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A detailed study of the luminescence decay curves of pyrene included \pitieirt-butylcalix[4]arene cavities

and benzophenone into silicalite channels is reported. A new methodology for a lifetime distribution analysis
of the decay curve of probes onto heterogeneous surfaces is presented, which allows for asymmetric distributions
and uses Voigt profiles (Gaussian and Lorentzian mixture) instead of pure Gaussian or Lorentzian distributions.
Our approach uses a very simple and widely available tool for fitting, the Microsoft Excel Solver. In the case
of the pyrendért-butylcalix[4]arene sample, the room temperature luminescence detected in the microsecond
time scale was not only the phosphorescence of pyrene but also monomer delayed fluorescence, crystal
phosphorescence, and excimer delayed fluorescence. In the benzophenone/silicalite case, three emissive forms
of benzophenone could be assigned, one of benzophenone included into the silicalite circular zigzag channels,
another for emplacement into the elliptical straight channels and finally when benzophenone is placed at the
crossing points of those silicalite channels, where smaller spatial restrictions for benzophenone exist.

Introduction solutions (transparent samples) in several aspects, namely the

To gain more information regarding photochemical processes Necessity for the use of front-face geometry (also called
in heterogeneous environments (opaque or powdered samplesfeflection geometry), because the samples are opaque.
a considerable scientific interest was made in spectroscopic and Today’s availability of intensified charged-coupled devices
kinetic studies of organic molecules adsorbed onto different solid (ICCDs) as detectors combined with the use of delay units and
substrates with relevance for the use of time-resolved method-also laser excitation sources, allows one to perform time-
ologies, i.e., time-resolved luminescence and transient absorptiod€solved spectroscopic studies, provided the suitable time gate
spectroscopiek:® widths are selected. In this way the spectroscopist can separate

The solid support can deeply affect or even control the Prompt emissions (fluorescence) occurring immediately after
photochemistry of an adsorbed probe. Good examples of thisthe laser pulse, from delayed emissions (phosphorescence and
are photochemical studies of polycyclic aromatic hydrocarbons, delayed fluorescence, usually in a microsecond to second time
ketones, and dyes, among others, on solid powdered substratesscale), by controlling delays and gate-widths of the detection
such as hydrophobic or hydrophilic zeolitesilicas with systems:!

different porositied2 aluminas, and silicaaluminas’> Supramo- In studies of the relaxation of electronic excited states of
lecular studies of probes within cavities of cyclodextfios probes adsorbed on solids, following photon absorption, this
calixarene&® should also be mentioned, among other supramo- heterogeneous nature of the adsorption sites of solid powdered
lecular studies. samples usually implies complex kinetis.

Reflection spectroscopies for the study of highly scattering A common starting point in the approaches for studying such
samples require setup modifications both for ground-state andsystems is the use of sums of two or three exponentials to
excited state studies. In the former case integrating spheres ar@nalyze an experimental decay curve (transient emission or
used to obtain ground state absorption spectra of probes adsorbettansient absorption data). However this approach has no
onto powdered solid supports. With the use of suitable “white” physical significance because the emitting probe does not exist
and “black” standards for calibrating purposes, accurate valuesin two or three emissive forms; instead usually it is one species
of the diffuse reflectancR can be obtained as a function of the that is emitting in different environments, and a distribution of

wavelength, and from those, the remission functig®) can sites of adsorption should be considered. Therefore, the decay
be calculated for optically thick samples by the use of Kubelka analysis requires a very detailed knowledge of the specific
Munk function?191n this way, a direct correlation &#(R) with physical and chemical interactions of the probe with the solid

the probe concentration of the sample can be obtained. Alsosupport sites.

the formation of aggregates of the probe onto a specific surface More developed formalisms are used for analyzing decays

can be detected and studiedsing this ground-state technique. of probes adsorbed on heterogeneous solid supports. They all
Fluorescence and phosphorescence studies of moleculesissume that a distributian(X) of emissive species exists and

adsorbed on solids are different from the ones of homogeneousthat the decay curvé(t) is given by
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wherek = 1/t is the decay rate and X may be either the lifetime Model
7 (r space) or Inf) [In(z) (or In(k)) space] and the integral
extends from O toto in the first case and fromoo to +oo in

the second one. The problem of recovering the distribution of
lifetimes,a(X), from the decay curve is an inverse problem like
many others in physical science, and its ill-conditioned nature
is well-known and largely discussed in the literattfdn
practice, the integration is numerically solved by the use of a —
sum of terms, i.e., the integral in eq 1 is replaced by eq 2 where the substrate around a mean valv@
7 or In(r) are equally spaced:

A model of distribution based on the Gaussian model of
Albery et all3 applied by Krasnansky et #.to the simulation
of heterogeneous systems was used. In this model, it is assumed
that the lifetimes distribution of an excited probe adsorbed on
a heterogeneous, porous substrate is a consequence of a
distribution of AGP of activation for the probe adsorption on

AG’= AG® — yxRT (3)
I(t) = Z o(X) exp(—kp @) or, in terms of first rate constari,
Theoretical arguments favor the use of ther)rgpace. As an In(k) = In(k) — yx=k = K exp(—yXx) 4)

example, in the dispersive kinetic analysis (DKA}Gaussian . S .
uni- or multimodal distribution of the free energy is considered Wherey is a measure of the distribution width (half full width
to take into account the heterogeneity of a system. The freeat maximumx exp(-1)). In most of the preceding works,

energy is therefore described by a Gaussian distribution the distribution of species is assumed to be purely Gaussian
(O exp(=x?)) or Poissonian and symmetrical. The improvement

in this work is to admit that the distribution function is a sum
parametey (AG® = AG° — yxRT). SinceAG® = —RTIn(k) = of symmetrical or asymmetrical Voigt profilesaussiar
—RT In(1/r) = RTIn(z) the space Inj) is, in principle, more Lorentzian productsdefined in eq 5:

adequate than the spaceln the literature, examples of works

in both spaces are fouri@:1® Wheny = 0, the kinetics is no o(In(ky)) =

longer dispersive and the decays are monoexponential. The A2 p)
obs?erved 'ﬁansient decay in thisymodel is consi%ered to be a Unay; €XP( (1= m)(In(k) = Ink))"In(2)/(aL/2)’)
summation of the contributions of each microscopic species in | ~ o 5

slightly different environments, instead of an integral. 1+ m(In(k) — In(k))7(a,Li/2)

In both spaces, distributiom can be unconditionédleading (5)
to a large number of parameters to be fitted (typically between
100 and 200) and many efforts were done to find a robust
procedure to recover them. Another option is to assumecthat
obeys a given distribution uni- or multimodal. Gaussfan,
Poissoniard? Lorentziant® and Levy* distributions have been . o X

pure Lorentzian andn = O corresponds to a pure Gaussian),

used in thg Ilteraturg. ) o . anda; is the asymmetry factor taking the value 1 kpe k and
Concerning the fitting criterion, there are basically two a value=0 for k; < k.

criteria: minimization of chi-square (inappropriately referred The decay curve will, then, be given by

in the literature as exponential series method, ESkkcause

in all cases exponential series are used) and maximization of I(t) = Za(ln(ki)) exp(—kjt) (6)
entropy (referred in the literature as MERM Usually multi- 7

modal distributions are obtained but rarely with more than three ) ) ) )

maxima. Given the nature of the problem, the option by a sum ©F. in terms of normalized intensity:

of conditioned distributions, leading to a much lower number

characterized through an average free ené@) and a width

Herea (In(k)) is the relative weight of; in the total distribution,
k is the position of the maximum of profile omax; IS its
maximum,L; is its full width at half-maximum (fwhm)m is
the Lorentzian weight in the profile(m = 1 corresponds to a

of parameters to be fitted, seems a sounder one. The analysis I(t) Za(ln(k‘-)) exp(- kit)

of the decay of alloxazines and isoalloxazines on cellulose by ) @)
Sikorsky et af and of other systems by Kerry Thomaare 1(0)

among the works where the lifetime distribution analysis gives Za(ln(kj))

important insight into photophysics of the system.
In this paper, we will use a lifetime distribution analysis in The goal is to extract from experimental ddi@), the distribu-
space Inf) but allowing for asymmetric distributions and Voigt  tion o(In(ky)).
profiles (Gaussian and Lorentzian mixture) instead of pure
Gaussian distributions. Our approach gives a large flexibility Methodology
to the model and innovates in the tool used for fitting, whichis  The method uses an Excel worksheet and its Solver tool,
the Microsoft Excel available to all the PC or Macintosh users, \yhich has the advantage of being available in every Macintosh
in this way avoiding the commercially available softwares for o pc and familiar to a large number of members of the
MEM or ESM. Simulated decays with and without added noise jnternational scientific community. However, any other software,
are used to test the robustness of the method here proposed. eyen noncommercial, including a tool similar to Excel's Solver
Finally, the method is applied to the analysis of the may be used. Four criteria for optimization of parameters were
luminescence decay curves of pyrene included withitert tested: least squaresyi((li(t) exp — li(®)fi)?), %2 Ci(li(t) exp —
butylcalix[4]arene cavities and also benzophenone into silicalite 1 (t)si)?/1i(t) exp), modified x? (Fi(li(t) exp — i) (1i(t) exp)?),
channels. The time range under use here is high enough toand mean value between maximum and minimum absolute
neglect the distortion effect of the instrument response function deviation ((max (ab$(t) exp — li(t)i))) + min (@bs(i(t) exp —
at early times of the decay curve. li(V)50))/2).
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TABLE 1: Parameters Used for Simulation of Distributions Generating Test Decay Curves Compared to the Fitted Ones

(without Any Added Noise)

simulations recovered parameters
test Tlus fwhm InK) Olmax m a Tlus fwhm InK) Olmax m
Gaussians 1 0.4 0.5 1 0 1 0.40 0.50 1 0 1

2 0.4 2.0 1 0 1 0.40 1.99 1 0 1

3 0.4 0.5 1 0 1 0.41 0.52 1.1 0 1
0.6 0.5 1 0 1 0.62 0.48 0.9 0 1

4 0.4 1.0 1 0 1 0.43 1.05 1.1 0 1
0.7 0.5 2 0 1 0.71 0.44 2.0 0 1

5 0.4 0.5 1 0 1 0.40 0.50 1.0 0 1
4.0 1.0 0.5 0 1 4.0 1.0 0.50 0 1

6% 0.23 13 1 0.23 1.17 1.0 0 1
2.84 1.3 0.1 3.0 0.99 0.11 0 1

7 0.4 0.5 1 1 1 0.39 0.47 1.0 1 11

8 0.4 2 1 1 1 0.40 1.98 1.0 1 1.0

9 0.4 0.5 1 1 1 0.35 0.33 0.79 1 2.3
0.6 0.5 1 1 1 0.62 0.67 11 1 0.6

10 0.4 1.0 2 1 1 0.42 1.02 2.2 1 1.1
0.7 0.5 1 1 1 0.68 0.11 2.3 1 1.0

11 0.4 0.5 1 1 1 0.40 0.49 1.0 1 1.0
4.0 0.5 1 1 1 4.0 0.56 0.91 1 1.0

Voigt profiles 12 0.4 1.05 1 0.85 0.67 0.40 1.05 1 0.85 0.67

13 0.4 0.5 1 0.85 2 0.43 0.51 1.15 0.91 13
2.0 0.35 0.5 1 1.43 1.8 0.28 0.76 0.94 1.3
4.0 0.35 0.25 0 1.43 5.2 0.30 0.34 0.97 1.3

Test 6

-In( k)

Figure 1. Test 6: Simulated bitrapezoidal distribution (squares) and
fitted Voigt profiles (full line).

The ones which have shown better performance for all the
tests were the least squares and the modifiegarameters,
depending on the total range of data.

The first and last sets of columns of the worksheet are
prepared for a maximum of three Voigt profiles (the extension
for a larger number of components is straightforward, however,
in the usually studied systems, three is enough). Its full
description is presented in Appendix 1 and the optimization
protocol in Appendix 2.

Tests.To test the robustness of the method, a few distribu-
tions were simulated and blindly tested. Table 1 shows the
parameters of distributions used for simulating decay curves
without noise as well as the parameters of the fitted curves.

For decay curves without noise, despite the ill-conditioned
nature of the problem, the success in recovering distributions
from decay curves is very high, especially for Gaussian
distributions as can be seen in Table 1 data. Even for the
trapezoidal distribution, a surprisingly good result was obtained.
In Figure 1, the bitrapezoidal distribution fitted with Voigt
profiles distributions is shown.

The Lorentzian distributions are more problematic because
of their extended tails which, for parameters similar to the ones
used in Gaussian distributions, require a larger range &f.In(
Therefore, in some cases, a larger number of columns in the
worksheet or a larger value for the stef[l((k)]) have to be
used. If one pays attention to these details, good fittings can be
obtained even for the most unfavorable tests.

When the recovered parameters are different from the ones
used in the simulation as in the case of test number 10, the
obtained distribution is still very close to the simulated one.

The final test for the method was provided by simulated decay
curves where some noise was added. The random function of
Excel was used to simulate the noise: to the calculated intensity,
the function (rand()- 0.5)F was added. Factd¥ was chosen
so that the noise was of the order of magnitude of the
experimental one or even larger. Figure 2 displays the simulated
decay curves with added noise.

Table 2 presents all parameters used for simulations and the
recovered parameters which show the obtained results.

Obviously, there are some limitations namely in the resolving
power: in test number 21, corresponding to close distributions
with the same relative weight, the fitting procedure recovers a
single distribution that fits reasonably well the sum of the two
distributions.

In test number 24, the most unfavorable case, the sum of
two Voigt profiles with different fwhm, different relative
intensities, and different asymmetries is used. As we can see,
the fit is not perfect (it has been the worst result obtained), but
even so, it gives a recovered distribution very close to the
simulated one.

Following the fitting procedure described in detail in Ap-
pendix 2, all the tests converge for a unique and sound solution,
provided the experimental decay curve is only moderately noisy.

Experimental Section

Materials. Benzophenone (Koch Light, purissimum) and
p-tertbutylcalix[4]arene (Aldrich) were used without any
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Figure 3. Time-resolved luminescence spectra (in a microsecond time
Time, s scale) of pyrene adsorbed prert-butylcalix[4]arene (a) and of pyrene
crystals (b), excited at 337 nm. Curve 1 was obtainedd @fter the

Figure 2. Simulated decay curves with added noise: (a) Gaussian laser pulse. Curves-125 are separated by 16 steps

distributions: from bottom to top: test 14 to test 18; (b) Lorentzian

distributions: from bottom to top: test 19 to test 24. . i
by the laser pulse was collected by a collimating beam probe

purification. Chloroform, isooctane, and ethanol (Merck, Uvasol Coupled to an optical fiber (fused silica) and detected by a gated

grade) were also used as received. Silicalite was from Union intensified charge coupled device (Andor ICCD detector, based
Carbide. on the Hamamatsu S5769907). The ICCD was coupled to a

, fixed imaging compact spectrograph (Oriel, model FICS 77441).
calixarene (molar ratios 1:25, 1:50) used in this work were |N€ System could be used either by capturing all light emitted
prepared using the solvent evaporation method. This methodPY the sample or in a time-resolved mode by using a delay box
consists of the addition of a solution containing the probe to a (Stanford Res?amh Syste_ms, model D65.35)' '_I'_he ICCD has
saturated solution of the calixarene-X0-2 M), both in high-speed gating electronics (2.2 ns) and intensifier and covers

chloroform. The resulting mixture was magnetically stirred for the 200-900 nm wavelength range. Time-resolved emission

at least 24 h and then allowed to evaporate in a fume cupboard SPectra (and absorption) were available in the nanosecond to
second time range both in transmission or diffuse reflectance

The final solvent removal was performed overnight in an acrylic L : ) ’
modes! For the laser-induced luminescence experiments; a N

chamber with an electrically heated shelf (Heto, Model FD 1.0-
110) with temperature control (38 1 °C) and under moderate Lﬁzgru(s;; model 2000, ca. 600 ps fwhm].0 mJ/ pulse) was

vacuum at a pressure of ca."£0Torr. The evaluation of the
existence of final traces of solvent was monitored by the use of
FTIR spectra.
For silicalite samples, benzophenone selective adsorption into  Room-Temperature Laser Induced Luminescence for
the silicalite channels was achieved using isooctawbpse Pyrenefp-tert-Butylcalix[4]arene. Figure 3a shows the room-
molecular dimensions prevent this solvent to penetrate into thetemperature luminescence spectra of a 1:50 mol:mol inclusion
host channels. Following the initial solvent evaporation, samples complex of pyrene and calix[4]arene while Figure 3b presents
were washed three times with isooctane for complete removal similar data obtained for pyrene microcrystals. In this case, as
of the nonincluded ketone and dried again as described. an excitation source we used the short pulse of a nitrogen laser
Laser Induced Luminescence SetupA schematic diagram  at 337 nm (600 ps halfwidth) quite suitable to pyrene time-
of the LIL system is presented in ref 1a. For the emission spectraresolved emission studies in the microsecond time range, due
shown, the third harmonic of a Nd:YAG laser (355 nm, ca. 6 to its short duration. All time-resolved spectra presented in
ns fwhm) from B. M. Industries (Thomson-CSF, model Saga Figure 3 were obtained with air equilibrated samples.
12-10), in the diffuse reflectance mode were employed. The  For pyrene within the calix host, spectra were also recorded
light arising from the solid powdered samples after excitation for argon purged samples and were identical in spectral and

Sample Preparation. The solid powdered samples pyrene

Results and Discussion
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TABLE 2: Parameters Used for Simulation of Distributions Generating Decay Curves in Figure 2 Compared to the Fitted Ones

simulations recovered parameters
test Tlus fwhm Olmax m a Tlus fwhm Olmax m a
Gaussians 14 0.4 0.5 1 0 1 0.39 0.48 1.0 0 11
15 0.4 2.0 1 0 1 0.41 2.1 1.0 0 0.96
16 0.4 0.5 1 0 1 0.44 0.72 14 0 1.6
0.6 0.5 1 0 1 0.52 1.6 0.51 0 0.74
17 0.4 0.5 2 0 1 0.41 0.61 1.8 0 1
0.7 1.0 1 0 1 0.70 1.0 0.90 0 1
18 0.4 0.5 1 0 1 0.40 0.62 15 0 1
4.0 1.0 0.5 0 1 3.8 0.86 1.2 0 1
Lorentzians 19 0.4 0.5 1 1 1 0.40 0.62 0.86 1.0 0.93
20 0.4 2 1 1 1 0.40 1.9 1.0 1 1.0
21 0.4 0.5 1 1 1 0.51 0.63 1.7 1.0 0.88
0.6 0.5 1 1 1
22 0.4 1.0 2 1 1 0.43 1.13 2.0 0.92 1
0.7 0.5 1 1 1 0.58 0.65 0.55 1.0 1
23 0.4 0.5 1 1 1 0.39 0.50 1 1 1
4.0 0.5 1 1 1 4.1 0.51 1 1.0 1
Voigt profiles 24 0.4 0.5 1 0.85 2 0.36 0.58 0.80 0 2.63
4.0 0.25 0.25 0 143 4.638 0.36 0.28 0 1.24

intensity terms, within experimental error. For pyrene crystals in accordance with literature where evidence for pyrene micro-
a small increase of magnitude was found in the luminescencecrystallites was found on silica surfacé€bagar solid matrix>
intensity with oxygen removal, but no difference could be and porous crystalline celluloge.The vibronic shoulder at
detected in the luminescence decay curves. 424 nm decreases in the case of the pure pyrene crystals when
Calixarenes are important macrocyclic pherformaldehyde compared with pyrene onto calix[4]arene due to reabsorption
polycondensates with hydrophobic bowl-shaped cavi#i¢sThe of the luminescence which is larger in the former case.
ability of calixarenes and calixarene derivatives to form inclusion  Finally there is also room-temperature phosphorescence
complexes, accommodating guest molecules in their intramo- (RTP) from pyrene (air equilibrated sample), peaking at about
lecular cavities, greatly depends on the size and geometry of550 nm, also possible to identify by comparison with pyrene
guest molecule but also on the host cavi$y1-181%Calixarenes phosphorescence studies either at low temperatiitesy
can be extremely useful hosts for use in environmental chemistryinduced by an external heavy atom effét3
studies due to their ability to selectively bind, separate, and sense What we have here is the calixarene protection from the
neutral organic molecules (and ions) of contaminants, dependingoxygen existing in the air because of the inclusion complex
not only on the different sizes of its nanocavities but also on formation and at the same time some pyrene also remained
different substituents in the upper or lower riffs. outside the calixarene cavities forming “pools” of pyrene
The time-resolved fluorescence spectrum of the 1:50 mol: microcrystals. A similar behavior was reported by us for
mol pyrene/calix[4]arene sample in the nanosecond time rangebenzophenone included within calix[n]arenes=t 4, 6, and
(data not shown) is very simple, exhibiting monomer emission 8)® and microcrystalline cellulos®.
peaking at 396 nm and also excimer emission peaking at about A spectral decomposition is presented both for pyrene/calix-
470 nm, as reported for pyrene on other solid powdered [4]arene and pyrene microcrystals room-temperature lumines-
surface€%21 The only notable fact is that the I/l monomer cence emission (microsecond time scale) in parts a and b of
band ratio evidences a nonpolar environment (I#110.80), Figure 4, where Voigt profiles were used. For the crystal, three
pointing to the inclusion of pyrene in the nonpolar cavity of Gaussian vibronic components were obtained at 426, 449, and
the calix[4]arene. The lifetimes for monomer and excimer 474 nm and a broad component centered at 479 nm with a large
emission in the pyrene/calix[4]arene sample in air equilibrated Lorentzian character was also found. For the inclusion complex
samples were about 220 and 40 ns, respectively. case, three curves similar to the vibronic ones found for the
The time-resolved spectra in the microsecond time scale crystal case but displaced toward lower wavelengths(8m)
(shown in Figure 3a) is much more complex and at the same and slightly broader were fitted. In what concerns the excimer
time much more interesting. It shows several species emitting band, the same spectral positions and fwhm were found in both
simultaneously: peaking at 396 nm is an emission coincident cases. Apart from this, a band peaking at 391 nm wifi0%
with the pyrene monomer fluorescence but which is now in the Lorentzian character and two Lorentzians centered at 550 and
microsecond time scale, which we assign to delayed monomer591 nm could also be fitted.
emission of included pyrene. This type of delayed emission was Room-Temperature Laser Induced Luminescence for
reported before for pyrene in acetonitrile and in the presence Benzophenone Included within Silicalite ChannelsSilicalite
of heavy atoms which induce room-temperature phosphores-is a dealuminated analogue of ZSM-5 zeolite. The lack of
cence (RTP) and delayed fluoresceAt& substitutional aluminum results in silicalite having no catalytic
The second important luminescence arises from pyrene or exchange properties, compared with the ZSM-5 zedlites.
crystals, which in fact comprise the pyrene crystal emission and Silicalite is the only known hydrophobic form of silica and is
also excimer delayed emission, the first one with a vibronic capable of adsorbing small organic molecules up to about 6 A
structure peaking at about 424 and 447 nm and the second onef kinetic diameter, even removing them from wat@f?
appearing as a small shoulder at about 479 nm, which is as Silicalite as a host provides a very rigid environment for the
broad as it is in the excimer fluorescence case. The room- aromatic ketone, the internal cavities being near circular zigzag
temperature emission from pyrene microcrystals is shown for channels (freerosssection 5.4+ 0.2 A) which intersect the
comparison in Figure 3b. These pyrene crystal emissions areelliptical straight channels (freerosssection 5.75.8 A x 5.1—
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120000 | 5 ) Cryst. multipliers is overtaken. After these decay curves were com-

Phosp. bined, a composite decay was obtained with closely spaced
/ points at short times and more spaced points at longer time
scales (approximately equally spaced experimental data points
in a logf) scale). The methodology described previously was
applied and the results obtained in this way are presented in
Figures 5 and 6.

Figure 5a shows the lifetime distributions analysis for pyrene
within p-tert-butylcalix[4]arene recovered from luminescence
decays observed at 396 nm (delayed monomer fluorescence).
Figure 5b shows the lifetime distributions analysis for the same
sample observed at 446 nm (crystal phosphorescence and
delayed excimer fluorescence). Figure 5¢c shows similar data
observed at 550 nm (pyrene monomer phosphorescence and
delayed excimer fluorescence). For comparison purposes, Figure
25000 - 5d shows the lifetime distribution analysis obtained for pyrene

b ) microcrystals at 450 nm (crystal phosphorescence and delayed
excimer fluorescence). The insets show the calculated curve
superimposed onto the experimental data in all cases. All figures
show the lifetime values at the maximum.

It is interesting to see that this lifetime distribution analysis
shows large widths for the monomer delayed fluorescence and
also for the pyrene microcrystals phosphorescence. In the case
of the monomer delayed fluorescence this is probably related
with different adsorption sites for pyrene onto the calix[4]arene
host. The excimer delayed emission is much more well defined
(a peak) both for pyrene/calix[4]arene and pyrene microcrystals,
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0 : : : : : . , and this certainly reflects a more restricted possibility for the
320 370 420 470 520 570 620 670 excited and nonexcited monomer to interact giving rise to an
Wavelength, nm excimer formation. Most likely, fewer adsorption sites in the

. . calixarene allow for this possibility.
Figure 4. Luminescence spectra for pyrene adsorbed petert- . . .
butylcalix[4]arene (a), and for pyrene crystals (b) excited at 337 nm  Clearly all these data point to the existence of included pyrene
after spectral decomposition (see text). in the pyrengs-tert-butylcalix[4]arene samples and also to the

formation of pyrene “pools” of microcrystal, as parts b and d

5.2 A). Both channels are defined by 10-rings of oxygen fns.  of Figure 5 show.
Therefore inclusion sites are nonhomogeneous and the phos- In the benzophenone/silicalite case, first of all we should point
phorescence emission spectrum of benzophenone includedhat similar results were obtained both with “washed” and
within silicalite channels reflects this fact: the vibronic bands “nonwashed” samples of benzophenone included into silicalite,
are broadened as reported previod8lyhree possible locations  in accordance with the fact that the external surface area is
are therefore predictable according to the silicalite structure negligible when compared with the internal surface &tea.
described above: circular channels (the smaller ones), elliptical Isooctane, a solvent which does not penetrate into the silicalite
channels, and the cross-points of these two, where benzophenonehannels, was used for this washing procedure.
may have more space available for emplacement. Quite surprisingly three maxima (three modal decay curve)

It is of considerable importance to stress here that isooctanecan be visualized in the ordinates of Figure @&, felative
(solvent used for sample preparation) does not penetrate intoabundances in the curves of the lifetime distribution analysis),
the silicalite channels due to stereochemical restrictions (too and they all correspond to the luminescence of triplet excited
big to penetrate) and also that for loadings of benzophenonebenzophenone, i.e., phosphorescence: the first band is broad
greater than 10@mol per gram of silicalite, the oxygen of the and peaks at 3.4s, an intermediate band peaking at 242
air is not able to penetrate into the internal structure of silicalite also exists, and finally, a narrow peak in the millisecond time
and no oxygen quenching effect of benzophenone phosphoresftange (3.1 ms) is observed. Our interpretation is that benzophe-
cence exists, within experimental error. none has three different locations in the internal structure of

Lifetime Distribution Analysis for Pyrene/ p-tert-Butylcalix- silicalite and that these different lifetimes reflect the significant
[4]arene and Benzophenone /Silicalite Luminescence on the =~ mobility restrictions imposed by the host internal structure to
Microsecond Time ScaleTo optimize the lifetime distribution ~ the guest benzophenone. Those three different locations with
analysis we recorded decay traces in several instrumental timeincreasing mobility restrictions are the intersections of the
scales, with the use of our ICCD, ranging from millisecond to channels, the elliptical channels, and the circular channels,
sub microsecond in these cases. The experimental informationrespectively. The intensity ratio of the three bands cannot,
obtained from this detector is of the type presented in Figure 3; however, be used to have a precise evaluation of the population
i.e., from a set of time-resolved luminescence spectra and byof the three different sites because the luminescence quantum
selecting specific wavelengths, we can obtain accurate decayyield of the adsorbed benzophenone varies with the adsorption
curves, due to the possibility of combining the use of different site. Therefore, no linear dependence of the emission intensity
selected start delays, different time gate widths, and also VS concentration of the adsorbed probe exists.
different time steps, depending on the time range under study. Note that on other surfaces, e.g., in the internal hydrophilic
In this way, the classical overloading problem of the photo- channel structure of MCM-41 where hydroxyl groups eXist,
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Figure 5. Lifetime distributions for pyrene op-tert-butylcalix[4]arene recovered from luminescence decays observed at 396 nm delayed monomer
fluorescence (a), 446 nm crystal phosphorescence and delayed excimer fluorescence (b), 550 nm monomer phosphorescence and delayed excimel
fluorescence (c), for pyrene crystals recovered from luminescence decays observed at 450 nm monomer phosphorescence and delayed excimer
fluorescence (d). The insets show the fitting of the recovered decay superimposed on the experimental data.
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Figure 6. Lifetime distributions for benzophenone within silicalite channels recovered from luminescence decays observed at 450 nm. The inset
shows the fitting of the recovered decay to the experimental data.

Relative Intensity q, a.u.

another emissive form of benzophenone was detected arisingimposed by the internal structure of the host (e.g. the silicalite
from hydrogen bonded benzophenone (to those internal hydroxylcase). It was believed that benzophenone was a much poorer
groups). In this work, where we used silicalite, which is a probe than these two other ketones, because of its smaller
hydrophobic zeolite, this hydrogen bonded emissive form of sensitivity, either to space restrictions or environmental polar-
benzophenone was not observed. ity.29.33

It is very interesting to compare the results of the use of  From other surface photochemistry studies performed using
benzophenone as a probe to study new hosts, with the onedenzophenone as a probe we know now that ground state

obtained by the use of xanthone apminethoxyp-phenylpro- absorption spectra (obtained with the use of an integrating
piophenone. These three molecules are well-known probes usedsphere, measuring reflectances as a function of wavelength) are
for surface studies in restricted medfaThe triplet-triplet highly indicative of the surface environmental polaf#&/:32In

absorption of xantone is known to be very sensitive to this report, we are showing, we believe for the first time in the
environmental polarity both in solutihand in solid surface literature, that a carefully study of the decay curve of ben-
studies® In the case op-methoxy#-phenylpropiophenone the  zophenone in a large time scale obtained with the use of a gated
triplet lifetime is determined by intramolecular quenching detector, followed by a lifetime distribution analysis with this
by the B-phenyl ring, and the room-temperature triplet life- new methodology can provide very accurate information relative
time increases up to 5 orders of magnitude going from solution to the existence of different adsorption sites in a specific solid
into restricted geometries where stretched conformations arepowdered host.
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Figure 7. Display of the worksheet showing the most important fields described above.

Conclusions oThe step ([B15]) that defines the range of the distributions

. s . in terms of—In(k) [E19: GV19].
t.O-rl;haenr:vg.?ethhqgr?loggn'.s p;‘fgg”t?t‘;'] r:ﬁ;e,zﬁg"ff;émz %'fsfggg; eThe maximum position of the fitted distributions in terms
: ysIs, which, conjugated wi wiedg of lifetimes [B16: B18] (defined in terms ofIn(k)).

induced time-resolved luminescence spectra, proved to be a very oA row ([E19: GV19]) with the abscissas (100, in this

powerful tool for the understanding of the luminescence example) of the fitted distributions in term efin(k) generated

emission of guest molecules onto powdered solid substrates. InWith the step defined in [B15].

the pyrene/calix[4]arene case delayed fluorescence emission 'A row ([E20: GV20]) with the abscissas of the fitted

from monomers and excimers exist, as well as monomers distributi ; f valent lifeti i
hosphorescence and crystals phosphorescence. In the ben-'strI ut|qns n term of equivalent |e_t|m_es [_E19. GV19]
P «Effective width ([E15: GV17]) of distributions 1, 2, and 3

zophenone/silicalite case, three different phosphorescence emi taking into account the asymmetry by means of an IF condition.

sions from included benzophenone were detected, showing how ) ] . .
sensitive benzophenone is as a probe for revealing different (zégnmﬂ?é‘;@g)mz' A221]) of the experimental data points

adsorption sites in the internal structure of the host. -A row ([E18: GV18]) with the weight: terms of each Irk)
in the distribution (sum of the 3 fitted distributions).

eRows [E22: GV221] containing exponential terms (exp(
tk)), for each Ink), multiplied by a.

eA column with the experimental times of the decay
measurements ([D22: D221]).

*A column with the experimental decay intensities ([B22:
B221)).

*A column with the fitted decay intensities ([C22: C221]):
it is the result of the numerical calculation of the integral in eq
6. Each cell [CX] is the sum of the entire row [Ex:CVX].

*A column with the square deviations ([(GW22: GW222])
Figure 7 shows a display of the worksheet with the following between the experimental and fitted intensities for each instant
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Appendix 1. Detailed Description of the Worksheet

points. t. Its sum, multiplied by 1000, is in cell H3 as referred above.
*A graphic with the decay curves ([A2: E13]), the experi- °A column with the relative square deviations [GX22:

mental (black) and the fitted one (red). GX222] for eacht. Its sum, multiplied by 1000, is in cell H4.
«Two graphics with the distribution in terms of k)(([N2: °A column with the square deviations [GY22: GY222]

Q13]) and in terms of lifetime, ([J2: M13]). divided by the square experimental intensity for eadts sum,
«The amounts to be minimizedeast squares [H3}? [H4], multiplied by 1000, is in cell H5.

modified x? [H5], and the mean value of maximum and *A column with the absolute deviations [GZ22: GZ222]

minimum absolute deviations [H6]. All of them were multiplied between the experimental and fitted intensities for each t. The

by 1000 to increase the precision of the fitting. Also the maximum and the minimum of this column are, respectively,

correlation coefficient [H2], computed by Excel is shown. in cells [GZ18] and [GZ19]. Their mean value is in cell H6.
«The table of parameters to be fitted by the Solver for each ~ Formulas in the cells:

of the three fitted distributions ([G9: 113]): the maximum o[H2] = CORREL(B22:B221,C22:C221)

position of the distribution in terms of Ik [G9: 19]; width of o[H3] = SUM(GW22: GW222)*1000

the right side of the distribution [G10: 110]; the height of the o[H4] = SUM (GX22: GX222)*1000

distribution [G11: 111]; the Lorentzian fraction of the distribution o[H5] = SUM (GY 22: GY 222)*1000

[G12: 112]; the asymmetry factor of the distribution [G13: 113]. o[H6] = (GZ18 + GZ19)/2*1000
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o[A16: A18] =1/(EXP(-=G9)), =1/(EXP(-H9)); =1/(EXP-
(=19))

¢[E19: GV19]=E19 (initial value of—In(k)); a19= (a—1)-
19+$B$15 (a&=F to GV)

o[E20: GV20]=1/(EXP(—al9)) (&=E to GV).

o[E15: GV17]=IF(a$19<$b$9,$b$10,$ b$10*$ b$13)with
a=E to GV and b=G, H and | for, respectively, the 1st, the
2nd, and the 3rd distributions.

o[E18: GV18] =($G$11/(H$GC$12*(a$19-$G$N2*4/
ES15nA2)*EXP(-(1-$G$12)*(a$19-$G$N2*LN(2)*4/
E$15A2))+($H$L1/(H-$H$12*(a$19-$H$9)2*4/ES16A 2)-
*EXP(-(1-$H$12)*(a$19-$H$N 2*LN(2)*4/E$L6A2))+($I$11/
(1+31$12*(a$19-$I1$N2*4/E$LIA2)*EXP(-(1-$1$12)*(a$19-
$I$N2*LN(2)*4/E$L7A2)) (a=E to GV).

oJ[E22: GV221]=a$18*EXP(-$DX*EXP(a$19)) with a=E
to GV andx=22 to 221.

o[C22: C221]= SUM (Ex: GV x) (x=22 to 221).

o[GW22: GW221]= (BX-CX)A2 (x=22 to 221).

o[GX22: GX221] = GWx/Bx (x=22 to 221).

o[GY22: GY221] = GWx/(BxA2) (x=22 to 221).

J[GZ22: GZ221]= ABS(Bx-Cx) (x=22 to 221).

o[GZ18] =MAX(GZ$19: GZ$221)

o[GZ19] =MIN(GZ22: GZ221)

Appendix 2 — Optimization protocol

For the solver options:

sMaximum time and number of iterations

«Maximum precision, tolerance and convergence

eQuadratic estimates

eForward derivatives

eNewton search

Set the target cell to the value of “0”", subject to the
constraints:

*$G$10:$1$10>= 0.01

*$G$10:$1$11>=0

$GH12:$I1$12<=1

*$G$12:$1$12> 0

*$G$13:$1$13>= 0.01

For the initial guess the following steps were pursued:

(1) Choice of three Ir) so that the corresponding lifetimes
(t = 1/) fall inside the time range of the decay curve. For
instance, for a decay curve ranging from @& to 5us, we
chose, invariably, m‘oz —1,0and 1t = 2.7, 1, and 0.367
us).

(2) All the widths with the same initial value (0.5, for
instance) and a step (cell B15) of 0.1.

(3) All the Lorentzian weights at 0 (pure Gaussian distribu-
tions).

(4) All the asymmetry factors equal to 1 (symmetrical
distributions).

(5) All the intensities with the same value. The value is

Branco et al.

and the height of the distribution [G11: I11]. Lorentzian fraction
and asymmetries are kept constant.

(8) Once it converges, step 6 should be repeated. Then, step
7 is repeated but using the [cell H4] as target value in the
solver. An alternation between the least squares [cell H3], the
%2 [cell H4], and the modifieg? [cell H5] should improve the
overall fitting.

(9) The solver is then run taking as target cell the least squares
[cell H3] and choosing as range to be fitted all the cells
(containing the maximum positions of the distribution, in terms
of In(k) [G9: 19], the width of the right side of the distribution
[G10: 110], the height of the distribution [G11: 111] and
Lorentzian fraction [G12: 112]. Asymmetries are kept constant.

(10) Repeat step 8.

(11) The solver is then run taking as target cell the least
squares [cell H3] and choosing as range to be fitted all the cells
[G9: 112].

(12) Repeat step 8.

Notes

*All the cells must have a high number of decimal places.
The number category in the cells format should be general.

esEach time the solver is run, it should be allowed to finish
the optimization, although it can be suspended with the “Esc”
key in order to verify the fitting status.

*Whenever a distribution systematically goes out of the fitting
range, that specific distribution may be due to an experimental
artifact, like noise or inconsistent data, and should not be
considered in the final results.

oIf the distributions become increasingly thinner or asym-
metric, the optimization should be stopped and that trend should
be corrected by not choosing as range to be fitted the cells
containing the width of the right side of the distribution [G10:
110], or the asymmetry [G13: 113] of the distribution. Asym-
metry is a fine-tune and should only be run at the end of the
optimization protocol.

*\Whenever two distributions are too close together, they might
be only one wider or asymmetric distribution, and the solver
should be allowed to try to optimize only one distribution, and
determine the best overall fitting.

eThe best final criterion for optimization of parameters is
usually the least squares, but in cases where the difference
between the initial and the final decay values does not exceed
1 order of magnitude, the modified can also be used as final
target cell.

sWhenever the results are poor, one can always modify the
worksheet, increasing the number of columns, and that will
surely improve the fitting.
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