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Abstract

Transient diffuse reflectance UV—vis absorption (TDRUV) and time resolved resonance Raman (TR?) spectroscopy (370 nm exciting laser line,
8 ns) were performed to investigate the species generated by UV pulsed laser photolysis (248 nm, 20 ns) of biphenyl (BP) occluded in cavities of
dehydrated silica-rich Y-faujasitic (M, FAU) zeolites with M,,(Al0;),,(S10;)19,—, formulae per unit cell. The TDRUYV spectra were recorded in the
time range 0.5-340 s and the TR? spectra were recorded in the 0.05-100 s as functions of aluminum content (n =0, 56), extra framework cations
(M =Na*, K*, Cs*), BP loading (1, 2, 4, 8, 16 BP/UC) and laser energy (0.15-1.5 mJ). Specific spectra of BP(T)) triplet state, BP** radical cation,
trapped electron as Na,>* cluster and BP*~ radical anion were resolved by Multivariate curve resolution (MCR) of TDRUYV and TR? data sets. The
RR spectra of BP** and BP(T,) correspond to nearly planar structures. The concentration decays fit a model of dispersed heterogeneous kinetics.
At lower laser energy, BP(T,) was generated as major transient species. The energy transfer via T; occurs with rates not greater than 1076 s~
Photoionization is found to be the dominant phenomenon at higher pump laser energy. BP**, Na,>* and BP*~ exhibit distinct decay behaviors with
rates not lower than 1073 s~!. In polar environment of NassFAU supercage, the ejected electron is trapped as Nay** cluster at low loading and as
BP*~ at high loading. In the non-polar environment of FAU supercage, the ejected electron is captured by BP(Sy) even at low loading. The effects
of Si/Al ratio, extraframework cation and BP loading upon the energy and electron transfer rates were discussed according to BP photochemical
behavior in solvents.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Biphenyl (BP) and parent derivatives are produced in a vari-
ety of industrial and agrochemical processes. Efficient and low
cost air cleaner systems have to be developed because the emis-
sions in air represent a potential human health hazard particularly
in work place atmosphere. Air purification is carried out by an
adsorbent installed in a fluid flow system. The ultra stable Y-
faujasite zeolite (USY) is a resistant inorganic adsorbent with
well-known molecular sieves properties. So, this porous mate-
rial can be used as efficient specific adsorbent for air cleaning
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systems. Hence, highly siliceous USY faujasitic zeolites are
largely used in petroleum industry. The silica-rich Y zeolites
abbreviated hereafter M,,FAU have the M,,(AlO>),,(Si02)192_1
chemical composition per unit cell (n=0-56) where M™* is the
counterbalancing cation. The M,,FAU porous structure consist
of a 3D network of nearly spherical supercages of ca. 1.3 nm in
diameter connected tetrahedrally through 0.74 nm windows. It
was reported previously that biphenyl molecules are efficiently
trapped from gas phase in dehydrated Y and USY zeolites [1].
The photolysis of loaded adsorbents of air cleaning apparatus is
a promising way to decompose the occluded pollutants. There
is evidence that the molecular sieves property of the zeolite is
an important factor in photocatalysis efficiency, but the mecha-
nism of zeolite participation in reactions remains incompletely
elucidated [2]. The ever-increasing interest in photochemistry
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of heterogeneous media has prompted many investigations of
polyaromatics hydrocarbons (PAH), including BP adsorbed on
inorganic surfaces including zeolites [3—10]. The zeolites are
known to be very convenient hosts that are capable of modify-
ing photochemical properties of guests from that exhibited in
solutions [11-16].

Previous transient absorption studies have revealed several
unique aspects of the photophysics and photochemistry of PAH
occluded in zeolite networks, although controversial results have
been obtained concerning particularly the fate of photoejected
electron. Some years ago, transient diffuse reflectance laser
photolytic studies of BP adsorbed using solvent in hydrated fauj-
asitic Nas; Y zeolite firmly established that biphotonic ionization
generates BP** radical cation and that the ejected electron was
captured by neutral BP to produce BP*~ radical anion at high
loading [17]. Surprisingly, so far, no systematic kinetic study
of BP photoproducts in dehydrated solvent-free silica-rich Y
zeolites is available. Probably, the severe band overlaps make
difficult the study of energy and electron transfer kinetics by
transient absorption spectroscopy. Some opportunities to resolve
this difficulty come from multivariate curve resolution (MCR)
method. In addition, time resolved resonance Raman (TR?) spec-
troscopy enables us to distinguish such molecular species from
each other and to probe their structural changes along with time
evolution [14,15].

The current investigation examines the energy and electron
transfers induced by deep UV laser photolysis of biphenyl
occluded within dehydrated silica-rich Y-faujasite (M, FAU)
zeolites and purely siliceous faujasites (FAU). The energy
relaxation and charge recombination were explored using tran-
sient diffuse reflectance UV-vis absorption (TDRUV) and
Time Resolved Resonance Raman (TR?) in order to explore
the 0.05-340 s time range after flash excitation. The influ-
ences of aluminium content (n =0, 56), charge-balancing cation
(M*=Na*, K*, Cs*), BP loading and laser pulse energy on the
energy and electron transfer rates were investigated systemati-
cally. The MCR chemometric method was essential to resolve
both the characteristic spectra and instantaneous molecular con-
centrations of transient species induced by laser pulses. The
present work was initiated to gain a comprehensive understand-
ing of the zeolite participation to the BP photochemical pathways
generated by photolysis within polar M,, FAU and non-polar FAU
microenvironments.

2. Experimental
2.1. Materials

The highly siliceous FAU or ultra stable USY or DAY
zeolite (Si02)192 (Si/Al=100; micropore volume 0.29 cm3/g)
was kindly provided by Degussa. This dealuminated material
is a Y-type zeolite having faujasite structure. The zeolite was
prepared via a special SiCly treatment that yields a Y zeolite in
which almost all the Al atoms have been replaced by Si atoms.
The properties of the Y framework have been fully retained,
whereas medium size pores and defects are absent. Therefore,
this type of zeolite exhibits enhanced temperature stability

(>1000 K) and improved hydrophobic properties. The Nasc FAU
(NasgY) zeolite Nasg(Si02)136(Al02)s56 (Si/Al=2.49; micro-
pore volume 0.34 cm?/g) was obtained from Union Carbide.
NayK57(Si02)136(Al02)56  and  NasCss1(Si02)136(Al02)s6
samples were obtained by cation exchange as reported
previously [18]. Biphenyl (Cj2Hjp) was purchased from
Merck-Schuchardt and was bisublimated. Pure and dry Ar and
O, gas were used.

2.2. Sorption of biphenyl

Weighted amounts (~1.4 g) of powdered hydrated zeolite
M,,(5102)192—-,(AlO3), (1-2 wm particle size) were introduced
into an evacuable heatable silica cell. The sample was dried
under vacuum (1073 Pa) and heated stepwise to 773 K under
air. O, was then admitted into the cell for 6h at 773 K. The
thermal treatment removed completely the water content and
the organic impurities. Then, the sample was held under vac-
uum and cooled to room temperature under dry argon. Weighted
amounts of bisublimated BP corresponding to 1-16 BP load-
ing per unit cell were introduced into the cell under dry Ar
and the powder mixture was shaken. After four weeks at 50 °C,
the sample was held under vacuum for 3 h and then transferred
under dry argon in a quartz glass Suprasil cuvette for diffuse
reflectance UV—vis experiments or in cylindrical quartz tubes
for TR? measurements.

2.3. Instrumentation

Elemental analyses (C, H, Al, Na, K, Cs) of the bare
and loaded zeolites were obtained from the Service Central
d’ Analyse du Centre National de 1a Recherche Scientifique (Ver-
naison, France).

Ground state DRUV spectra were recorded at room temper-
ature between 200 and 850nm using a Cary 3 spectrometer
equipped with integrating sphere. The corresponding bare zeo-
lite was used as reference.

The experimental set-up of nanosecond diffuse reflectance
laser photolysis, applicable to the detection of transient species
(TDRUV) in optically inhomogeneous and light-scattering sys-
tem was similar to that previously described [19]. It included
an excimer laser as pump source (248 nm, 0.15-1.5mJ, 20 ns,
0.3 Hz) and a pulsed xenon arc lamp as probe source allowing the
analysis of an area of 1cm?. The decays at the different wave-
lengths were accumulated over ten laser pulses. The samples
were shaken after every 10 laser shots to ensure a fresh sample
surface was presented, although no colouring due to the forma-
tion of permanent photoproducts was evident. The TDRUYV data
were described by:

. 1 — R, 1)
Absorption D(A,t) = ——— (1)
Ro(A, 1)
where R and Ry denote the intensities of the diffuse reflected
light with and without excitation, respectively. In the case where
the absorption of the transient D absorption is relatively low it
has been shown that the concentration C of the transient will be
directly proportional to D.
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The nanosecond TR? set up has been detailed elsewhere
[20,21]. It used excimer laser (Questek 2040) as pump excita-
tion (248 nm, 1.5 mJ, 20ns, 10 Hz), Nd:Yag + dye laser system
(Quantel 581C, and TLD50) as probe pulse (370nm, 1.5mJ,
8ns, 10 Hz), gated intensified diode array (20 ns gate) as detec-
tor, and home-built spectrometer. Both lasers are focused on
an area of 1 mm?. The spectral resolution and the analyzed field
were about 8 and 1600 cm™!, respectively, at 370 nm. The probe
pulse was delayed with respect to the pump using home made
generator. For measurements of solid samples a rotating cell was
used and rejection of the elastic and inelastic diffused light was
made by Notch filters.

2.4. Multivariate curve resolution

D(),p) represents the original data matrix with spectra in rows.
Primarily, it is necessary to estimate the global rank of D(A,¢) to
estimate the number of pure absorbing species (k) present in the
whole data set (1) of the complex mixture. The D(A,f) matrix is
then decomposed into the following form:

DO 1) =Crt) x SXT + E 2

CK(t) represents the ‘spectral concentration’ matrix. S];T repre-
sents the transpose of S])f (spectral matrix) and E represents the
residual error. SIMPLISMA approach was applied to resolve
both the concentration matrix C*(¥) (k columns and ¢ rows)
and the spectral matrix S’;T of pure compounds (k rows and
A columns). Sl){T and Ck(t) were calculated by standard matrix
algebra according to the procedure detailed in the original
publication without any prior information [22]. The difference
between original and reconstructed data set lower than 5% rel-
ative root of sum of square differences (RRSSQ) provides a
realistic picture of the components. The relative root of sum of
square differences expresses the difference between the exper-
imental data set D(),f) and the calculated data set D(i,r)°c.
In a second step we used the multivariate curve resolution-
alternating least squares (MCR-ALS) as a refined method. The
optimization is carried out using C* and S*T initial estimates
obtained by SIMPLISMA approach. Convergence is achieved
when the standard deviation o of residuals with respect to
experimental data are less than 3%. The relative molecular
concentrations were estimated from the spectral concentration
C*) taking into account the molecular extinction coefficients
of BP(T;), BP** and BP*~ previously reported in solution
[23-25].

2.5. Kinetic data processing

The simplest kinetic analysis of the C¥(f) decay have been
tested in terms of mono, two or three exponentials. They do
not reproduce accurately the decays. The concentration func-
tions CX(r) were accurately fitted using the Albery function.
The Albery function takes into account the non-homogeneity of
the material [26]. According to the model, the time-dependent
absorption profile of a transient species can be represented by

Eq. (3):

ft;o exp(—x?) exp(—kt exp(yx)) dx

Ct) = — 3
© f_t;o exp(—x2) dx ©)

where fj;o exp(—x2) dx = /7.

If y =0 (no dispersion), the Eq. (3) is reduced to a first order
kinetics: C(t)=exp(—% 7). C(9) is the relative concentration, k
is the average rate constant, and y is the width of the distribu-
tion. Several attempts were made with other empirical or fractal
approaches but they do not reproduce accurately the decays [27].

3. Results

3.1. Incorporation of BP in dehydrated silica-rich M, FAU
(n=0, 56, M = Na*, K*, Cs*)

Dehydrated M,,FAU with M,,(Al10),,(5102)192—, chemical
formula per unit cell (n=0, 56; M=Na*, K*, Cs*) zeolites
were loaded several months after mere mixing of dry zeolite
powders with solid BP under inert atmosphere and without any
solvent (see Section 2). The diffuse reflectance absorption spec-
tra and off resonance Raman spectra were found to be in accurate
agreement with complete incorporation as BP intact molecule
in the void space of M,,FAU zeolites [1]. The BP sorption was
successfully performed according to the following reaction:

mBP + M,,FAU — mBP@M,FAU “)

m=1, 2, 4, 8, 16 represents the BP loading per zeolite unit
cell. The supercages are primary sites for occluded BP [1].
It was shown that there is no preferential BP sorption site in
purely siliceous FAU supercages without any cations, whereas
well-defined location sites are expected in M5 FAU aluminated
faujasite. In MsgFAU, BP lies in the super cavity in a twisted
conformation with one phenyl group facially coordinated to the
cations and the other phenyl group engaged in the 12-ring win-
dows [1]. The formation of BP bimolecular aggregates within
the same supercage is hindered by bulky M* cation [1] and
occurs at relatively high loading. In contrast, in FAU zeolite
without any cation, the aggregation occurs at low coverage.
mBP@M,,FAU samples exhibit intense and broad UV absorp-
tion around 250 nm, these absorption bands are assigned to
S3 <= Sy transition which are of the m* < m type by comparison
with previous results in solution [15]. However, the band shape
and absorption coefficients were found to be slightly dependent
on Si/Al, extraframework cation (M*) and loading value (m) [1].

3.2. Transient diffuse reflectance UV—-vis absorption

UV laser photolysis of mBP@M,FAU samples was carried
out within the contour of the m* <— 1 absorption using exper-
imental setup detailed in the experimental section. The UV
laser photolysis of bare M, FAU did not lead to any TDRUV
absorption with our experimental conditions. In contrast, sig-
nificant TDRUV spectra were recorded in the 300-750 nm
wavelength range when UV laser photolysis was carried out
with mBP@M,,FAU samples. The D(A,f) TDRUV spectra were
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deduced through the D, (¢) decays recorded at a wavelength
value between 0.5 and 340 s after the laser pulse. At short
times, a very intense fluorescence is observed which prevents
the recording below 0.5 ps.

3.2.1. mBP@NassFAU, effect of loading

Many TDRUYV spectra were recorded at different delay times
after laser photolysis of 1 BP@NassFAU sample with different
pulse energies (0.15, 0.8 and 1.5 mJ). Typical TDRUYV spectra
are exhibited in Fig. 1 where some absorption bands of BP**
and BP(T) mixtures were observed. It is clear also from exam-
ination of insert of Fig. 1 that a weak band about 490 nm is
observed during 10 ws delay after the laser pulse. Calculated
aliquots of water corresponding to 32 H,O/UC loading were
introduced in 1 BP@NasgFAU sample to check the effect of
residual water on BP photochemical behaviour. After an equi-
librium period of several days, TDRUV spectra were recorded
with identical experimental conditions. The resulting TDRUV
spectra were found to be typical of BP** and BP(T)) species,
however, the bands around 490 and 470 nm were not observed
after addition of water. In contrast, supplementary broad band in
the 750-800 nm region was observed. This finding is in accor-
dance with the transient absorption spectra recorded after UV
laser photolysis of BP incorporated using solvent in hydrated
Nas; Y zeolite [17].

Typical TDRUYV spectra recorded after the flash laser pho-
tolysis of the mBP@NascFAU samples with different loading
values (m=4, 8, 16) are exhibited in Fig. 2 where some absorp-
tion bands of BP(T;), BP**, and BP*~ in mixtures can be
discerned by comparison with transient spectra observed in solu-
tion.

The application of multivariate curve resolution (MCR)
method data to the 3 D(A,f) spectral sets (150 spectra) obtained
with different pulse energy (0.15, 0.8, 1.5mJ) during the pho-
tolysis of 1 BP@NasgFAU sample resolved three independent
spectra (k=3) with residuals between experimental and calcu-
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Fig. 1. TDRUV spectra recorded at different delays after pump excitation
(248 nm, 20ns, 1.5mJ, 1cm?) of BP occluded in 1 BP@NasgFAU: 1.5 (W),
10 (@), 30 (A) and 90 ps (V).
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Fig. 2. TDRUV spectra recorded at different delays after pump excitation
(248 nm, 20ns, 1.5mlJ, lcmz) of BP occluded in mBP@NasgFAU: (a) m=4;
(b) m=8; (c) m=16 with 1.5 (H), 10 (@), 30 (4) and 90 s (V).

lated spectra less than 5% (Fig. 3a—c). The one band spectrum
(Amax =490 nm) was assigned to N as>* cluster (Fig. 3b) because
of resemblance with transient spectrum recorded after high
energy irradiation of dehydrated Y-faujasite [10]. The other
resolved spectra (Fig. 3a and c) were successfully compared
to UV-vis absorption spectra of BP(T;) and BP**, transient
species photogenerated by flash UV BP photolysis in solu-
tion [15,20,28]. The 360 nm band of spectrum in Fig. 3a was
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Fig. 3. UV-vis absorption spectra of transient species resolved by multivariate
curve resolution (MCR) of transient diffuse reflectance UV (TDRUV) spectra
recorded at different delays after pump excitation (248 nm, 20 ns, 0.2—-1.5 mJ)
of mBP@NascFAU: (a) BP(T}), Amax =370nm (35,000 M~! cm™1); (b) Nag®*;
(c) BP** Amax=370nm (12,000M~'cm™') and (d) BP*~ Amax =400nm
(10,000M~! cm™!). Intensities are normalized by the MCR procedure. The
molar extinction coefficients of transient species in zeolite are assumed to be
analogous to those reported in solution.

assigned to T, «<—T; transition of BP(T), while the bands
observed at 375 and 675 nm in spectrum of Fig. 3c were assigned
to “BP** <~ BP** transitions [14,15]. The careful comparison
between BP** obtained in solution and in 1 BP@NassFAU

Table 1

reveals a supplementary band centred at 470 nm in the resolved
BP** spectrum photogenerated in NasgFAU. It should be noted
that in the MCR procedure, only one species is resolved when
the concentrations of two different species decrease or increase
simultaneously. The weak band at 470 nm decreases concomi-
tantly with the intense bands at 375 and 675nm (Fig. 1),
hence the weak band at 470nm is resolved concomitantly
with intense bands at 375 and 675nm. This feature is not
typical of BP** but typical of trapped electron in unknown
site. The resolved spectrum shown in Fig. 3c is character-
istic of BP**@NascFAU®~ radical pair rather than isolated
BP**.

Three independent spectra were resolved by MCR of the 9
D(1,1) spectral sets (500 spectra) recorded with m=4, 8,16 and
different pulse energy (0.15, 0.8, 1.5 mJ). The 3 spectra (k=3)
were straightforwardly attributed to BP(T;), BP**, and BP*~
(Fig. 3b—d). The third spectrum (Fig. 3d) contains two bands at
395 and 600 nm assigned to “BP®~ <~ BP*~ transitions [14,29].

The MCR analysis of D()t) spectra calculates also
the relative spectral concentration CX(r) of the absorbing
transient species Nay3*, BP(T}), BP**, and BP*~ between 1 and
340 ws delay times despite severe spectral overlap. It should
be noted that the extinction coefficients determined in solu-
tion S, < So~18,000M~lem™! at 260nm, T, <« T;~
35,000M~'em™! at 370nm, "BP** <~ BP** ~ 12,000 M~!
cm~! at 370nm and “BP*~ <~ BP*~ ~10,000M~'cm~!
at 400 nm can provide a rough estimation of the relative C¥(7)
molecular concentrations in the zeolites [23—25]. The Albery
function provides an adequate description of the C*(r) decays
when nearly complete decays occur in the 0.5-340 s range.
Gaussian distribution kinetic model which was developed by
Albery is based on a dispersion of first order rate constants k =k
exp(yx), k is the average rate constant, and y is the width of the
distribution (see Section 2) [26]. The resulting k and y values of
all the successfully fitting procedures of the experimental decays
are listed in Table 1 . The corresponding mean lifetimes are con-
ventionally represented by 1/k. Nevertheless, when the lifetimes
are less than 1 s the k values are noted >10° s~ in Table 1. In
the same way, when the decays exceed largely 340 us, the k
values are noted <103 s,

The Fig. 4 is typical of BP(T;), BP** and BP*~ concen-
tration decays obtained with the 4 BP@NascFAU sample. The
decays are successfully reproduced using the best y and k fitting
values listed in Table 1. The corresponding y distribution coef-

Average first-order rate constant k (s~!) of the decays of the transient species generated by fast laser photolysis of biphenyl (BP) occluded in Y-faujasitic

(mBP@M,,FAU, M =Na"*, K*, Cs*, n=0, 56) zeolites

BP@unit cell kBP(T)) s~ 1) k BP** (s71) k Nag3* (s—1) kBP*~ (s
1 BP@NasgFAU >10° ~3 x 103 3x10°

2 BP@NasgFAU ~100 7.5 x 10*

4 BP@NassFAU 6% 10° 2% 10° 4 %103

8 BP@NascFAU ~10° <103 ~103

16 BP@NasgFAU ~10* <103 ~3 %103

2 BP@KsgFAU ~100 1x10°

2 BP@CsssFAU 5% 10° 5x10*

2 BP@FAU >10° 1x10° 1x10°
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Fig. 4. Spectral concentration decay profiles of transient species generated by
laser photolysis of 4 BP@NasFAU. Plots of residuals are indicated. (a) BP(T});
(b) BP**; (c) BP®; the relative C(r)/Cy concentration values were extracted by
MCR method from the experimental absorption decays. The solid lines represent
the best calculated decays using the Albery function (see Section 2).

ficients were found to be between 1 and 5 and are in reasonable
agreement with other heterogeneous photochemical reactions.

3.2.2. mBP@MssFAU (M =Na*, K*, Cs*), effect of
extraframework cation

The TDRUYV spectra recorded after laser photolysis of 2
BP@M;6FAU samples (M =Na*, K*, Cs*) exhibit clearly the
BP** spectral characteristics while supplementary bands of

BP(T) were detected at shorter delay time (Fig. 5). No absorp-
tion was observed around 490 nm for M=K* and Cs*.

The MCR processing of the D(A,f) spectral set (150 spec-
tra) recorded for 2 BP@NascFAU samples and with 0.15, 0.8
and 1.5mJ laser pulse energy resolved three spectra straight-
forwardly attributed to Nay>*, BP(T;) and BP** while MCR
method extracts BP(T;) and BP** spectra for M=K™*, Cs*. The
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Fig. 5. TDRUV spectra recorded at different delays after pump excitation
(248 nm, 20ns, 1.5mlJ) of BP occluded in: (a) 2 BP@NascFAU; (b) 2
BP@K;56FAU; (c) 2 BP@Css6FAU: 1.5 (W), 5 (@), 10 (A) and 30 ps(V).
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Fig. 6. TDRUV spectra recorded at different delays after pump excitation
(248 nm, 20 ns, 1.5 mJ) of BP occluded in 2 BP@FAU: 1.5 (W), 5 (@), 10 (A),
30 ws(¥) and () 90 ps.

BP** decays are successfully reproduced using the best y and
k fitting values. The resulting k and y values of all the success-
fully fitting procedures of the experimental decays are listed in
Table 1.

3.2.3. mBP@FAU, effect of Si/Al ratio and laser fluence

The TDRUYV spectra of mBP@FAU siliceous samples were
recorded between 1 and 340 ws delay times. No absorption band
was observed around 490 nm and no intense BP(T) absorption
was detected (Fig. 6) with delay time higher than 0.5 ps.

The data processing of the 6 D(A,f) spectral sets (300 spec-
tra) recorded with the mBP@FAU samples (m =1, 2) and with
0.15, 0.8 and 1.5 m]J energy resolved only one spectrum (k= 1).
The resolved spectrum does not correspond to any spectrum of
known species listed in Fig. 3, but corresponds to BP**-BP*~
mixtures as demonstrated by spectral decomposition. It should
be noted that in the MCR procedure, only one species is resolved
when the concentrations of two different species decrease or
increase simultaneously. The BP** and BP®~ kinetic decays are
identical and are treated as a BP**—BP*®~ ion pair recombination
(Table 1).

The pump laser power dependence of the relative ratio
BP**/BP(T;) was examined at low BP loading in NassFAU
and with 1.5 ps delay time. The low BP loading in NasgFAU
was chosen because laser pulse generates exclusively BP** and
BP(T;). Except for high laser fluence for which saturation phe-
nomena were observed, the BP(T;) concentration deduced from
TDRUYV measurements increases linearly with fluence whereas
the BP** exhibits a concave curve as function of laser fluence.
These behaviours are analogous to previously reported works
[17,30] and suggest that BP(T) is produced by monophotonic
process and BP*™ is produced by biphotonic process.

3.3. Time resolved resonance Raman ( TR’ ) scattering
The above-described TDRUV results constitute a prereq-

uisite for the TR? experiments. BP(Sg) occluded in M, FAU
(n=0, 56; M=Na*, K*, Cs*) exhibit intense band absorption

spectra around 250 nm. The UV absorption bands of BP(T}),
BP** and BP*~ overlap in the same UV wavelength region,
360, 375 and 400 nm, respectively, whereas BP** and BP*~
exhibits overlapped visible absorption bands at 670 and 600 nm
with weaker absorption coefficients (Fig. 3). The 248 nm pump
wavelength was used to generate the transient species while the
RR scattering of BP(T;), BP** and BP*~ was excited using
the 370 nm probe wavelength (1.5mJ, 8ns). So far, attempts
to record TR? probed at 625 nm failed [14]. The 370 nm probe
wavelength excites also the off resonance Raman scattering of
occluded BP(Sy) in the ground state. Spectra acquired with only
370nm probe pulses without any pump pulse showed exclu-
sively the Raman features of occluded BP(Sp). The spectra of
BP(Sp) occluded within M,,FAU (n=0, 56; M=Na*, K*, Cs*)
zeolites spectra were found to be identical to that reported in
a previous paper using NIR exciting line (1064 nm) [1]. For
TR? experiments, pumping and probing beams were focused
onto 1 mm? area of a rotating sample. Supplementary RR fea-
tures were observed in TR? spectra recorded with both pump and
probe beams for delay time from 50 ns to 100 ws. The TR spec-
tra were thus obtained by subtraction between these two spectra.
It should be noted that the laser with 1.5 mW energy focused
onto 1 mm? corresponds to higher energy density than used
for transient absorption experiments (1 cm?) and promotes the
ionization.

3.3.1. mBP@NassFAU, effect of loading

TR3 spectra (370nm, 8ns, 1.5mJ) of transient species
generated by laser photolysis (248nm, 20ns, 1.5mlJ) of
mBP@NasgFAU (m =2, 4) samples were shown in Fig. 7. The
RR band intensities of BP(T|) were observed to decrease with
the pump probe delay times and with the pump energy. Two inde-
pendent spectra were resolved from the 100 TR spectra of the 2
spectral sets by MCR method with residuals between experimen-
tal and calculated TR? spectra less than 5%. The RR spectrum
with bands at 1729, 1614, 1345, 1228, 1016, 991 and 735 cm ™!
(Fig. 8b) was successfully assigned to BP** by comparison with
TR3 features of BP** (1725, 1615, 1342, 1224, 1018, 989 and
737) obtained in acetonitrile solution [15,20,28]. In the same
way, the second set of bands (Fig. 8c) observed at 1575, 1479,
1370 and 967 cm™! was assigned to BP(T) and is in accurate
agreement with TR3 features (1570, 1476, 1366, 989) exhibited
by BP(T) photogenerated in cyclohexane solution [15]. No evi-
dence of BP*™ radical anion was obtained [31]. It is probable
that enhancement of the Raman scattering of BP®*~ by resonance
effect within the contour of the BP*™ absorption band (400 nm)
is too weak to be detected using the 370 nm exciting line [15,32].
The striking analogies in frequency and in relative intensities of
BP(T) and BP** resonance Raman bands exhibited both in solu-
tion and in zeolite networks indicate no marked BP(T;) and BP**
geometry change from solution to the zeolite porous space. As
expected from previous theoretical calculations, BP(T1) exhibits
planar quinone-like structure, BP** is found to be nearly planar
with quinoidal structure and BP®™ is assumed to present also
a planar structure [16,33]. The detailed assignment of the RR
bands of BP(T}), BP** and BP*~ was achieved previously [34].
The BP(T) temporal behavior was estimated at short delay time
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Fig. 8. Resonance Raman spectra of transient species resolved by multivariate
curve resolution (MCR) of all transient time resolved resonance Raman (TR?)
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Fig. 9. Time resolved resonance Raman (TR3) spectra (370 nm, 8ns, 1.5mJ)
recorded at 50 ns time delay after pump excitation (248 nm, 20 ns, 1.5 mJ) of: (a)
2 BP@NascFAU; (b) 2 BP@KscFAU; (c) 2 BP@CssFAU; (d) 2 BP@QFAU. The
unlabelled peaks correspond to occluded BP**; asterisks indicate the co-existing
bands of occluded BP(T}).

(<1 ps) and the BP** rate constants were found to be analogous
to that determined by transient absorption (Table 1).

3.3.2. mBP@MsgFAU (M = Na™, K*, Cs™), effect of
extraframework cation

The TR3 spectra of 2 BP@Ms¢FAU samples (M =Na*, K*,
Cs™) exhibit mainly the BP** RR characteristics while supple-
mentary BP(T) weak bands were detected at shorter delay times
(Fig. 9a—c). The rate constants extracted from the decays of the
most prominent band (1606cm™") of BP** were found to be
in reasonable agreement with the values obtained by TDRUV
absorption (Table 1). A qualitative estimation of the BP(T}) life-
time values comes from the intensities of shoulder at 1572 cm™!
of BP(T}). The BP(T}) decays in 2 BP@M;5¢FAU (M = Nat, K*,
Cs*) were found to increase as Cst <K* <Nat.

3.3.3. mBP@FAU, effect of Si/Al ratio

The TR? spectra of mBP@FAU samples (m=2) exhibit
mainly the BP** characteristics while supplementary BP(T})
weak bands were detected at short delay times (Fig. 9d) while
no evidence of BP*~ was obtained with 370 nm probe wave-
length. The rate constant extracted from the decay of the most
prominent band (1606 cm™ 1y of BP** was found to be in reason-
able agreement with the value obtained by TDRUYV absorption
(Table 1) A qualitative estimation of the BP(T7) rate constant
value comes from the intensities of shoulder at 1572 cm™!.

4. Discussion

UV photolysis at lower laser fluence of occluded BP gen-
erates predominantly BP(T;) by a monophotonic process. In
contrast, the photolysis at higher fluence promotes two-photon
ionization. Therefore, T; population and ionization are two
parallel photolytic processes which arise concurrently upon
248 nm excitation of BP(Sg) occluded in silica-rich M,,FAU
zeolites.
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4.1. Energy transfer

As expected from photolysis studies in solution, population
of the (BP)T state occurs via rapid S| < S3 internal conver-
sion, followed by T < S; intersystem crossing. Observation
of BP(T;)@M,FAU, 50ns after the So — S3 excitation is con-
sistent with short S; lifetime in the zeolite cavities (~16ns
in solution) and high Tj < S; quantum yield (0.8 in solu-
tion) [35] The structure of occluded BP(T|) was found to be
analogous to the quinone-like structure exhibited in solution
with respect to the analogy of the RR spectra. BP(T) struc-
ture in zeolite cavities appears insensitive to the Si/Al ratio (n),
the extraframework cation (M), and the loading value (m). In
contrast, the entrapped BP(T;) relaxation rate was found to
depend on n, M and m. BP(T|) exhibits significantly faster
relaxation rate in mBP@M,FAU than in solution. For exam-
ple, BP(Ty) lifetime is markedly longer in solution, ~170 s
in cyclohexane and 40 s in alcohols than in FAU, Nas¢FAU,
NagsFAU and ZSM-5 zeolites (~1 ws) at low coverage [20,28].
The relaxation of triplet in the porous void space of zeo-
lites can occur according to different channels. BP(T) decay
takes into account BP(T;) self-decay, quenching by ground
state BP(Sg) and BP(T;)-BP(T) annihilation [36,37]. It should
be noted that BP(T)-BP(T;) annihilation and quenching by
ground state BP(Sg) depend on the BP mobility in the cavity
network [12]. Reasonable correlations are observed between
the BP(T) relaxation rates and BP(Sq) self-diffusivity coeffi-
cients in silica-rich M,FAU [1]. In purely siliceous FAU, the
statistic occupancy corresponds to 1 BP per 8 supercages at
low loading (m = 1), but the mean-square displacements (MSD)
during 1 s corresponding to the mean BP(T;) lifetime, were
calculated to be ~25nm? [1]. During this period, BP carries
out large motions within FAU supercage and moves to many
neighbour supercages, many possibilities of BP(T;)-BP(T;)
annihilation and quenching by ground state BP(Sp) in neigh-
bour cavities can occur. As reported previously, in NasgFAU
the BP motions were highly correlated to the motions of Na*
cation through the Na* phenyl group interactions. At low cov-
erage, with 1 BP per 8 supercages statistic occupancy, the
MSD were calculated to be ~250 nm? during the BP(T) mean
lifetime (~1 ws) [1]. Many possibilities of BP(T;)-BP(T;)
annihilation and quenching by ground state BP(Sg) can occur
during this period and explain the short BP(T}) lifetime (~1 js)
in NasgFAU at low loading. The different effects of charge-
compensating cations on the efficiency of intersystem crossing
and T lifetime of PAH occluded in M,,FAU were demonstrated
previously [9,38,39]. The weak increase of BP(T;) lifetime
(~2 ws) with bulky extraframework cation such as Cs* can be
explained by the decrease of the BP diffusion coefficient. The
weak MSD of BP (~10nm? during 1 ws) in Css¢FAU reduced
the probabilities of BP(T)-BP(T;) annihilation and quench-
ing by ground state BP(Sp). In the same way, the increase of
BP(T)) lifetime in Nas¢FAU as the BP loading increases can
be related to the restriction of BP mobility at high loading
rather than static occupancy. The accommodation of 2 BP per
supercage hinders the BP diffusion at high loading and induces
longer BP(T;) lifetime [1]. For comparison, the BP(Ty) life-

time was reported to be markedly longer (~100 ws) at high
BP loading (m = 8) in aluminium-rich NagsFAU or X-faujasites
[20].

4.2. Electron transfer

Excitation of BP occluded in silica-rich M,,FAU (n=0, 56)
at higher laser fluence results predominantly in the fast pro-
duction of ionization products. According to TR? results, the
BP** structure in zeolite cavities was found to be analogous
to that exhibited in solution and appears insensitive to Si/Al
ratio (n), extraframework cation (M), and loading value (m).
The relaxation times of the photoinduced radicals (BP**, Nas>*
and BP*7) in the porous void space are in the 10-500 s range.
The relaxation processes in dehydrated solvent-free M, FAU
(Y)-faujasite imply electron transfers which were found to be
different to that exhibited in solution. The BP**, Nas3* and
BP*~ relaxation rates depend on Si/Al ratio, extraframework
cation (M) and BP loading. As originally shown by Thomas
and co-workers, two-photon excitation of arenes included in
dehydrated solvent-free NaY generates arene radical cations and
Nay3* trapped electron (M =Na™*). This primary fast photoion-
ization process was observed once again for BP occluded at low
loading in strictly dehydrated Nasq FAU

BP@Nas6(Al02)56(S102)136 + 2 v
— BP*tT @Nasg(Al01)s56(Si02)136 + electron (®)]

In purely siliceous FAU (n=0) the photoejected electron is
trapped by remaining BP(Sp) even at low loading

BP*t@(Si03);93 + electron + BP(Sp)@(Si02)192
— BP*TBP*~ @(Si01)192 (6)

In Nas¢FAU the ejected electron is trapped by Na* to
form Nay3* clusters. The prolonged exposure of loaded zeo-
lite to water was necessary to suppress the Nag>* clusters as
reported for photoionization of biphenyl, pyrene and naph-
thalene occluded in hydrated Na,FAU [17,40]. In anhydrous
conditions the trapped electron migrates from Nag>* to another
zeolite site according to

BP** @Nase®  (AlO2)s56(Si02)136
— BP.+@Nasﬁ(A102)56(5i02)136._ (7)

The BP(Sg) ground state is restored in siliceous FAU through
geminate recombination

BP*TBP*~ @(Si01)192 — 2BP@(Si02)192 ®)

The BP** lifetime value (~10 ws) in hydrophobic FAU is
markedly lower than that reported previously in non-polar beta
zeolite for anthracene radical cation (~100 ps) [41].

In aluminated MsgFAU (M =Na*, K*, Cs*) the charge
recombination occurs as following

BP** @M56(Al10,)56(Si02)192-n"~
— BP@M54(Al02)56(5102)136 9



L. Batonneau-Gener et al. / Journal of Photochemistry and Photobiology A: Chemistry 195 (2008) 156166 165

The BP*™ lifetimes (~300 ws) are not found to be dramati-
cally larger in the M,,FAU (0, 56; M =Na*, K*, Cs*) faujasitic
zeolites with large cavities than in solution (~70 us in ace-
tonitrile). In contrast, as demonstrated previously the medium
pore (0.55 nm) aluminium-rich ZSM-5 zeolites hinder more effi-
ciently the back electron transfer and stabilize BP** for more
than 1 h at room temperature [42].

On increasing the BP loading in siliceous FAU the photol-
ysis generates analogous phenomena as described in reactions
(5), (6) and (8). In contrast, further increase in the BP loading
to 4 BP per NasgFAU unit cell generates concomitantly BP**
and BP*™ under laser irradiation. The BP*™ radical anion is
formed by intercepting photoejected electron before they are
trapped in the framework zeolites. This explanation was pre-
viously used to interpret the laser photolysis of BP occluded
in hydrated Nas;FAU and in dehydrated NagsFAU [17,20]. It
should be noted that the photoejected electron is efficiently
trapped as BP*~ before any interception by Na* at more than 8
BP@NagsFAU loading in X-faujasite.

BP* " @Nas6(A102)s56(Si02)136
+ electron + BP(Sg) @Nas6(Al02)56(S102)136
— BP*TBP*~ @Nas6(Al02)s6(Si02)136 (10)

The BP(Sgp) ground state is restored in &
BP@Nas6(Al02)56(Si02)136  through a reaction analo-
gous to (8). The two ion radicals exhibit analogous but distinct
decay behaviours from each other. It is probable that the
recombination occurs via electron transfer process concerted
with the electron donor ability of zeolites.

BP*TBP*~ @Nas6(A107)s56(S102)136
— 2BP(Sp)@Nase(AlO2)s56(Si02)136 (11)

It was confirmed through the photoinduced electron trans-
fer of BP in alcohols that BP** and solvated electron form by
electron ejection from the S; state. The BP*~ anion forms as
a result of the electron capture by BP(Sp). Formation yields
of the cation and anion radicals are determined by the solvent
polarity and the electron mobility in the solvent, respectively
[14]. The significant increasing of BP** and BP*~ lifetimes in
NasgFAU is explained by the low BP mobility at high loading
[1].

5. Conclusions

The deep UV laser photolysis of biphenyl occluded in dehy-
drated silica-rich faujasitic Y (M, FAU) and USY (FAU) zeolites
generates biphenyl in the BP(T) ) triplet state, BP** biphenyl rad-
ical cation, trapped electron, and BP*~ biphenyl radical anion.

The triplet state is generated mainly at low laser fluence. The
molecular structure of BP(T) is found to be planar as reported
in solution. The relaxation times are found to be shorter in the
Y and USY zeolites than in solution. It increases slightly in
the 1-10 s range as the loading increases, but remains shorter
than in aluminium-rich X (MgsFAU) zeolites at high loading.
The quenching occurs predominantly by the energy acceptor

zeolite framework and is promoted by sorbate mobility in the
cavity network. Photoionization to produce the planar BP** and
photoejected electron is dominant at high pump laser fluence.
In USY zeolite, the photoejected electron is trapped even at
low loading as BP*~. In aluminated Y the electron trapping
by BP(Sp) is hindered by capture of ejected electron by the
extraframework cation as Nag>* at coverage lower than 4 BP
per NasqFAU unit cell. The extraframework cation scavenger
effect occurs at higher loading (8 BP/UC) in aluminium-rich X
(NagsFAU) zeolite with many cations. BP** and BP*~ exhibit
distinct decay behaviors with rates lower than that reported in
solution The significant increasing of BP** and BP*~ lifetimes
in large cavity zeolites M,,FAU is explained by the low BP mobil-
ity at high loading. Nevertheless, the charge recombination of
BP**, Nas3*, BP*~ and trapped electron are not lower than
1073 s~ in large cavity faujasitic zeolites.
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