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Abstract

The kinetics of triplet state decay and concomitant delayed fluorescence (Di§ssketraphenylporphyrin (TPP) adsorbed on the
external surface of NaA zeolite covered by coadsorpddcanol (DEC) were studied by the laser flash photolysis. In deoxygenated solid
samples of NaA with coadsorbed DEC, the diffusion-controlled bimolecular triplet—triplet annihilation (TTA) dominates in contrast to
what is observed on the dry NaA surface. The TTA which results in DF can be described in terms of two reaction channels: (a) an energ
transfer pathway with singlet excited state formation; (b) enhanced intersystem crossing in the triplet encounter complex. Whilst the TTA i
multilayers occurs in DEC microphase, the reaction parameters change significantly when adsorbed ground-state molecules are involv
A fast TTA rate constant found at large TPP concentration in solid samples with DEC was attributed to triplet energy migration in TPP
assemblies. Singlet oxygen works as an efficient mobile energy carrier between TPP triplets in both solid and liquid aerated samples. T
parameters of this reaction may also be modified by changing the ratio [TPP]/[DEC] in multilayers, which in general act as microreacto
systems with supramolecular organization of reactants. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction The well-known reaction between two triplet excited states
is the triplet—triplet annihilation (TTA), which often results
Bimolecular reactions of electronically excited states of in delayed fluorescence (DF) due to the formation of the
organic molecules at the interfaces and, in particular, energyfluorescent singlet excited state by triplet—triplet energy
transfer processes of triplet excited states (T) have consid-transfer (TTADF). This process needs considerable amounts
erable importance in a number of scientific, biological and of T and may be achieved using samples with high local
technological areas. Kinetic studies of triplet excitation en- concentration of reactants and strong laser pulse as an exci-
ergy transfer to the ground-state organic molecule have beenation source. The study of TTA kinetics for T adsorbed on
performed with T adsorbed on porous surface and the ac-the porous solid surfaces [6-8], on the surface of quantized
ceptor in the gas phase [1], or with the coadsorbed organiccolloidal semiconductor particles [9] and incorporated into
acceptor [2-4] and with both T and acceptor trapped in ze- membranes [10,11] was carried out in order to probe the
olites [5]. These investigations could provide information effect of surface geometry, the diffusion and localization of
concerning the strength of interaction between the surfaceadsorbates at the interface.
and reactants, the molecular mobility at the interface, the A specific particular case of triplet—triplet energy transfer
interface dimensions, the nature of the medium separatingis the quenching of T by molecular oxygen. Considerable
the donor and the acceptor as well as other features of theattention has been given to the kinetics and mechanism of
organized systems. this reaction at gas/solid interfaces of porous surfaces and
zeolites [1,2,4,5,12-18] in order to reveal the role of O
"+ Corresponding author. Tel:351-218419271; fax}-351-218464455.  adsorption—desorption and the effect of T environment on
E-mail addressssbcosta@popstv.ist.utl.pt (S.M.B. Costa). the O diffusion at the interface.
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multilayers of DEC on external zeolite surface may be used
Nomenclature as controlled size microreactors.
DEC n-decanol
DF delayed fluorescence ] ]
kobs apparent rate constant of triplettriplet 2. Experimental section
annihilation related to the decanol volume
in the solid sample 2.1. Materials
kobs> apparent rate constant of triplet—triplet
annihilation related to the surface area TPP (from Hambright, Washington, DC) was purified by
SOFDF  singlet oxygen feedback-induced delayed recrystallization from methanol. The sodium form of zeo-
fluorescence lite A (NaA, Aldrich, Si/Al = 1.0, crystallite particle size
S singlet ground state 1-2pm was controlled by electron microscopy, estimated
St first singlet excited state external surface area 3y [15,16]) was dried in a vacuum
T triplet excited state at ~150°C for 48 h prior to use. Benzene (Aldrich, spec-
TPP mesetetraphenylporphyrin trophotometric grade) was dried oves® and then used
TTA triplet—triplet annihilation as solvent for the TPP and DEC. The purity of 1-decanol
TTADF triplet-triplet annihilation-induced (Fluka, puriss., m.p. 62€) was checked by zone melting.
delayed fluorescence
Greeks 2.2. Sample preparation
$YFL fluorescence quantum yield
oF 5O apparent quantum yield of fluorescence The solutions (3—-5ml) of TPP in benzene with various
from (St, 30,) couple amounts of DEC were added to NaA samples (1g). The
T triplet state quantum yield suspensions were stirred during evaporation aC2 was
found that when 0.35 ml of DEC are loaded onto 1 g NaA the

sample does not exhibit a distinguishable liquid macrophase,

The TTA requires translation molecular mObIllty of T Showing dry powder behavior. This DEC amount corre-
which may be restricted by binding forces to the interface sponds approximately to 300 monolayers (one monolayer
and by the reaction spatial geometry. In this case TTA can js 1.2ul/g, assuming 0.5 nm radius of DEC molecule) and
be mediated by some mobile energy carrier, e.g., by molec-js even larger than the internal NaA volume (0.3¢m).
ular oxygen. ThéO, quenching of T results ihOz forma-  The large TPP and DEC molecules are both expected to be
tion followed by singlettriplet energy transfer frot®, to located at the crystallite external surface of NaA in which
other T (singlet oxygen feedback) generating the dye fluo- internal network is characterized by small windows of di-
rescent state. Our recent laser flash photolysis investigationameters 0.4 nm [4,19]. Samples were evacuated by freeze
of 10, feedback-induced DF (SOFDF) from porphyrins pump procedure up tox110-3 Torr. Selected amounts of air
[15,16,18] and eosin [17] at gas/solid interface showed jn the sample cell were obtained from a system of calibrated

that SOFDF kinetics can provide dynamic parameters of yolumes. All measurements were carried out &0
the 10, excitation migration in the dye—Osystem at the

interface. 2.3. Instrumentation and data analysis
In this work we present the laser flash photolysis
study of mesetetraphenylporphyrin (TPP)-%n-decanol The description of steady-state spectrophotometer, spec-

(DEC)-NaA zeolite system supported by complementary yoflyorimeter and diffuse reflectance laser flash photolysis
ground-state absorption and steady-state emission techy,g given earlier [15-18].

niques. A comparative study is presented on the transient  Ground state and transient reflectance of solid samples
absorption and emission of TPP adsorbed onto the dryere analyzed in terms of Kubelka—Munk theory using
external surface of NaA zeolite, in the presence of DEC Egs. (1) and (2), respectively, wheReandR are diffuse re-
multilayers covering the NaA external surface and in bulk fiectance from the surface of the samples with and without

of liquid DEC. Whilelpz_—feedback is the only pathway of  Tpp respectively, ang, is the reflectance observed at time
TTA on dry surface, it is demonstrated that both SOFDF ¢ after the laser pulse [6-8]. The values®F and AF,,

and TTADF can be observed in DEC as well as on the

zeolite surface covered by DEC multilayers. It will be _ (1—R)? _ (1—R"?

shown that the efficiencies of SOFDF and TTADF are AF 2R 2R’ @)
comparable and howO,-mediated TTA competes with 1—R)2 (1—R)?
direct diffusion-controlled TTA. The dependence of the bi- AF, = LS (2)

molecular rate constants extracted from the kinetic analysis 2R, 2R
of TTA, TTADF and SOFDF on the amount of TPP and are proportional to the corresponding absorber concen-
coadsorbed DEC on NaA surface is obtained, showing thattration for optically thick samples with a homogeneous
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distribution of absorbers. The absorption of TPP at 532 nm surface since the specific interaction of TPP with the surface
in the solid samples was always smaller than 10%. Transientis able to induce a red shift in the Soret band (see below).
signal intensities were near saturation under experimen- In our previous studies of porphyrin absorption spectra
tal conditions and demonstrated almost total conversion on the surface it was argued that the broadening and blue
of ground state into transient, implying the validity of shift of Soret band at gas/solid interface could reflect the
Kubelka—Munk treatment for analysis of transient decays exciton coupling in a stack face-to-face type organization of
[6-8]. porphyrin molecules on the surface, possible even at very
low surface loadings [15,16]. Similar conclusions based on
the studies of adsorption isotherms and absorption spectra
3. Results and discussion of methylene blue on the external surface of zeolite X were
proposed [23]. Since the shape of the reflectance spectra
3.1. Ground-state reflectance spectra of TPP on the NaA d0€s not change with surface loading, one may assume that
surface with n-decanol in the course of adsorption, the surface is covered with grow-
ing islands of clustered molecules in which the environment
The Soret band of TPP absorption on the surface of dry of each adsorbed mo!ecule is rather similar and independent
NaA at small loadings is much broader and blue shifted of surface concentration. However, the effect of DEC coad-
in comparison with that in DEC (half-width 30 and 11 nm, sorption on TPP absorpti(_)n spectra on NaA surface imply
*max = 410 and 416.5nm, respectively, Fig. 1A, curves 1 that the effects are more likely due to the lowalue at the
and 4) [16]. The broadening of the absorption bands after gas/solid interface rather than to the aggregation (see below).

adsorption onto the surface is a general observation which 1€ coadsorption of 1-10 monolayers of DEC on the
is likely due to the inhomogeneous environment of the ad- NaA external surface results in narrowing and gradual red

sorbed molecules [15,20]. The solvatochromic shift of TPP shift of the TPP Soret band maxima to= 421 nm which

Soret band, from the gas to the condensed phase, is coniS larger than that in pure DEC (Fig. 1A, curves 2 and 3).

trolled by the dispersive forces and is proportionaité — These changes reflect the transition from the gas/solid to
1)/(2n2+1) [21,22], wheran is the medium refractive index. liquid/solid |.nterface. Slmlllar red-sh|ft.ed.Sore.t pands of
From the corresponding linear dependei&800/Amax — phenylsubstituted porphyrins at other |IQUId/SO|Id. interfaces
2.535- 0.655612 — 1) /(212 + 1)) [21] an apparent value have been observed [9,24,25]. These surface-induced red
of 1.27 is extracted. Therefore, thevalue for the medium ~ Shifts cannot be explained by polarizability effects. They
where TPP is localized on gas/solid interface is smaller M@y Point to the fact that TPP specific interaction with the
than that of solid support (NaA crystals are isotropic with surface brings some structural .varlat|on, e.g., the (_:iecrease
n = 1.385 for dry zeolite [19]). It is worthwhile mentioning of the angle b.etween the porphine .and th.e phenyl rings fol-
that one could expect even a smaller valua oh dry NaA I[gvsv]ed by the increase of the effectiveconjugated system

Further increase of DEC amount in the samples with small
TPP content leads to a significant narrowing and blue shift
of TPP Soret band (Fig. 1A, curve 4). The TPP absorp-
tion spectra in multilayers of DEC on NaA surface becomes
practically identical to that in DEC if the ratio of TPP/DEC
in the sample is smaller than 0.1 mmol/l which corresponds
to the solubility of TPP in DEC.

Spectral shape and peak position of TPP Soret band mea-
sured with dry NaA samples did not exhibit any variations
andAF values showed a linear dependence on TPP concen-
tration at the surface loadings in the range 0.005unbl/g
(0.1pmol/g corresponds to 5.7% of a TPP monolayer on the
surface if the size of TPP molecule is taken to be equal to
TPP long axis, 1.9 nm [22]). Further increase of TPP concen-
tration results in a red shift (up to 420 nm) and broadening

380 400 420 440 460 of Soret band, indicating aggregation of TPP on the surface
Wavelength, nm (Fig. 1B, curve 1) [15,16]. The addition of DEC to concen-
trated TPP solid samples results in further red shift of broad
Fig. 1. Normalized reflectance spectra of NaA solid samples plotted using Soret band (up to 425 nm) and in the appearance of a broad
the differences in remission functionF: (A) 0.05umol/g TPP on dry shoulder at 440-450 nm (Fig. 1B, curves 2 and 3). This ad-

surface (1), with coadsorbedug (2), 40ul/g (3) and 30Qul/g (4) DEC " L . .
and in liquid DEC (5) (in terms of optical density). (B)uznolig TPP ditional band, which is shifted to the red from the main Soret

on dry surface (1), with coadsorbeduBg (2), 40ul/g (3) and 30Qul/g absorption, may correspond to TPP aggregates in the liquid
(4) DEC. microphase. The contribution from the narrow Soret band of

Normalised AF
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the monomer TPP in the liquid microphase is distinguishable DEC, the rate constant of TPP PF quenching®®g was

at large amount of DEC on the surface (Fig. 1B, curve 4). estimated to be.8 x 10°Imol~*s™1 (the concentration of
oxygen in air saturated DEC was taken as 1.6 mmol/l [26]).

3.2. Steady state and prompt fluorescence of TPP on the

NaA surface with n-decanol 3.3. Transient absorption and delayed fluorescence of TPP
on the NaA surface with n-decanol

The emission spectrum of TPP on dry surface of NaA is o )
noticeably broader than that in DEC (Fig. 2). The 0-0 and  Photoexcitation of TPP on the surface [16,18] and in so-
0—1 vibronic bands are 5nm shifted to the red and to the lution [27,28] produces the characteristic transient differen-
blue, respectively. The TPP steady-state fluorescence quantial spectra of TPP with strong bleaching at the wavelength
tum yield gL) and the lifetime of prompt fluorescence ©f Soret band and maximum absorption near 440nm. At
(PF) on dry NaA surface (0.076 and 8.6ns, respectively) large TPP concentration on NaA surface with DEC, the
are smaller than those in solution (values 0.12 and 12.5ns half-width of transient bleaching band was significantly
respectively, were measured in the deoxygenated DEC),Smaller than that of t_he.Sore.t absorption showing that the
showing an insignificant surface quenching effect (inset JPP monomers in liquid microphase are the source of
in Fig. 2) related to the specific nature of the adsorption ~ T PP. A comparison of differential triplet-triplet absorption
sites [16]. The coadsorption of DEC results in a gradual (measured immediately after the laser puls&;—o, at high
change of the TPP fluorescence spectrum and lifetimes adaser fluence and small surface loading when transient sig-
compared to those observed in neat DEC (see Fig. 2). nal intensities are in saturation) and |.n|t|all TPP ground-state

The rate constant of TPP fluorescence quenching byabsorption at Soret band show, using literature values of
0, on dry NaA gas/solid interface was estimated as corresponding extinction coefficients in solution [22,27,28]
2.4 x 1019 mol~ts 1. The quenching of singlet excited that the efficiency of ground-state conversion to the triplet

state of porphyrins on NaA and other surfaces byr&ults state is larger than 50% [16]. The 80% value was measured
in 3TPP formation as a major pathway since the amount for diluted solutions qf TPP in DEC, which coincides with
of 3TPP generated by the laser pulse did not decrease inthe *TPP quantum yieldpt (¢7 in the range 0.73-0.84
the presence of 9[15,16,18]. The rate constant of TPP in different solvents has been reported [22,29]). It was as-
fluorescence quenching by,®@n NaA surface with coad- Sumed that [T§ = 0.8 [TPP] in solid samples at low TPP
sorbed monolayer of DEC is 20 times smaller than that concentration and high laser fluence. For concentrated solid
on dry surface. A similar screening effect of coadsorption Samples, the [T values were estimated by comparison of
of long chain alcohols on fluorescence quenching with O AFi=0 and the PF yield Ypr, an amount of light emitted
was reported also for other surfaces [12]. Further increaseduring PF) with those measured for diluted solid samples
of DEC content in the sample results only in insignificant with similar DEC content. In most experiments, the initial
increase of TPP fluorescence lifetime in aerated solid sam-~TPP concentration, [p] was smaller than 0.gimol/g.

ples to that observed in aerated DEC solution (11.3ns). In _ o
3.3.1. Triplet state and delayed fluorescence kinetics in the

absence of oxygen
The mean lifetime of3TPP in evacuated samples of
dry NaA is around 1 ms and depends neither on sample
loading nor on the initiaBTPP concentration [16]. The
energy-dissipative pathway 8TPP in deoxygenated sam-
ples of dry NaA seems to be a unimolecular intersystem
crossing slightly enhanced by the interaction with the sur-
face (the measured rate constant 3PP unimolecular
decay in DEC is 5008}). In the presence of one or more
DEC monolayers on the NaA surface in deoxygenated solid
samples, thé TPP decay becomes much faster (lifetime as
short as 0.5us has been observed at higiPP concentra-
tion in the presence of one monolayer of DEC on the surface
in solid samples with large surface loading) than in dry NaA
samples and show the clear second-order behavior (Fig. 3).
The TTA becomes the most important pathway oPP de-
Wavelength, nm cay in the presence of DEC if the locIPP concentration
. . . is large enough. The coadsorption of DEC onto the surface
Fig. 2. Normalized steady-state corrected emission spectra ofun08g ; .
TPP adsorbed on dry NaA surface (1), with coadsorbed DRUG(2), may increase the molecular mobility of TPP on the surface

40plig (3) and 30Qul/g (4) DEC and in pure DEC (5). Inset shows the ~ dU€ to the shielding of strong adsorption sites [30,31]. How-
corresponding normalized curves of PF decay measured at 720 nm. ever, this effect is not expected to be pronounced, e.g., a four

Intensity, a. u.

0.5

620 640 660 680 700 720 740 760
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Ti of the system of equations corresponding to Scheme 1 in
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steady-state approximatiqd[S;1]/dt = 0) gives Eq. (3) for

Fig. 3. (A) Normalized decays of the transient remission function change TPP concentration at time [T]t'

AF, measured at 450 nm with 0.@Imol/g TPP deoxygenated samples 1 1

of NaA with coadsorbed fllg (1), 15ulig (2) and 10Qulig (3) DEC. L1t _ k~ exp(—k~1) 3)
(B) Corresponding normalized decays of transient emission at 650nm. [T]o k1 4 kopd T]o(1 — exp(—k1t))

Lines are the best fitting to Eq. (3) (A) and Eq. (4) (B). Inset shows the

dependence of TTA rate constant related to the surface &gd, (see wherek! = ko + k1[TPP] ([TPP] is the analytical concen-
text), on DEC concentration in the solid NaA samples with @.01ol/g tration of TPP) andkgps = 1k2(5 — ¢1) — k1. The time

-9
(L)), 0.2umolig (A) and 2umolig (O) TPP. dependence of TTADF intensityraoe(t), is described by

1 2
times acceleration of the bimolecular rate was observed af- Irtapr (1) = ke [S1] = gerLka[T] (4)
ter addition of the DEC in submonolayer amounts onto the and the relative yield of TTADFYt1apr/YpPr = ¢1/(5 —
silica surface [30]. Moreover, the retardation of bimolecular ¢7), whereYttapr is the total amount of light emitted in
fluorescence quenching on alumina surface in the presencehe course of TTADF.
of long chain alcohols was reported [12]. We suppose that A perfect fit of the3TPP and TTADF decay kinetics to
the dramatic acceleration 6TPP mobility in the present  Egs. (3) and (4), respectively, was obtained for DEC solu-
system is related to the fast adsorption—desorption procesgions and for solid samples (Fig. 3). In multilayers of DEC
and desorbedT PP diffusion in the DEC microphase (see be- on NaA external surface, tiPP decay kinetics does not
low). One could expect a fast desorption of photogeneratedexhibit features of reactions in restricted geometries and a
3TPP from the surface. For instance, adsorption—desorptionsimple homogeneous model can be applied [11], support-
relaxation times shorter thanuk of neutral molecules have ing the idea that TTA takes place in relatively homogeneous
been reported at alkylated silica/solution interfaces [32].  DEC microphase.

Little is still known about the TTA mechanism in por- In DEC solutions, the extracted value lgf,s near 19 x
phyrins. For instance, it was found in some systems that, 1081 mol~* s~1 corresponds té, = 4.0x 108 Imol~ts 1 if
in the case of porphyrins, TTA results in electron transfer ¢t = 0.8 (see above). The value kf obtained is very close
between triplets with formation of radical ions [10,33]. to the diffusion-controlled limit (the viscosity of DEG,=
However, the formation of radical ions was not detected in 13 cP [36], givegqir = 8RT/3000; = 5x 108 Imol~1s71).
the present system. The TTA does not lead to neat elec-The TTA of TPP in DEC seems to be a diffusion-controlled
tron transfer, although this is energetically feasible, due to process with spin-statistical restrictions.
fast backward electron transfer with regeneration of cor- In order to compare the molecular mobility at different
responding excited states, unless there are specific reasonsurfaces, it is convenient to relate the bimolecular rate con-
for charge separation [33,34]. In the present study, a strongstants to the surface concentration of reactants [1-3,6,7,30].
TTADF was detected with a spectral pattern similar to those In diluted samples with DEC monolayer, the TTA rate con-
of PF and steady-state fluorescence. Therefore, the kineticstant expressed in units of surface concentratigps®, is
Scheme 1 was used [7,35] for quantificatiorf®PP decay 2.4 x 108 dm? mol~1 s~1 which is significantly larger than
kinetics. Scheme 1 takes into account #1@P self-decay  the rate constants reported for bimolecular reactions on the
(reaction 1), the quenching by ground-state TPP (reactionsurfaces, in particular, in the presence of DEC submonolayer
2), three possible channels of TTA via singlet (reaction 3), [1-3,6,7,30]. The value dfyps® decreases dramatically with
triplet (reaction 4) and quintet (reaction 5) intermediate increase in DEC concentration (inset in Fig. 3) supporting
complexes and three pathways of first excited singlet statethe idea that the reaction volume of TTA is the total volume
decay: emission (reaction 6), internal conversion (reaction of DEC in the sample, rather than NaA surface.
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10 oo in DEC microphase and in the absence of TPP aggregates
’ A o 3 is 19% in accordance with that predicted by Scheme 1 if
° o1 = 0.8. TheYtTapr/Ypr value decreases (down to 7%) for
samples where triplets are adsorbed on the surface or TPP
oo aggregates are involved. This finding implies some variation
A in TTA mechanism and/or quenching of TPP singlet excited
A state formed in reaction (3) (Scheme 1) at the liquid/solid

©o interface and in TPP aggregates in comparison with those
A2, o in the bulk of liquid phase.

kobs™ x 10, L mol ™ s™!
=}

3.3.2. Quenching of triplet state by molecular oxygen
[ 01 A monoexponentiaPTPP decay kinetics was found in
0.001 01 10 aerated solid samples of TPP on NaA with coadsorbed
[TPP], pmol/g DEC when the contribution of TTA was small. TREPP
e is quenched byO; in the presence of one DEC monolayer
001 1 100 10000 on the surface withk, = 2.4 x 10°Imol~ts™ which is
[TPP]/[n-Decanol], mmol/L 20 times slower than that measured for dry NaA samples
(6.3 x 10°Imol~1s1 [16]). The increase of DEC content
Fig. 4. Dependence of TTA rate constant related to the DEC volume, tq three monolayers results in the insignificant decrease of

kobs (see text), on [TTA)/[DEC] varied by changing the DEC content in . .
the solid NaA samples with 0.qimol/g (1), 0.2umol/g (2) and dumol/g k; which becomes equal to the value found in neat DEC

(3) TPP. Inset shows the dependencetgft on surface loading in NaA (1.7 x 108 1mol~ts~! using @ concentration in the gas
samples with 30Q.l/g (1) and 1l/g (2) of DEC. phase). Further increase of DEC content has no effect on

3TPP lifetime in aerated solid samples. Similar effects were
observed for @ quenching of PF (see above). The contribu-

In diluted samples with large amount of DEC when the tion of gas phase oxygen diffusion to the quenching process
ratio of [TPP]/[DEC] is smaller than 0.1 mmol/l (solubility is small even on the surface covered by very thin DEC film.
of TPP in DEC), the value of the TTA rate constatyps-, The rate constant ofTPP quenching by ©in neat
calculated using the volume of DEC in the sample as a DEC, calculated using the concentration of issolved in
reaction spac€3.0 x 108Imol~1s1), is similar to thatin ~ DEC, is equal to 9% x 1081mol~'s~1 which is only 1.5-3
neat DEC and independent on DEC content and TPP con-times smaller thark, reported for nonviscous solvents
centration. The value df,pe decreases with the increase in - [37,38]. Taking into account that this process is expected
[TPPJ/[DEC] in the region where [TPP]/[DEC] (as well as to be characterized by spin-statistical facém(quenching
[3TPP)/[DEC]) is larger than 0.1 mmol/l (Fig. 4) showing the  of 3TPP by30;, in solution results in-O, formation with
transition from the reaction in the bulk of DEC microphase 80-90% efficiency [37,38]) one may conclude that the
to the process which involves adsorption—desorption value of diffusion-controlled reaction with the participation
equilibrium. of O, in DEC seems to be more than one order of magni-

A very fast TTA was found in the presence of TPP aggre- tude larger than that estimated using = 8RT/3000; =
gates in the samples with high TPP and DEC content (Fig. 4,5 x 10°Imol~ts~1. A nonlinear dependence on viscos-
plots 2 and 3, [T§ was in the range 0.01-Ouimol/g and ity and large rate constants were reported for the oxygen
always much smaller than TPP ground-state concentration).quenching of chlorophyll fluorescence as well as other
The value ofkops reaches a value one order of magnitude singlet and triplet excited states [26].
larger than that measured at small TPP concentration in the
sample. Inset in Fig. 4 shows that the effect only appears 3.3.3. Delayed fluorescence in the presence of oxygen
in samples with large amount of DEC and large surface The SOFDF can be readily detected in the presence of
loading when new TPP aggregates were found from the O, in both solid NaA samples [16] and in DEC. The corre-
absorption spectra analysis (see above). The triplet energysponding DF kinetic curves contain the rising part followed
migration, within porphyrin aggregates in DEC microphase by the decay with lifetime of theTPP, making a difference
or within some appropriately organized aggregates on thefor kinetics of direct TTADF (Fig. 5). The initial SOFDF
surface can be responsible for the acceleration of triplet rise originates from the participation of the mediator energy
excitation mobility. One may suppose that the use of DEC carrier. The relative yield of DFYisorpH Ypr, WhereYsorpr
multilayers on the surface as a reaction medium may facili- is the total amount of light emitted in the course of SOFDF)
tate the supramolecular organization of reactants which will from air saturated solid samples of TPP with DEC or in air
induce fast triplet excitation migration neither available in saturated DEC solutions does not exceed 2#%ofpH Ypr
homogeneous solution nor on dry surfaces. up to 15% is observed in dry NaA samples [16]). However,

It is worthwhile mentioning that the TTADF relative yield the peak intensity of this DF is larger than that from direct
in DEC solution or in DEC multilayers when triplets are TTA.

0.1
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sample) which is, as one should expect, an order of magni-
tude larger than thk, value. The value ok (the efficiency

of singlet oxygen feedback) in DEC is only insignificantly
smaller than the value af obtained at gas/solid interface
(o« increases from 11 to 15% with surface loading), show-
ing that the difference between the efficiencies af &®,)
primary couple separation in DEC and at gas/solid interface
is not pronounced [17,18]. The rate constants of TPP PF
guenching by @ are noticeably smaller than the expected
value of %, (see above) implying the incomplete singlet
excited state quenching by,Qluring the lifetime of (g,
30,) encounter complex in both solid and liquid samples.

It is worthwhile mentioning that a key step of SOFDF
Fig. 5. Decays of the transient emission at 650nm measured with (lOZ_T annihilation (3), Scheme 2) which produces fluo-
0.01pmollg TPP and 20Qlig DEC in the solid NaA samples at air ~ rescence seems to be also the most likely source of fluores-
pressure 1bar (1), 0.5bar (2), 0.3 bar (3) and without air (4). cent state ifO,-sensitized DF of phthalocyanines in liquid
solutions [40,41]. The two-step mechanism of this oxygen
induced DF involves théO, sensitizing of the ground-state
dye to its triplet state followed by energy transfer from
other 10, molecule to T. The DF yield from phthalocya-
nines in solution is high [42] suggesting also the inefficient
30, quenching of $ within (Sy, 30,) primary couple but
no reason was put forward to explain it.

Intensity, a. u.

Time, pus

The analytical and numerical treatment of the singlet oxy-
gen feedback kinetic Scheme 2 revealed that if the lifetime
of the decay part of SOFDF is equal to that of triplet state,
then the self-decay ofO; is relatively slow [15-18]. The

lifetime of 10, in DEC is expected to be near 28 [39] Lo .
. ' The estimation of the values for SOFDF in concentrated
therefore the self-decay &0, (reaction (7), Scheme 2) may solid samples with small amounts of DEC gave values three

be neglected at air pressures in the range 0.3—1 bar. In this. . .
case, Scheme 2 has a simple analytical solution in terms oftlmes smaller as compared with those found in neat DEC.

steady-state approximatianl[(Sy,® O2)]/dr = 0) [15-18]. This difference may reflect the changes in lifetime and mu-

B . . . 3 .
The expected contribution from TTADF may be taken into ;atlhoglei’\r?tf:flgge(;f rf;;f{i/rgstgv':;';nsgs (zfryr::er?earrsy i(;]o?ﬁée bulk
account if TTA is much slower thatTPP decay. The fitting liauid. The rate éonstan 1o tracte[()j from concentrated
of SOFDF kinetic curves gives the paramekg?‘[T]o and \quid. . t, "~ ex .
: so solid samples with small amounts of DEC are approximately
the maximum value oFsoror/ Yer(e = (@rL™/OFPT, o ime smaller than those in neat DEC which may b
wheregr SO is the quantum yield of fluorescence from the oY UMeS smaifler than those in nea ch may be

3 ; : attributed to the trapping of singlet oxygen by TPP aggre-
;?]lép[l.i.a]o(s’ ©2)) which can be observed at optimal 0 gates on the surface as it happened on gas/solid interface

In order to obtain the reliable valuesif, the simultane- [17.18]

ous fitting of 5-10 kinetic curves of SOFDF measured with
a given sample loading, but at different oxygen pressures
(global kinetic analysis), was carried out using common
values ofu for all DF curves [16-18]. In DEC solutions or
in diluted solid samples with large DEC amount GIIPP
assumed to be in the DEC microphase), this procedure give
the value ofx equal to 8% and,* near 9x 10°Imol~!s~1
(calculated using [T value related to DEC volume in the

4. Conclusion

The kinetics of direct TTA and the same energy trans-
Sfer between two organic triplets mediated by molecular
oxygen are compared. The data recovered from both tran-
sient absorption and DF studies at gas/solid interface, at
gas/liquid/solid system and in neat liquid showed that lig-
uid multilayers covering a solid surface may be used as a

T — s Sy (H specific microreactors for bimolecular processes. A very
T+0, " $,+0, 2 !arge local concentration of re_actants may be ob.tgined us-
. . . ing small bulk amounts. A high molecular mobility and
T+0,—— (5,°0,) ©) surface induced molecular ordering at liquid/solid interface
_ Ko S,+°0, +hv ) may provide possibilities which can be hardly achieved in
\ s L liquid media.
3 kS 3
(5,,°0,) > . T+ﬂ02 ) It is shown that the TTA of tetraphenylporphyrin in
— Set+°0, (6) DEC is in complete agreement with the simplest model

with two diffusion-controlled pathways characterized by
spin-statistical factor'%L and% being proportionally in-
Scheme 2. volved. The relative contribution of different mechanisms

‘0, —%— 0, (1)
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and dynamics of the overall process may be modified
significantly by using liquid multilayers on solid supports
as the reaction media.

The TTA of tetraphenylporphyrin in aerated DEC can be
mediated by molecular oxygen leading to DF (SOFDF). On
the one hand, its relative yield is one order of magnitude
smaller than that of DF induced by direct TTA (TTADF)

in the absence of oxygen. On the other hand, the yield of

SOFDF is several times larger than the yield of TTADF in
aerated DEC. This is due to two factors: the fast diffusion of
oxygen in a viscous solvent as compared with the diffusion
of porphyrin and the relatively high yield of fluorescence
originated from the encounter complex of singlet excited
state with molecular oxygen. The efficiencies of SOFDF in
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