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Comments

Possible Artifacts of Fluorescence of Dyes in Concentrated to the xerogels, in section 3.2. It produces qualitatively the same

Materials: Comment on “Highly Fluorescent Rhodamine B effects as observed, with the same order of magnitude as found
Nanoparticles Entrapped in Hybrid Glasses” by del Monte et al. While the model does not formally “disprove”
the presence of molecular clusters, it provides a simpler, consistent
1. Introduction explanation of the data in Figures 5 and 7 and Table 1 of ref 2.

Hybrid organic-inorganic materials are attracting much The high optical density (O.D.) of other materials prepared
attention due to their potential for a variety of applications as by similar methods” and accompanied by similar spectral
photoactive media, including laser gain media, nonlinear optical features ascribed to clustering, leads to concern that artifacts are
devices, photocatalysis, and environmental monitoring. Thesesignificantin these results too. On the other hand, the absorbance
materials combine the particular photophysical or coloring of samples in ref 8, which do not show the characteristic effects
properties of useful but fragile organic dyes, with the transparency, discussed below, is only0.03, consistent with our interpretation.
hardness, and ease of handling of aninorganic host matrix. Often, While we are here specifically concerned by the work in ref
the dye is encapsulated during sglel synthesis of a porous 2, for which detailed experimental information was published,
inorganic host material. Molecular organization is of paramount reports of dye clustering in concentrated media are not uncommon,
importance for applications, and much effort has been applied based on spectra showing the marks of the artifacts discussed
to modulating the nanostructure of the organic guestin the mineralpelow, e.g., refs 913. It thus seems useful to re-discuss these
host. “classic” but frequently underestimated effects. Indeed, one of

Fluorescence spectroscopy naturally occupies a central positionus (R.B.) successfultyalbeit we now see with hindsight
in the field, because of its intrinsic sensitivity (down to single inappropriately-applied exciton theory to literature data showing
molecule level) and of the sensitivity of molecular electronic  broadening of diffuse reflectance spectra of dye-impregnated
spectrato perturbation by the environment. Itis thus an appealingsilica powders# It is only since we sought to experimentally
tool for investigating dimerization or clustering of dyesin hybrid  reproduce and generalize the data that we have understood the
materials. In particular, spectral broadening or the growing in severity of the fluorescence artifacts, even in very thin films and
of new bands at high dye concentrations is often interpreted asfine powders.
asign of intermolecular coupling among dyes indimers, clusters,  after a brief reminder on fluorescence artifacts in section 2,
or crystallites. section 3 below illustrates these effects with experimental data

However, fluorescence measurements on concentrated samplegy, concentrated dye solutions, obtained in conditions as similiar
are susceptible to_mstrumental ar'glfacts, some of Wh_lch are quite 35 possible to those prevailing in the solid state measurements
subtle, and to which we should like to draw attention. inref 2. We then apply Monte Carlo simulation to tracking photons

Thus, del Monte et al. recently published an intriguing report i, an absorbing, scattering, and fluorescent material to illustrate
on synthesis of highly fluorescent rhodamine B nanoparticles, how these considerations apply equally to solid samples such as
encapsulated in a transparent silica-basee gel gl_gss% Itis  the doped xerogels studied by del Monte et al. We conclude that
indeed difficult to obtain concentrated, modified silicas of high - the concentration-dependent spectral and lifetime data interpreted

transparency. Their work follows earlier reports on rhodamine py them in terms of clustering could just be consequences of
B dimersin silicdand similar reports of rhodamine 110 J-dimérs,  oxcessive optical density of the samples.

rhodamine 6G dimersrhodamine 19 dimersand Nile Red
nanoparticles.Since this pioneering work in synthesis of this
type of organically modified silica has justifiably attracted some
attention in the literature, and since the main evidence of clustering  Fluorescence excitation spectra of optically thick (concentrated)
is interpretation of concentration dependent changes of thesamples are prone to intensity distortion when the high optical
electronic spectra, it is important to be sure that these changesdensity causes saturation of the signal at band peagsentially
are significant. all the incident light is absorbed at these wavelengths, so the
We show here that all the spectral features ascribed in ref 2 fluorescence signal stagnates, whereas excitation band tails may
to clustering may also arise from instrumental artifacts. We continue to grow in intensity as the concentration is increased
proceed first in section 3 by an experimentalillustration in liquid in the same range. If light scattering is momentarily set aside,
solutions of comparable optical density to the samples of del and a sample of thickness less than the focal spot size in a
Monte et al. A very simple Monte Carlo simulation of light spectrometer is considered, the effect is captured in the relation
propagation in the absorbing and scattering solids is then applied

2. Fluorescence Artifacts

(8) del Monte, FJ. Mater. Chem2001, 11, 1745-1751.
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(4) del Monte, F.; Levy, DJ. Phys. Chem. B999 103 8080-8086. (12) Deshpande, A. V.; Kumar, UW. Fluoresc.2006 16, 679-687.
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wherelsyo is the fluorescence signal, proportional to the total
light absorbed by a sample of thickndsén eq 2,¢(1ey) is the
molar extinction coefficient at excitation wavelendtf andC

is the molar dye concentration. The absorbance is givéxhy)

= ¢(Aey)Cl.

The strong nonlinearity of the relation betwe@mndly,, at
high absorbance or O.D. leads to an artifact, which enhances 0.0
band tails, so that the apparent spectrum is broadened, an effect
that could be mistaken for real broadening due to intermolecular
interactions in concentrated solutions. Even weak vibronic bands,
hardly noticeable in the excitation spectrum band tail at low
concentration, may be promoted to prominent “new” bands in
concentrated samples. The other consequence of relation 2 is
thatthe fluorescence intensity, be it the peak value, or thatrecorded
at a constant wavelength or the value integrated over the whole
spectrum, grows sublinearly with concentration at higher
concentrations and eventually stagnates. The process is related
to the familiar “inner filter” phenomenon observed when
excitation spectra of concentrated solutions are recorded’in 90
geometry in standard 1 cm cel326The fluorescence signal at 0.0—3%55 500
first grows proportionally to the concentration but turns over,
eventually decreasing with increasing concentration, because
the excitation beam is absorbed at the face of the cell, away from
the central part which is imaged by the collection optics onto the
detector or monochromator.

The second effect, reabsorption of the electronic origin, affects
emission spectr&é:181t occurs when the absorption and emission
0—0 bands overlap, so that fluorescence emitted in the depths
of an optically thick sample may be reabsorbed by it. Re-emission
in random directions or nonradiative transitions then lead to a
loss of signal in the direction of the collection optics and to
decreased fluorescence intensity in the region of spectral overlap 0.0—%45 560
of absorption and emission. The resultant loss of signal in the
blue wing of the emission spectrum produces an apparent red Wavelength (nm)
shift of the 0-0 band emission maximum, which could be Figure 1. Experimental illustration of fluorescence artifacts in
erroneously ascribed to the red shift to be expected from, e_g_,optica!lythick samples_. (a) Reference abs_orption, excitation (near_ly
the increase of the average electronic polarizability of the medium overlaid on the absorption curves), and emission spectra of rhodamine

i it ffects at hiah d trati in clust ' Bin ethanol. Solid curves, & 10" Min a 1 cmcell; dashed curves,
Or o exciton efiects at high dye concentrations or In CIUSIers. 15-3 \ in a 10 um cell; (b) excitation and emission spectra at

Reabsorption is also well-known to lengthen the apparent concentrations 5 1075, 5 x 1074, and 103 M in a 10um cell;
fluorescence lifetimé’ since every reabsorbed photonisin effect (c) same in a 10@m cell. Arrows in (b) and (c) indicate the order
“stored” for on average the fluorescence lifetime before it can of increasing concentration. All spectra are normalized to unit peak
be re-emitted and escape from the sample. height.
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3. |llustration eventually to nanoparticles with “enhanced fluorescence” in the
most concentrated samples.

In their work, del Monte et al. pointed out that one should
beware of the above artifacts, of concern in fluorescence
spectroscopy of concentrated samples. They took the precaution
of using a “front-face” setul§-16and ground up samples of their
materials, in 0.2 mm diameter capillaries, rather than the original
xerogel monoliths, which were 3 mm thick. We argue below that
these precautions were unfortunately insufficient.

To help grasp the significance of absorption saturation effects,
we first present experimental data on rhodamine B in solution
in ethanol, recorded by us in cells of different thickness. Figure
la shows the absorption spectrum of rhodamine B (Exciton,
used without further purification) in ethanol (spectroscopic grade,
Merck), measured at two concentrations in different cells.

) Reference absorption spectra (Cary 5 spectrophotometer, double

(16) Valeur, B.Molecular fluorescence. Principles and applicatiohgiley- beam mode) and fluorescence excitation and emission spectra
VCH: Weinheim, 2002. (Edinburgh FS900, 90geometry) were recorded at 1 nm

(17) Becker, WAdvanced time-correlated single photon counting technigues - . - .
Springer: Berlin, 2005. resolution for a solution at a concentration ok510~7 M in a

3.1. Experimental lllustration of Spectral Effects.del Monte
et al. prepared a series of silica xerogels containing glycidox-
ypropyltrimethoxysilane, with increasing concentrations of
rhodamine B in the starting solution, leading to concentrations
of rhodamine B in the final materials in the ranGe= 1075—

1072 M.

The authors characterized the materials by IR spectroscopy,
13C NMR spectroscopy, scanning electron microscopy, and,
principally, fluorescence spectroscopy. As in earlier papers, they
applied the theory of exciton splitting to interpret modifications
of the spectra at higher rhodamine B concentrations, as indicating
specific forms of association of the dye in the host matrix, leading

(15) Lakowicz, J. RPrinciples of fluorescence spectroscogpringer: Berlin,
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1 cmquartz cell. Emission spectra were recorded here at excitatior
wavelength 520 nm and excitation spectra at emission wavelength
620 nm.

The absorption spectrum peaksigtx = 544 nm, where we
find an extinction coefficient ofax= 108 000 M1 cm™1, close
to the value reported previously for the monomer of rhodamine
B in ethanol, by Selwyn and Steinfelélin agreement with this,
we therefore assign the band at 544 nm to th€ @ansition and
the shoulders in our spectra at very low concentration to vibronic
bands at (in our casg)~ 520 and (barely visible) 475 nm. This
attribution is consistent with the mirror symmetry of the shoulder
inthe emission spectrum. At higher concentrations, an isosbestic
point reported in ref 18 was interpreted as indicating equilibrium
between monomers and dimers in solution. It was accompanied
there by a red shift of the absorption maximum, also present in
our data.

In what follows, the absorption of the vibronic bands and
hence the fluorescence signal derived from them, will saturate
at higher concentrations than for the-Q band, giving the
impression of concentration-dependent “band splitting”. We show
below that a similar effectis predicted in solid samples, explaining
the apparent splitting reported in Figure 7 of del Monte é al.
There will also be concomitant broadening of the red wing of
the 0-0 band.

The close similarity of the absorption and excitation spectra,
which are practically indistinguishable in Figure 1a, confirms
the absence of artifacts in this case (peak absorbaic@s).
Figure 1aalso shows the normalized spectra of & MDsolution
in a 10um cell (Hellma). The shoulder at ca. 520 nm is slightly

enhanced in the excitation spectrum compared to the absorption

spectrum, partly because the O.D. is now on the order of 0.1.

Nonetheless, the general coincidence of the absorption and

excitation spectra shows that the sample is still optically thin.
Figure 1b,c illustrates the effects of the O.D. on spectra in

ethanol at concentrations in the range 50-°—10-3M, recorded

in quartz cells of thickness 10 and 10t set at approximately

45° to the excitation and emission collection directions. The

thicknesses and concentrations are chosen to be comparable t

those of the powdered doped silicas examined by del Monte et
al. Discrepancies between the absorption and excitation spectr
increase with concentration, as saturation of the absorption in
the 100um cell causes broadening of all excitation lines and
enhances the vibronic bands compared to th® @ransition,
similar to the behavior of the doped silicas in Figure 7 of ref 2,
and giving the impression of the growing in of new excitation
bands. In extreme cases, such effects can actually invert th
sequence of maxima and minima in electronic or vibronic bands
(see, for example, ref 11) or the excitation spectra of a pyrene-
doped silica gel in ref 9 compared to the absorption spectrum
in ref 19.

Figure 1calsoillustrates how reabsorption of théQransition
in the emission spectra causes an apparent red shift of the emissio
maximum in the thicker sample, similar to that reported in ref
2.In our example solutions, the red shift of the emission spectrum
between the dilute and the concentrated samples is 12 nmin th
thick cell compared to the intrinsic value, 7 nm measured in the
thin cell as in Figure 1la.

Except for overall wavelength shifts, the spectrain the reference
solution in ethanol are very similar to those of xerogel RBG1
Figure 1 of ref 2. In order to illustrate by simulation the effect
of concentration artifacts in the solid samples, we therefore use

(18) Selwyn, J. E.; Steinfeld, J. J. Phys. Chem1972 76, 762—774.
(19) Du, H.; Fuh, R. C. A;; Li, J.; Corkan, L. A.; Lindsey, J. Bhotochem.
Photobiol. 1998 68, 141-142.
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Figure 2. lllustration of the Monte Carlo model. This particular
photon is scattered twice, absorbed, and emitted in the overlap of
the absorption and emission bands; scattered and finally re-absorbed
and emitted in the red, escaping from the sample. Sample response
is built up by sampling millions of such tracks drawn with probabilities
determined by to the photophysical properties of the materials.

these solution spectra, after shifting them to the same peak
wavelengths as in xerogel RBG1 (580 nm for the excitation
spectrum, 592 for the emission spectrum).

3.2. Simulation of Spectral Artifacts in Optically Thick

Solid Samples.In practice, one must also take account of the
spectral distortion introduced by scattering in powder samples
such as used by del Monte et al. Scattering is a complex problem
that can be taken into account at varying levels of sophistication.
One of the simplest approaches is the Kubelkbunk two-flux
theory of diffuse reflectanc®, which can be readily extended

fo include reabsorption and fluoresceR&&Other more elaborate
possibilities of analysis are multiflux models and more generally
the full radiative transfer equatioR%diffusion theory of light
scattering?* and Monte Carlo simulatio?f.26 A full calculation
requires information on the phase distribution (angular distribution
of scattered light§’ In the absence of specific information on
the present xerogel powder particles, we present here a simple
Monte Carlo model assuming predominantly back scattering,

ejustified by the high albedo of ground silica powders. Compared

to the steady-state flux equations, Monte Carlo simulation has
the added advantage of providing the temporal profile of the
response (apparent fluorescence decay).

We calculate the response of a homogeneous slab of material
(see Figure 2) in which the actual absorption and scattering of
the inhomogeneous packed powder are represented by two
Humbers, a specific absorption coeffeci&it) = ¢(1)C and a
scattering coefficiens(A). These quantities are homogeneous
with inverse lengths: k(1) and 15(1) are mean free paths before

absorption or scattering for photons at wavelength

(20) Kubelka, P.; Munk, FZ. Technische Physik931 12, 593-601.

(21) Oelkrug, D.; Kortum, GZ. Phys. Chem1968 58, 181-188.

(22) Lagorio, M. G.; Dicelio, L. E.; Litter, M. I.; San Roman, E.Chem. Soc.,
Faraday Trans.1998 94, 419-425.

(23) Chandrasekhar, Radiative Transfer Dover: New York, 1960.

(24) lllarramendi, M. A.; Aramburu, |.; Fernandez, J.; Balda, R.; Williams,
S. N.; Adegoke, J. A.; Noginov, M. AJ. Opt. Soc. Am. R007, 24, 43—48.

(25) Wang, L.; Jacques, S. . Opt. Soc. Am. A993 10, 1746.

(26) Hehlen, M. PJ. Opt. Soc. Am. B997 14, 1312-1318.

(27) Hapke, B.Theory of reflectance and emittance spectrosc@yJ. P.:
Cambridge, 1993.
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The slab, thicknesHl, lies horizontally in thexy plane. The
positivezdirection is taken into the slab. Photons of wavelength
AexiImpinge normally on the “front” facez(= 0) at timet = 0.

On entering the material, photons undergo a sequence of scattering
or absorption and re-emission events determined by a Markov
process (no spatial or temporal memory) until either they emerge
at the front or the back face of the slab or they disappear by a
nonradiative process, with yield + Qg where Qf is the 02f
fluorescence quantum yield. Random sequences of these events
are generated with the minimal process algorithm (see Supporting L
Information). This semi-infinite model applies to typical spec- 460 480 500 520 540 560 580 600 620
trometer geometries provided that thg spread of photon paths Wavelength (nm)

does not exceed the size of the conjugate images of the
spectrometer slits, a condition met in the present simulations.
Generalization is possible by Monte Carlo ray tracing including
specific sample and spectrometer geometrical parameters, focal
lengths of optical elements, and so forth.

Qr ands(1) are assumed for our purposes of illustration to be
independent of the wavelength, but generalization to vari@ple
ands is trivial. In the absence of specific information on the
scattering phase distribution, we assume isotropic back scattering
into the hemisphere with horizontal base plane centered on the
scattering site and pole on the same side of the scattering site . . .
as the incident photon; see Figure 2. Photons emerging from the 450 500 550 600
front face of the slab represent the observed diffuse reflectance Wavelength (nm)
and fluorescence signal and are binned with respect to wavelength

and time to produce a fluorescence spectrum or a fluorescence '9Ur€ 3. (&) Figure 7 of ref 2, showing excitation spectra of
powdered, rhodamine B-doped silica glasses in the concentration

decay. By repeatlngthe simulations W!th varying anexcitation range (5.5x 10-5—(L.1 x 10-2) M, suggested in ref 2 to indicate
spectrum can be built up. The algorithm described in detail in specific clusters of dye molecules. (b) Simulation of the same data
the Supporting Information was coded in Fortran 90. Frorh 10 with the Monte Carlo model, including the effects of scattering,
(highC) to 1 (low C), photons were traced through the sample absorption, fluorescence, and reabsorption in concentrated but

to obtain the level of statistical noise apparent in the figures homogeneous solid solutions. The arrow indicates increasing
below, requiring a few tens of hours of CPU time on a recent concentration. The reference spectra used in the simulation are from
64 bit brocessor a dilute solution in ethanol, Figure 1, shifted to the same peak
P " L . wavelengths as in the dilute xerogel. All changes in the simulated
The model requires specification of the photophysical proper- spectra are due to fluorescence artifacts discussed in the text.
ties of the material. As mentioned above, the absorption and
fluorescence spectra are approximated by those obtained in 620y

solution in ethanol, shifted to have the same peak positions as o ®
a
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the corresponding spectra in the most dilute xerogel samples.
The fluorescence quantum yield was estimated in ref 2 Qbe £ 6101 ® T
=0.9. We estimated the radiative decay rate from the absorption £
and emission spectra and the Stricki&erg relatiort8obtaining
avalue of 2.9 ns, surprisingly rather less than the total fluorescence O
lifetime 4 ns in dilute samples obtained in ref 2. With the *
accompanying fluorescence quantum yield of 0.9, one would 590 Ld
expect the fluorescence lifetime to be slightly shorter than the ! L ! L
radiative lifetime. For the purposes of illustration, we have 10
nonetheless adopted an intermediate “intrinsic” fluorescence [RB] (M)
lifetime of 3.5 ns. Figure 4. Wavelength of the emission maximum of the powdered
Apart from a trivial overall scaling of intensitiesis thusthe ~ dye-doped glass#, from Table 1, ref 2, interpreted there as an
only adjustable parameter in the model. It will be found possible fg;grﬂoﬁf (;?’:ﬁ;mn?;?;'s%ﬁg‘:E{!gﬂjg’eﬂzﬁgg?Seéié Stg?etgéts:oTrBt?on
to reproduce all the experimental data with a single vadue, A
2000pcrrr1. This is to bg interpreted as an order c?f magnitude, of the electronic origin in concentrated samples.

since fine details of the simulated res_ult; shpuld and do dEpe”dappears in the spectra of the concentrated solid samples, but is
somewhat on the assumed phase distribution. . absentinthe simulations. However, we can nonetheless conclude
Figure 3 shows the results of the simulations, which it the evolution of the spectra discussed in ref 2 in terms of
quallt{itlve_ly and quantitatively reproduce the spectral deforma- oy citon bands and aggregates of rhodamine B is also very well
tions in Figure 7 of ref 2. The model reproduces the apparent gescriped in terms of artifacts coming from the optical setup.
broadening of the 80 band accompanied by the relative rise of - gjmjjar deformations that occur in diffuse reflectance spectra of
the vibronic bands in the blue wing of the excitation spectra. .gncentrated fluorescent sampfasay be relevant in refs-37.
There is slightly more vibronic structure in the spectra of the Figure 4 shows the simulated concentration dependence of the

dilute solid sample, Figure 1 of ref 2, than in the reference spectraayelength of the emission maximum. As the concentration
in ethanol used in the simulation, so that a second “new” band

]
£ ® .
° 600

(29) Mirenda, M.; Lagorio, M. G.; San Roman,[Eangmuir2004 20, 3690~
(28) Strickler, S. J.; Berg, R. Al. Chem. Phys1962 37, 814-822. 3697.
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Figure 6. Dependence of the apparent fluorescence lifetime on the
(b) 103 : - concentration of dye in the xeroge#®, data from Table 1, ref 2,
interpreted there as an excitonic effect in molecular clusters;
simulated here without clustering, showing the effect of the light
. trapping artifact in the more concentrated samples. The inset shows
<o ™~ that the simulated decays remain close to exponential. Concentration
107 7 increases in the direction of the arrow.
s 5 prediction of our simple model, two papers on related matétiéls
/D report turning over of the fluorescence intensity as concentration
* increases. However, these data should be approached with caution,
. ‘ . since non-monotonic variation of fluorescence intensity with
10° 107 10° 16-2 concentration in optically thick samples is a known artiféct.
[RB] (M) 3.4. Lifetime Artifacts. del Monte et al. reported increased

Figure 5. Fluorescence intensity vs concentration in doped xerogel fluorescence lifetimes (about 35.%? be_tween their most dilute
powder samples. (a) Intensity is plotted vs the square root of the @nd most concentrated sampfeSimilar increases are present
rhodamine B concentration. Open symbols, simulated with the Monte in the reports on dimers of rhodamine®Bhodamine 116,
Carlo model (see text), same conditions as in Figure 3 and ref 2; rhodamine 6@, rhodamine 1%,and on Nile red nanoparticlés.

A, emission intensity in the red wing of the fluorescence spectrum; Consistent with our view of the spectral deformations, we propose
O, integrated fluorescence intensity, peak fluorescence intensity;  that this is just the classical radiation trapping effé&t32when

#, data redrawn from ref 2; (b) logog plot of the simulated o pqorption and emission spectra overlap in concentrated

fluorescence intensity vs concentration. Saturation of the absorption ) . ST
leads to the overall curvature of the plots. Reabsorption of the S&@mPples, leading to repeated reabsorption and re-emission in the

electronic origin leads to the stronger curvature of the plot of the €lectronic origin'”To a first approximation, the apparent decay
peak emission intensity. The dashed lines are guides for the eye,is expected to remain monoexponential with a lifetiggrelated
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with slopes 1 and/s. to the true fluorescence lifetimg: by

T 1
: . . . Taon ™ 7 o~
increases, reabsorption of the electronic origin causes the a1 — ¢Qc @)

i hif h i [ Il f h th . . .
maximum to shift to the red, accounting quite well for both the whereg is the fraction of light reabsorbed by the samfé3By

trend and the magnitude of the experimental data. . i
| i i h . binning the time of emergence of photons from the front face
3.3. Fluorescence Intensity ArtifactsThe absorption satura- ¢ the sjab in the simulations, we can determine the apparent

tion effect also explains why the fluorescence intensity appears g, grescence decay in the model. For these calculations, we
to grow as the square root of the dye concentration in Figure 5 455umed thicker samples (1 mm), consistentwith the experimental
of ref 2. The copcentratlon dependence of the .apparent procedure of del Monte et al.
fluorescence intensity can be deduced from the above simulations;  consistent with eq 1, the apparent fluorescence decay remains
see Figure 5. The intensity scaling factor for comparison with ¢josely (though not exactly) exponential at all concentrations
the data of ref 2 was determined with respect to the most dilute examined: see the sample decays in the inset of Figure 6. The
sample. The concentration dependence of the intensity determinegypparent lifetime at each concentration was determined from a
with the same value @fis qualitatively and by order of magnitude  |east-squares fit of a monoexeponential decay to the simulated
in agreement with the experimental data. data. Light trapping is significant in the more concentrated
One finds that this regime is in fact just part of a saturation samples, leading to a substantial increase of the apparent lifetime,
curve inwhich intensity is at first proportional to the concentration, consistent qualitatively and semiquantitatively with the experi-
then saturates, giving the appearance of square root behavior afmental data; see Figure 6. It is thus unnecessary to appeal to
intermediate concentrations, and would finally tend to a constant exciton effects to explain the lengthening of the experimental
value at high concentrations. The severity of the effect dependsfluorescence decays.
on how one defines the fluorescence intensity. The integrated
intensity and above all the peak fluorescence intensity in the . i .
0—0 band are more sensitive to artifacts, because both absorption CGutiérrez etal. reported highly fluorescent dye nanoparticles
saturation and reabsorption of the electronic origin come into N Silica xerogels in ref 2. In our opinion, identification of the
play in these cases; see Figure 5b. The variation of the fluorescenc®'ight Spots in the SEM image, Figure 6 of their paper, as highly
intensity is thus sublinear with the dye concentration and there  (30) del Monte, F.; Ferrer, M. L.; Levy, DLangmuir2001, 11, 4812-4817.
is no reason to assume enhanced fluorescence of the material by (31) Birks, J. B.Phys. Re. 1954 94, 1567-1573.
molecular clustering compared to what would be obtained with gg; gg%&?f%?hi?ﬁp%ﬁﬁ% }3 Slti‘\‘,é?ylp’ﬁglgﬁg'soc. Am. B991 8,
a homogeneous dispersion of molecules. Compared to the1391-1403.

4. Discussion
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fluorescent dye nanopatrticles is not sufficiently supported by the  The nature of the bright spots in the SEM image thus remains
spectroscopic evidence, since known artifacts are shown here tcan open question. From order of magnitude estimations of the
lead to data deformations comparable in nature and magnitudeoptical densities, we suggest that similar concentration depend-
to the concentration-dependent features in the recorded dataencies of spectral data in refs-3 could be largely due to the
lllustrative experimental data on concentrated solutions of same causes. The limiting O.D.’s in these references may be
rhodamine B and simulations of light propagation in the conditions estimated from the sample thicknesses, molar extinction coef-
of high optical density in their paper lead us to question their ficients, and concentrations to be in the following order: 3, 3,
interpretation. The spectroscopic data in their paper can be6, 0.3, 0.4. Itis~20 in the present rhodamine B doped xerogels.
explained consistently by artifacts of saturation of optical One should thus be cautious in attributing these spectral features
absorption, reabsorption of the electronic origin, and light to fluorescent dye aggregates or nanoparticles. The present
trapping, due to the high optical density of the samples employed artifacts may produce an apparent spectral broadening or even
by these authors. the relative growth of band tails to the point of giving the

Concerning concentrated samples in general, we should likeimpression of new bands. They also lengthen the apparent
to make two further points. First, when working at such high fluorescence lifetime. Whenever possible, itis advisable to record
concentrations, consideration should be given st energy spectra from different thicknesses of a sample in order to help
transferl516 Even assuming a random distribution of dyes, the distinguish such effects from genuine spectral broadening due
average nearest-neighbor distance at concentrafimolecules ~ to intermolecular coupling.
per unit volume) is (see Supporting Informatiany I'(1/3)/ In closing, we note that a convenient method to measure highly
(47p/3)3. This is ~30 A for the most concentrated xerogel fluorescent powders is to examine as much as will adhere when
(1072 M), well within the range of Fster transfer, for which gently deposited on transparent sticky tape and the excess shaken
typical transfer radii (where the transfer rate is the same as theOff. This trick works quite well for excitation in the visible
monomolecular decay rate) are-180 A. Farster transfer may ~ Spectrum, but attention should be paid to fluorescence of the tape
influence the emission spectrum by energy transfer to low-lying under UV excitation. Yet, even this method is unlikely to suffice
states of two kinds, low-lying monomer states in the inhomo- in the present case, since the O.D. of even arh@ayer of silica
geneous emission band and dimer trap stt&&e importance ~ doped with rhodamine B at 18 M is on the order of unity.
of Forster transfer in the emission spectrum depends in part on It remains important to study concentrated hybrid materials.
the ratio of the spectral broadening (be itinhomogeneous or dueSchemes have been proposed to evaluate and compensate for
to clusters) to the thermal eneréf®being most significant at  inner filter effects in fluorescence measurements on concentrated
low temperatures, where it would induce a red spectral shift. In solutions*®They are not readily applicable to scattering materials
the present xerogels at room temperature, the spectral width isor thin films. Monte Carlo simulation of light propagation in a
~15 nma= 240 cnt L half width at half-maximum for the excitation ~ specific sample and instrument geometries may prove to be a
spectrum of RBG1, leading us to expect that this effect is small useful way to allow for fluorescence artifacts in such cases.
or negligible.

Second, two qualitative features of the interpretation of del
Monte et al. are surprising in the context of clusters. First, gy qeaux 1.
clustering is usually associated with a decrease of the fluorescence . . .
yield, due to quenching by low-lying excited states reached via .Supportl_ng. Informatlon Available: qute Carlo method. .
energy transfel5 A further difficulty of the assumption of clusters This material is available free of charge via the Internet at http://
is that whereas Selwyn and Steinfélghow, and we confirm, pubs.acs.org.
that the absorption peak is concentration dependent in ethanol,
the excitation peak in the silica glasses of ref 2 is not concentration-
dependent, in agreement with the simulation of the artifacts,
which shows just rounding of the peak. It is unusual that
broadening by intermolecular interactions should not be ac-
companied by some average spectral stiift.
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