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Luminescence Quantum Yield Determination for
Molecules Adsorbed onto Solid Powdered

Particles

Luis F. Vieira Ferreira,* Tiago J. F. Branco, and Ana M. Botelho do Rego™

A new methodology for the determination of the fluorescence
quantum yield of dyes adsorbed onto microcrystalline cellulose is
presented and applied to rhodamine 101, cresyl violet and aura-
mine O. It is based on a previously reported method by Ruetten
and Thomas (J. Phys. Chem., 1998, 102, 598-606), which is not
applicable to the dyes used in the present study. It uses ground-
state diffuse reflectance spectra obtained with and without filters,
which prevents the luminescence of the dye from reaching the in-
tegrating sphere and the photodetector.

New equations are presented here, correcting for the fluorescence
emission of the dye, which depends on the detector sensitivity.

1. Introduction

Photochemical studies of dyes and other emissive probes ad-
sorbed onto powdered surfaces or included into cavities of
these surfaces are an important field of research with growing
interest in the scientific community."""" These studies are im-
portant because, in many cases, adsorbed probes behave in
quite a different way when compared with their behavior in
solution.” How does a specific surface affect an adsorbed or
included probe in the ground state? How far are the photo-
physics and photochemistry of an excited probe modified by
the interactions with a specific surface? In many cases the an-
swers to these simple questions are far from being fully under-
stood.

The luminescence quantum yield of probes adsorbed onto
surfaces affords important information regarding the character-
ization of the excited state. In some cases, the increased rigidi-
ty of the adsorbed molecule results in a decrease in vibrational
relaxation pathways and in a huge increase in the fluorescence
quantum yield (@;). In the specific case of the dye auramine O
adsorbed on microcrystalline cellulose, an increase of four
orders of magnitude was reported relative to the dye in solu-
tion.*® For cyanine dyes, where isomerisation processes occur
in solution, an increase of three orders of magnitude was de-
termined for the fluorescence quantum yield of these dyes
going from an ethanolic solution to adsorption on microcrys-
talline cellulose® In the case of rigid dyes such as rhoda-
mine 101, or moderately rigid dyes such as rhodamine 6G, no
or only a very moderate change in @; was found.®*"

Adsorption onto powdered surfaces or inclusion into cavities
of these surfaces may also be an important methodology to
obtain room-temperature phosphorescence (or fluorescence)
in many cases,**'%78 pecause molecules can be protected by
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Cut-on filters, which have a transmittance close to unity in the
absorption region, and close to zero in the emission region, of
the dye are used to obtain corrected reflectance spectra. The in-
fluence of the substrate was also taken into account.

This methodology may be applied to other probes and surfaces
or emissions of a different nature (i.e., phosphorescence or de-
layed fluorescence), and constitutes a very simple and general
procedure to solve the important problem of luminescence quan-
tum yield determination of probes adsorbed onto solid powdered
surfaces.

the host from the quenching action of oxygen, which efficient-
ly nonradiatively deactivates both triplet and singlet excited
states in solution samples.

About one decade ago, we suggested a method for the de-
termination of fluorescence of dyes adsorbed onto a powdered
solid, microcrystalline cellulose, using a rigid dye, rhoda-
mine 101, and also rhodamine 6G as fluorescence standards.”
The main argument was that the fluorescence quantum yields
were close to unity in solution, reaching in both cases, by im-
mobilization within the cellulose polymer chains, a limiting
value which was assumed to be unity.

This immobilization was achieved by the use of a good sol-
vent in terms of the swelling of the cellulose matrix. After sol-
vent removal, the dye molecules were rigidified into the
matrix, therefore reaching a common maximum fluorescence
yield. A comparison of the slopes of the intensity of fluores-
cence (I, measured as the area of the corrected fluorescence
spectra) as a function of the light adsorbed by the dye
[(1—R), where R is the total diffuse reflectance at the excita-
tion wavelength for the probe plus substrate, and ¢ is the
fraction of the absorbed light which excites the dye] after
measurements for the dye sample (unknown sample) and for
the standard give us the luminescence quantum yield of the
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dye. I versus (1—R)f° is linear whenever the dye is present
only in the monomer form. Negative deviations from linearity
were found when dimer or higher aggregated forms of the
dye were formed,®'? because these aggregates do not exhibit,
in many cases, fluorescence or exhibit a very low fluorescence
quantum yield of emission.

Herein, we present a new methodology for the determina-
tion of the luminescence quantum yield of dyes (or other ad-
sorbed molecules) on surfaces. The method is based on the ex-
perimental determination of the reflectance of the adsorbed
dyes as a function of concentration, with and without filters to
block the luminescence emission. The luminescence emission
(corrected spectra) is also needed for correcting the influence
of the spectral sensitivity of the detection system.

2. The New Methodology

Luminescence Quantum Yield Determination Based on
Diffuse Reflectance Measurements

In an important paper, Ruetten and Thomas®® presented a
new method to calculate fluorescence quantum yields with
the use of a spectrophotometer operating with an integrating
sphere. The method involves measuring the diffuse reflectance
spectrum of molecules adsorbed onto powdered solid sub-
strates in the presence and absence of a fluorescence quench-
er, O, in this case.

This method takes into account the fact that the integrating
sphere collects not only the diffuse reflected light, but also the
luminescence (fluorescence and/or phosphorescence) of the
sample at the excitation wavelength. In the presence of an effi-
cient quencher, this luminescence is quenched and an increase
of absorption is observed. Therefore, Equation (1) can be used
to calculate the fluorescence quantum yield @; (or the lumi-
nescence quantum yield if fluorescence and phosphorescence
exist for a specific sample):

le Ry—Ro,

Tobs

Pr = Ryb—R
abs sub ™~ M0,

(M

In this equation, the intensity of fluorescence is lro<(R,—Ro),
and the intensity of the absorbed light is ;o< (Ry,—Ro,). R, is
the reflectance of the unknown sample under study, R, the re-
flectance measured in the presence of the quencher, that is,
when no fluorescence exists, and R, is the substrate reflec-
tance. All these reflectances should be measured at the excita-
tion wavelength 4, as Figure 1 shows (in this Figure, Ry, is re-
placed by R).

Some problems regarding this equation should be taken
into account: the equation is only valid in the case where com-
plete quenching is reached; it also assumes that all the emit-
ted light is detected, independently of the emission wave-
length.

Equation (1) takes into account diffuse reflectance and not
total reflectance (diffuse plus specular reflectances) because
the specular component is eliminated by the use of a baffle,
which exists inside the integrating sphere. This is certainly
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Figure 1. Ground-state diffuse reflectance spectra for rhodamine 101 adsorbed
on microcrystalline cellulose, (0.5 umolg™'). Ry, is the substrate reflectance, R,
the unknown sample reflectance without filter, R; the reflectance obtained with
the cut-on filter, and R is the corrected reflectance. All these reflectance values
were measured at the excitation wavelength, \,.

valid for the substrate and also for the unknown because this
specular component does not exceed 1-2% of the total de-
tected light in most cases, and is not relevant in terms of excit-
ing the luminescent species."”

It is obviously difficult to insure that all the luminescent mol-
ecules are quenched by oxygen. On many surfaces oxygen
does not act as a quencher: for example, in the internal chan-
nels of silicalite, a hydrophobic zeolite, molecular oxygen plays
a minor role, or no role at all, depending on the loading of the
fluorophore inside the nanochannels.”” Calix[n]arene (n=4, 6,
and 8) cavities are also very good examples where O, plays no
quenching role as in the case of benzophenone and benzil
molecules included within these hosts.®?

Aromatic ketones forming inclusion complexes with cyclo-
dextrin are also good examples of molecules that cannot be
reached by molecular oxygen, therefore they may phosphor-
esce even in the presence of other efficient gaseous quen-
chers.’®!

The second assumption in Equation (1) is certainly a very im-
portant source of errors in the calculations of @, since the
sensitivity of the analyzing detector varies with the wave-
length,™ as Figure 2 shows taking again rhodamine 101 fluo-
rescence emission as an example. This fact is taken into ac-
count for the diffuse reflected light in the standard calibration
procedure, made in our case with magnesium oxide, barium
sulfate, or commercial standards (polymers of unknown com-
position supplied with an accurate calibration curve of R
versus wavelength in the 200-900 nm spectral range)."”

However, when the fluorescence (or phosphorescence) emis-
sion occurs, each luminescent probe emits at a specific series
of wavelengths and is detected according to the sensitivity of
each specific detection system, which is wavelength depend-
ent. Therefore, this fact has to be carefully taken into account
and Equation (1) needs to be modified.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1849
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Figure 2. a) Corrected fluorescence emission spectrum of rhodamine 101 adsor-
bed on microcrystalline cellulose (0.5 umol g™'), excited at 530 nm and normal-
ized at the maximum emission. b) Relative detector efficiency as supplied by
the manufacturer, normalized to unity in the beginning of the fluorescence
emission. (c1 and c2) Transmittance curves for the cut-on filters used.

Our approach was the use of cut-on filters placed before the
detector, which absorb selectively most, but not all, of the fluo-
rescence.”” The reflectance spectra are still distorted because
of the residual emission reaching the photomultiplier, but this
distortion is insignificant in many cases. However, for fluoro-
phores with high quantum yields of luminescence, this ap-
proach is insufficient and the experimentally obtained reflec-
tance has to be corrected, as we will see later in the text.

First Correction

Taking into account the relative spectral response of the detec-
tor S(A), which changes with the wavelength, Equation (2) is
obtained:

@F — Ime _ RU (10)_Rf(j'0)

ls — [Reu(Ao) —Re(Z0)] x f* (2)

where R{l,) is the diffuse reflectance in the presence of the
cut-on filter, at the excitation wavelength 4.

The derivation of Equation (2) is presented in the Supporting
Information. In this equation (R,(1,)—Rd4,))/f is proportional to
I(A), the intensity of the fluorescence emission (excitation at
Ao) and (R,,,(Ao)—Ri(A,)) is proportional to the absorbed light at
the excitation wavelength, 1,.(1,). The factor £ is the correction
introduced to take into account the variation of the spectral
response of the detector, calculated with the use of Equa-
tion (3):

£ = / Ie(A) - S(A)dA / / Ie(A)dA 3)

A A

Obviously 0<f <1, the upper limit being obtained for an
ideal detector, where S(A) =1, in all the range of detection.

1850

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemphyschem.org

L. F. Vieira Ferreira et al.

Second Correction

In Equation (2) the reflectance obtained with the cut-on filter,
R, is considered to be accurate, that is, this simplified equation
is valid only for situations where R;=~R, where R is the reflec-
tance obtained in the total absence of luminescence.

A more general equation should be used to obtain the lumi-
nescence quantum yields for probes adsorbed onto powdered
solid substrates, in cases where R;#R, that is, whenever the
photoluminescence is significant when compared with the dif-
fuse reflectance that reaches the detector. The more general
equation is Equation (4), (where 4, was omitted for simplicity):

ol R
P l - ST
abs (Rup—Ry) X |:f5_f (1—RU):| (4)

(1=Rr)

The quantity £*7 is defined by Equation (5):

= [ h s T /A I(2)02 5)

A

and is a correcting factor which accounts for both the variation
of the spectral sensitivity of the detector with the wavelength
and the transmittance wavelength dependence, T(1).

The integrals of Equations (3) and (5) have to be calculated
with the use of the data in Figure 2. This second correction
takes into account the fact that, in most cases, the cut-on fil-
ters are not “ideal” cut-on filters, which completely remove the
fluorescence from the integrating sphere, and thus in practice
some fluorescence still reaches the detector.

The derivation of Equation (4), including the first and second
corrections for @, is presented in the Supporting Information.
Another very important relation is Equation (6):

(Rsub_Rf) = fdye X (1_Rf) (6)

where ¢ is the fraction of the absorbed photons which excite
the dye (or probe in general), and not the substrate, at the ex-
citation wavelength, 4,, defined by Equation (7):

fdye — F(Rllo)dye (7)
F(Rllo)total
and £**=(1—"°) is the homologous quantity for the substrate.
F(R.A,) is the remission function defined as (1—R)*2R.>'?
Equations (2) and (4) take into account the fact that for each
luminescent sample the photodetector “sees” the diffuse re-
flected light plus some luminescence which depends on the
absorbed light I,,,=1,(1—R(,)), on the fraction of the absorbed
photons which excite the dye ¢, and also on the quantum
yield of emission @ Therefore R, is R plus the luminescence
contribution. This second part is affected by the sensitivity of
the detector, so this effect has to be corrected by . For a non-
luminescent sample, R,=R. The same applies to the reflec-
tance measured with a good cut-on filter. For an “ideal” cut-on
filter, R;=R.

ChemPhysChem 2004, 5, 1848 - 1854
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In the Supporting Information, we also have shown that
both ¢ and the quantity R can be calculated allowing for the
correction of the diffuse reflectance spectra. However, these
corrected values are not needed for the @; calculation, as
Equations (2) and (4) clearly show.

3. Results and Discussion
Rhodamine 101

Diffuse reflectance spectra obtained for rhodamine 101 adsor-
bed on microcrystalline cellulose, with a cut-on filter (thick
curves) and without filter (thin curves) are shown in Figure 3.
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Figure 3. Diffuse reflectance spectra obtained for rhodamine 101 adsorbed on
microcrystalline cellulose, with the c1 cut-on filter (thick curves) and without
filter (thin curves). Curves 1-7 are for 0, 0.005, 0.01, 0.05, 0.10, 0.25, and

0.50 pmol dye per gram of cellulose, respectively.

The dye loading increases from curve 1 (microcrystalline cel-
lulose with no dye) to curve 7, the highest concentration of
the dye (0.50 umolg™). A significant decrease in the reflec-
tance values was obtained with the use of the cut-on filter, Ry,
relative to the one obtained without the use of the filter, R,
showing the distortion due to the fluorescence of rhoda-
mine 101. These R;, R, and R,,, can be used in Equations (2)
and (4), together with the correcting factors for the variation
of the spectral sensitivity of the detector, £, and for the filter
transmittance ', to calculate the fluorescence quantum vyield
of rhodamine 101 adsorbed onto the powdered solid sub-
strate, as Figure 4 shows in curves B and C, respectively.

Figure 4a presents data with the use of the cut-on filter c1
of Figure 2, and Figure 4b shows the equivalent data obtained
with a more “severe” cut-on filter, curve c2 of Figure 2. In both
Figures 4a and 4b, the intensity of fluorescence [—measured
as (R,—Ry), uncorrected values, (R,—R)/f, values with the first
correction, and (R,—R)/[F—FT(1—R,)/(1—R)] values with the
second correction at the excitation wavelength 1,—is plotted
as a function of the fraction of the excitation light which is ab-
sorbed by the dye in the sample (measured as R,,,—Ri=

ChemPhysChem 2004, 5, 1848-1854 www.chemphyschem.org
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Figure 4. Intensity of fluorescence (1) of rhodamine 101 adsorbed onto micro-
crystalline cellulose, excited at 530 nm, as a function of the light absorbed by
the dye (l,,) which is proportional to [1—R(\,)If*¢, A,=580 nm. Curve A is for
leox [Ry(\g)—RdNg)], and curve D is for |, [Ryp(ho) —RdA,)]. Curve B was ob-
tained by introducing the first correction [Equation (2)] and curve C with the
second correction [Equation (4)]. The corrected fluorescence quantum yield is
obtained by the ratio of the slopes of curves C and D. Full symbols were used
for the regression and empty symbols were not taken into account. Part a) of
Figure 4 was obtained by the use of transmission filter c1, and part b) by the
use of filter c2 of Figure 2.

(1—R)f™°). The relation between these two quantities was es-
tablished in Equation (8) for probes adsorbed onto powdered
solid surfaces:['%

S GQ)F/O(]_Rf)fdye (8)

where G is a geometrical factor that depends on the apparatus
and the other parameters were as defined previously. Plots of
I versus (1—R)f° show linear increases for low loadings of the
dye, and deviations from linearity were observed for the
higher loadings. Such deviations may be due to dye aggrega-
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tion that usually decreases the fluorescence emission,” or to
fluorescence reabsorption.™”

In Figure 4, I versus (1—R)f*° is represented by curve A. Its
slope should give the fluorescence quantum yield if no correc-
tion was needed. Data including the first correction for the re-
flectance are represented by curve B. The use of the second
correction [Equation (4)] transforms curve B into curve C, and
obviously this second correction is more important where the
cut-on filter did not eliminate the fluorescence of the dye so
efficiently, that is, the case of filter c1. In cases where the dye
has a unitary quantum yield of fluorescence, curves C and D of
Figure 4 should be coincident and have a slope with a unitary
value and that is indeed the case for rhodamine 101 adsorbed
onto microcrystalline cellulose.

The important point to emphasize from these data, is that a
common value for @, was obtained with the use of the two
different filters: 0.9944+0.012 or 1.00940.013, showing that
the proposed methodology for the determination of @ is
valid and also in accordance with the previous reported ap-
proach for the determination of
@, of rhodamine 101 adsorbed
onto microcrystalline cellulose.™

L. F. Vieira Ferreira et al.

correct @ for self-absorption in solid powdered samples, cal-
culating " from I°®. Here we do not have a set of emission
spectra, and the purpose of this work is the presentation of a
new method for the calculation of @, from ground state dif-
fuse reflectance studies. Therefore a simpler equation can be
used, that is, Birk's equation (see Equation A8 in Supporting In-
formation) where « is the probability of self-absorption of an
emitted photon (it is assumed here that the probability for first
reabsorption is equal to the second and so on). This simple
equation was used herein, in a previous paper by us"* and by
other authors,™ and the results of these calculations are pre-
sented in Table 1. The probability a was evaluated by compar-
ing the area of the corrected emission spectra for a very dilut-
ed solid powdered sample with another where reabsorption
occurs, normalizing the two spectra at longer wavelengths,
where the spectrum is not affected by reabsorption. @‘;bs will
be smaller than @°" in all cases, except in the case where
@°" =1, which is indeed the case of rhodamine 101 adsorbed
onto microcrystalline cellulose.

Cresyl Violet and Auramine O

Table 1. Fluorescence quantum yields for the three dyes under study,
(self-abs. = self-absorption; t=t-student’s parameter).

with and without corrections

Dye® Eq.(1) Eq. (2) Eq. (4) EqQ. A5 with Literature  Standard  t (95%)
This approach was also applied 1st correction  2nd correction  self-abs. correction Deviation
to two other dyes: cresyl violet | r101(C1) 058 0941 0.994 0.994 1.00 0.012 25
and auramine O. The former dye R 101 (C2) 0.620 0.995 1.009 1.009 1.00 0.013 25
is commonly used as a standard cv 0.235 0.393 0.408 0.504 0.51 ) 0.01 2.6
AO 0302  0.408 0.432 0.472 0.35" 0.046 44

for solution studies of fluores-

cence quantum yield determina-

[a] Dyes: rhodamine 101 (R 101); cresyl violet (CV); and auramine O (AO). [b] From ref. [5b], that is, without cor-
rections for the detector sensitivity and filter transmittance.

tion:"¥ its fluorescence quantum
yield being slightly dependent
on the wavelength used for exci-
tation (0.51 in ethanol for excitation at 546 nm)."® Auramine O
is well known for its high mobility in solution, the nonradiative
singlet decay route depending on the internal rotation of the
phenyl groups and is very sensitive to the environment, reduc-
ing its fluorescence quantum vyield to less than 0.001 in sol-
vents such as water, ethanol or butanol and increasing slightly
in glycerol.l"7-*?

Similar data to those presented in Figure 4 for rhoda-
mine 101 were obtained for these two dyes. Emission spectra
of auramine O and cresyl violet can be found, for instance, in
refs. [5b],[16b].

A final correction is also needed to account for the reabsorp-
tion of the dye fluorescence by the ground-state dye (self-ab-
sorption) especially when the fluorescence quantum yield is far
from 100%. This can be done according to the work of Oelk-
rug and Kortum, who developed an equation for self-absorp-
tion correction in powdered samples,"? (Equation A5 in the
Supporting Information) where R is the reflectance at the exci-
tation wavelength 1, and R,., is the reflectance at the analyz-
ing wavelength.

Equations A6 and A7 were later obtained by a different ap-
proach and published with a different formal presentation by
other authors (Lagorio and San Roman)"™ and can be used to

[16;
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Table 1 summarizes the fully corrected fluorescence quan-
tum yields determined for the three dyes under study and
compares the data obtained herein with and without the self-
absorption correction and also with literature data. A detailed
statistical treatment of the data was done to validate quantita-
tively our proposed methodology. For rhodamine 101 the
source data is Figure 2 at 580 nm, while for all other entries
similar reflectance curves were used.

For cresyl violet, the use of the first and second corrections
increases @; from 0.235 to 0.393 and 0.408, respectively. Fol-
lowing further introduction of the self-absorption correction
[Equation A5], @, reaches 0.504+0.011, which is comparable
to the literature value for this dye obtained for solution stud-
ies.'® However, the @; value obtained herein refers to a differ-
ent excitation wavelength (540 nm) whereas the one included
in Table 1 from literature was obtained with 546-nm excitation
in ethanol and a @; dependence on the excitation wavelength
was well documented before."® @ values in solution and on
the solid are similar, as in the case of rhodamines 101 and 6G.
This is probably due to the structural rigidity of these mole-
cules, and entrapment into the polymer chains of microcrystal-
line cellulose did not affect the nonradiative pathways of deac-
tivation significantly.

ChemPhysChem 2004, 5, 1848 - 1854
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For auramine O the obtained & uncorrected value, 0.302 +
0.029, agrees quite well with the value previously found by us
using a different method.”™ In that paper®® we did not take
into account the correction for the detector sensitivity and for
the filter transmittance presented here. We previously obtained
a value of 0.35 after very prolonged drying in the vacuum
chamber and we now obtain 0.302+0.029; both values are
before the application of the first and second corrections. The
application of these corrections increases the @, to 0.408 and
0.432, respectively. After the self-absorption correction of the
later, @ reaches the value of 0.472 +0.046.

4. Conclusions

A new methodology was established for fluorescence quantum
yield determination of dyes adsorbed onto solid powdered
substrates. It can be used for any other compound adsorbed
onto scattering adsorbents, provided the adsorbed probe stays
in the monomer form in the concentrations under study. How-
ever, aggregation effects can be taken into account in the cal-
culations by considering fractions of the light adsorbed by
monomers, dimers or higher order aggregates. It can also be
applied to the phosphorescence quantum yield determina-
tions, as in the case of room temperature phosphorescent
samples.

It uses ground-state diffuse reflectance spectra obtained
with, and without, cut-on filters, which prevent the lumines-
cence of the dye to reach the integrating sphere and the pho-
todetector. New equations were presented here, correcting for
the fluorescence emission of the dye, which affects the mea-
sured reflectance and depends on the detector sensitivity.
There is no need to use luminescence standards with this new
methodology, which can be used for all luminescent systems,
including those where oxygen does not completely quench
the photoluminescence.

The fluorescence quantum yields of rhodamine 101, cresyl
violet and auramine O adsorbed onto microcrystalline cellulose
were determined (1.009+0.013, 0.504+0.011, 0.472+0.046,
respectively) and were in agreement with previous reported
data obtained by other methodologies.

Experimental Section

Materials: Rhodamine 101 perchlorate (Radiant Dyes Chemie) and
cresyl violet perchlorate (Aldrich) were both laser dye grade and
used as supplied. Auramine O (Aldrich) was purchased as a certi-
fied dye and purified according to ref. [5b]. Ethanol, (Merck, Uvasol
grade) was used as received. Microcrystalline cellulose (Fluka DS-O)
with 50 um, average particle size was used as the solid substrate
also without further purification.

Sample Preparation: The samples used herein were prepared using
the solvent evaporation method. This method consists of the addi-
tion of a solution containing the probe to the previously dried
powdered solid substrate, followed by solvent evaporation from
the stirred slurry in a fume cupboard. Ethanol was used for sample
preparation because it swells cellulose, that is, the hydrogen bonds
between the hydroxyl groups of the polymer chains are replaced
by a chain-solvent—chain interaction,*® allowing the guest mole-
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cules to diffuse into the matrix. These guest molecules stay entrap-
ped after solvent removal.”¥ The final solvent removal was per-
formed overnight in an acrylic chamber with an electrically heated
shelf (Heto, Model FD 1.0-110) with temperature control (30+1°C)
and under moderate vacuum at a pressure of approximately
1072 Torr. The evaluation of the existence of final traces of solvent
was monitored by the use of FTIR spectroscopy.

Ground-State Diffuse Reflectance Absorption Spectra (GSDR):
Ground-state absorption spectra for the solid samples were record-
ed using an OLIS 14 spectrophotometer (based on a Cary 14) with
a diffuse reflectance attachment. Further details are given else-
where.®**¥ The diffuse reflectance attachment used in the Cary 14
is described in detail in ref. [12b]. The integrating sphere includes
a baffle and can be used in two different positions, allowing the
detection of the specular light or avoiding it. In this way, we ob-
tained 1-2% of specular radiation only.

The cut-on filters used in this work were all supplied by Corion.
The short-pass filter (reference 575GK50) and the band-pass filter
(reference 475GB50) were denoted as c1 and c2, respectively. For
the case of auramine O a short-pass filter was also used (reference
4655GK50)

Steady-State and Laser-Induced Luminescence (LIL) Systems: Cor-
rected fluorescence emission spectra (steady state) were obtained
with a homemade apparatus described elsewhere.®? Schematic di-
agrams of the LIL system are presented in refs. [1], [7b]. The light
arising from the irradiation of solid samples by the laser pulse is
collected by a collimating beam probe coupled to an optical fiber
(fused silica) and is detected by a gated intensified-charge-coupled
device, Oriel model Instaspec V, (Andor ICCD, based on the Hama-
matsu S57 69-0907). The ICCD is coupled to a fixed-imaging com-
pact spectrograph (Oriel, model FICS 77441). The system was used
for laser-induced luminescence experiments with a N, laser (PTI
model 2000, ca. 600 ps FWHM, =1.1 mJperpulse), as the excita-
tion source. In this case the excitation wavelength is 337 nm. With
these setups, both fluorescence and phosphorescence spectra are
easily available (by the use of the variable time gate width and
start delay facilities of the ICCD).
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