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The interaction of quinoline with the surface of Nafion-H and Nafion-H (13 wt%)/silicagel compos-
ites, silica gdl itself, HY zeolite, dealuminated or not, and two types of aluminais studied by laser-
induced fluorescence. Strong Bransted acid sites interact with quinoline to form the quinolinum,
that ion being revealed by a band peaking at 390 nm. When Lewis acid sites are present, a complex
formed between these sites and quinoline is observed. A dimeric species and the diffusion of the
adsorbates on the surface of the Nafion-H polymer are discussed.
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INTRODUCTION

Anaysis of solid catalyst surfaces using laser-
induced fluorescence (L1F) diagnosis[1] allowsthe char-
acterization of species at a low density level. From the
linear dependence of the intensity of the fluorescence
upon the concentrations of the species on the solid sur-
face, relative densities can be measured.

Under near-UV laser photoexcitation, quinoline (Q)
adsorbed on the surface of thermally activated acidic
solid catalysts (S—OH) has been shown to be a sensitive
fluorescent probe for recognition of acidic surface sites
[2,3]. Indeed, the protonation of this compound, which
iswell known to exhibit fluorescence only in polar media,
leads to the formation of the quinolinium ion [Eqg. (1)],
and an increase in the fluorescence quantum yield is
observed [4].
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We report here on the measurement of the relative
intensity of the quinolinium LIF band to compare the
numbers of Bransted acid sites of the surface of various
solid catalysts, such as Nafion-H polymer alone and sup-
ported on silica, silicaitself, acidic HY zeolites, dealumi-
nated or not, and two types of alumina

UV Spectroscopy of Quinoline

The energy levels[5] of the quinoline molecule cor-
respond to the excitation of the w-bonding electrons of
the ring and of the lone pair of nonbonding n electrons
at nitrogen which are responsible for the basicity [6] of
the compound. Quinoline is well known to exhibit only
phosphorescence in nonpolar solvents when photoexcited
in the near-UV [7,8]. This behavior can be explained by
the presence of a triplet n,m* state between the lowest
singlet and triplet w,7* states, enhancing intersystem

1053-0509/00/0900-0261$18.00/0 © 2000 Plenum Publishing Corporation



262

crossing (Scheme 1a). The structured fluorescence of
quinoline, which is observed in polar solvents, is attrib-
uted to an inversion of the relative disposition of the
triplet n,m*-state and singlet w,7*-state energy levels
(Scheme Ih).

The complexation of quinoline in acidic polar sol-
vents has been reported [7,8]. It has been shown [9] that
with an increasein the strength of the field of an electron-
acceptor species bonded to the quinoline molecule, there
is a decrease in the spin-orbital interaction of the n elec-
trons with the = electrons of the ring, which leads to an
increase in the degree of conjugation of the m electrons
and a lowering of energy levels with m,m* character.
Consequently, there is a slight displacement of the maxi-
mum of the radiationto longer wavelengths. Fluorescence
spectraof charge-transfer complexesat 300K are unstruc-
tured broad bands red-shifted compared to the fluores-
cence spectrum of quinoline. Like many large organic
molecules, these species can be identified by two features
of the fluorescence spectrum, the emission origin and the
emission maximum.

In the present work, quinoline molecules are pho-
toexcited at the edge of the third absorption band [10] at
240 nm (5.16 V) well below the first ionization potential
[4,8,11,12] at 8.6 €V. Inthisenergy rangethereisvibronic
coupling between states with m,* and n,m=* character,
and photoexcitation can lead to an excited state with
enhanced basicity, as reported for the first excited state
[13,14].

Thus, the spectroscopic behavior of quinoline inter-
calated in the catalyst cavities must be influenced by the
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Scheme |. (a) Energies of low-lying states of quinoline. (b) Effect of
polar medium. State energies which were determined experimentally
[7,10] are indicated by solid lines; dashed lines denote calculated val-
ues [5].
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polarity of the medium and the presence of electron-
acceptor or proton-donor sites.

EXPERIMENTAL

Sample Characteristics

Three types of material from DuPont/Nemours
(USA) were studied: silica gel,® Nafion-H, and Nafion-
H (13 wt%)/silica gel composites. Their specific areas
are 145, 0.1, and 200 m?/g, respectively.

Nafion-H is a perfluorinated ion-exchange polymer
which can be used as a hydrocarbon transformation cata-
lyst. It has a homogeneous internal structure with a
sequence of polar clusters of sulfonic acid groups that
are dispersed with quasi-order throughout a hydrophobic,
semicrystalline perfluorocarbon matrix [15]. In these
clusters (3-5 nm), reactions are catalyzed by SOzH
groups. The superacidity [16,17] of the acid group is
attributed to the electron-withdrawing ability of the per-
fluorocarbon backbone. However, the specific surface
area of Nafion-H is low and molecules cannot diffuse
easily to the acid sites. Nafion-H/silica gel with a higher
surface area shows, in general, enhanced catalytic effects
but the density of Nafion-H is lower. As a result, the
characterization of acidic siteswithin Nafion-H/silica gel
requires more sensitive detection methods.

Nafion-H (13 wt%)/silica gel was prepared using a
dlight modification of the literature method [18]. To 200
g of a 10 wt% solution of sodium silicate (10 wt% SO,
content) was added 100 g of awater-based 3 wt% Nafion-
containing solution. HCI (ca. 52 g of a 3.5 M solution)
was added to adjust the pH to about 7. The system gels,
and the gel is dried in flowing nitrogen at 368—373 K.
The hard, dried gel is thoroughly washed with 25 wt%
nitric acid and, finally, vacuum-dried. The number of acid
equivalents was determined to be about 0.15 mEq per g.
For comparison, amorphous samples of a Davidson silica
were investigated.

HY zeolite was UOP NH,Y zeolite, denoted Y 64.
D-HY zeolite was prepared from NH,4Y. It was partialy
dealuminated by steaming and subseguently washed
twice with Na,H,EDTA,; its crystallinity is near 90%.
Previous studies [19] using 2’Al-NMR have shown that
these two sampl es contain no extraframework auminum.
2Si-NMR results indicate that Si/Al = 2.4 for HY and
14.5 for D-HY. The number of Na per unit cell is given

3 Sample E85984-144, provided by M. A. Harmer (E. |. DuPont de
Nemours, Central Development Wilmington, DE 19880, USA). This
silica was used to prepare Nafion-H (13 wt%)/silica gel composites.
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by chemical analysis. Thisresult indicatesthat the number
of Bransted acid sites per unit cell is 47.7 and 14.5 for
HY and D-HY, respectively. For the dealuminated speci-
men, the Lewis acid-to-Bronsted acid site ratio is
0.12 = 0.02, given by 'H-NMR at 4 K performed on the
D-HY after adsorption of a known amount of H,O [20].

Two typesof industrial aluminawith different prepa
ration processes were examined aso. Their characteriza-
tion by H-NMR does not give any information con-
cerning their acidity [21].

All samples were activated under “shallow-bed con-
ditions’: a powder layer less than 10 mm thick and dehy-
dration under dynamic vacuum before and during heating
at 12 K h™* to 450 K for Nafion-H and Nafion-H/silica
gel and to 600 K for the silica and alumina samples, the
maximum temperature being maintained for 16 h before
cooling to room temperature.

Quinoline vapor was adsorbed at 300 K. The amount
of quinoline in each sample was determined volumetri-
cally and gravimetrically. The samples prepared contain
0.3 £ 0.1 mg of quinoline per g of adsorbent (=~2.3 -
1072 mol/g).

Experimental Technique

In aquartz optical cell under vacuum (10~“ Pa), the
samples were photoexcited using a frequency-doubled
dye laser, and the fluorescence was recorded from 300
to 600 nm. The apparatus was described previoudly [1].
The laser emitted at 240 nm, the pulse width being about
30 ns. The size of the beam was adjusted by a dispersing
lens and a diaphragm so as to obtain maximum coverage
of the sample. Luminescence was detected perpendicu-
larly to the laser beam through a quartz collecting lens
by a photomultiplier (Hamamatsu R212UH) at the exit
dlit of a monochromator and stored in a gated integrator.
Signal decay at selected wavelengths was recorded with
adigital storage oscilloscope (Tektronics 2432) and trans-
ferred to a microcomputer (PC compatible), the limit of
the detection system being 1 ws. Computer processing
of the measurements consisted of a deconvolution of
the multiexponential signal decay. For luminescence with
lifetimes of less than 1 s, the decomposition of the
spectrainto Gaussian bandsis based on the literature data
[4,22]. Table | lists the features of well-known emitting
centers, quinoline itself, quinoline dimer, the H-bonded
quinoline complex, and the quinolinium ion.

Quantitative L1F Spectroscopy

The function allowing quantitative determination of
the species concentration C from the total |aser-induced

Tablel. Fluorescence Band Characteristics

Origin Maximum Ref. No.
Species (nm) (nm) (s)
Quinoline Q 300 330 4,22
Quinoline dimer 350 440 22
H-bonded complex, Q~H 320 370 4
Quinolinium ion, *QH 350 390 4

fluorescence (LIF) signal S ¢ in the case of atwo-level
system can be written

Sie = (EW)/hv)(eC)P )

where E(v) is the laser energy per pulse at frequency v,
hv the energy of the absorption transition from the ground
to the excited singlet states of the speciesto be examined,
o the absorption cross section which is related to the
oscillator strength of the transition, C the species concen-
tration, and ® the fluorescence yield, which depends on
the collisional quenching rate of the upper singlet state.
The terms in parentheses in the equation correspond to
the number of photons at frequency v incident on the
observation volume and to the fraction of photons
absorbed, respectively; ® corresponds to the fraction of
photons reemitted [23].
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Fig. 1. Decomposition of the LIF spectrum of quinoline adsorbed on
Nafion-H (0.2 mg quinoline/g adsorbent). Note that the key in Fig. 1
applies to al figures in this paper.
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According to Eq. (2), the total signal intensity is
expected to depend linearly on the species concentration
as well as on the intensity of the UV radiation. Conse-
quently, to obtain a quantitative estimate of the relative
concentrations of the species in the various samples, it
isimportant, first, to check that the laser-induced lumines-
cence signa intensity is linearly dependent on the laser
intensity and, then, to perform the measurements under
the same conditions.

Lifetime Measurements

Theintensity of aluminescencefrom an excited state
decays exponentially with the time after the laser pulse:

I = Iy exp(—t/7) (©)]

The mean lifetime T, which is acharacteristic of this
excited state, is related to the rates of all its deactivation
processes. Without collision phenomena, it is expressed
by

= Uk + k) )

where k; refers to the rate constant for emission and k¢
to the rate constant for internal conversion by vibrational
relaxation, which depends on the environment.

In the case of alumina samples, photoexcitation of
the material leads to a phosphorescence, and, from the
multiexponential decay of this luminescence, the contri-
bution of independent emitting centers can be deter-
mined [2].
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Fig. 2. Diffusion of adsorbatesontheNafion-H surface. (a) LIF spectra.

(b) Decomposition of the LIF spectra: time dependence of the LIF

signal for the H-bonded complex, quinolinium ion, and dimeric species.
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SPECTRUM OF QUINOLINE ADSORBED ON
THE CATALYST SURFACE

Nafion-H
Decomposition of the LIF Spectrum

In Nafion-H, quinoline interacts with proton-donor
sulfonic acid groupsin polar clusters accessible to quino-
line molecules [3]. UV photoexcitation of quinoline
adsorbed on a Nafion-H surface leads to a very intense
short-lived LIF signal. The LIF spectrum is processed
using Gaussian decomposition based on data listed in
Table I. As shown in Fig. 1, the decomposition of the
[uminescence spectrum reveal s that, in addition to aweak
[uminescence of the material at 500 nm detected without
quinoline, two bands are observed. The strongest, peaking
at 390 nm with an emission origin at 350 nm, corresponds
tothefluorescence of thequinoliniumionwhichisformed
when quinoline interacts with Bragnsted sites. A second
band, with its origin at 350 nm and maximum at 430 nm,
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Fig. 3. Decomposition of the LIF spectrum of quinoline adsorbed on
silica (0.2 mg quinoline/g adsorbent). (&) DuPont silica. (b) David-
son silica.
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corresponds to adimeric species. We tentatively attribute
this second component to the fluorescence of a dimeric
*QH--Q species characterized by a strong *NH--N hydro-
gen bond, which could be formed by interaction between
the quinoline and the quinolinium ion. This type of
dimeric species has been identified in the case of the
interaction of pyridine with Nafion-H [24].

QH + Q = "QHQ ®)

Diffusion of Adsorbates on the Nafion-H Surface

Diffusion of adsorbates on the Nafion-H surface was
studied. The first LIF spectrum, denoted spectrum (0),
was recorded 12 h after adsorbing 0.2 mg/g of quinoline.
The spectrum obtained is unchanged over 10 days (Fig.
2a; {(0)). Spectrum (1) corresponds to the first recording
directly after the addition of 0.2 mg quinoline/g adsorbent
to the above sample. Spectra (2) and (3) were recorded
20 and 40 min, respectively, after spectrum (1). The fluo-
rescence band intensity characteristic of the quinolinium
ion seemsto increase with time; the shape of the spectrum
also tends to that of spectrum (0).

Decomposition of the spectra reveas three bands
corresponding to the H-bonded complex QH, the quino-
linium ion *QH, and the dimeric species *QH-Q. Figure
2b reports the time dependence of the LIF signal charac-
teristic of these species. the intensity of the H-bonded
complex band decreases with time and disappears, while,
conversely, the quinolinium LIF band intensity increases.
This phenomenon could be related to the mobility of
excited single-bonded adsorbates with low binding ener-
gies, which favor trandational motion; their dissociation
could be followed by the diffusion of quinoline on
Bransted sites [25].
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Fig. 4. Decomposition of the LIF spectrum of quinoline adsorbed on
Nafion-H/silica gel composites (0.2 mg quinoline/g adsorbent).
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Fig. 5. Decomposition of the LIF spectrum of quinoline adsorbed on
zeolites (0.2 mg quinoline/g adsorbent). (a) HY zeolite. (b) Dealumi-
nated HY zeolite.

The relative intensities of the *QH and dimeric spe-
cies bands increase to a constant ratio. This ratio does
not change over a period of 10 days. Spectrum (3) prog-
resses to the same shape as (0). It seems that this ratio
isrelated to the distribution of acidic sites on the surface.

Silica

For amorphous silica gel samples dehydrated at 600
K, the luminescence induced by photoexcitation is weak
and decomposition of the LIF spectra observed for two
types of silica, DuPont and Davidson, reveals different
Brognsted acid strengths. The Gaussian decomposition
based on data given in Table | is illustrated in Figs. 3a
and b.

For DuPont silica gel (Fig. 3a), three mgjor bands,
peaking at 325, 370, and 440 nm, can be readily assigned:
the first one, with an emission origin at 300 nm, corres-
ponds to the fluorescence of quinoline and the third one
to the fluorescence of the quinoline dimer, while the
second band corresponds to the fluorescence of a hydro-
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Fig. 6. LIF spectrum of quinoline adsorbed on two types of alumina,
a, and & (0.2 mg quinoline/g adsorbent).

gen-bonded complex. As reported by Eremenko et al.
[14], UV irradiation seems to favor the adsorption of
quinoline which forms H-bonded complexes with silanol
groups. The fourth band, peaking at 490 nm, is that of
the material.

For Davidson silica (Fig. 3b), decomposition of the
LIF spectrum reveals three bands, peaking at 370, 390,
and 430 nm, which have the features of the fluorescence
of the H-bonded complex, the ion quinolinium *QH, and
the dimeric species *QH-Q, respectively. It then appears
that, in contrast to DuPont silica gel, where adsorption
sites seem to be nonacidic, in Davidson silica proton-
donor sites are present. Magic angle spinning (MAS) and
broad-line *H-NMR at a low temperature (4 K) would
provide additional information about the acidity of
these samples.

Nafion-H/Silica Gel DuPont Composites

In Nafion-H/silica gel composites with a high spe-
cific area, the adsorption sites are sulfonic acid groups
within the Nafion-H phase and nonacid silanol groups
within the silica gel phase [3]. In this case, we observe
that the luminescence intensity is significantly lower than
for Nafion-H samples and higher than for the DuPont
silica sample. Decomposition of the spectrum (Fig. 4)
reveals the same components peaking at 390 and 430
nm aready observed with Nafion-H. These bands are
characteristic of the fluorescence of quinolinium ion and
of the dimeric species *QH-Q. In addition, the fluores-
cence of the H-bonded complex peaking at 370 nm is
observed. Thisischaracteristic of theinteraction of quino-
line with silanol groups in the silica gel phase, which

L assoued €t al.
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Fig. 7. (&) Time-resolved decomposition of the laser-induced lumines-
cence for alumina a (0.2 mg quinoline/g adsorbent): (1) short-lived
component, (2) medium-lived component, and (3) long-lived compo-
nent. (b) Spectral deconvolution of the short-lived component.

implies that the silica surface is not totally covered with
Nafion-H.

Acidic Y Zeolites

Y zeolites are organized media which have a homo-
geneous internal structure with a well-defined sequence
of cages. Their efficiency as heavy oil-cracking catalysts
dependson the acidic surface sitesaccessibleto the hydro-
carbon molecules. These sites located in the supercages
are primary adsorption centers for basic compounds. In
HY zeolites, whether dealuminated or not, the protonation
of quinoline on Bransted sites is characterized by the
fluorescence of the quinolinium ion peaking at 390 nm
together with the fluorescence of the dimeric species
"QHQ peaking a 430 nm (Fig. 58). In dealuminated
HY, a complexation of quinoline with electron-acceptor
Lewis sitesis characterized by an additional band at 520
nm, the fluorescence of a charge-transfer complex being
strongly red-shifted (Fig. 5b).
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Alumina

Two types of alumina, denoted &, and &, were stud-
ied. They exhibit an intrinsic luminescence under photoe-
xcitation. When quinoline was adsorbed on the surface,
while no change in the luminescence spectrum was
observed for specimen &, that of a, seems to be more
extended on the blue side (Fig. 6).

From a kinetic study of the decay of the photoin-
duced luminescence in aumina a,, the contribution of
three components with specific lifetimes of 100, 20, and
<1 pscan beobserved. The most intense short-lived band
involves adsorbed quinoline (Fig. 7a). Decomposition of
this band shows three bands, peaking at 370, 390, and
430 nm, which can be readily assigned to the fluorescence
of the H-bonded complex, the quinolinium ion, and a
dimeric quinoline species, respectively (Fig. 7b). It then
appears that, in contrast to alumina a,, proton-donor sites
are detectable in alumina a,.

QUANTITATIVE RESULTS

Under the same conditions of laser intensity, we
measured the relative intensity of the quinolinium ion
band in the various solid catalyst samples with 0.2 mg
quinoline/g adsorbent (Fig. 8). The quinolinium LIF band
seems to be the most intense for Nafion-H specimens,
showing that the density of *QH is highest on the Nafion-
H surface. The density of *QH seems to be one order of
magnitude lower for HY and dealuminated HY (D-HY)
zeolites and more than one order of magnitude weaker
in the case of Nafion-H/silica gel nanocomposites.

T T T T T M T T
6 Nafion-H
_ 5
s L L
s 7 D-HY 7
I HY
IS Nafion-H
(13wt %
05 ofi
DuPont
| NaY Davidson silica
DuPont Silica
Silica
0,0

Samples

Fig. 8. LIF signal intensity of quinolinium ion for various catalyst
surfaces with adsorbed quinoline (0.2 mg quinoline/g adsorbent).

A similar density of *QH is obtained for HY and
D-HY zeolites. Much *QH-Q is observed with HY; this
is dueto the fact that in D-HY, quinolineisfirst adsorbed
on Lewis sites, at the expense of the formation of
dimeric species.

CONCLUSION

This study leads to a first estimate of the relative
numbers of Bransted acid sites of various solid catalyst
surfaces using the LIF technique. However, to estimate
the total numbers of acidic sites of the various catalysts,
the concentration of the dimeric species *QH-Q must be
taken into account as well as that of the quinolinium ion
*QH. The concentrations of these two species on the
surface are related to the environment of the acidic sites
and to the amount of quinoline adsorbed. The fraction of
the dimeric species gives an idea of the distribution of
acidic sites on the surface. When Bransted sites are very
close, the formation of the dimeric species is more prob-
able.
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