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ABSTRACT: Fluorescence decay profiles of aromatic polymers have a complex character, and several models
have been put forward to account for their complexity. We have examined the uniqueness of the models
proposed by different authors using a deterministic approach to the identifiability and distinguishability of
first-order photophysical reactions. Identifiability deals with the problem of determining whether a pho-
tophysical experiment is able to give sufficient information on the parameters of a proposed kinetic model.
By investigating indistinguishability, one can generate a number of models that give the exact same values
of the photophysical observables. It has been shown that only under very special circumstances the models
explaining fluorescence decay profiles of aromatic polymers can be regarded as uniquely identifiable and
distinguishable. Several models that are indistinguishable from a given one have been discussed.

1. Introduction

In recent years there has been a substantial progress in
understanding photophysical and photochemical prop-
erties of aromatic polymers.! A large number of various
photophysical properties of aromatic polymers were col-
lected and related to their structure and dynamics.

Extensive studies have been reported regarding inter-
pretation of fluorescence decay profiles from many aro-
matic polymers and their copolymers.! The summary of
models proposed by different authors to interpret decay
curves of aromatic macromolecules is shown in Table I.
The first model (I) is a classical two-state kinetics? for
monomer—excimer formation in the solution, and we shall
call this type of kinetics a Birks model. It was shown!?
that, under the assumption of time-independent rate
constant for excimer formation, the Birks model does
describe correctly the decay profiles from aromatic poly-
mers. However, recently it has been shown that in some
cases the transient part of the rate coefficient is important
in the analysis of monomer-excimer kinetics for small
aromatic molecules34 as well as polymers.5?

Models II and III were proposed by Phillips et al.l? to
explain fluorescence profiles of polymers and copolymers
of vinylnaphthalene, naphthyl methyacrylate, acenaph-
thene, andstyrene. Those models were proposed as aresult
of the observation that fluorescence decay profiles from
the mentioned macromolecules cannot be described by
model I and monomer—excimer fluorescence is described
adequately by three exponential functions. In models II
and IT] excimer E* can be populated from monomer states
M;and M. Monomer state M represents a chromophore
that is in kinetic (spatial) isolation from the normal
distribution of monomer states M;. Model IV was
proposed by Kauffmann et al.” as the result of studies of
poly(N-vinylcarbazole). Model IV proposes two class of
monomer states: {XI} represents a density of state dis-
tribution transport states, which deliver excitation to a
small ensemble of energy-relaxed monomeric chro-
mophores, {X;l. Excimer {X;} is formed by rotational
motion of adjacent chromophores to the {X;}. In the
original formulation, a perturbative method was used to
calculate respective fluorescence profiles, assuming a time-
dependent rate coefficient for energy migration between
monomer states !X;}. Later on, one of us? presented a
simple and an exact method of calculation of fluorescence

0024-9297/91/2224-1102$02.50/0

decays of model IV, assuming a time-dependent rate
coefficient of energy migration and excimer formation.
Models V-VII were proposed by Holden and Guillet,!! De
Schryveretal.,'2and Phillipsetal.!® Thosemodels contrary
to model IV were interpreted by assuming multiexponen-
tial fluorescence decay profiles. At the same time on the
basis of classical photophysical studies of energy migration
and energy transfer, several authors®® were arguing that
regardless of the model the process of energy migration
between monomer states should lead to nonexponential
fluorescence decays. However, this behavior of fluores-
cence decays was not reported experimentally. Recently,
on the basis of numerical! and experimental® investiga-
tions, it was shown that in many situations time-dependent
kinetics can be well approximated by two exponential
functions. Inthe case of the Birks model (modelIinTable
I), it was shown that, as the rate constant of excimer
dissociation increases, the difference between time-
dependent and time-independent kinetics becomes very
small.* It was concluded that one can observe good double-
exponential fit at high temperature where an efficient
process of excimer dissociation is expected. As one slows
down excimer dissociation by decreasing the temperature,
the fit to double-exponential function becomes worse and
worse. This peculiar behavior appears to be characteristic
of many photophysical situations.’* Summing up the
above remarks, one can see that time-dependent rate
constants for the process of energy migration in polymers
could be more common than was previously assumed.
There exist two possibilities to justify time dependence of
rate constants for energy migration in aromatic polymers.
If the number of hops of excitation during its energy
migration is large, one can solve kinetic differential
equations with an average rate coefficient in the form of
k(t) = a + bt"Y/258 The second approach recently
proposed is based on calculation of the ensemble average
over the distribution of monomer chromophores, assuming
a rate constant as predicted by Férster or Dexter for
resonance or exchange interactions between chromo-
phores.!5 It is important to notice that in both cases one
can obtain an equation for monomer as well as excimer
decay in nonexponential form. We shall address this
problem in more detail in the next part of the paper.

In spite of still open questions about the satisfactory
description of excitation kinetics in aromatic polymers,
the problem of identifiability and distinguishability of the
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Photophysical Models Proposed To Explain F’lr::::sience Decay Profiles from Aromatic Polymers
no. model ref no. model ref
I M* = E* 1 \ M,* = M* = E* 11
II M,* — M,* = E* 10 VI M,* = M;* —~E* 12
III M;* = E* — M,* 10 Vil M* = E* = E,* 13
v (X,* = (X4 = (X% 7,9 ¢
E,

proposed models was not yet addressed.l®17 We have
recently analyzed the probem of identifiability and dis-
tinguishability of first-order photophysical reactions for
monomer-excimer and/or monomer-exciplex kinetics in
solution.!’® One can easily show that for example double-
exponential decay of fluorescence can be explained by very
different kinetic models. In this situation, one has to be
able to distinguish these models that lead to the same
decay function. Atthe same moment one can address the
question of identifiability of different monomer as well as
excimer states (Table I) by using time-resolved fluores-
cence spectra. In many respects the concern expressed
above regarding fluorescence data is very much connected
to the problems arising in the interpretation of first-order
and/or pseudo-first-order kinetics of chemical reactions,
compartmental modeling, and automatic control.1817 The
problem of uniqueness of parameters leading to the iden-
tifiability and distinguishability of various models has been
investigated in a number of papers.16-18 It wasshown that
it is possible to formulate a rigorous mathematical analysis
in order to check the uniqueness of the model that can
explain experimental data.

In this paper we shall investigate the identifiability and
distinguishability of photophysical models collected in
Tablel. Alsoweshall formulate a general model of energy
migration and trapping in aromatic polymers, assuming
a time-dependent rate coefficient for photophysical pro-
cesses.

II. Theoretical Preliminaries

A. Identifiability and Distinguishability. We men-
tioned in the Introduction that two important properties
as identifiability and distinguishability of the proposed
kinetic model have to be carefully investigated before
deriving a final conclusion regarding the interpretation of
experimental data. In this section we shall briefly review
some theoretical approaches applied in the problem of
interpretation of kinetic data.1”18 Two basic criteria of
interpretation of first-order kinetics have been developed.
The first criterion of identifiability gives the answer to
the problem of determining whether an experiment is able
to give the desired information on the kinetic parameters
on an assumed model. The second criterion of distin-
guishability gives the answers to the number of models
that can generate the same values for the observed
quantities in any possible experiment.

Let us first examine the problem of identifiability. A
first-order reaction scheme can be described by the kinetic
equations in the general form!’

dX(t,k)/dt = A(R)X(t,k) (2.1)
with the initial conditions
X(0,8) = X (k) = [X, "V, X, P (k)] (2.2)

where X(t,k) is the n vector, depending on the p vector
k ¢ Q of unknown parameters, which are in our case rate

constants and respective lifetimes. The initial conditions
(eq2.2) are specified in a way that the initial concentration
vector, Xo(%), is divided into components XoV, selected
to define an experiment, and those in X2 (k), which are
depending on unknown parameters. The system of
equations (2.1) is directly related to the response function,
y(t,k), in the form

y(t,k) = ZC(k) X(t,k) (2.3)

where y(t,k) is the m vector of observable quantities, C(k)
is the observation matrix, and Z is the instrumental
function.

Let §(t) represent the response function observed over
some time interval T for a kinetic experiment with initial
conditions XoW. If there exists a nominal parameter value
k ¢ Q such that y(¢,k) = y(t) can be observed over t ¢ T,
then the two parameter values k and k  k are indistin-
guishable in the experiment under consideration if

y(t,k) = y(t,k) (2.4)

for any t ¢ T. Equation 2.4 is the basis for the analysis of
identifiability of first-order kinetic reactions, and this
equation leads tothree distinct situations: (1)if the formal
solution k& = k of eq 2.4 is unique, the kinetic model, eqs
2.1 and 2.3, is said to be uniquely identifiable at k € Q; (2)
if there exists at most a finite number of distinct solutions
k # k, the kinetic model is said to be identifiable at k; (3)
for an infinite number of formal solutions of eq 2.4, the
kinetic model is said to be unidentifiable.

One of the most simple and especially suited methods
for analysis of spectroscopic data is the Laplace transform
approach.!®17 Taking the Laplace transform of eqs 2.1
and 2.3, one can obtain

Y(s,k) = ZC(k) [sI - A(R)] X (k) (2.5)

where s is the complex argument of the Laplace trans-
formation of the response function, y(¢,k).
Definition 2.4 can be extended into Laplace space, and

Y(s,k) = Y(s,k) (2.6)

for s e C, where C is the field of complex numbers and each
component Y;(s,k) for i = 1, ..., m of the m vector Y(s,k)
can be expressed by a rational function in the form

Yiis,k) = (@, + ..+ 8,) /" + &5 + &) 2.7

where the coefficients & = ®#(k,Xo")). One can define
the vector ®, which is formed by all different coefficients
in Yi(s,k), ..., Y(s,k). Thus the problem of identifiability
is reduced to determining the number of solutions of the
equation

®(k) = ®(k) (2.8)

We shall show in the next section the practical imple-
mentation of the above analysis. Now we shall briefly
discuss the problem of distinguishability of first-order
reaction kinetics.
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Let us assume that we have two reaction schemes
denoted by S and S, respectively. y(t,k) and §(¢,k) are
response functions of the respective reaction schemes with
the initial conditions Xo = Xo) and parameters k ¢ Q
and k ¢ Q. Thetworeactionschemesare indistinguishable
if for any k ¢ Q there exists a parameter k& ¢ Q such that

§(t,k) = y(t,k) (2.9)

and vice versa for all ¢ ¢ T. By analogy to the problem of
identifiability, one can consider the formal solutions of
the polynomial equation!’

B(E) = ®(k) (2.10)

and calculate formal solutions of eq 2.10 both for  in
terms of k& and for k in terms of k. It is said that the
kinetic models are indistinguishable if and only if both
solutions exist at almost every k ¢ Qand & ¢ 3, respectively.”

In the next section we shall use the above considerations
to analyze identifiability and distinguishability of models
presented in Table 1.

B. Kinetic Modeling. Photophysical models pre-
sented in Table I can be analyzed by assuming first-order
kinetics, and one can obtain multiexponential fluorescence
decay profiles. Theiridentifiability and distinguishability
we shall analyze in the next section. At this point we shall
develop a general model of excitation migration and
trapping in aromatic polymers assuming the models
presented in Scheme I. This model is a simple general-
ization of models shown in TableI. One important feature
has been added to the model by assuming that excimer
dissociation is time dependent. Inthe classical literature
it has been assumed that excimer dissociation is an in-
tramolecular process and therefore it should be time
independent.? Certainly, this could be the case of exci-
mer formation and dissociation of aromatic molecules in
solution where the solute-solute interaction is not strong.
However, recently several authors have analyzed reversible
dissociation reactions showing that the process of disso-
ciation is described by a distribution of waiting times (time-
dependent rate coefficient) rather than by a single
dissociation rate constant.!® The extent of the non-Mar-
koffian contribution to dissociation is related to vibrational
relaxation of the excimer. There is no experimental
evidence for time-dependent excimer dissociation in

. aromatic polymers even if it might be possible that strong
interactions of chromophores with polymer chain may lead
to non-Markoffian dissociation. In the following calcula-
tions we shall assume that excimer dissociation is time
dependent; however, one can eliminate non-Markoffian
dissociation, assuming time-independent rate constant.

The decay responses of each species M;, My, and E
subsequent to instantaneous é-pulse excitation can be
expressed by relations

Fi, (8) = fug, (0) explhyt = f“Ty(t") + kst ) a
2.11

far,(8) = fan (0) explkyt = [ ‘(e dt7] (2.12)

fe(t) = fg(0) expi-kgt = 'Ryt dt}  (213)

where £y and kg are rate constants for monomer and ex-
cimer fluorescence, respectively. The initial concentra-
tions fulfill normalization relation fg(0) = 1 - fm,(0) - fm,(0).
Additionally we have assumed that km, = kM, = kM.
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Scheme I
E 10 $ 1L 2 L©
K, ) K
M, k@ M] k© E*
Km [ km [ kg

The following derivation of respective fluorescence
profiles is in many respects similar to those presented
before.® Therefore, we shall present only those calculations
that are different from the previous one. After direct
excitation of the system with rate constant I(t), the
concentration of excited species could be expressed as a
convolution integral between excitation pulse and respec-
tive response functions given by egs 2.11-2.13 and

M) = 1,(1) ® fy () (2.14)
M,V(8) = 1,(6) @ fy (1) (2.15)
EW(e) = I(t) ® fg(t) (2.16)

Let us consider the time evolution of monomer state Ms.
Excitation energy M(1)(t) can migrate to monomer state
M,, and after (or before) excimer formation and dissoci-
ation can return from M; to M. Thus the concentration
of excited monomer M; after first return of excitation
energy is

M) = My () @ oy (8) fiy (8) + Ry (B) fiy () @
ky(t) fa, () ® ky(t) fe(t) + ko () fr (8) © [Ry(8) fiy () @
ka(®) fe(®O) + ..} ® kyy(0) f (6 + M, V() ®
(14 ky(8) fag (8) ® Rg(®) fr(t) + .. @ kyp(t) fiyr (8) +
EV () ® thy(t) fe(t) + Ry(t) fr(t) ® ky(8) fyy () @
ka(t) fa(t) + .0 @ Ryplt) fiy (8) (2.17)

where ® denotes the convolution integral.
Taking the Laplace transformation of eq 2.17 and

summing terms in brackets, one can obtain

M, (s) = (M,7(5) Liky,(0) g, (00} + B,P(2) +

EW(s) Lky@)fg@}/[1 - Liky(t) fMl(t)} Liky(t)fgth]

(2.18)

where circumflex and £ denote the Laplace transforma-
tion.

Ina similar way one can calculate ¥5®(s) with the result

M, (s) = M, (s) Likgy (1) fr ()} Likyo(t) frq ($}/[1 -
L(k1(t) f,(£)) Likg(2) fp()]] (2.19)

The total concentration of excited monomer states Ma(s)
after an infinite number of excitation exchange between
monomer and excimer states can be calculated from
relation

My(s) = lim Y _§1,"(s) (2.20)

e =l
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with the result
Bly(s) = $,°() + [B,9(6) Ly (8) fug () + B,D(s) +

EO(s) L(ky(t) fi(t)) Lk(8) fog (N]/[1 = Liky(2) X
Fun (O} Llk(8) falt)) — Lllogy(8) f (O} Likyole) fug (0]

(2.21)
Equation 2.21 can be written in more compact form
M,(s) = M,V(s) + M(s) (2.22)

Due to the symmetry of the system presented in Scheme
I, it is easy to write the equation for the total concentration
of excimer

E@s) = EV(s) + M(s) (2.23)

In the case of monomer M,; excitation energy can be
transferred forward and reverse between monomer M, and
excimer E. One can see that after n such steps the
concentration of excited states M;(s) is

M) =
M,Ds) + [3,(s) + M. 22(8) + ...] Likyy(2) Fu, (O} +
[ED(s) + EP(s) +...] Liky(t) fz(t)} (2.24)

Using explicit forms of Mo™(s) and E™(s) and takmg n
-» =, gne can obtain

M(s) =
M, V(s) + My(s) Liky,(t) fu,(8)

j+ E(S) -C{kd(t) fE(t)]
(2.25)

II1. Analysis and Discussion

In section II we have obtained respective equations for
fluorescence decay profiles of aromatic polymer. In our
considerations we have assumed that all intermolecular
processes are time dependent. We shall use the above
equations for analysis of identifiability and distinguish-
ability of models presented in Table I. We shall assume
that observables are free of all experimental uncertainties.
The inclusion of measurement errors in the analysis of
kinetic schemes adds an additional degree of freedom.
Deterministic unidentifiability of a model, however, im-
plies that the model is unidentifiable in any experiment.
Therefore, we shall assume that observables (decay
profiles) are error-free. For the sake of simplicity we shall
assume first-order kinetics. Thissimplificationshall allow
us to clarify several points, however, the obtained con-
clusions being valid for the time-dependent model as well.

A. Identifiability. In section IL.A we have specified
several deterministic conditions for investigation of the
identifiability of kinetic models. Considering the model
presented in Scheme I, one can notice that the time-de-
pendent observabie is the fluorescence decay profile (J-
(t,v)), which depends on all rate constants and wavenum-
bers and has the form

I(tw) = M(v) [M;(t) + M,(D)} + E(») E(t) (3.1)

where M(v) and E(v) are functions of monomer and ex-
cimer intensity at wavenumbers where the fluorescence
decay profiles has been measured. One has to notice that
in eq 3.1 we assumed that spectral distribution of
fluorescence from M; and M; is the same. Now we can
use respective equations obtained in the previous section
to analyze the identifiability of reaction Scheme I.
According to eq 2.7, the respective Laplace transformation
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of eq 3.1 combined with eqs 2.22-2.23 and 2.31 after simple
but tedious calculations, one can obtain

Y(s,k) = {s*{{M,(0)]M,(v) + E(0) EW)} + s%{[(b + c -
koy + k1) M(0) + (a + )M, (0) + kE(0)]M() + [(a +
bYE(0) + kM (0)]E®)} + s{(c(b - kyy) — kiky)M,(0) +
(ks + @) (R4E(0) + cM(0))IM(v) + [E(0)(ab +
Ryokor) — Rike M5(0) + aM,(0) k,JE(W)}/1s® + s*(a +
b+c)+s(ab+cla+b) + kky —kiky) +abe+
Ryskoc — kikya) (3.2)

wherea=1/rm+ ko, b=1/rm+k; + kg,andc=1/7g
+ kg

As required by eq 2.8 we have to determine the number
of independent equations in the set 2.8 of polynomial
solutions. Thus, according to eqs 3.2 and 2.8, one can
obtain five polynomial equations as shown in the Appendix.
Assuming the most general case where all 10 parameters
k= [TM, TEs kls kd’ klZ’ kZl’ M(V)’ E(V)y Ml(o)y M2(0)]T are
unknown, one can notice that we have only six equations
(see Appendix eqs A.1-A.6) to determine those parameters,
and thus the model is unindentifiable.

The above deterministic approach can be supported by
using some physical arguments that can be applied to the
particular situation, as for example to Scheme 1. Monomer
lifetimes 7y, and 7y, could be known parameters, and
their values can be measured for monomer-containing chro-
mophore in liquid or solid solution 7y, = M, = 7M. The
next simplifying assumption M;(0) = 1 and M5(0) = E(0)
= 0 can be made on the basis that the concentration of
excimers is 2 orders of magnitude smaller than that of the
monomers.?’ Thus under the above assumptions we have
seven parameters k = [7g, k1, kg, k12, k21, M(»), E(»)]T and
six equations to determine all those parameters, and
therefore the model is unindentifiable.

The last but not least resources of further reduction of
kinetic parameters are functions M(») and E(»), which
describe steady-state distribution of monomer and exci-
mer fluorescence intensities. If monomer and excimer
fluorescence bands are well separated, one can eliminate
spectral distribution functions and the model is uniquely
identifiable. Certainly, respective monomer and excimer
fluorescence distributions can be estimated for polysty-
rene. However, for other polymers as for example poly-
(vinylnaphthalene) and poly(carbazole), the fluorescence
spectrum is complicated and one has to deal with monomer
and excimer and second excimer fluorescence of which
contribution to the total fluorescence is not precisely
known.” This last point was recently discussed in more
detail.!8

B. Distinguishability. Above we have analyzed a
deterministic approach to identifiability of photophysi-
cal kinetic models. However, to complete this analysis,
one has also to analyze distinguishability of the different
models. In section II we have formulated respective
deterministicrequirements. Inshort twodifferentreaction
schemes are indistinguishable if they generate the same
values for the observed quantities in any possible exper-
iment (in our case the photophysical experiment). Con-
ditions of distinguishability expressed by eq 2.10 can lead
one to the conclusion that two reaction schemes are
distinguishable if the number of determinable parameters
g and § fulfill the relation ¢ = §.

Let us analyze distinguishability of the models presented
inTablel. Itiseasytoobserve that models Il and III have
eight determinable parameters and ¢ = § and they are
undistinguishable. The same eight parameters are re-
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Scheme 11

M¥p —— M7,
E*

quired by models IV and VI. Therefore, models II-1V
and VI are undistinguishable.

The number of determinable parameters for models V
and VII are 9 and 12, respectively, and they are distin-
guishable between themselves and other models in Table
I. Although models V and VII are distinguishable, one
can generate many other models that have the same
number of determinable parameters and whose kinetic
scheme is very much different from those assumed in
models V and VII. To illustrate this point, we turn to the
simpler case of model II in Table I. As we have shown
above, this model is undistinguishable from models III,
IV, and V1. However, one can propose the model shown
in Scheme II, which has the same number of determinable
solutions as model II, and therefore both models are un-
distinguishable.

In asimilar way one can generate the number of differerit
models that are undistinguishable from models shown in
Table I.

IV. Conclusions and Final Remarks

We have analyzed the problem of identifiability and
distinguishability of photophysical models proposed to
explain fluorescence decay profiles from various aromatic
polymers and its copolymers. We have obtained formal
solutions of monomer—excimer kinetics, assuming time-
dependent rate coefficients. Obtained equations were
simplified by neglecting time dependence of the electronic
processes, and the equations obtained in this way were
used in the analysis of identifiability and distinguishability
of various models. We have shown respective necessary
and sufficient conditions that have to be fulfilled for unique
identification of photophysical models. These are all rate
constants, lifetimes, and initial concentrations of mono-
mers and excimers. In this paper we did not address the
question of how many exponentials have to be taken to
obtain reasonable fit to experimentally obtained fluores-
cence decay profiles from aromatic polymers. The problem
of statistical fallacy of decay profiles has been investigated
by several authors where interested reader is referred to
for further details.142!
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Appendix

The equations of identifiability of the first-order kinetic
system as presented in Scheme I (notice that we assumed
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k;j(t) = k;j) can be obtained directly from eqs 3.2 and 2.8
in the following form:

[M,(0) + M,(0)]M() + E(0) E(v) = [M,(0) +
M,(0)]M(») E(0) E(») (A.1)

[((B + & - ko )k, ) M,(0) + (@ + &) M,(0) + R,EO)MG) +
[@+ DEW) + k,M,(0)Ew) =
[(b + ¢ = gy + k)M, (0) + (a + c)M,(0) +
kE0)IM(v) + [(a + b)E(0) + k,M,(0)]E(0) (A.2)

[@(B - kyp) - (kB M,(0) + Eyp + 8)(RE0) +
EM(0)IMG) + [E(0) (@b + R oky) — Biky M,(0) +
aM,(0) k,JE®w) = [(c(b — kyp) - Rikg) Mo(0) +
(ky30) (R4E(0) + cM;(0)]M(v) + [E(0) (ab + kyoky) -

kykyM,(0) + aM,(0) k,)E(v) (A.3)

ab + &(a + b)ky kg, - (ki) =
ab + c(a + bk, ko, — (RikRy) (A4)

abe + ky,ky @ - B Ryd = abe + kygkgc - Rikga  (A5)
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