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Abstract—Benzene adsorption in a perfluorosulfonic membrane was performed through deep dehydration of
the latter over the phosphoric anhydride. The subsequent UV irradiation is accompanied by a gradual transition
of the benzene m-complexes in the protonated form C¢H7 that allows us to consider the perfluorosulfonic
membrane as a solid superacids. The photoexcitation on the absorption band of adsorbed carbonium ion causes

its fluorescence in the region of 450—-600 nm.
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Protonation of benzene as a result of adsorption
evidences the presence on the surface of the adsorbent
of strong proton-donor sites [1,2]. The formation of the
carbonium ion C¢Hj on the surface was first
discovered at the hard UV irradiation of benzene
adsorbed on strong acidic surface of the silica—alumina
catalyst purified in a high vacuum [1]; the formation of
the cation was evidenced by the appearance of the
absorption band with the maximum at 460 nm. A
similar result was obtained after the adsorption of
benzene on the surface of the titanium-containing
silica gel, which has powerful proton-donor cites [2,
3]. In that case the absorption band maximum of the
Ce¢H; cation was observed at 435 nm [2]. There is a
reason to expect a possibility of protonation of benzene
in perfluorosulfonic Nafion membranes, whose strong
acidity is determined by the sulfonic groups fixed on
the walls of the narrow channels and cavities of the
fluorocarbon framework [4-6]. According to [5, 6], the
membrane cavities have an effective diameter of about
4 nm and are connected by narrow channels of ~1 nm
diameter. Additional protonation by the —SO;H group
hydrogen is due to the polarizing effect of the
framework and the high electric field gradients in the
nanostructured space of the membrane. The possibility
of optical detection of the benzene adsorption is
provided by the high transparency of membrane over a
wide wavelength range 200—800 nm.

In this paper we used perfluorosulfonic membrane
MF-4SK of Russian production. The first experiments
showed that a low threshold temperature stability of its

porous structure, 7' < 100°C, prevented the adsorption
of benzene [4] because of incomplete removal of
water. A long dehydration of membrane with sub-
sequent keeping in either the saturated vapor, or in
liquid benzene, does not lead to its steady fixation.
Exposing of the membrane to air leads to a complete
benzene evaporation, as shown by the absence of its
absorption in the UV spectral region. The cause
preventing adsorption is the screening of sulfonic acid
groups of the membrane by the tightly bound water
molecules not removable within the permissible
conditions of heat treatment.

To perform the adsorption in the environment free
of residual water, the membrane, pre-dried at 100°C,
was placed in a hermetically stoppered flask over
phosphorus pentoxide where also a beaker with
benzene was placed. After keeping under these
conditions for 24 h in the UV spectrum of the
membrane exposed to air the characteristic absorption
band of benzene was reliably detected which persisted
over time (Fig. 1), indicating the formation of its
adsorption m-complex with the hydrogen atom (proton)
of sulfonic groups. It is interesting to estimate the
degree of filling the inner surface of the membrane
with benzene achieved in this way. Since the spectrum
of adsorbed molecules is almost identical with the
spectrum of liquid benzene, we adopt the extinction
coefficient at the maximum of 255 nm of the most
intense band of n—m * transition to be equal €55 = 230
[8]. When the plate thickness is 0.25 mm and the
optical density D,ss = 0.82 (Fig. 1), the benzene
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Fig. 1. The spectrum of benzene m-complex in the
membrane (lower curve) and its successive changes at the
UV-irradiation.

concentration is ~ 0.14 M, and its recalculation with
accounting for the membrane weight (its density in the
dry state is ~2 g cm [4 ]) leads to ~0.07 mmol g .
The comparison of the measured value with the full
content of sulfonic acid groups in the membrane
[SO;H] = 0.84 mmol g ' [9, 10] indicates that benzene
consumption in the process of adsorption is performed
by only ~8% of the active sites. Such a low degree of
surface coverage suggests that the benzene m-com-
plexes are formed mainly on the walls of the narrow
channels of the membrane with a high adsorption
capacity. It is possible, therefore, that the value of
~8% reflects in the first approximation the ratio of
surfaces of the cannels and cavities of nano-structured
space of the Nafion membranes, unknown from the
literature.

Irradiation of the membrane containing the ad-
sorbed benzene with a full spectrum of mercury lamp
SVD-120A is accompanied by the emergence and
rapid increase in the intensity of the broad absorption
band with a maximum at 440 nm (Fig. 1), cor-
responding to the formation of the protonated form
CgH7 [1, 2]. The kinetics of the increase in the optical
density at A = 440 nm corresponds to the second order
equation with a constant k = 0.078 s™'. A large band
width may be due to structural and energy
inhomogeneity of the surface of membrane channels,
which determines the difference in the degree of
perturbation of the electronic structure of adsorbed
ions. In contrast to the m-complex, the carbonium ion
C¢H; (also called o-complex) is a true chemical
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Fig. 2. The spectra of fluorescence (/) and its excitation (2)
of the C¢H7 ion in the membrane.

compound, in which the proton and hydrogen atom are
arranged symmetrically on either side of the plane of
the benzene ring [11,12]. Thus, the structure of the ion
refers to the point group symmetry C,,, and the
observed band with Ay, = 440 nm in accordance with
the well-known interpretation [11], corresponds to the
la, — 3b, transition. Note that with increasing intensity
of the characteristic band at A,,,x = 440 nm the absorp-
tion in the UV spectral region becomes more com-
plicated and significantly increases. These observa-
tions are apparently due to the short-wavelength transi-
tions of carbonium ion (1a; — 2a,, 2b; — 2a, and others
[11]) that define the band in the range 200-250 nm.

A characteristic feature of the C¢H; ion state in the
membrane is its intrinsic fluorescence recorded as a
broad, slightly structured band covering almost the
entire visible region (Fig. 2). The Iluminescence
excitation is mainly due to the quants of visible light in
the main absorption band of C¢H; (Fig. 2). As in the
case of the absorption spectra, a significant broadening
of the luminescence band, apparently, is caused by a
different degree of polarization of the ions adsorbed on
the inhomogeneous surface of the membrane channels.

Thus, the benzene molecule acts as a luminescent-
spectral tag, characterizing the surface of the so-called
solid superacids [1, 2, 13], among which the
perfluorosulfonic membrane may be ranked.

The UV spectra were recorded on a Shimadzu UV-
2550 spectrophotometer. The fluorescence spectra were
obtained on a Fluorate-02-Panorma spectrophotometer.
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