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Molecular radiative transport. Ill. Experimental intensity decays
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A critical experimental test of a previously developed theory of molecular radiative transport is
described. It is concluded that the theory gives an accurate description of the effect of radiative
transport on fluorescence observables. The numerical coefficients of the fluorescence decay are
computed from a Monte Carlo integration procedure that mimics the photon trajectories inside a
realistic sample cell, and is carried out only using known molecular and geometrical parameters.
The predicted parameters are confronted with the experimental observables accessible in a typical
single-photon timing experiment, rhodamine 101 in ethanol being the system studied. The
theoretical predictions quantitatively describe the effects of concentration and excitation and
emission wavelengths experimentally observed in optical dense nondiffusing media for the two
most common geometric arrangements: front-face and right-angle detection. It is shown that
radiative transport leads to spatially heterogeneous fluorescence kinetics, as a direct consequence of
the existence of a spatial distribution function of electronic excitation inside the sample cell. The
agreement between theory and experimental results is good, with the average decay times predicted
within =3% accuracy for front-face detection. €99 American Institute of Physics.
[S0021-960629)00202-0

I. INTRODUCTION sample. This phenomenon is indifferently known as radiation
imprisonment, radiative migration, radiative trapping, or ra-
Radiative transfer, i.e., the transfer of energy mediatedjiative transportin this latter case, transport is used to dif-
by real (as opposed to virtuaphotons, is ubiquitous in na- ferentiate it from the case dfansfer between unlike mol-
ture. For instance, the first step of photosynthesis consists @fcules. Its importance depends on many factors: extent of
the radiative transfer from the sun’s photosphere to the chlospectral overlap between absorption and emission, fluores-
rophyll molecules of green plant leafs. Donor and acceptotence quantum yield, absorption coefficients in the overlap
are, in this case, 150 000 000 km apart, and the process takgsgion, concentration, sample cell size and shape, excitation
8 min to be completed. Radiative transfer is also of impor-and detection geometries, etc. When present, this process
tance in astrophysics, plasmas and in atomic and moleculgffects the fluorescence decays and spectra, as well as the
luminescence, and plays a significant role in solar concentrgorescence anisotropy.
tors, discharge and fluorescent lamps, scintillation counters |n part | of this series,a stochastic theory of radiative
and lasers. transport allowing the calculation of all observables from
The type of radiative transfer to be discussed in thisxnown parameters was presented. This theory was subse-
work consists of the emission of a photon by an electronigyently refined and extended to cases where nonradiative
cally excited molecule, with subsequent absorption by aRransport operates in parallel with radiative transpontpart
identical ground state molecule. It involves distances muchy 3 5 detailed computation of the coefficients of the derived
smaller than those of the above example, and consequentlys was made according to a Monte CaiiC) simulation
occurs on much shorter time scales, usually determined byyocedure. This simulation allowed, for the first time, the
molecular excited state lifetimes and not by photon propagaaccyrate calculation of the effect of radiative transport on
tion times. In assemblies of like atoms or molecules the phoforescence intensity and anisotropy decays, time-resolved
tons emitted by electronically excited species may be reabsng steady-state spectra, as well as on the values of the mac-
sorbed and re-emitted several times before they can leave t'?@scopic quantum yield and steady-state anisotropy. In the
present work, we carry out a critical experimental test of the
dElectronic mail: epereira@fisica.uminho.pt proposed theory for molecular radiative transport for the sys-
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tem rhodamine 101 in ethanol. We compare the experimentamission data of the ensemble. A theoretical treatment of the

time-resolved emission with the MC predictions built uponcombined effect of radiative and nonradiative transport on

the basic theoretical equations derived before for two comthe fluorescence anisotropy was already publighadtur-

mon excitation/detection geometries: front-face and rightther consequence of the existence of nonradiative hops is the

angle. effective randomization of the orientation of the emitting di-
In Sec. Il, we begin by summarizing the scope and aspoles, making the additional assumption of isotropic emis-

sumptions of the developed stochastic the@gc. Il A), and  sion appropriate even in rigid media where molecular rota-

then present the basic equations for the ensemble delta-pulsen is hindered.

fluorescence intensity decay lai@ec. 11 B. The MC inte-

gration of the sought mean escape probabilities is briefly

mentioned in Sec. lll. Section IV contains experimental de—B Delta-pulse decay law

tails. Section V presents the most important aspects of the’

data analysis procedures. The agreement of the experimental Consider a macroscopically homogeneous distribution of

data with the theoretical predictions is discussed in Sec. Vlidentical ground state molecules in a convex but otherwise

The compared parameters are defined in Sec. VI A. In Secarbitrary shape enclosute.g., a fluorescence cglLet there

VI B and VI C, the results obtained for both front-fa¢gec.  be the absorption of an external photortat0 according to

VI B) and right-anglgSec. VI Q geometries are presented. a particular spatial distribution functionp(r)—given by

Finally, Sec. VIl summarizes the main conclusions. the application of the Lambert—Beer law along the line cor-

responding to external excitation. Each individual species

excited at time zero will relax to the ground state with a rate

Il. STOCHASTIC THEORY constantl".

A. Scope and assumptions Consider now the time-resolved fluorescence emission

for a molecular ensemble created at titwe0 by as-pulse of

Let there be excitation of an ensemble of identical mol- . - .
essentially monochromatic light. As a consequence of radia-

ecules by an external source. Part of the emission of th? . . . .
. . : . ive migration, at any time, the ensemble’s fluorescence
directly excited molecules will be reabsorbed, opening the

e o : . =.‘emission results not only from the contribution of directly
possibility of radiative transport of the electronic excitation ~_ o Lo
enerav. and aiving rise to several generations of indirect! excited molecules but also from the additional contribution

9y, giving alg CUYf those created by reabsorption. The probabipty(\,t)
excited molecules. The stochastic model for the analysis o . .

. . : ) that, betweent andt+dt, a photon with wavelength will

the time evolution of the reabsorption-distorted fluorescenc

o . ; fiit the enclosure’s boundary at a given paigptand will thus
emission has been previously preseritédhe assumptions :
Y T .. —.— leave the sample, can be obtained by a sum over all genera-
made are the following?* (i) The excitation intensity is

low, producing nonsaturating conditions. This allows the cal-tIons of excited molecules by:

culation of the responses to several excitation modes, includ- %
ing the steady or photostationary state, from #excitation PN D)= fon(N)gn(t), @
pulse decay law of the molecular ensemigie. The propa- n=1

gation time of re-emitted photons is negligiltompared 0 ¢ ingividual contribution of each generation being a factor-

t.he.overall retg_nﬂon time |.n5|de the ceI.I and to the moleculariZation of f,,(\), the reabsorption dependent probability
lifetime 7). (iii) Absorption and emission are homoge-

, X . that a photon with wavelength will hit the boundary at
neously broadened, i.e., a single type of molecule is preseng
I

. AR ) oint r, after exactly n absorption-emission events, and
(iv) The molecular emission spectrum is the same for a .(1), the probability that amth generation molecule will
generations of excited molecule@ttainment of thermal g 5 photon betweenhandt+dt, given that it will emit
equilibrium prior to emissionand independent of the exci- one  Assuming a negligible photon propagation time, this
tation wavelength. Two other approximations ah:insig- o ohaniity (normalized density functioris given by

nificant molecular diffusion andvi) insignificant nonradia-

tive transport. The change in the spatial distribution of (rpn1

excited species by molecular diffusion in fluid solutiof ( gn(t)=T n=1)! e . 3]
=10"° cn?s™Y) is negligible; Nonradiative migration de- '

serves a special comment. Regarding the decay law, the ex- The escape probabilit§,,(A) can be computed either
istence of nonradiative transfer hops has no effect on it. Irtonsidering the whole volume of the enclosure or just the
fact, it is well known that a pure nonradiative transport pro-solid angle seen by the detection system. In the absence of
cess leaves the decay law unchangdthe combined influ-  radiative transport, thénormalized fluorescence decay does
ence of the radiative and nonradiative mechanisms could inot depend on the detection direction. However, whenever
principle induce a change in the decay but only if the spreadadiative transport is present, the symmetry of the emitting
of the excitation distribution due to nonradiative hops wereensemble is lowered and a complicated positional pattern
significant in macroscopic terms. That is not however theemerges, where the fluorescence decays become a function
case since, by definition, nonradiative hops are performedf the measuring direction. Because of this, we will formu-
locally, the resulting excitation spread being usually a fewlate the escape probabilities relative to the solid angle sub-
average molecular distances. Nevertheless, the nonradiatitended by the optical collecting system and add the super-
mechanism will manifest itself primarily in the anisotropy script() to emphasize it:
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0= L _
fon(N) 47T‘I>oF(7\)L)[1 ap(r,\)]Pp(r)dr. (3

The integration goes ovd?,(r), which is the probabil-
ity that a nth generation photon is emitted at ®, is the 3
molecular fluorescence quantum yield and the absorption A exe em
probability a(r,\) is given by e
Irp—r|
ab(r,)\)=j k(N)exd —k(n)x]dx, (4) T
0 P
. . L Front-f:
whereF(\) is the(normalized emission spectrum arid\) ;:tzcﬁzie
is the optical density of the medium at wavelength "
The normalizedi.e., scaled to one for=0) decay can 1cm Right-angle
be written a$ 1cm detection
Q r 2 (1= apa(N) -t ) (k)" FIG. 1. Tridimensional cell showing the two experimental used detection
—_a It . . . . R
pp(N,t)=e 2 1_—()\) ) a; m, 5 geometries also reproduced in the MC simulation. The enclosure size and
n=1 Fp1 i=1 ) shape correspond to a typical fluorescence cell.

wherek, is the molecular intrinsic radiative decay constant.
If one definesp,(r) as the spatial distribution of theth agh

i lecules. th tion d dent ence is knowr[Eg. (2)], the simulation procedure is re-
generation molecules, the generation dependent mean reafy oy 1o the generation of the spatial excitation migration
sorption probability can be cast as

trajectories. The goal of the simulation is the computation of
the mean escape probabilitigEqg. (3)] which completely
Q) —
apn(A)= L)ab(r,)\)pn(r)dr (6)  defines the predicted decay I3w.

1 _. The MC simulations were implemented as described in
and the produclli_; «; is the mean probability of the ex- part 1| of this serie¥ for a mimic of a conventional X1
ternal excitation gIVIng rise to excited molecules belongingxg cm fluorescence cell. Two common experimenta| geom-
to thenth generationa,, differs from o, because it quanti-  etries were considered: front-face detection, usually used to

fies the mean probability that anth generation photon will - monitor concentrated solutions, and right-angle viewing, the
be reabsorbed somewhere within the enclosure and mughosen geometry for dilute samplédg. 1).

then be given as a double integration over all possible emis-
sion wavelengths and reabsorption coordinates. IV. EXPERIMENT

Equation (5) gives the normalized decay law for one .
particular emission wavelength and detection solid angle. If*- System studied
is possible to obtain entirely analogous equations for the de-  Solutions of rhodamine 10(Radiant Dyes Chemie, per-
cays considering both an integration over all space directionghlorate sajtin ethanol(Merck UVASOL, min. 99.9% were
and a double integration over space directions andised through the work without degassing. Ethanol was acidi-
wavelengthg. The first case describes the emission detecte@ied with a very small amour{t=10 ul per 10 ml solution of
over the whole 4 solid angle while the second case com- concentrated HC{min. 37%, Riedel-de Ha and solution
pletely describes the temporal evolution of the excitation inresults were always recorded at room temperat(#@
the molecular ensemble. However, from an experimentat1 °C). The purpose of the acidification step was to ensure
point of view, the decay is usually recorded at some particuthat the chemical species was at all stages the acid form of
lar wavelength. Furthermore, unless one uses an integratingie dye since it was verified that in pure absolute ethanol an
sphere, information is limited to the decay at a given boundacid-base equilibrium for the dye was effective: for very di-
ary point and Eq(5) is the equation to be used for a com- |ute solutions the basic form was dominant, with the equilib-
parison of the theoretical predictions with the experimentakium shifting towards the acid form with increasing concen-

results. tration. This behavior is well known for this class of dye
molecule$’
IIl. MONTE CARLO SIMULATION Rhodamine 101 in ethanol is particularly well suited for

Although the stochastic theory presented above allows™" goal of providing an ex.per!mental test for the theory
X . . . . developed due to the combination of several factors maxi-
the exact computation of the influence of radiative migration_ . ; L R
izing the importance of radiative transport: high

on the fluorescence observables, most of the coefficients 5?

e 0 . )
the equations derived before are not amenable to anaIytic%]Sﬁg;ptlggnins:Z&Z%Z)Ctg dor:/ier:]&aﬁbss?o/r())7tiglr?2c:|e?f?<r:ieesnts
form. Given the probabilistic nature of the underlying pro- q y y 9 P

cess of energy migration, a MC integration built upon the'" the overlap regiorFig. 2).
basic equations presented is particularly well suited for thei
numerical evaluation.

Because one can factorize the space and time dependen- Fluorescence decays were measured with the single-
cies of radiative migration, and since the exact time depenphoton timing techniqugSPT)?® using a Coherent mode-

B. Fluorescence decays
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locked synchronously pumped dye laser system. An argonelectronics. The electronics were components from Canberra
ion laser (Innova 400 using a 468AS mode locker standard nuclear instrumentation modules.
delivering =100 ps pulses, pumped two identical dye laser  The instrument response function was recorded with a
Coherent 700 systems, one using rhodamine 6G and tHeUDOX scatterer solution sufficiently dilute to preclude
other DCM as the active amplification media. The output ofmultiple scattering. The instrument response function had an
the dye laser is optoacoustically cavity dump@bherent effective full width at half maximum(FWHM) of 35 ps
7220 producing pulses of 5-7 ps at a 3.4 MHz repetition (R2809U-01 photomultipligr
rate frequency. The direct output of the dye laser was typi-
cally used to make the second harmonic generd®G) in
an angle-tuneg-barium borate(BBO) crystal and the fre-
guency doubled pulse passed through a Soleil-Babinet com- The fluorescence quantum yield was estimated by the
pensator to rotate the polarization plane back to the verticalelative method. The ratio of the steady-state fluorescence
plane. Whenever the fundamental dye laser output was usegbectrum area of the unknown quantum efficiency sample to
as the excitation source, the energy density was reduced liie emission area of a known efficiency reference was used
an appropriate neutral density filter. The rhodamine 6G ando estimate a fluorescence quantum yield of &89D5 for
DCM laser dyes allowed a variable excitation wavelengththe rhodamine 101 solutions. Two different references were
covering the range of about 280-320 K8HG) by tuning of  used: rhodamine 6G in ethanol with a quantum yield of
a three-plate birefringent filter in the dye laser cavity. Detec-88%'° and cresyl violet in methanol with a quantum yield of
tion was always done by passing the emission through 81%2* These dyes were chosen in order to have a fluores-
depolarizer and then through a Jobin—Yvon HR320 monocence spectrum as close as possible to the rhodamine 101
chromator with a grating of 100 lines/mm. Two Hamamatsuemission. The solvent refractive index correctienlid angle
photomultipliers were used: a conventional uncooled R323%?2 facton was applied whenever cresyl violet was used. The
photomultiplier and a cooled R2809U-01 microchanneloptical density at excitation wavelength of sample and refer-
plate. Both were operated under the usual nonpile-up pulsences was matched for solutions of about4® concen-
conditions!® A total of about 20 000 (right-anglé or tration. After that, all solutions were properly diluted so that
30 000-50 000(front-face counts was typically accumu- the steady-state emission could be recorded for very dilute
lated in the channel of maximum counts. The measuremensamples (with concentrations always less than ~fav).
were made using variable monochromator slits—from 0.5 tdSteady-state emission was recorded in a SPEX Fluorolog
about 5 nm—depending on the overall emission intensity=112A fluorimeter equipped with a double emission mono-
and, whenever possible, a visible cutoff filter was used in theehromator in a right-angle geometry.
detection optics to avoid spurious scattered light on the fluo-  There is still some controversy concerning the value of
rescence decay. No significant “wavelength shift” of the the fluorescence quantum yield of the rhodamine 101 dye. In
time response of the detection system due to the so-callegarly work it was consensual that the fluorescence quantum
color effect of the photomultiplier was detected. yield should be close to orf8.Significantly smaller values
The single-photon timing was operated as usual in theare nevertheless found in the literature and in particular our
reversed configuratiohthe only additional care being the 89% value for the acid form of the dye compares favorably
use of an appropriate delay line and a bias amplifier in ordewith a recently published value of 92% by Drexhagjeal 13
to: (i) have both the start and stop signals originate from théhe interpretation of older literature values is also rendered
same excitation laser pulse thus minimizing laser jitter andlifficult by the fact that sometimes it is not clear from the
(i) be able to span the whole useful decay times in as muchriginal data whether the cationic or the zwitterionic form of
as possible of the 10 V output range of the time-to-amplitudehe dye was considered. The equilibrium between these two
converte(TAC) in order to reduce the jitter of the measuring forms in ethanol is known to be concentration dependent.

C. Quantum yield efficiency
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Some results exist for the similar rhodamines B and 19 *
showing that, in ethanol, the acid/cationic fotthe dye form p{}()\,t) = Z Pa(N)gn(t), (7)
considered in the current workcan have a significantly n=1
lower emission efficiency than the basic/zwitterionic one. wherep,, is thenth generation molecule contribution to the
overall decay.
It has been showi that the best choice of the entropy
V. TIME-RESOLVED DECAYS DATA ANALYSIS (9, which should be free of artifacts introduced by numerical

The recorded SPT fluorescence decays were analyzed H’ﬂ,version of the above equation, is the Shannon—Jaynes en-
two different procedures: a modified Levenberg—Marquardffopy function definedwhere the summation is truncated to
nonlinear least squaredILLS) algorithm and a maximum @& maximum allowed generation numheg,,) as:
entropy methodMEM) procedure. In both approaches a re- Nmax p
iterative fitting and reconvolution algorithm was used. Effort ~ S= >, p,—m,—p, log —.
was made to ensure that the data analysis recovered physi- n=1 My
cally significant parameters, as it was found that the analysis |t is then possible to recover a preferred solution within
of the radiative distorted fluorescence decays is a severebhe ones of the feasible sen, is the starting model, and
ill-conditioned numerical analysis problem. assumed as equiprobable for each generation of energy mi-
gration which is, in the absence of any information about the
final solution, the lowest level hypothesis.

Nonlinear least squares were used as a maximum likeli-  sjnce we are not working with a pure excitatiépulse
hood estimator of the fitted parameters and relied on afynction, the collected data are a convolution product of the
implementation of the Marquardt algorithth!°This method  impulse fluorescence decay by the instrumental response
involves solving a sequence of local linear representations Gfynction. In the case where pure exponential fluorescence
the nonlinear least squares problem. The standard implemefgcays are assumed, recurrent iterative algorithms can be
tation of the algorithm generalizes the method of normalysed in order to increase the data processing'fats no
equations to solve the sets of linear equations. This direcfch iterative formula exists for thee,(t) function[Eq. (2)],
solution of the nonlinear least squares problem is rather sugt was necessary to use numerical integrations for each el-
ceptible to roundoff error. Furthermore, it was found that theemental reconvolution. Nevertheless, it should be noted that
normal equations were sometimes very close to singular. Ieach of these elementary reconvolutions, corresponding to
this case, a very small pivot element was found giving rise tqx5¢ch energy migration stapvalue (although largely com-
fitted parameters with very large magnitudes but deIicateI;pu»[er time consumingis performed only once. Thus, Gy,

(and unstablybalanced to cancel out almost precisely whenmatrix is built in which each of its columns represent the
the fitted function was evaluated. Typically, for generationtime dependence of each successive photon migration step.
numbers higher than three, each generation contribution t9his matrix remained unchanged during MEM processing.
the overall decay was increasinglgnd alternately positive Thys, with such a linear syste= Gy, X p, the aim of

and negative higher than the contribution of the preceding MEM will be to increase the contrast of thg vector coor-
generation, an unacceptable situation on physical groundginate profile in the generation number space with respect to
Given that, although nonlinear, the Marquardt algorithm isthe minimization to an acceptable value of the quadratic dif-
reduced to a linear problem in the current increments of th@grence in the time space between the weighted experimental
fitting parameters, the solution to this ill-conditioned prob-gnd the reconvoluted curves. The MEMSYB8BEDC Ltd,

lem was found by modifying the original algorithm by ob- cambridge, U.K). library of subroutines was used in a spe-
taining the required algebraic solution by the use of singulagifically modified FORTRAN 77 program?®

value decompositioiSVD).**8 It turns out that SVD also

_fixes the roundoff prqblem and, i_n z_;lddi_tion, it Was_found thaty, RESULTS AND DISCUSSION
it reduced the statistical uncertainties in the few first genera- ]

tions fitted parameters. The origin of the problems encoun®: Data analysis

tered with the method of normal equations lies in the fact The main goa] of this work is to provide an experimenta|
that experimental data are not very sensitive to the contribuest of the proposed stochastic theory of molecular radiative
tion of higher generations. transport. As already discussed in Sec. V, the experimental
recovered parameters to be confronted with the theoretical
predictions were obtained by applying either a NLLS or a
MEM data analysis procedure to the measured SPT fluores-
The abovementioned nonlinear least squares method atence decays. Given the experimental recorded emission,
lows, in principle, the determination of one solution amongone is left with fitting the data with the decay law rewritten
the infinite feasible set of solutions reproducing the experias Eg.(7), truncated to a predetermined fixed number of
mental data. A better restricted set of solutions, within thegenerations. This number was always 30 for data analysis
uncertainties arising from the intrinsic noise conforming tousing MEM. For the NLLS, this number was smaller, usually
the single-photon timing techniques, can be extracted by udrom 6 to 15 terms, depending on the relative importance of
ing the MEM. This set of solutions has to verify the samplethe reabsorption process. It was found that MEM is superior
decay law{Eq. (5)] which can be rewritten as to NLLS since it is able to discriminate from the experimen-

®

A. Nonlinear least squares

B. Maximum entropy
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tal data the terms that do not contribute appreciably to the
evaluation of the fitting function—if the experimental data
are not very sensitive to the last generations contribution to
the detected decay, then MEM drives the corresponding fit-
ted parameters to zero while NLL(&fter a critical number of 1000
parametersis unable to do that, thus effectively precluding a
good fit. Nevertheless, the significant parameters obtainec
from both methods were found to be in close agreement.

The cross usage of the two independent NLLS and
MEM methods was important, as the data analysis of reab- 10; .
sorption distorted emission decays is an ill-conditioned nu- :
merical problem due to the necessity of using a high number b LS LT
of fitting parametergidentical to the number of generations R 2% o w0 k0
consideredl The agreement between the results from the two t/ns
independent analysis procedures confirms that our recoverer ;5
parameters are free of numerical artifacts. In the following
discussion, we will indifferently use results obtained either
from MEM or from NLLS and will concentrate solely on
their comparison with MC predictions. s ) , ) ) 1

An additional point deserves to be mentioned. In Egs. 0 10 20 3 40 50 60
(5) and (7), the molecular, reabsorption free, decay param- 2 ' ' ' ' '
eterI" was not used as a fitting parameter. This parameter
was estimated from a single exponential analysis of the fluo-
rescence decay obtained for a very dilute sample (5
X107 M). The computed intrinsic decay lifetime wasg ) , , , . ,
=4.34+0.04 ns, and this value compares favorably with the 0 10 20 30 0 30 60
value of 4.37 ns found in the literature for the zwitterionic t/ns
form of the dye?® This value is then used as a fixed param-gig. 3. Fluorescence decay of aTOM solution of rhodamine 101 at room
eter in the analysis of the concentrated media data. temperature in a front-face geomefey’ =30°, 8’ =60°). Excitation wave-

To be able to compare the MC predictions with the ex_lgngth was 319 nm whileT emission wgveleng.th was §5O nm. The'average
perimental results, one should first note that the data analys! elﬂ?:n 'in'gﬁm”:ﬁt;h\?alfget’o‘li‘ﬁ?];Y‘{'StzLtj?tee gmﬁ Sl’fifju%tpger:s':ghe_
of the decay according to E7) does not give the absolute gis plot and reduced chi-squared valuile the fit to a single exponential
value of thep,(\) probabilities. The recovered parametersis poor(lower residuals plot and reduced chi-squared value

are related to these probabilities by a constant unknown pa-
rameter directly proportional to the overall number of counts

recorded for the LUDOX scatterer. This effectively pre- Epical result obtained for a T M solution of rhodamine

10000

ounts

C

100kF -

¥ =101

0.0F-N \;\\ \“‘HM I ‘H‘”H‘Ul‘l [ \1“‘ 1 ‘”“\““H ...

Residuals

x'=2.98

0.0 b AL YT ‘.J‘ I ‘\_'

Residuals

cludes a c_hretct ZO{Epar'Totn B thetsgbp:pbab:clmeshbgt do'n'?:j a1 at room temperature is shown in Fig. 3. The average
compare Instead the relative contribution of €ach indvidual,, ;iation decay lifetime is 8.95 ns, slightly higher than

generation to the overall detected decay at each particulq\gvice the reabsorption free value. As one can see from the

Wavelength@)ff()\): upper residuals plot and reduced chi-squared value, the fit to
IPa(N)gy(t)dt p(\) the radiative transport decay modégq. (5)] is quite good

(bR VgDt =3= S 9 while the fit to a single exponential results in a nonrandom
n=1Pn{A)Gn n=1Pn residual distribution with a considerably higher chi-squared

which has the additional advantage of having a direct physistatistic. A more critical test to the adequacy of &8). to
cal meaning. Another tested parameter is the mean excitatig#escribe reabsorption distorted fluorescence decays is pro-

Of(\)=

decay lifetime: vided by Fig. 4. In this figure the MC theoretical predictions
and the experimental values of the relative contribution to
0 [otpe(\,dt (=7 inpy(N) the detected decay as a function of both the concentration
T (\)= TZp2(nndt | =7 pa(n) | O and the emission wavelength are compared. A very good

agreement between experiment and MC integration results is
- a apparent. The upper plot depicts the influence of the wave-
- gl NO;y(A) | 0. (10 |ength for a 10% M solution excited at 294 nm. The theo-
retical predictions adequately explain the observed experi-
mental trend; with the increase of reabsorption at the
detection wavelengtfgoing from 650 nm(e=0) to 580 nm
Some experimental results obtained for a front-face gefe =9.6x10* M~tcm™1)], the contribution of generations
ometry defined as having angles and 8’ (angle between other than the first decreases. This effect can be understood
the optical collection direction and the cell wall—Fig. 2 in as follows: For front-face detection and following excitation
Ref. 3 as 30° and 60°, respectively, are now presented. Ahere is a progressively deeper penetration of excitation into

B. Front-face geometry
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FIG' 4. Comparlson between gxperlme'ntal'and three-dimensional MC SIMYeG, 5. Comparison of experimental and three-dimensional MC predicted
lation predictions for the relative contributions to overall fluorescence de-

- o ) average lifetimes of rhodamine 101 for front-face geometwy=30°,
cays as a function of the emission wavelength and concentration. Front-facE,zeoo). (A) Influence of the concentration and emission wavelength for a
(a'"=30°, B’ =60°) viewing of a IXx1X3 cm solution enclosure excited at

- . fixed 294 nm excitation(B) Influence of excitation wavelength for a
294 nm.(A) Influence of the emission wavelength for a £M solution. 10-3 M solution ®) 9
(B) Influence of the concentration for a 630 nm fixed detection wavelength: '

concentration while keeping the excitation and emission

the interior of the sample cell. This means that tiie gen-  wavelengths constant at 294 and 630 nm, respectively. As
eration is farther away from the cell wall probed by the de-expected, an increased concentration leads to an increased
tection system when compared to the precedent generatiomportance of radiative migration, thus diminishing the rela-
For wavelengths greater than the absorption cutoff, the emitive weight of the directly excited molecules.
ted light is not reabsorbed, and all generations contribute to  Figure 5 shows results more directly connected to the
the observed decay, their relative importance being dictatedsual experimental parameters. In the upper plot of Fig. 5,
only by the relative number of theth generation molecules mean fluorescence lifetimes, computed according to( Ha).
located inside the solid angle subtended by detection. On thas a function of both concentration and detection wavelength
other hand, for wavelengths in the overlap region, there wilfor a 294 nm excitation wavelength, are presented. The
be a selective attenuation of the emission—the higher thagreement between the MC results and the experimental re-
generation, the higher the average pathlength that light mustlts is again very good and this figure shows well-
travel inside the cell in order to be detected and, thereforegstablished trends for radiative transport, namely that the
the stronger the attenuation owing to reabsorption. In thdigher the concentration the higher the importance of radia-
limiting case of very strong absorption, only the excited mol-tive migration, and consequently the higher the overall mean
ecules located very near the wall will contribute to the ob-lifetimes. It is shown that, for rhodamine like molecules,
served decay. As can be seen in Fig. 4, the effect is imporeoncentrations as common as f0M give rise to lifetimes
tant, the relative weight of the directly excited moleculessignificantly higher than the dilute reabsorption free
changing from 51% to 70% when going from essentiallycounterparts—the increase from the intrinsic lifetime varies
reabsorption-free conditions to strong reabsorption at 58&om 32% at 580 nm to 53% at 630 nm. The influence of the
nm. emission wavelength dependence is directly related to the

The lower plot in Fig. 4 shows the effect of changing thediscussion of Fig. 4—to a decrease in the contribution of
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higher generations to the decayhich, on the average will [ ' " ' ' ' " '
decay at higher timg@sorresponds of course to a faster de-
cay with smaller lifetime. The emission wavelength depen-
dence is very strong as one can see for the data of the
103 M solution—when going from 580 to 650 nm the av- 15000
erage lifetime changes from 6.53 to 8.74 ns, corresponding
to a 34% relative increase. §
The lower plot of Fig. 5 shows that the excitation wave- ©
length can also have a very strong influence on the mear
fluorescence lifetimes. In this figure results obtained for
a 10 3 M solution excited at three different wavelengths:
319 nm =1.0x10*Mtcml), 294 nm (e=1.6
x10*M~tcm™Y) and 568 nm £=1.1x10° M~tcm™) are 0
presented. By varying the excitation wavelength, the relevani
physical quantity that is changed is the penetration of exter-
nal excitation into the sample cell; the first two wavelengths
correspond to a roughly equal penetration, while the latter
corresponds to a much smaller penetration of excitation,
sinceesgg nm iS roughly ten times higher. To discuss the ef- X . | ! ' . | . | '
fect of changing the excitation wavelength let us first briefly o 10 20 30 40
mention the effect of changing concentration. The increase in
concentration has a twofold effect on the radiative transport
process. It leads to higher optical densities at both excitatiofi'G- 6- Fluorescence decay of a0 * M solution of rhodamine 101 at

L t ture in a right-angl try. Excitati length
and emission wavelengths. The effect for the former wavese." MPeraiire In a rignt-angie geometry. =xcriation waveiengn was

. . 7300 nm and emission wavelength was 590 nm. The average lifetime is 19.48
length is to reduce the penetration of external laser excitatiofs. The fit to Eq(7), with the lifetime fixed at the dilute solution experi-
into the sample cell, primarily excited molecules being thusmental value, 4.34 ns, is quite good.
located nearer the cell’'s wall. The effect for the latter wave-
length is to reduce the mean optical path of the emitted pho- . . . .
tons prior to reabsorption, thus effectively reducing excita_presgntmg emission decays for which reabsorption effects
tion spread when going from one generation to the next, ang™ likely.
increasing average reabsorption probabilities in finite volume
cells. The first effect tends to reduce the influence of radia®- Right-angle geometry
tive transport since excitation nearer the cell wall will in- In Fig. 6 a fluorescence decay recorded foral® 4 M
crease escape probabilitiésolely in the direction of front-  selution of rhodamine 101 in a right-angle geometry, with
face detectionwhile the second effect tends to increase thethe detection optics focusing on the middle of the cell wall,
importance of radiative migration because reabsorption probis presented. Excitation wavelength was 300 nm and emis-
abilities for the same pathlength will increase. The secongion wavelength was 590 nm. The fit to E§) is quite good,
effect dominates and therefore, as the result of an increaseg one can judge from the reduced chi-squared value and
concentration, higher decay lifetimes are observed, as can ieom the weighted residuals distribution. The average life-
seen in Fig. 5. On the other hand, variation\qf changes time is 19.48 ns, more than four times the reabsorption-free
the optical density at the excitation wavelength but not at thesalue. This high value is mainly the result of a long and clear
emission wavelength. If the excitation optical density is in-rise time in the decay. For the right-angle geometry, external
creased while concentration remains constant, then the préxcitation impinges in the middle of the cell wall facing the
marily excited molecules will become located closer to thelaser beangFig. 1). This means in practice that, for the 1 cm
excitation side. Although the excitation spreading induced byconventional square cell used, the emission from the directly
reabsorption does not change, the overall importance of raexcited molecules will have to pass through a 0.5 cm absorb-
diative migration decreases, because mean escape probabitig pathlength before being detected. When the optical den-
ties from the sample cell will increase. The picture is par-sity at the selected wavelength is high enough, practically all
ticularly clear if one considers the spatial distribution photons emitted from the first generation molecules are re-
functions for several generations of excited species, not a@bsorbed inside the sample cell thus having a negligible con-
cessible experimentally but easily computed from the detribution to the decay. Nevertheless, as reabsorption induces
scribed MC simulation procedufsee for instance Fig. 4 in excitation spread in the sample cell, the indirectly excited
Ref. 3. molecules will be nearer the detection path, and so will con-
While the emission wavelength dependence of the meatribute to the decay. Since the indirectly excited molecules
reabsorption distorted lifetimes is well known, their depen-decay on average at longer tinjéise maximum decay of the
dence on the excitation wavelength was not, to the best afth generation emission will occur ab { 1)7,] what is de-
our knowledge, fully recognized in the literature prior to ourtected is an emission buildup resulting in the observed rise
previous discussion?! Figure 5 clearly shows the relevance time. For emission wavelengths where reabsorption over the
of a precise statement of the excitation conditions wheneved.5 cm is incomplete, directly excited molecules contribute
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to the overall decay and the contribution of the indirectly 075 —— — T — T

excited ones will not suffice to produce a rise time. A
For the previously reported front-face geometry, excita- s " " ® Generation 1 |
tion is always walking away from the cell wall, and the av- s O o o o
erage pathlength for reabsorption is always increasing with§ o.so | o i
generation number. Since, as one goes from one generaticz Cwm Hollow - Experimental
to the next, the number of excited molecules decreases beg | e e Solid - Monte-Carlo
cause some of the excitation can escape, the contribution t; 2 2':' ¢
the observed .dec_ay from one generation is always higheg ,,;| A Dﬂg &_0 o O Generation2 ~ -
than the contribution from the next one. So, no matter what& A o e o o .
detection wavelength we select, a rise time is never ob- | B Az A ]
served. A“‘A A 2 A Generation 3 ﬁ
Although experimental evidence for rise times has never, m
to the best of our knowledge, been unambiguously identified "5 S0 90 w0 610 60 &0 0 6%

with radiative transport in the literature prior to our prelimi- A/nm
nary repor? some experimental results nevertheless exist.  os ; . . . ,

Reabsorption is probably the cause of the rise-times ob- a Hollow - Experimental
served in some fluorescence decays of rhodamifieaBd I Solid - Monte-Carlo
rhodamine 575% . Generationl D

Figure 7 compares the MC predictions and the experi- g (.| o
mentally observed values for the relative contributions to the E
detected decays as a function of both the emission wave & . °
length and of detection position in the experimental cell for 8 2 Generation 2 o e
the first three generations of excited molecules. These result £

. . . = 02} A B

were obtained for a I0* M solution enclosure excited at g ) A
300 nm and positions 1, 2 and 3 correspond approximately tc : Generation 3 A B a
optical focusing at 0.25, 0.50 and 0.75 cm, distances mea
sured from the cell wall facing excitation. The experimental
decays were recorded using a simple black paper mask witl %0 5 —=—— ' oo ' Postion3

a 5 mm diameter hole at the appropriate positions. The uppe Position in cell
plot analyzes the influence of the emission wavelength while _ _ . _ _
the lower one addresses the problem of the detection coord.C: 7- Comparison between experimental and three-dimensional MC simu-
. . . lation predictions for the relative contributions to overall fluorescence de-
nate. Figure 7A) shows the 580—590 nm region as a transi-cays as a function of the emission wavelength and of the detection position
tion one. For smaller wavelengths, first generation molecule# the experimental cell for the first three generations of excited molecules.
will contribute less than second or third generation onegight-angle viewing of a X1x3 cm 10°* M solution enclosure excited at
while for higher wavelengths the situation is reversed, ith 0%, % nLence of e tetecton waclngth s etecton e o
first generation molecules contributing significantly morejength fixed at 590 nm.
than the remaining ones. This transition is associated with
the appearance of rise times in the fluorescence decays re-
corded for wavelengths lower thar585 nm. In the red part third, etc. As a result, Fig. 7 shows that the relative contri-
of the spectrum no rise time is detected since reabsorption isution of the directly excited molecules will be smaller the
weak and the directly excited molecules will account for ap-farther the recording point is from the cell wall facing exter-
proximately 60% of the overall decay. nal excitation. Again, the central key to understanding the
The lower part of Fig. 7 corresponds to a fixed 590 nmexcitation dynamics is the spatial evolution of the excitation
detection wavelength and the observed differences cannebrresponding to the different generations.
therefore be attributed to a selective optical density depen- From Fig. 14 of Ref. 3 one sees that, for the v
dent reabsorption. On physical grounds, there are two factorsonditions of Fig. 7, external excitation is able to reach the
affecting the relative importance of the several generations odell wall opposite the one facing the 300 nm laser beam. This
excited molecules. The first one is a differential attenuatiormeans that, no matter what coordinates are selected to detect
of the emission arising from different generations since, owfluorescence at right-angle, we are always able to see the
ing to different spatial distributions that lead to a differentemission coming from the directly excited molecules as long
photon pathlength before escape. The second is just a quess reabsorption is low enoudin agreement with Fig. )7
tion of how many species from different generations exist inHowever, if penetration is lowered by increasing either con-
the finite volume subtended by the detection solid angle. Theentration or absorption coefficient at excitation wavelength,
Lambert—Beer law is strongly nonlinear in the pathlengththere will be regions of the cell with no directly excited
and many more first generation molecules are near the cefholecules. Sufficiently far from the cell wall facing detec-
wall facing excitation than in the central part of the cell. tion, the only excitation present will be the result of radiative
Owing to excitation migration, this difference will be less transport and, if one focuses on the detection in these re-
pronounced for the second generation, and even less for ttggons, we will always see a rise time even for reabsorption-
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FG. 8. E . | lifeti f thodamine 101 for righ | FIG. 9. Comparison of experimental and three-dimensional MC predicted
" xperlment._a average i etimes or rho amlne74 orrg t-ang eaverage lifetimes of rhodamine 101 for a right-angle geometry as a function
detection as a function of detection coordinate foral@ * M solution. of emission wavelength for X110~ M solution excited at 300 nm. De-

tection coordinates corresponding to position number 2 in cell.

free wavelengths. This was experimentally veriffednd
confirms the authors previous predictichs. sitive to the precise focusing of the detection spot in the
Figure 8 shows some experimental mean fluorescenceample cell. In fact, it was verified that changing the position
lifetimes obtained for a 300 nm excitation of &10 % M of the sample cell over 1 or 2 mm along the normal coordi-
solution for the previously defined detection positions 1, Znate to the detection system could change the decay signifi-
and 3. All other factors being constant, the farther the fluocantly. For this geometry there are two interconnected as-
rescence is collected from the cell wall exposed to direcpects that are important. First of all, even for concentrations
excitation, the higher the lifetime since we are effectivelyas low as 104 M, the excited species spatial distributions
minimizing the contribution of first generation molecules. can be strongly inhomogeneous on a scale of 1-5 mm, pro-
From the data shown in Figs. 7 and 8, a very clear picvided the excitation optical density is high enough. Although
ture of reabsorption distorted data emerges as being charagre fluorescence emission coming from a point along the
terized by a lifetime surface topography spatially resolved inpptical axis of the collection system will be correctly imaged
the sample cell. This spatially resolved fluorescence kinetiCﬁ]to the monochromator entrance slit, the off-axis emission
is a direct consequence of the existence of inhomogeneousin be partially cutoff by the field stop or other stops in the
spatial distribution functions for the several generations okystem. Due to thigignettingthere can be a gradual loss of
excited species, which are probed with different statisticalight as we move farther off axis and this can make the MC
weights, depending on the optical density at the chosen emigissumption ba 5 mm diameter effective cylinder a crude
sion wavelength. one. A second aspect may also be important: Even for a
Finally, Fig. 9 compares the mean lifetimes predicted byperfect on-axis illumination of the monochromator slit, the
a MC integration of the stochastic escape probabilities withcollection optics efficiency may be generation dependent. In
the experimentally obtained values for 210" * M solution  fact, the closer the emission is to the first lens of the optics,
corresponding to the middle position. In light of the depen-the greater the flux density, because the solid angle of the
dence of the observed decay from the experimental detectiofansmitted light cone increases. So, in a first order approxi-
spot, one can consider the agreement quite reasonable. mation, this change of the detected solid angle can be impor-
The fact that the agreement between experimental datnt if the spatial spread of the excitation inside the sample is
and theoretical predictions is not as good for right-angle agot much smaller than the distance between the experimental
for front-face is understandable if one considers the criticatell and the first lens of the collection optics system. MC
dependence of the results on the alignment of the opticadimulations, considering a position dependent transmitted
collecting system for this geometry, especially for concenon-axis solid angle inside the effective cylinder for detection,
trated solutions. For front-face, the adjustment of the detecshowed that this effect was not important for our experimen-
tion is straightforward; all one has to do is to adjust thetg| apparatus optical setup.
collecting optics so that one sees the maximum count rate of
the_ fluc_)rescer_me emission. Since, in this last geometry, eXClII SUMMARY AND CONCLUSIONS
tation is moving away from the face of the cell probed by
detection, this ensures that the collecting optics is focused on Following parts | and Il of this series, a detailed experi-
the impinging excitation laser spot and experimentally mim-mental test of the validity of the proposed treatment of mo-
ics the approximations used for the MC simulations. Forecular radiative transport in optical dense and nondiffusing
right-angle the alignment is more difficult since, as the spamedia is presented. The probabilistic MC integration of the
tial distribution of the first generation molecules is stronglytheoretical expressions for the mean escape probabilities is
inhomogeneous, the experimental decays become very sewalidated by confronting the predictions for the time-
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resolved fluorescence intensity decays with experimental regpresent, the fluorescence data become dependent on macro-
sults obtained in two common configurations: front-face andscopic details such as the concentration and tree size of the
right-angle detection, both using a standard square 1 cm cisample solution and on several experimental details such as
vette. The quantities compared were the relative contributhe chosen geometry, the particular wavelength values used
tions to the overall detected decays and the mean emissidn excite and detect emission and the probed position inside
decay times. A good general agreement was found, devidhe experimental cell.
tions between predicted and experimental results being
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