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Abstract

This report is an extension of the identifiability study [Boens et al., J. Phys. Chem. 96 (1992) 6331-6342] of
intramolecular two-state excited-state processes. The identifiability study is expressed in terms of the rate
constants and the parameters 51 and ¢,, where 131 is the relative absorbance of ground-state species 1 and ¢,
is the normalized spectral emission weighting factor of the corresponding excited-state species 1*. From the
decay times and the preexponential factors of a single fluorescence decay trace, it is generally possible to
derive two sets of rate constants when one rate constant, b, and ¢; are known beforehand. A unique set of
rate constants can be obtained when one rate constant is known in combination with the following sets of
values for (b,, &,): (0.5, 1), (05, 0), (1, 0.5), (0, 0.9), (0.5, 0.5), (1, 1) or (0, 0). It is further shown that when (b,,
é,) equals (1, 1) or (0, 0), i.e. a single species is excited and the fluorescence of only that species is observed,
upper and lower bounds on all rate constants can be specified without any @ priori information about the rate
constant values. The bounds on the rate constants can be specified in terms of the decay times and the
preexponentlal factors estimated from the biexponential analysis of a single fluorescence decay trace with
by=1and ¢, = 1 or, equivalently, b, = 0 and ¢, = 0. This analysis approach can provide kinetic information of
intramolecular electron transfer and exciplex formation when no suitable model compound is available.

Keywords: Intramolecular two-state excited-state processes; Fluorescence decay surface; Rate constants; Kinetic analysis; Global

compartmental analysis approach

1. Introduction

Time-resolved fluorometry in the time [1,2]
and frequency domain [3,4] is the ideal technique
to unravel the often complex kinetics of excited-
state processes. The measurement of the multidi-
mensional fluorescence decay surface as a func-
tion of various experimental conditions provides

* To whom correspondence should be addressed.

data with high accuracy allowing an elaborate
data analysis. The analysis of all related experi-
mental fluorescence decay traces in a single step
is the most appropriate way to discriminate be-
tween competing kinetic models and to obtain
the most reliable parameter estimates. In this
so-called global analysis approach [5-8] parame-
ters can be linked over various decay traces. The
power and performance of this simultaneous
analysis has been extensively demonstrated [5-8].
In many cases the time relaxation of the excited
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system can be described by a sum of exponen-
tially decaying functions. The parameters of in-
terest are not the decay times and the corre-
sponding preexponential factors (these may be
called descriptive or empirical parameters) but
rather the rate constants and the species-associ-
ated spectra. To benefit the most of the merits of
this global analysis approach, one has to fit for
the underlying parameters, i.e. the rate constants
which can be linked indeed. Therefore, a com-
partmental description of the processes is neces-
sary [9,10]. The implementation of global com-
partmental analysis [11-19] has the additional
advantage that the parameters of interest are
determined directly from the complete decay data
surface in a single step. In a recent paper [18] we
discussed the global compartmental analysis of
the fluorescence decay surface of intramolecular
two-state excited-state processes. The kinetic
equations specifying the fluorescence decay and
the time-course of the two excited-state species
concentrations were derived in terms of the rate
constants k;;, and the spectroscopic parameters
b, and ¢,, where b, is the relative absorbance of
ground-state species 1 and ¢, is the normalized
spectral emission weighting factor of the corre-
sponding excited-state species 1*. It was shown
that at least three (kinetic and /or spectroscopic)
parameters of the intramolecular two-state ex-
cited-state process must be known beforehand to
recover all relevant kinetic and spectroscopic in-
formation. These three parameters can be either
(a) two rate constants and one spectroscopic pa-
rameter [(1) two k; and one b, (2) two k;; and
one ¢,], or (b) one rate constant and two spectro-
scopic parameters [(3) one k;;, one b1 and one ¢,,
(4) one k;; and two b,, (5) one k;; and two é,], or
© three spectroscoplc parameters [(6) two b
and one ¢, (7) one b, and two ¢, (8) three bl,
(9) three ¢,]. The condmons (1)~(3) require at
least one fluorescence decay trace. A minimum of
two decay traces is needed for conditions (4)-(7),
while at least three fluorescence decays are nec-
essary for conditions (8) and (9). The situation (b)
where one rate constant and two spectroscopic
parameters are assumed to be known is fre-
quently encountered when an appropriate model
compound is available. One postulates that the
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value of k,; measured for the model compound
is transferable to the intramolecular excited-state
process. Conditions (6) to (9) indicate that spec-
troscopic information alone can suffice for the
system to be identifiable. In these cases a model
compound is not essential.

This paper is an extension of a previous study
of intramolecular two-state excited-state pro-
cesses [18]. As this report describes a compart-
mental approach to the kinetics of excited-state
processes, we shall first define the term “com-
partmental system” in photophysics. The second
part presents the matrix description of the kinet-
ics of excited-state concentrations and fluores-
cence. In the third part we shall define the condi-
tions under which the rate constants are uniquely
defined for the case where one k;;, and specific
values of one b, and one ¢, are known. It will be
shown that, when (b;=1,é,=Dor(bh,=0,¢ =
0), upper and lower limits on all rate constants
k;; can be specified in the absence of any other
information. By using computer-generated fluo-
rescence decay traces, it will be demonstrated
how these upper and lower bounds on the rate
constants can be determined. At last, the bounds
on the rate constants will be expressed in terms
of the decay times and the corresponding preex-
ponential factors estimated from the biexponen-
tlal analysis of a single decay curve with (b =1,

= 1) or, equivalently, (b =0, ¢, =0).

2. Definition of the term “compartment”

In photophysics a compartment is composed of
a distinct type of species which acts Kinetically in
a unique way. The concentration of the constitut-
ing species can change when the compartments
exchange material through an intramolecular or
intermolecular process. Compartments can be di-
vided into ground and excited state compart-
ments depending upon the state of the composing
species. An excited-state system can be viewed as
a compartmental system made up of a number of
excited-state compartments. There may be inputs
from the ground-state compartments into one or
more of the excited-state compartments by light
excitation. There is output from the excited-state
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compartments to the environment by deactivation
such as fluorescence, internal conversion, inter-
system crossing, etc. If the concentrations of the
species in the ground state do not significantly
change upon excitation, it suffices to consider the
excited-state compartments only. In that case, the
photophysical system can be regarded as open. A
compartmental system can be closed by adding
the ground-state compartments corresponding to
the excited-state compartments. Compartments
are usually depicted as boxes (see Scheme 1),
which enclose the composing species. Single-
headed arrows pointing away from a compart-
ment are used to represent outflow from that
compartment, whereas single-headed arrows
pointing toward a compartment depict inflow into
that compartment.

3. Kinetics

Consider a causal, linear, time-invariant, in-
tramolecular system consisting of two distinct
types of excited-state species (Scheme 1).
Ground-state species 1 can reversibly convert to
ground-state species 2. Excitation by light creates
the excited-state species 1* and 2*, which can
decay by fluorescence, internal conversion and
intersystem crossing. The composite rate con-
stants for those processes are denoted by &, and
k. The rate constant describing the transforma-
tion 1* — 2* is represented by k,;, whereas k,
characterizes the transformation 2* — 1*.

koy
1™* 2*
-—
ki
h k01 k02 hy
——— .
1 2
-—me

Scheme 1.
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If the system depicted in Scheme 1 is excited
by a 8-pulse which does not significantly alter the
concentrations of the ground-state species, the
concentration. dependence of the two excited
species 1* and 2* as a function of time is de-
scribed by the following matrix equation:

X*(t)=AX*(1), 120 (1)
where A, X*(¢) and X*'(¢) are defined as
_ | (ko tkz) ki
A= [ ko _(k02+k12) (2)
RS 5 (€3]
X m‘[[z*](:) (3)
d[1*] |
L SO NN T
XM= 5= e @
d¢
The initial conditions are defined by eq (5).
b [1*](0) ]
¥(=p=| =
o M [[2*1(0)_ ©

Note that b is dependent on the excitation wave-
length A%, If the compartmental matrix A has two
distinct eigenvalues y, and y, with correspond-
ing eigenvectors U, and U,, the solution of the
system of differential eqs. (1) is given by [20]

X*(t)=Uexp(tTYU'b, 20 (6)

with U=(U,, U,] and U™ the inverse of U, and
exp(¢I") = diag{exp(y,1), exp(y,t)}.

The fluorescence d-response function, f(A™,
A%, 1), measured at emission wavelength A*™ due
to excitation at A% is expressed by

FOAT, A, 1)
=eX*(t) =c(A*™)Uexp(tI)U'b(A*),
t20 (7)
where ¢ is the 1 X 2 vector of spectral emission

weighting factors ¢, (A*™) given by

(™) =knf _pi(xm) diem (8)
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kg; is the fluorescence rate constant of species
i*; pAAx*™) is the spectral emission density of
species i* at A°™, normalized to the complete
steady-state fluorescence spectrum of species i *;
AX*™ is the emission wavelength interval where
the fluorescence is monitored. The spectral emis-
sion density of species i* at A", p,(A"™), is
defined by

pi(AT™) = F,(Xm) / [Fi(hm) daem )

where the integration extends over the whole
steady-state fluorescence spectrum of species i*.

After normalization of the elements b; of b
and c; of ¢ according to eq. (10),

(10a)
(10b)

eq. (7) can be written as
FOE™, A%, 1) =ké(X™U exp(tT)U~B(A™),
(11)

with « a proportionality constant. B(A*) can be
linked over decay curves collected at the same
emission wavelength, whereas ¢(A*™) can be
linked over decay curves obtained at the same
excitation wavelength. In our implementation of
global compartmental analysis one fits directly for
the rate constants k;;, the normalized zero-time
concentrations b; and the normalized spectral
emission weighting factors ¢,.

Equation (11) can be written as a sum of two
exponential terms:

t>0

f(/\em, )\CX’ t)
:al(/\em, ’\ex) CXP(%‘)

Fay(X", 0 exp(vyt), 120

(12)

The exponential factors vy, are related to the
decay times 7, , according to

Y125 _1/71,2 (13)
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and are given by

Y12 = "%{Sl"'sz$ [(Sl -8,)" + 4P]1/2}

(14)
with
$;=koy+ky (15a)
Sy=kgp+ky (15b)
P=kykp (15c)
The preexponential terms «, and a, are
ay =K(51Bn +52)Bz1) (16a)
= k(6B + E1By) (16b)
with
By = [51(S1+72)_52]‘12]/(72_71) (17a)
By, = ‘[51(51+Y1) ‘szu]/(‘)’z‘ﬁ) (17b)
Bau = [52(52+72) _511‘21]/(72_71) (17c)

Byn=— [52(52 +y,) - 51"21]/(72 —v) (17d)
and

by=

|
S

(18a)
(18b)

|
h
—

4, Identifiability

The following formulas are available for relat-
ing the parameters of the fluorescence &-re-
sponse function f(¢) to the unknown system pa-
rameters k;;, b, and ¢,. The functions oy and o,

are defined as [9]

o=yt y= kg —ky —kep—kp

=-85-5 (19)
2= Y12 = kotkoy + konkip + kK

=ko Sy + kgaky

=kepS +koky,

— 5,5, ~ P (20)
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The Markov parameters m, and m, [9] are
given by

mo =k (&b, +&,b,) (21a)
= "{ _5151(1‘01 +ky) + 51sz12
+Eybik = E3by(koy + kig) ) (21b)

For a decay trace collected at emission wave-
length A°*™ due to excitation at A**, elimination of
the scaling factor k from egs. (21) leads to

Akgy +Bky + Ckgy + Dk, =E (22)
with

A=hé, (23a)
B=5,(2¢,-1) (23b)
C=(b,-1)(&-1) (23c)

D= (b, —1)(2¢,- 1)
E=(m/m)(-2b,6+b,+6-1)  (23e)

(23d)

Note that 4, B, C, D and E depend on the
excitation and emission wavelengths. For a single
decay trace collected at emission wavelength A*™
due to excitation at A**, egs. (19), (20) and (22)
(egs. 23 inclusive) are the three equations from
which the four rate constants k;, b, and &, must
be derived. The bicompartmental system depicted
by Scheme 1 is not identifiable, because only
three independent equations are available.

Equation (22) can only be constructed when
my, of the considered fluorescence decay is differ-
ent from zero; mo = 0if (1) b,=1and =0, or
(2) b;=0 and & =1 [18]. In that case we have
that a; = —a,, and as a consequence, a fluores-
cence decay with a,/a,= —1 will not provide
extra useful kinetic information. Equation (22)
can be substantially simplified for specific sets of
(b,, &),

If one rate constant value is known, a single
decay trace measured at A°™ (with known ¢,) due
to excitation at A** (with known b,) can suffice to
determine all relevant system parameters. It
should be emphasized that in all cases mathemat-
ically two solutions are possible for each rate
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constant k;. The condition of nonnegativity for
k,-]- may yield the unique solution for the rate
constants.

We shall now identify the cases where unique
solutions for the rate constants are obtained.

(D If ,=0.5 and & =1, unique values for
koy ko and kg, (k,,, respectively) are obtained
only in the case when k,, (kg,, respectively) is
known.

(2) If b,=0.5 and ¢, =0, unique values for
kg, ki, and kg, (ky, respectively) are obtained
only in the case when k,, (k,,, respectively) is
known.

(3) If b, =1 and ¢, =0.5, kg, is uniquely de-
termined. Unique values for the remaining rate
constant are obtained when &, or k02 are known.

(4) If b, =0 and & =05, kg, is uniquely de-
termined. Umque values for the remaining rate
constant are obtained when k,, or k(,1 are known.

(5) If b, =0.5 and ¢, = 0.5, unique values for
ks, ks and kg, (kgy,, respectively) are obtained
when kg, (kg respectively) is known.

(6) The case b, =1 and ¢, =1 will now be
described in detail. If b, =1 and ¢, = 1, eq. (22)
reduces to

S,=-m,/m, (24)
Combining eq. (24) with eq. (19) leads to
S,=—0a,+m/m, (25)
From eq. (20) we have that
—oytmy/my)(my/mg) +o,]  (26)

If one rate constant is known, egs. (15), (24),
(25) and (26) allow us to calculate the values of
three remaining rate constants.

When k, is known, the values of k,,, k,,, and
k, are given by

P--[(

Ky =8 — ko (27)
k12=P/k21 (28)
koz = Sz - k12 (29)

When k,, is known, the values of &, and kg,
are given by egs. (28) and (29), respectively, and
k,, is obtained from §,.
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When k,, is known, the values for k5, k),
and k,, are given by

k12 =S2_k02 (30)
kyy=P/ky, (31)
ki =81 —ky (32)

When k, is known, the values of k,; and kg,
are given by egs. (31) and (32), respectively, and
k,, is obtained from S,. Note that, irrespective of
which rate constant is known, unique values for
all rate constants are obtained.

If b,=1, ¢,=1 and no rate constant values
are known beforehand, upper (“max”) and lower
(“min”) limits on the rate constants can be set.
The only condition for specifying these bounds is
that one parameter value of the set {kfi", k5i™,
kZ*, k™) and one parameter value of the set
{kor™, k3™, kg™, 73"} are known. Suppose that

min js known. k5™ is calculated from eq. (27) by
substltutmg ko‘“‘n for ky,. Substitution of k3™ in
eq. (28) yields k%™, and eq. (29) ylelds kmax
when k;, is replaced by min_ Similarly, the
knowledge of k%™ allows us to calculate k5™
from eq. (30). Equation (31) yields k5", while eq.
(32) gives k™ when k,y = k3™,

Without any information about rate constant
limits one can arbitrarily set k%" = 0 and k3" =
0. In that way one obtains the widest possible
(that is extreme) limits on the rate constants.
When kmm and km"1 are both equal to zero, the

limits on the rate constants are

0<ky <S,-F/S, (33a)
P/S,<ky<S$ (33b)
0<ky<S,-P/S, (33¢)
P/S <k, <S$, (33d)

Note that the case b1 =0and ¢, = 0 is completely
analogous with the case b, =1 and & = 1.

5. Parameter estimation
5.1. Program implementation

The global compartmental analysis of the fluo-
rescence decay surface of species undergoing ex-
cited-state processes was implemented in the ex-
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isting general global analysis program [8] based
on Marquardt’s algorithm [21].

Consider the intramolecular two-state excited-
state process depicted by Scheme 1. The global
fitting parameters are ko;, Koy, Kgz» K1as B{(A)
and &(A"™). Assigning initial guesses to the rate
constants kq;, Ky, kga» k1o allows one to con-
struct the compartmental matrix A for each decay
trace. The eigenvalues y and the associated
eigenvectors of this matrix are determined using
routines from Eispack, Matrix Eigensystem Rou-
tines [22]. The eigenvectors are then scaled to the
initial conditions b and the preexponential fac-
tors are computed. The fluorescence response of
the sample is then calculated. Using this ap-
proach, experiments done at different excitation/
emission wavelengths and at multiple timing cali-
brations are linked by all rate constants defining
the system.

The fitting parameters were determined by
minimizing the global reduced chi-square X::

q
= Z Zw/i(y?i _Y/Ca')Z/V (34)

where the index ¢ sums over g experiments and
the index i sums over the appropriate channel
limits for each individual experiment. y;; and y;;
denote respectively the observed (experimentally
measured or synthetic) and calculated (fitted) val-
ues corresponding to the ith channel of the /th
experiment, and w,, is the corresponding statisti-
cal weight. v represents the number of degrees of
freedom for the entire multidimensional fluores-
cence decay surface. The quality of the fits was
judged by the value of the global reduced chi-
square statistic y and its corresponding Z,

Z;2= (%v)lﬂ()(g - 1) (35)

By using Z, 2 the goodness of fit of analyses with
different » can be readily compared. Fits with
Z, 2> 5 were considered to be unacceptable. The
addmonal statistical criteria to assess the quality
of the fit are described elsewhere [2].

5.2. Synthetic data generation

Synthetic sample decays were gencrated by
convolution of f(t) with a nonsmoothed mea-
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sured instrument response function. The preex-
ponential terms «, and corresponding eigenval-
ues y; of the biexponential decays were com-
puted from the rate constants X, b, and ¢, by a
dedicated computer program. The preexponentlal
terms were adjusted to obtain the desired num-
ber of counts. All computer simulated decays had
%K data points with approximately 10* counts in
the peak channel. The time increment per chan-
nel (50 ps) was chosen to ensure that the number
of counts in the final channels was about 5% or
less of the peak channel counts. Full details of
the decay data simulations are given elsewhere
[23]. The synthetic data generations and all indi-
vidual and global analyses were done on an IBM
RISC System /6000 computer.

6. Specifying bounds on the rate constants by
global compartmental analysis of computer-gen-
erated decays with 5, = 1 and ¢, =1

To specify upper and lower limits on the rate
constants for the case with b, =1 and ¢, =1,
computer-generated decay traces were used. The
simulation values of the rate constants were: kg,
=02 (08)™Y, k=03 (ns)~Y, ky=0.1 (ns)~!
and k,, = 0.8 (ns) ™!, corresponding to decay times
—y;'=081lnsand —y;!=585ns,and §, = 0.5
(ns)~", §,=0.9 (ns)~", P=0.24 (ns) 2. In a first
set of 11 simulated fluorescence traces b, was set
to unity for the whole fluorescence decay surface
and ¢, varied from 1.0 to 0.0 in steps of 0.1. The
linking scheme used in the global compartmental
analysis of this fluorescence decay surface is
shown in Scheme 2. In this scheme boxed param-
eters are linked, whereas X denotes the unlinked
scaling factors. In all analyses of this decay sur-
face the rate constants and b, = 1 (constant) were
linked over the entire decay surface. ¢, was kept
constant at unity for the decay with ¢, =1,
whereas the ¢, parameters of the other decay
traces were freely adjustable. The initial parame-
ter guesses for the adjustable parameters were
substantially different from the simulation values.
In all subsequent analyses the rate constants were
constrained to positive values.

In the first series of global compartmental
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X gl(xn_lem)
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Scheme 2.

analyses k,; was kept constant at preset values
ranging from 0.001 (ns)~! to 0.25 (ns)~!. The
other rate constants were freely adjustable. Fig-
ure 1A shows Z, 2 of the global compartmental
analyses as a function of k. It is clear that Zy:
remains virtually constant for k; smaller than
0.24 (ns)~ !, This upper bound was obtained by
visual inspection. Above this value Z % increased
rapidly and unacceptable fits were obtained. The
rate constants k,,, k,, and k,, recovered at the
various preset values of k, are shown in Fig. 1B.
The percentage errors on all estimated rate con-
stants were always smaller than 2%. This figure
indicates that k,, decreases with increasing k.
The estimated kg, values decrease while the k,,
values increase with higher k,. A different pic-
ture emerged when the parameters S, S, and P
were plotted as a function of k,, (Figs. 1C-E).
For kg, values smaller than 0.24 (ns)~' platcaus
could be observed for §,, S, and P as a function
of kg;. The constant values of §;, S, and P were
in excellent agreement with those calculated from
the simulation values of the rate constants. We
must emphasize that plateau values and bounds
were obtained by visual inspection. When k,,
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k01 (ne™)
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0 0.04 0.08 0.12 0.16 0.2 0.29

-1
k01 (ns” )

Fig. 1. (A) Z,2 of the global compartmental analyses of 11 decays with 51 =1 and ¢, varying between 1.0 and 0.0 in steps of 0.1

(Scheme 2) as a function kq. (B) Globally estimated values of the rate constants ky,, kg, and k;, as a function of ky. The

standard errors on all estimated rate constants are within the plotting symbols. (C) §, calculated from the estimated rate constant

k,, and the scanned rate constant kg, as a function of k. (D) S, caiculated from the estimated rate constants kg, and k,, as a
function of kg,. (E) P calculated from the estimated rate constants &,y and k,, as a function of kg,.
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was about 0.24 (ns)~!, §,, §, and P increased.
From the plots compiled in Fig. 1 it is evident
that the upper limit of k,; is 0.24 (ns)~!, whereas
its lower limit is apparently equal to zero.

In the second series of global compartmental
analyses k, was scanned, i.e. kept constant at
different preset values ranging from 0.2 (ns)~! to
0.6 (ns)~L. All other rate constants were freely
adjustable. Figure 2A shows Z, 2asa function of
k,,. From this figure it is ev1dent that adequate
fits were observed only for a limited interval of
k,; values. Indeed, Z,? increased for k,; values
smaller than 0.26 (ns) 1 and higher than 0.51
(ns)~!. The estimated values of the individual
rate constants Kk, kg, and k, varied as a func-
tion of k,;, in analogy with the results when kg,
was scanned (see Fig. 2B). The values for S, S,
and P calculated from the estimated rate con-
stant values and k,, are plotted in Figs. 2C-E.
Within the region 0.27 (ns)~! <k,, <0.50 (ns)™*
the values of S, §; and P were constant. These
values define the lower and upper bounds on k,,.
The plateau values of §,, S, and P coincided
with those calculated from the simulation values
of the rate constants.

In the third series of global compartmental
analyses the rate constant kg, was scanned. The
results (not shown) of these analyses were very
analogous with those when k, was scanned.
Only an upper limit on &, could be defined,
below which S, S, and P were constant. The
upper limit on k,, determined by visual exami-
nation, was found to be 0.42 (ns) !

Finally, the fluorescence decay surface was
analyzed with k,, constant at different preset
values. The results (not shown) were very similar
to those when k,, was scanned. The rate con-
stant k,, had upper and lower limits; 0.48 (ns) !
<k, <0.91 (ns)~ L. Based on the scanning of the
four individual rate constants we can specify the
following upper and lower bounds on the rate
constants: 0 (ns)™' <ky <023 (ns)7%; 026
()1 <ky <050 (ns)™%; 0 (ns)~! < ky, <0.42
(ns)'; 048 (ns)~! <k, <091 (ns)"". Perfect
agreement was found between these bounds and
those calculated according to eq. (33) using the
simulation values of §;, §, and P.

Instead of scanning all four rate constants it
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suffices to perform a series of global compart-
mental analyses as a function of only one rate
constant, From the values of the scanned rate
constant and the corresponding estimated values
of the other rate constants, §;, S, and P are then
calculated and the limits on the rate constants
can be set. The bounds on the rate constants
calculated from the plateau values of §,, §, and
P with k7" =0 and k%" =0 matched very well
those obtamed by scanning all four rate con-
stants, Indeed, the bounds obtained from the
plateau values of S, §, and P with k7" =0 and
kD=0 were: 0 (ns) ! <k, <0.23 (ns) 1027
(ns)‘1 <k, <050 (ns)7!; 0 (ne)~! <k, <042
(ns)™*; 0.48 (ns)"! <k, < 0.90 (ns)~ L. These lim-
its also were in excellent agreement with those
calculated according to eq. (33) using the simula-
tion values of S, S, and P.

As shown in the Identifiability Study, a single
decay trace with b, =1 and ¢, =1 and a known
rate constant suffices to uniquely determine the
remaining rate constants. Upper and lower limits
on all rate constants can be set by analysing this
single fluorescence decay with b, and ¢, fixed at
unity and by scanning any of the four rate con-
stants. The plateaus observed for ng, S, 8, and
P as a function of the scanned rate constant for
the analyses of a single decay trace were virtually
identical to those for 11 decay traces (results not
shown). The limits on the parameters were within
experimental error the same. Since all kinetic
information (rate gonstants) originates from the
decay trace with b, =1 and ¢, =1, it is logical
that the analyses of 1 and 11 decays gave the
same results. Adding decays with b, =1 and ¢, #
1 to the compartmental analysis of the decay with
b;=1 and ¢, =1 has, however, the additional
advantage that one can determine all ¢, values.
Indeed, when b, =1 and &, # 1, egs. 22 and 23
allow us to umquely determine ¢,. The estimated
¢, values as a function of the scanned rate con-
stant k,, are shown in Fig. 2F. The percentage
errors on all estimated ¢, values were always
smaller than 1%. The estimated values of ¢, and
the rate constants, together with 131 =1 can then
be used to decompose the steady-state fluores-
cence spectrum into the underlying species-asso-
ciated emission spectra [13,18).
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Fig. 2. (A) ZX.; of the global compartmental analyses of 11 decays with I;l =1 and ¢; varying between 1.0 and 0.0 in steps of 0.1

(Scheme 2) as a function of &,;. (B) Globally estimated values of the rate constants kg, kg, and ky; as a function of k5. The

standard errors on all estimated rate constants are within the plotting symbols. {(C) §; calculated from the estimated rate constants

ko and the scanned rate constant &y as a function of k5. (D) S, calculated from the estimated rate constants kg, and kq, as a

function of k,;. (E) P calculated from the estimated rate constant &, and the scanned rate constant k,; as a function of k,,. (F)

Estimated ¢, values as a function of k,,. The simulation values of &, are from top to bottom 0.8 (W), 0.6 (3), 0.4 (® and 0.2 (O).
The standard errors on all estimated £, values are within the plotting symbols. .
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Scheme 3.

To generate a second fluorescence decay sur-
face of 11 decay traces, we used the same rate
constants as for the first decay surface.. Now
¢, =1 for all simulated decay traces and b, was
varied from 1.0 to 0.0 in increments of 0.1. The
linking scheme for the global compartmental
analysis of the second fluorescence decay surface
with ¢, =1 is shown in Scheme 3. Boxed parame-
ters are linked, whereas X denotes the unlinked
scaling factors. In all subsequent analyses the rate
constants and ¢; =1 (constant) were linked over
the whole decay surface. by was kept constant at
unity for the decay with b, =1, whereas the b,
parameters of the other decay traces were ad-
justable.

The analyses as a function of the individual
rate constants gave results which were very simi-
lar to those of the first decay surface. The bounds
on the rate constants also were comparable to

those determined previously: 0 (ns)~! < k,, <0.24

(n5)™%; 0.26 (ns) ™! < kyy <0.51 (ns)™4; 0 (ns) ™! <
kg, <0.43 (ns)™'; 0.48 (ns) ! <k, <091 (ns)~ .
It also is logical that the analyses of 11 decay
traces gave the same results as the analyses of the
single decay with b, =1 and ¢ = 1. Once more
this underscores the pivotal role of this decay.

in

7. Specifying bounds on the rate constants using
the preexponential factors and the decay times of
a decay with b, =1and ¢, =1

We have shown in the sections 4 and 5 that
upper and lower limits on all rate constants can
be set by analysing a single fluorescence decay
trace with b,=1and & = 1. It suffices to keep
b, and ¢, fixed at unity and to scan any of the
four rate constants. The pivotal role of this decay
was further shown in the global compartmental
analysis of the decay surface where decays with
¢, # 1 were added to the decay with ¢, = 1. This
procedure allows one to estimate all ¢, values
and thus to decompose the steady-state fluores-
cence spectrum into its composing species-associ-
ated emission spectra. However, such a global
compartmental analysis is not necessary to deter-
mine the bounds on the rate constants. Indeed,
only one decay with b, = 1 and ¢, = 1 is needed,
and rate constant limits can be specified by a
simple biexponential analysis of this decay.

When b,=1and ¢, =1, §;, S, and P (egs.
15a—c) can be expressed as a function of the
preexponential terms a; (egs. 16a-b) and the
decay times 7, (eq. 13). §;, S, and P are explicitly
given be egs. (36a—c).

T, a7

51= _L__z_l_ (36a)
7m0y + @)
T+ AT

S, = 171 272 (36b)

7@ +ay)

aay(T,— T )2
p=—1 (36¢)
Tim3(a; + ay)

When k3" and k3" are both equal to zero,
the limits on the rate constants can be expressed
as a function of a; and 7;:

oy +a,
a7 ta;r,
2
ayay(1,— 1)

(@) + @) 77, (ayr; +a,ry)

a7, ta,ry
<ky < ————— (37b)
75 @) + ay)
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2
a,ay(1,— 7))
(@, + @) 7i75( ey, + a,7y)
a7 + a7
<hpy< ——22 (37d)

It is thus possible to specify upper and lower
bounds on the rate constants of an intramolecular
two-state excited-state process by using the pre-
exponential factors and decay times estimated by
the biexponential analysis of a single decay trace
with b;=1and ¢, =1,

By using the estimated values for «; =0.31,
a,= 069, 7,=0.81 ns, r,=5.85 ns, the bounds
on the rate constants calculated according to eqgs.
(37) were: 0 (ns) ™! <ky <023 (ns)™Y; 0.27
(ns)"! <ky <050 (ns)~%; 0 (ns)™! <ky, <042
(ns)~1; 0.48 (ns)~! <k, <0.90 (ns)~!. Excellent
agreement was found between these limits and
those calculated according to eq. (33) using the
simulation values of S, §, and P. When all 11
decay traces were analyzed simultaneously in
terms of &, and 7, with the decay times being
linked, the rate constant bounds—calculated from
the preexponential factors of the decay trace with
b;=1 and ¢, =1, and the globally determined
decay times—were identical with those when only
the pivotal decay trace was analyzed.

8. Discussion

An intramolecular two-state excited-state pro-
cess is not identifiable without any a priori_infor-
mation about the system parameters k”, b1 and
¢,. Decay curves collected at various excitation
and /or emission wavelengths do not provide
enough independent information. Additional in-
formation is required to identify the system.

‘When no information about the rate constants
is available, bounds on all the rate constants can
be specified using a decay trace with b =1 and
(:1 =1 or, equivalently, b1 =0and ¢, = O Analy-
sis of this decay with fixed (b, =1, & =1) or,
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equivalently, (5, = 0, ¢, = 0) [or of a fluorescence
decay surface which includes this decay with fixed
(b, =1, &, =D or, equivalently, (b; =0, é =0)]
vields plateau values for S,, S, and P within
certain limits, on condition that one rate constant
is kept constant at various values and the remain-
ing system parameters are freely adjustable. These
limits correspond to the lower and upper bounds
on the scanned rate constant. It must be empha-
sized that the scanning procedure described here
is not related to the search in parameter space to
determine the confidence intervals of the param-
eters of an identifiable system [24]. The upper
and lower bounds on the rate constants also can
be derived analytically using the functions §,, S,
and P. Moreover, the expressions for the bounds
can be rewritten in terms of decay times and
preexponentials, This means that upper and lower
limits on the rate constants can be specified from
a biexponential analysis of a single decay curve
with b, =1 and ¢, =1 or, equivalently, b, =0
and ¢, =0. Note that a biexponential decay with
b1 =1 and ¢, =1 or, equivalently, b1 =0 and

=, is only possible when P # 0.

Finally, this analysis approach can provide ki-
netic information of intramolecular electron
transfer and exciplex formation when no suitable
model compound is available.
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