated polysulfone

are manufactured by Rhéne-Poulenc, France;
they are membranes for hyperfiltration (dense
film (PSS) or asymmetric membrane (TR) and
for ultrafiltration (IRIS)). The pore size increases
from PSS to IRIS.!

The degree of swelling, 7, of the membrane
is expressed by the weight of solvent in the
membrane to the weight of dry membrane.

Preparation of samples. The cellulose films
were equilibriated in water, acetone, and wa-
ter/acetone, the ionic membranes were equili-
briated in water or in water solutions of high
ionic strength (1 M with respect to NaCl or
CaCl,). The effect of the counterion was studied
by stabilizing the membranes in Nat+ and
Ca?t+ forms, respectively.

2 — 5 mg of the membranes were equilibriated
during at least 24 h in 1 ml of the solvent
containing 0.1 ml of the solution of the radical.
Before measuring the spectra the membranes
were washed rapidly in an excess of the proper
solvent to eliminate radicals absorbed to the
surface of the membrane, and rapidly dried
between sheets of filter paper.
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Fig. 1. ESR spectra of nitroxyl radicals. A,
3 in water solution; B, 3 in a Na-CMC membrane
in water; C, 3 in a Ca-TR membrane in 1 N
CaCl, water solution; D, £ in a cellulose mem-
brane after 2 h washing in acetone.

Mobility and diffusion of nitroxyls by ESR.
The spectra were measured at 20 °C with an
X-band Varian E 3 spectrometer; the films
were placed in a quartz plate sample tube S806A
from J. F. Scanlon & Co.

The different types of spectra obtained are
collected in Fig. 1.

The hyperfine coupling constant of the
nitrogen nucleus “N,ay, expresses the separa-
tion between the lines in spectra of types A
and B. It is supposed to be the isotropic value
and is a measure of the polarity of the en-
vironment of the nitroxyl. Spectra of types A
and B represent cases of rapid rotational dif-
fusion; the width of such a spectrum, L,, is
determined from the first to the last maximum
of the spectrum. When the nitroxyl is immo-
bilized the spectrum is characterized by its
total width, L,, from the first maximum to the
last minimum. L, gives an estimate of the
anisotropic contributions to the linewidths
in cases where molecular tumbling makes the
angular components of the hyperfine tensor a
function of time.

The mobility of the spin label is expressed
by the ratio of the height of the high field line
I_, and the center line I, in the limit of rapid
rotation (10™11'—5x 10~® s).1® In the range of
slow diffusion (>5x10~® g) it is difficult to
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Table 1. Data from ESR-spectra of 1, 3 and 4 in water and acetone (~ 10~ M) and of £ in glycerol

solution (10~® M).

Radical Solvent t °C ay/mT I_,/1, L,/mT Ly/mT
1 Acetone +20 1.60+0.02 0.98 3.23
Water + 20 1.73+0.02 0.94 3.21
3 Acetone +20 1.54+0.02 0.95 3.05
Water +20 1.564+0.02 0.94 3.23
4 Acetone +20 1.53 +0.02 0.94 3.28
Water +20 1.63 +0.02 0.95 3.36
Glycerol + 80 1.58 +0.02 0.68 3.11
Glycerol +27 1.56 + 0.02 0.39 3.12
Glycerol 0 1.55+0.02 0.23 3.12
Glycerol —35 6.68
Glycerol - 170 7.10

estimate correlation times only from experi-
mental spectra, since the little motion the
spin labels have relative to the macromolecular
structure is anisotropic. A complete lineshape
analysis would yield details concerning the
nature of the motion in addition to the apparent
correlation time. Work on this matter is in
progress.

The interaction between the membrane and
the radical is evidenced by the change in
mobility of the radical on introducing a portion
of solvent into the sample cell. The spectra were
measured from time to time in order to estimate
the rate of diffusion of the radical from the
membrane into the solvent. Finally the mem-
brane was stored in pure solvent, and spectra
of the films were measured after different
periods of washing.

Radical 4 has been used as a model, and
its spectra in glycerol solutions at different
temperatures have been measured and com-
pared to results of measurements with labelled
membranes. The ESR characteristics of 1, 2 and
4 are collected in Table 1.

RESULTS AND DISCUSSION

Interactions in cellulose membranes. The
nitroxyls I, 3 and 4 are all incorporated into
cellulose. However, the amount of adsorbed
radical is different in the three cases. From the
intensity of the spectra the conclusion is
drawn that the anion is adsorbed in greatest
concentration and the neutral radical is ad-
sorbed in smallest concentration. Radicals 1
and 4 show similar spectral patterns both in
glycerol solution and in the cellulose matrix,
respectively. The spectral width L, for 1 is
larger in cellulose than in solution. The en-
vironment of the radicals I in the cellulose is

therefore to be considered very strongly polar.
The radicals 3 and 4 are adsorbed in an en-
vironment resembling water solution since the
spectral widths L, are equal in cellulose and in
water. The mobility of 3 in cellulose is greater
than that of 1 and 4. The results of the measure-
ments are collected in Table 2.

Of particular interest is the very strong
interaction between the cellulose and 4 in
acetone. In order to investigate the influence
of chemical nature of the radical on the form
of ESR spectrum, the results of measurements
with 4 were compared to spectra of cellulose
labelled with the corresponding free acid 2,
its methyl ester §* and with the anion 4 at
pH = 9. The anion radical was prepared by
neutralizing solutions of 2 in water and acetone
to pH = 7 and to pH = 9 with a solution
of sodium hydroxide in water.

From acetone 2 is incorporated to a smaller
degree than the anion form 4. The latter is very
strongly associated and does not diffuse from
the cellulose. At pH = 9, 4 is very easily in-
corporated from water, probably due to exten-
sive swelling of the macromolecular structure
at this pH value. The radical § is incorporated
to a very low degree; in acetone a fraction of
it stays immobilized in the membrane over a
long period, probably due to hydrogen bond
formation. The acid form of 2 and the anion
form 4 are strongly associated to the cellulose
in acetone, on addition of water to the samples
they are very rapidly liberated.

The radicals 1, 3 and 4 were kept in contact
with samples of the cellulose membrane in
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mixtures of acetone and water. This allows
for comparison with respect to the swelling
of the membrane. In the solvent mixtures the
spectra show the three line pattern of the
diffusing radical, but the relative intensities
of the lines are dependent on the degree of
swelling of the cellulose in the same way as the
spectra of 4 in glycerol are temperature depen-
dent. The spectrum of 4 in cellulose is a super-
position of the spectra of free and associated
radicals in acetone-water mixtures; the spectra
are of type C, Fig. 1. After washing with acetone
an immobilized portion of the radical stays
within the membrane (spectrum of type D in
Fig. 1). This is probably explained by interac-
tion between the anionic group of 4 and func-
tional groups in the cellulose.

The mobility of the spin label is directly
related to the porosity of the film, determined
as the degree of swelling, 7, Fig. 2. To the value
v = 0.3 the mobility of the radical increases
rapidly, at higher values the changes are small.
At values 7 > 0.3 the radicals show a nearly
constant I_,/I, ratio which is supposed to be
dependent only on the nature of the radical
and its interaction with the support.

Interactions in the ton exchange membranes.
The radicals 1, 3 and 4 are incorporated in the
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Fig. 2. The dependence of the ratio I_,/I,
for the nitroxyl radicals I, 3 and 4 on the
degree of swelling r of a cellulose membrane.
The v values correspond to the swelling of the
membrane in (from left to right) pure acetone,
acetone/water 80/20 (w/w), acetone/water 60/40
(w/w), acetone/water 40/60 (w/w), acetone/
water 20/80 (w/w), and pure water, respectively.

ion exchange membranes, except for 1 in
CMC-membranes, where the concentration of
radical in the membrane i§"too low to give

Table 3. Characteristics of the interaction of 1, 3 and ¢ with ion exchange membranes from ESR-spectra.

A, type of incorporation; B, spectrum.

1% 3% 4°
Membrane T A B LymTé I_,jI¢ A B (LyorLy)/mT I_/I, L,/mT
NaCMC/H,O 0.758 N 0.6 L,=33 0.35 3.27
NaCMC/NaCl 0.576 N 0.4 L, =33 0.256 3.27
CaCMC/H,0 0.468 N 0.4 Very low in-

corporation

CaCMC/CaCl, 0410 b b
NaPSS/H,O 0.160 D Ly= 6.2
NaPSS/NaCl 0.154 L D 6.3 S D Ly = 6.3 0.83 3.27
CaPSS/H,0 0.154 L D 6.3 S D L, = 6.2 Very weak signal
CaPSS/CaCl, 0.150 S D 6.3 S D Very weak signal
NaIRIS/H,0 1.91 F C F C 0.91 3.27
NaIRIS/NaCl 1.65 F C 6.4 F C 0.86 3.27
CalRIS/H,0 1.81 F C F ¢ 0.88 3.27
CaIRIS/CaCl, 1.66 F C 6.2 F C 0.84 3.27
NaTR/H,0 1.64 S D S 0.94 3.27
NaTR/NaCl 1.62 S D F ¢ 0.88 3.27
CaTR/H,0 1.52 S D S D 0.88 3.27
CaTR/CaCl, 1.49 S D F ¢ 0.69 3.27

4N, no incorporation; L, low incorporation; S, strong association; F, fixation of two types. ® Too low
incorporation to give significant results. ¢ Spectra of type B. 4+0.2 mT. ¢+ 0.1 mT.

Acta Chem. Scand. B 31 (1977) No. 2




significant results. The radical concentration in
membranes in sodium form is lower than in
membranes in calcium form. Results of the
ESR measurements are collected in Table 3.

The sulfonated polysulfonic membranes im-
mobilize 1 and 3, the measured spectra are of
type C or D, Fig. 1. The immobilization of 3
is explained by interactions with negatively
charged groups of the membrane. However,
this explanation is not valid for I which shows
a spectrum of type D also for membranes with
a high degree of swelling (IRIS and TS). This
may be taken as evidence for electrostatic
interaction between I and PSS. Furthermore,
1 is not incorporated in the CMC membrane in
spite of the relatively high porosity. Likewise,
3 is less immobilized in CMC than in IRIS
and TR with a higher degree of swelling.

These results permit the following conclusions
of the influence of the charged —SO;H and
—COOH groups on the fixation of 3 and hence
the form of the spectra; the —SOg~ group
binds 3 more strongly than the — COO~ group.
The above conclusion is valid also when stereo-
chemical interactions between the radical and
the polysulfone and CMC matrices are taken
into account.

The role of the ionic strength and the nature
of the cation on the mobility of the radical can
be estimated by the use of 4. It is notable that
the ionic strength which decreases the degree
of swelling also diminishes the mobility of the
radical. Consequently, in the Ca-form the
swelling is the least which is reflected in a low
value of the ratio I_,/I, in the spectra.

Spectra of 4 in the three sulfonated poly-
sulfone membranes indicate the difference in
the morphology of the three membranes (PSS,
TR and IRIS): (1) in the dense film (PSS)
there is a low degree of incorporation and the
radical is totally immobilized, (2) in the asym-
metric membranes (TR)!! and the ultrafiltra-
tion membranes (IRIS) the measured I_,/I,
ratios are almost identical. In the asymmetric
membrane the influence of the skin is not
measurable; this shows that the macroporous
phase is modified by the influence of the con-
ditions in the environment.

Diffusion of the radicals from cellulose. The
radical labelled, washed and dried films were
kept in contact with the pure solvent during 1 h
30 min after which they were dried and spectra

Acta Chem. Scand. B 31 (1977) No. 2

Charged Nitroxyls in Membranes 107

measured. The results are collected in Table 2.

The diffusion rate from the membrane into
water decreases for the radicals in the order
1>4>3. On acetone treatment the radicals
stay largely immobilized in the membranes;
the diffusion into water is rapid in all the cases
except for a small portion of radical which
probably is immobilized in pores of minor
dimension in the membrane. The diffusion
of 1, which is very easily soluble in water and
has somewhat smaller dimensions than the
other radicals, is very rapid on comparison
with the more polar radicals.

The electrostatic interaction between 4 and
the membrane in acetone solution is confirmed
as 4 does not diffuse into acetone. The spectrum
of this complex is comparable to the spectrum
of dry covalently labelled cellulose.'

The distribution of radicals between pores
of varying sizes gives a possibility to explain
the results of Fig. 2 in view of the diffusion
from the membrane: in the cases of 3 and 4
the contribution of a small immobilized fraction
of radical does not change the ratio I_,/I,
significantly, whereas for I the mobility de-
creases while the radical still shows a line
spectrum of type B; consequently the ratio
I_,/I, diminishes more than for 3 and 4.

Diffusion of the radicals from ion exchange
membranes. In all the cases the diffusion of 4
into solvent is total in one hour. The radical
anion is thus excluded from the negatively
charged membrane.

It was not possible to measure the diffusion
from the CMC membranes for I; the fraction
of radical incorporated was too small. From
the sulfonated polysulfone membranes the
diffusion of I is very slow. After 2 h of washing
4/5 of the radical remain incorporated in the
membrane, and the spectral pattern remains
the same (type D). Neither the presence of
salt, nor the elevated swelling of the IRIS and
the TR membranes alter this result. It is prob-
able that there is a stereochemical or electro-
static interaction in these cases.

The diffusion of 3 from the CMC membrane
is more rapid for the membrane in calcium
form than in sodium form. The amplitude of the
center line has decreased to 1/10, and 1/2
respectively, during 2 h washing. The same
phenomenon is observed for the sulfonated
polysulfone membranes, although the difference
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is smaller. Thus, after 2 h washing the amplitude
of the signal from the TR membrane in its
sodium form has not changed while the signal
from the membrane in its Ca*t form has
decreased to 2/3. This difference was not found
in the presence of sodium chloride or calcium
chloride; after 2 h washing the signal had de-
creased with 1/3 in both cases. The presence
of salt suppresses the difference between the
sodium and the ecalcium forms by rapid
exchange between bound cations and those
unbound in the membrane.

Acknowledgements. The authors wish to
express their sincere gratitude to Professor
André Rassat and his coworkers for the gift
of the radicals, the use of the ESR-spectrometer
and the fruitful discussions of the results.
One of us (F.8.) wishes to thank the C.N.R.S.
(France) and the Academy of Finland for an
exchange grant which made this work possible.

REFERENCES

1. Ramasseul, R., Rassat, A., Rey, P. and

Rinaudo, M. Macromolecules 9 (1976) 186.

. Veksli, Z. and Miller, W. G. Macromolecules

8 (1975) 248.

. Lagercrantz, C. and Setaka, M. J. Am.

Chem. Soc. 96 (1974) 5652.

. gt%géan, S. L. J. Am. Chem. Soc. 97 (1975)
108.

. Lebedev, O. L. and Kazarnovskii, S. N.

Tr. Ps. Khim. Khim. Tekhn. 3 (1950) 649.

. Rozantsev, E. G. and Krinitskaya, L. A.

Tetrahedron 21 (1965) 491; Dupeyre, R. M.

Doctorat de Spécialité, Université de Gre-

noble 1965.

7. Ramasseul, R., Rassat, A. and Rey, P.
Tetrahedron Lett. 11 (1975) 839.

8. Preparation according to Rozantsev, E. G.
Free Nitroxyl Radicals, Plenum, New York
1970, m.p. 89.5 °C.

9. Rinaudo, M. and Hudry-Clergeon, G. J.
Chim. Phys. 64 (1967) 1746.

10. Rinaudo, M. and Canova, P. C. R. Acad.
Sci. Ser. C 279 (1974) 253, Canova, P.
Thesis, University of Grenoble 1975.

11. Chapurlat, R. New Reverse Osmosis Mem-
branes, 4th International Symposium of
Fresh Water from the Sea, Heidelberg
September 1973.

12. Rozantsev, E. G. and Sundholm, F. 7o be
published.

13. Waggoner, A. 8., Griffith, O. H. and Chris-

tensen, C. R. Proc. Nat. Acad. Sci. U. 8. 4.

57 (1967) 1198.

[= T - B U

b

Received August 23, 1976.

Acta Chem. Scand. B 31 (1977) No. 2



