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ABSTRACT: The excited-state processes of the halato-telechelic polymer bis[(N,N-dimethyl-N-[3-(1-
pyrenyl)propyl]ammonio)trifluoromethanesulfonate]-end-capped poly(tetrahydrofuran) at low concentra-
tions are investigated by time-resolved fluorescence. The photophysical processes can be described by
an intramolecular three-state excited-state model. Such a system is not identifiable in the absence of a
priori information. It is possible to perform a global compartmental analysis of the fluorescence decay
surface using the scanning technique, based on model compound data previously obtained [Hermans et
al., J. Phys. Chem. 1994, 98, 13583 and Hermans et al. Macromolecules 1995, 28, 3380]. The value
boundaries on the rate constant for ring closure of the chain ends show that this process is close to
diffusion-controlled.

1. Introduction

Ionomers are polymers that are partly substituted by
ionic residues, e.g., partially sulfonated poly(styrene)s.
The introduction of ionic units drastically changes the
properties of these materials,1-4 and their behavior
depends strongly on the dielectric constant of the
solvent. In polar solvents the counterions will be readily
solvated, resulting in a polymer backbone that co-
valently links several free charges. The importance of
the electrostatic forces is reflected in the ionomer
behavior in polar solvents, which is characterized as the
polyelectrolyte behavior. In low-dielectric solvents (ε <
15), the counterions remain close to the ionic substitu-
ents of the polymer. Due to ion-ion interactions,
contact ion pairs and/or solvent-separated ion pairs are
formed,5 which can be regarded as dipoles. In the
literature, the formation of contact ion pairs is referred
to as the ion-aggregate behavior.
Ionomers were initially studied by classical methods,

e.g., viscometry6-9 and light scattering.10-12 The char-
acteristic behavior of the reduced viscosity with the
concentration in nonpolar solvents can generally be
described in the following way. At low ionomer con-
centrations, the reduced viscosity is less than that of
the corresponding neutral polymer. In this concentra-
tion regime, intrachain interactions are thought to be
dominant. Increasing the concentration augments the
reduced viscosity more steeply than the linear viscosity
increase of the neutral polymer.7 This is interpreted
as the onset of the growing importance, and ultimately
the predominance, of interchain associations.
Additional information on the aggregation was ob-

tained by neutron scattering measurements.13-16 The
general picture is that most systems can be described
by the open association model, in which a ground-state
equilibrium is formed between single chains and ag-

gregates of all sizes. SAXS and transmission electron
microscopy were used to examine the occurrence of
chain extension.17 The microdomains formed by iono-
mers in nonpolar solvents were investigated in detail
using different methods. Dowling and Thomas used the
stopped-flow technique and found, for a partially sul-
fonated polystyrene ionomer, that the exchange of ionic
materials could be described by a two-component, time-
dependent, diffusion model.18 They concluded that the
ionic aggregates retained their intramolecular nature,
even at high concentrations where intermolecular forces
dominated the rheological characteristics.
Halato-telechelic polymers (HTP) are polymers end-

capped with ionic functional groups. For simplicity, only
linear HTP will be considered, thus carrying two ionic
functional groups in the R and ω positions. R,ω-HTPs
serve as model compounds for ionomers, as they show
solvent polarity dependence similar to that of the
ionomers, regardless of the fact that they only carry two
ionic units.8,11,19-25 The ion aggregation of HTPs in
nonpolar solvents was closely examined by viscosity
measurements,4,20,21,26-28 and the same model, based on
ion-pair aggregation, as proposed for ionomers,22 is
thought to be valid also for HTPs.
Depending on the concentration, intra- and interchain

interactions will characterize the behavior of HTPs. One
way to probe these association interactions is to measure
excimer formation of an attached fluorescence probe.29
This can be done by the substitution of an ionic probe
moiety in the R and/or ω positions of the polymer chain.
Pyrene excimer formation has widely been used for this
purpose in the study of neutral polymer association
phenomena,30 focusing on, e.g., viscosity,31,32 solvent
effects,33 temperature effects,34 kinetics,35,36 thermo-
dynamics,37 and ground-state equilibria.38,39 Telechelic
polymers, however, have been investigated much less
by this method, and only a few investigations are
reported.40-42 For HTPs, only one report is, to our
knowledge, found in the literature.29

It should be noted that all models presented, and all
data confirming these models, describe a static view of
the ion-aggregation behavior. By time-resolved fluo-
rescence spectroscopy it is possible to obtain detailed
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kinetic information about the excited-state processes.
To fully understand the information obtained by time-

resolved fluorescence measurements of an at both chain
ends probe-capped polymer, the kinetic behavior of the
probe itself has to be elucidated. Furthermore, for the
determination of the excited-state kinetics of an HTP,
it is advantageous to study the single chain end-capped
polymer in a preceding step. Global compartmental
analysis43-52 provides the opportunity to determine all
rate constants and spectroscopic parameters in a single
step and has successfully been applied to a number of
systems.53-60

In previous articles, the kinetics of the charged
fluorescent probe N,N,N-trimethyl-3-(1-pyrenyl)-1-pro-
panaminium perchlorate (PROBE61) and (N,N-dimethyl-
N-[3-(1-pyrenyl)propyl]ammonio)trifluoromethane-
sulfonate-end-capped poly(tetrahydrofuran) (POLY-
PROBE62) were unraveled. Based on a kinetic scheme
in which dipole-dipole association and excimer forma-
tion are taken into account, it was possible to determine
all the rate constants within certain value boundaries.
In the present step, we extend the study to a HTP, bis-
[(N,N-dimethyl-N-[3-(1-pyrenyl)propyl]ammonio)(tri-
fluoromethanesulfonate)]-end-capped poly(tetrahydro-
furan). By the use of the previously obtained re-
sults,61,62 and performing an analysis of the fluorescence
decay surface using the scanning technique,47,48,58,62 it
is possible to determine the rate constants within
certain value boundaries for the intramolecular excited-
state ring-closure and ring-opening processes.

2. Experimental Section
2.1. Materials and Data Analysis. Tetra-tert-butyl-

ammonium perchlorate (t-BUTAP) was from FLUKA, and
tetrahydrofuran (THF, HPLC grade) was supplied by Rath-
burn. Both were used as received.
2.2. Synthesis and Characteristics of Bis[(N,N-di-

methyl-N-[3-(1-pyrenyl)propyl]ammonio)trifluoro-
methanesulfonate]-End-Capped Poly(tetrahydrofuran)
(POLYDIPROBE). Bis[(N,N-dimethyl-N-[3-(1-pyrenyl)pro-
pyl]ammonio)trifluoromethanesulfonate]-end-capped poly(te-
trahydrofuran) (POLYDIPROBE) was synthesized in the same
way as POLYPROBE,62 but with the bifunctional triflate
anhydride ((CF3SO2)O) as initiator. Polytetrahydrofuran was
synthesized via cationic ring-opening polymerization with
methyl triflate (CF3SO3CH3) as initiator.
The characteristics for POLYDIPROBE areMn(GPC) 5620,

Mw(GPC) 6230, Mw(NMR) 6430. The structure of POLY-
DIPROBE is shown in Figure 1.
2.3. Fluorescence Measurements. Corrected steady-

state emission spectra (λex ) 320 nm) were recorded on a SPEX
Fluorolog 1680 combined with a SPEX Spectroscopy Labora-
tory Coordinator DM1B (band-pass 2 nm) in the right-angle
mode.

Fluorescence decays were obtained by use of a Spectra-
Physics mode-locked, synchronously pumped, cavity-dumped,
frequency-doubled DCM dye laser as the excitation source (λex
) 320 nm) with single-photon counting detection. A detailed
description of the equipment has been given elsewhere.63,64 The
decays were collected at several wavelengths between 375 and
500 nm, all observed at the magic angle (54.7°), and contained
10 000 (longer time/channel) or 5000 (shorter time/channel)
peak counts. The details about the measurements on PROBE61

and POLYPROBE62 are given elsewhere. For POLYDIPROBE,
the decays were collected in 512 channels of the multichannel
analyzer at four different emission wavelengths, 375, 395, 480,
and 500 nm, and with two different time increments, 408 ps/
channel and 1.185 ns/channel. The concentration of POLY-
DIPROBE was 1 µM, using Mw(GPC) as molecular weight.
9-Cyanoanthracene in methanol was used as the reference
compound (τref ) 16.7 ns) for the reference convolution65 of the
fluorescence decays.
All solutions for fluorescence measurements were prepared

in THF, and the sample solutions in 1 × 1 cm cells were
degassed using five freeze-pump-thaw cycles prior to the
measurements. All measurements were performed at 20 °C.

3. Theory and Data Analysis
3.1. Excited-State Processes in Compartmental-

ized Systems. Solely systems without an added fluo-
rescence quencher will be discussed here; for systems
with an added quencher, both theory46,48 and experi-
mental44,58-60 work have been reported. The theory of
global compartmental analysis of fluorescence decay
surfaces is thoroughly described,43-52,61,62 and only the
fundamental aspects of tricompartmental systems will
briefly be summarized. The special case of an intra-
molecular tricompartmental system will be discussed
in detail.
3.2. Tricompartmental Systems without Added

Quencher. Consider a general tricompartmental sys-
tem, depicted in Scheme 1. Compartments 1 and 2 are
two different locally excited states, while compartment
3 will be assigned to the excimer state. After excitation,
which does not significantly alter the ground-state
concentrations, the fluorescence δ-response function,
f(λex,λem,t), at emission wavelength λem due to excitation
at λex, is given by43

U is the matrix of the eigenvectors of matrix A (vide
infra), and U-1 is the inverse of U. b(λex) is the vector
of the excited-state concentrations at time zero, and it
is independent of the emission wavelength. c(λem) is the

Figure 1. R,ω-Halato-telechelic polymer bis[(N,N-dimethyl-
N-[3-(1-pyrenyl)propyl]ammonio)trifluoromethanesulfonate]-
end-capped poly(tetrahydrofuran) (POLYDIPROBE).

Scheme 1

f(λex,λem,t) ) c(λem) U exp(tΓ) U-1 b(λex) (1)
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vector of the spectral emission weight factors ci(λem) of
species i* at λem, which are dependent on the emission
wavelength only.
Defining the normalized elements b̃i and c̃i as

and

allows a modified form of eq 1:

with κ a proportionality constant (or scaling factor). U
will be given by U ≡ [U1,U2,U3], γ1, γ2, and γ3 are the
eigenvalues of A corresponding to U1, U2, and U3,
respectively, and exp(tΓ) ≡ diag[exp(γ1t), exp(γ2t),
exp(γ3t)]. The compartmental matrix A is defined as

The excited-state species can decay by fluorescence (F)
and nonradiative processes (NR). The composite rate
constant of the decay of species i* is denoted k0i, with
k0i ) kFi + kNRi. The excited-state interconversion from
state j* to i* (j* f i*), as described by matrix element
aij and the corresponding rate constants, is given by kij
(aij ) kij for an intramolecular process and aij ) kij[M]
for an intermolecular process, where [M] is the concen-
tration in the reaction j* + M f i*).
c̃(λem) and b̃(λex) will, for a tricompartmental system,

be defined as

Equation 1 can be written in the triple-exponential form:

To proceed, some assumptions will be made in order
to simplify the general tricompartmental system. First,
assume the interconversions 1* f 2* and 1* f 3* to be
bimolecular for intermolecular processes and to be
described by the second order rate constants k21 and k31,
respectively, while for intramolecular processes they are
described by first-order rate constants. Second, the
processes 2* f 1* and 2* f 3* are assumed to be
monomolecular and described by the first-order rate
constants k12 and k32, respectively. Final, the intercon-
versions 3* f 1* and 3* f 2* are presumed to be

negligibly slow. These assumptions simplify Scheme 1
to Scheme 2 and the compartmental matrix A will be
given by

The exponential factors γi are related to the decay
times in the same way as for a bicompartmental
system43-45,47 and are explicitly given for the model
depicted in Scheme 2 by γ1 ) -k03 and γ2,3 given by

with

In eqs 10, a21 and a31 equal k21[M] and k31[M],
respectively, for intermolecular processes and k21 and
k31, respectively, for intramolecular processes.
From the explicit expressions of the decay times for

this kind of system, it follows that only one of the
measured decay times (τ3 ) -1/k03) is directly related
to one excited-state species. The other two will be
functions of the remaining rate constants of the excited-
state system (and the concentration of reactant M for
an intermolecular system) and cannot be related to a
particular excited state. For intermolecular systems
this offers a possibility to determine one of the kinetic
parameters. Plots of the measured decay times as a
function of [M] will give the rate constant k03, as this
rate constant equals the inverse of the concentration-
independent decay time. The variation of the two
remaining decay rates can, for an intermolecular sys-
tem, be used for the determination of the remaining rate
constants if the decays are collected at different con-
centrations of M.49,61
3.3. Special Case: Intramolecular Tricompart-

mental System without Added Quencher. In this
section, we will treat the special case of an intra-
molecular tricompartmental system without added

b̃i )
bi

∑
∀i
bi

(2)

c̃i )
ci

∑
∀i
ci

(3)

f(λex,λem,t) ) κc̃(λem) U exp(tΓ) U-1 b̃(λex) (4)

A ≡

[-(k01+a21+a31) a12 a13
a21 -(k02+a12+a32) a23
a31 a32 -(k03+a13+a23) ]

(5)

b̃ ) [b̃1b̃21 - (b̃1 + b̃2) ] (6a)

c̃ ) [c̃1 c̃2 1 - (c̃1 + c̃2)] (6b)

f(λex,λem,t) ) ∑
i)1

3

Ri exp (γit) (7)

Scheme 2

A ≡ [-(k01 + a21 + a31) k12 0
a21 -(k02 + k12 + k32) 0
a31 k32 -k03 ]

(8)

γ1,2 ) - 1
2
(S1 + S2 ( x(S1 - S2)

2 + 4P) (9)

S1 ) k01 + a21 + a31 (10a)

S2 ) k02 + k12 + k32 (10b)

P ) a21k12 (10c)
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quencher and with negligible return paths from one of
the excited-state compartments to the other two com-
partments. This special case is depicted in Scheme 3,
with k13 and k32 both equal to zero.
For this kind of systems, the compartmental matrix

A will be given by

For an intramolecular tricompartmental system as
depicted in Scheme 3, no use can be made of the
variation of reactant concentrationssall rate constants
are first-order and the decay times will be independent
of concentration, which leads to identifiability problems.
For the case of intermolecular tricompartmental sys-
tems, an identifiability study has been performed,61
which we will use as the starting point for the identi-
fiability study of an intramolecular system.
For an intramolecular system as depicted in Scheme

3, the basic equations, similar to an intermolecular
system, are

with S1, S2, and P given by eqs 10. Since k03 is assumed
to be known (vide infra), σ3 can be written as a linear
combination of σ1 and σ2:

from which one obtains two linearly independent equa-
tions:

If k02, k12, and k32 are known, S2 is determined, and if,
additionally, k01 is known, eqs 14 can be written as

For each value of k32, one obtains a new value of S2 and,
consequently, a new system of two equations linear in
k21 and k31 (eqs 15). In other words, for each value of
k32, one can compute values of k21 and k31. Hence, the
model depicted in Scheme 3 is identifiable if k01, k02,
k12, and k32 are assumed to be known.
Scanning the rate constant k32, i.e., k32 is repetitively

held constant at different preset values, allows one to
determine the value boundaries of the rate constants
k21 and k31.47,48,58,62 Eqs 14 predict that plotting S1 +
S2 and P - S1S2 vs k32 should yield plateaus from which
the average values S1 + S2 and P - S1S2 can be deter-
mined.
The maximum and minimum values of k32 can be

determined from the scanning procedure. There are two
ways to determine the value boundaries on the un-
known rate constants k21 and k31. First, the values of
k21 and k31 obtained from the scanning procedure can
be plotted as a function of k32, from which the value
boundaries of k21 and k31 can be estimated. Alterna-
tively, if one substitutes S1 + S2 for -(σ1 + k03) and
P - S1S2 for σ3/k03 in eqs 15, k21 and k31 can be
calculated for each value of the scanned rate constant
k32, yielding value boundaries on k21 and k31.
3.4. Data Analysis. Compartmental analysis is by

definition global,66-70 and the parameters of eq 4 can
be common for all experimental data, e.g., kij, which are
globally linked over the whole decay surface, or common
only for a part of the data, e.g., c̃, which is common for
all decays collected at the same λem, which are regionally
linked. The only local parameter is the scaling factor
κ.
Consider the excited-state processes depicted by

Schemes 1-3. The global and regional fitting param-
eters are kij, c̃(λem), and b̃(λex) and the only local fitting
parameters are the scaling factors. Using this ap-
proach, experiments done at different excitation/emis-
sion wavelengths, at multiple timing calibrations, and
at different concentrations are linked by all rate con-
stants defining the system.
The global compartmental analysis program, based

on Marquardt’s algorithm,71 has been described else-
where.63,70 All calculations were performed on an IBM
6000 RISC computer.
The fitting parameters were estimated by minimizing

the global reduced øg2:

where index l sums over q experiments and index i sums
over the appropriate channels for each individual ex-
periment. yli

o and yli
c denote the observed (experimen-

tally measured) and calculated (fitted) values corre-
sponding to the ith channel of the lth experiment,
respectively, and wli is the corresponding statistical
weight (a Poissonian distribution is assumed). ν repre-
sents the number of degrees of freedom for the entire
multidimensional fluorescence decay surface.

Scheme 3

A ≡ [-(k01 + k21 + k31) k12 0
k21 -(k02 + k12 + k32) 0
k31 k32 -k03 ]

(11)

σ1 ) ∑
∀i

γi ) -(S1 + S2 + k03) (12a)

σ2 ) ∑
i<j

γiγj ) S1S2 + k03(S1 + S2) - P (12b)

σ3 ) ∑
i<j<k

γiγjγk ) (P - S1S2)k03 (12c)

σ3
k03

) -{σ2 + k03(σ1 + k03)} (13)

-(σ1 + k03) ) S1 + S2 ) k01 + k21 + k31 + k02 + k12 +
k32 (14a)

σ3
k03

) P - S1S2 ) -{k21(S2 - k12) + (k01 + k31)S2}
(14b)

σ1 + k01 + k03 + S2 ) -(k21 + k31) (15a)

σ3
k03

+ k01S2 ) -[(S2 - k12)k21 + S2k31] (15b)

øg
2 ) ∑

l

q

∑
i

wli(yli
o - yli

c )2/ν (16)
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The statistical criteria to judge the quality of the fit
include both graphical and numerical tests. The graphi-
cal methods comprised plots of surfaces of the autocor-
relation function values vs experiment number and of
the weighted residuals vs channel number vs experi-
ment number. The numerical statistical tests incorpo-
rated the calculation of øg2 and its corresponding Z(ø2):

Fits for which Z(ø2) e 5 were regarded as good. The
additional statistical criteria to judge the quality of the
fit are described elsewhere.72

4. Results and Discussion
The halato-telechelic polymer POLYDIPROBE, which

can form ion-ion aggregates and excimers intramolecu-
larly, is shown in Figure 1. The possibility of intramo-
lecularly ring-closure was not available in the POLY-
PROBE system. From the investigations of PROBE61

and POLYPROBE,62 the rate constants of the intermo-
lecular processes are known. POLYDIPROBE offers the
possibility to study the intramolecular processes without
contribution of intermolecular processes. The emphasis
will be put on the interconversions between the ring-
opened and the ring-closed states. For this reason,
measurements on POLYDIPROBE were only performed
at low POLYDIPROBE concentrations, [POLYDIPROBE]
) 1 µM. At this concentration, all processes are
intramolecular and described by Scheme 2 with all rate
constants being first-order. The goal is to estimate the
values of the rate constants of Scheme 2, based on the
results from the two model compounds PROBE61 and
POLYPROBE62 and through global compartmental
analysis.
4.1. Stationary Measurements. Stationary emis-

sion spectra of POLYDIPROBE were measured at
different concentrations of t-BUTAP, ranging from 0 to
250 mM. The spectra show the typical emission of a
pyrene excimer, with a maximum around 480 nm,
Figure 2. Adding the quaternary ammonium salt t-
BUTAP to the solutions, screens the electrostatic at-
traction, causing the ion-ion aggregation and the
excimer formation, but even at the highest salt concen-
tration, [t-BUTAP] ) 250 mM, a weak excimer emission
is detected (see inserted magnification in Figure 2).

4.2. Time-Resolved Measurements. The time-
resolved fluorescence measurements were performed
with two different time increments and the emission
was collected at four different wavelengths. The col-
lected emission decay profiles are shown in Figure 3,
and the decay rates obtained are independent of the
time-increment used.
Even at a POLYDIPROBE concentration as low as 1

µM, a triexponential decay function is needed to simul-
taneously describe the decay data over the whole
emission range. Analyzing at the fluorescence decays
at the different wavelengths, however, shows two
domains. The emissions at 375 and 395 nm, where only
the locally excited states emit, can be fit by a biexpo-
nential decay function, while at the two longer wave-
lengths (480 and 500 nm) it is described by a triexpo-
nential decay function, Table 1. The emission at 500
nm solely stems from the excited state pyrene-pyrene
interactions.
Compared with the preceding investigations on

PROBE61 and POLYPROBE,62 one finds an important
difference: the sums of the preexponential factors at
480 and 500 nm do not equal zero in the POLY-
DIPROBE system; see Table 1B. As the sum is not zero,
it can be concluded that the excimers are not formed
solely via dynamic excited-state processes, and the
formation to some extent via direct excitation of ground-
state dimers cannot be completely ruled out. This
means that no a priori information on b̃ is available.

Figure 2. Normalized stationary emission spectra of POLY-
DIPROBE (1 µM in THF) at varying t-BUTAP concentrations.
Main figure: (dashed line) 0 mM t-BUTAP; (full line) 250 mM
t-BUTAP. The inserted figure shows the excimer region: (no
marker) 0 mM t-BUTAP; (b) 10 mM t-BUTAP; (9) 25 mM
t-BUTAP; ([) 50 mM t-BUTAP; (2) 125 mM t-BUTAP; (1) 250
mM t-BUTAP.

Z(ø2) ) (øg
2 - 1)xν/2 (17)

Figure 3. Fluorescence decays of 1 µM POLYDIPROBE in
THF, excited at 320 nm at different emission wavelengths, (2)
375 nm; (b) 395 nm; (9) 480 nm; (0) 500 nm, and collected at
two different time increments, (a) 408 ps/channel and (b) 1.185
ns/channel.
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The fact that biexponential decay traces are observed
for the POLYDIPROBE system at emission wavelengths
where the locally excited states emit implies that both
k13 and k23 equal zero. The same was found for the
PROBE and POLYPROBE studies.61,62 The photo-
physical system can thus be described by the model
depicted in Scheme 3. Unique values of six rate
constants of that scheme have to be determined for the
system to be indentifiable. Since there are only two
equations available, i.e., eqs 15, only two unknown rate
constants can be uniquely determined.
4.3. Scanning the Fluorescence Decay Surface

with k32 as the Scanned Parameter. Assuming that
the deactivation rates determined for PROBE61 and
POLYPROBE62 can also be used for POLYDIPROBE,
provides the values of three rate constants; k01 ) 4.38
× 106 s-1, k02 ) 6.66 × 106 s-1, and k03 ) 2 × 107 s-1.
Furthermore, the value of k12 as determined for
POLYPROBE,62 i.e., k12 ) 1.2 × 108 s-1, can be used as
a priori information as well. Still, the value of one rate
constant is missing if one wishes to achieve identifi-
ability, and no more a priori information is available.
By the use of the scanning technique, however, where
k32 is set at different preset values, the remaining rate
constants, i.e., k21 and k31, can be determined within
certain value boundaries.47,48,58,62

To improve the precision of the calculations, data from
steady-state emission spectra can be included.58 It can
be concluded that all emission at λem g 500 nm
emanates solely from the excimer state, which means
that the emission weight factors for the two other
compartments, i.e., c̃1 and c̃21, can be set equal to zero
for λem g 500 nm.
The scanning analysis of the POLYDIPROBE fluo-

rescence decay data was performed with k32 as the
scanned parameter. Figure 4 gives the global statistical
parameter Z(ø2) as a function of k32. Clearly, for 1.6 ×
107 s-1 < k32 < 1.96 × 107 s-1, Z(ø2) has acceptable
values and the parameter k32 has to be confined within
these rather narrow limits.
4.4. Limits on the Unknown Rate Constants.

There are two different ways to obtain the value
boundaries on the two rate constants k21 and k31. First,

the obtained values of k21 and k31 from the fittings,
referred to by subscript exp, can be plotted as a function
of k32. Such a plot should show within which value
boundaries the particular rate constant can vary. These
plots, shown in Figure 5, indicate that k21,exp takes
almost constant values within the region of interest,
while the k31,exp values are very small and vary much

Table 1. Decay Times of the Charged Fluorescent Probe
POLYDIPROBE, Estimated by Global Biexponential

Analysis (A) and Global Triexponential Analysis (B, C)a

(A) τ1 (ns) τ2 (ns) øg2 Z(øg2)

14.1 ( 0.2 178.1 ( 0.4 1.10 2.1

(B) τ1 (ns) τ2 (ns) τ3 (ns) øg2 Z(øg2)

7.3 ( 0.8 50.7 ( 0.5 156.4 ( 0.3 1.02 0.5

λem (nm) R1 R2 R3

time increment ) 1.185 ns/channel
480 -0.022 ( 0.006 -0.407 ( 0.004 0.754 ( 0.002
500 -0.087 ( 0.005 -0.448 ( 0.005 0.713 ( 0.002

time increment ) 408 ps/channel
480 -0.004 ( 0.002 -0.099 ( 0.001 0.182 ( 0.001
500 -0.013 ( 0.001 -0.106 ( 0.001 0.163 ( 0.001

(C) τ1 (ns) τ2 (ns) τ3 (ns) øg2 Z(øg2)

13.5 ( 0.3 51 ( 1 156.2 ( 0.5 1.05 2.0
a The biexponential analysis was performed on decay data

collected at 375 and 395 nm, where only the two locally excited
states emit, while the triexponential analysis was performed on
data collected at (B) 480 and 500 nm (decay times and preexpo-
nential factors R) or (C) at all four emission wavelengths. The time
increments were 408 ps/channel and 1.185 ns/channel.

Figure 4. Results of the scanning of the fluorescence decay
surface of POLYDIPROBE with k32 as the scanned param-
eter: The y-axis gives the statistical parameter Z(ø2) as a
function of k32.

Figure 5. k21,exp ([) and k31,exp (b) as a function of k32. k21,exp
and k31,exp are the values obtained for these parameters in the
computer fittings when the scanning of k32 is performed. See
Table 2 and text for further details.

Macromolecules, Vol. 30, No. 19, 1997 Excited-State Processes of a Halato Telechelic Polymer 5587



more. The value boundaries obtained by this method
are compiled in Table 2.
Second, the averages S1 + S2 and P - S1S2 can be

calculated for k32 values within 1.6 × 107 s-1 < k32 <
1.96 × 107 s-1. The averages obtained are S1 + S2 )
(1.82 ( 0.04) × 108 s-1 and P - S1S2 ) -(1.7 ( 0.3) ×
1015 s-2. Substituting S1 + S2 for -(σ1 + k03) and
P - S1S2 for σ3/k03 in eqs 15 allows one to calculate k21
and k31 for each value of the scanned rate constant k32.
Plotting these calculated values, referred to by subscript
calc, as a function of k32 should yield the value bound-
aries on the rate constants. k21,calc and k31,calc vs k32 are
shown in Figure 6, and the estimated value boundaries
are given in Table 2.
It is possible to compare the obtained result on the

rate constant of ring-closure with what could be ex-
pected for a diffusion-controlled reaction. The magni-
tude of the second-order rate constant for such a process
can be calculated by the Smoluchowski-Stokes-Ein-
stein equation:73

Although eq 18 is only strictly valid for homogeneous
solutions, similar approaches to correlate monomolecu-
lar mobility with diffusion-controlled rates have been
performed for micellar systems74-78 as well as for end-
to-end motions in polymer systems.40,42,79,80 Equation

18 allows an estimation of the magnitude of the diffu-
sion-controlled limit of the ring-closure process of POLY-
DIPROBE.
The viscosity η of THF81 at 20 °C is 5.5 × 10-4 N s

m-2, and the corresponding diffusion-controlled limit
will be kd ) 1.2 × 1010 M-1 s-1. Setting the radius of
gyration of POLYDIPROBE in THF equal to that of
poly(ethylene oxide) of the same molecular weight in
water, which is an acceptable assumption when com-
paring poly(alkylene oxides),82 gives Rg ) 73 Å.83 Each
POLYDIPROBE has two end groups, yielding the local
concentration of ionic end groups to be 2.04 mM, and
the first-order limit of the diffusion-controlled ring
closure can be calculated to be 2.5 × 107 s-1. This value
is in very good agreement with the value boundaries
on the rate constant k21, Table 2, strongly indicating
that the excited-state ring closure indeed is a diffusion-
controlled process.
Furthermore, the calculated value of the diffusion-

controlled limit and the value of the second-order rate
constant k21 for POLYPROBE,62 i.e., 1.3 × 1010 M-1 s-1,
allows the calculation of the POLYDIPROBE concentra-
tion at which the intra- and intermolecular aggregations
balance. At approximately 1 mM POLYDIPROBE, the
probability of intramolecular ring closure and inter-
molecular aggregation will be equal. The POLY-
DIPROBE concentration in this study, i.e., 1 µM, is well
below this limit, and no intermolecular interactions are
observed.

5. Conclusions

By the successive use of data obtained from model
compounds, it is possible to unravel even complicated
systems undergoing three-state excited-state processes.
Following such a strategy, one has to establish the
reliability of the obtained model compound results in
each subsequent step.
Previously, the photophysics of the charged fluores-

cent probe PROBE61 and the monosubstituted poly-
(tetrahydrofuran) fluorescent probe POLYPROBE62 was
investigated. The decay rate from the unaggregated
locally excited state took the same value for POLY-
PROBE as for PROBE, proving that the presence of the
poly(THF) chain does not influence the excited-state
photophysics of the chromophore moiety. Furthermore,
measurements when a poly(THF) substituted with one
quaternary ammonium salt unit was used as added salt
gave the deactivation rate of the ion-ion aggregated
locally excited state and measurements in function of
the POLYPROBE concentration yielded the deactivation
rate from the POLYPROBE excimer state. It was
observed for PROBE, as well as for POLYPROBE, that
the dissociation from the excimer state to the two locally
excited states is negligible.
In this study, the results from PROBE61 and POLY-

PROBE62 were used to analyze the fluorescence decay
of bis[(N,N-dimethyl-N-[3-(1-pyrenyl)propyl]ammonio)-
trifluoromethanesulfonate]-end-capped poly(tetrahydro-
furan) (POLYDIPROBE) at low POLYDIPROBE con-
centration. Stationary emission measurements show
that, even at high concentration of added quaternary
ammonium salt, there will always be emission detected
from the excimer state. This intramolecular excimer
formation competes with the ion-ion aggregation. At
low POLYDIPROBE concentration, where all reactions
can be assumed to be intramolecular, the fluorescence
decay is triexponentialsthus, the system consists of
three different excited states; two locally excited states

Table 2. Estimated Upper and Lower Limits, Calculated
by Two Methods, for the Values of the Rate Constants
According to Scheme 3 for POLYDIPROBE in THFa

(A) By the Use of Values of k21,exp and k31,exp As Obtained
from the Computer Fittings When k32 Is Scanned

(See Also Text and Figure 5)

0 s-1 < k31,exp < 6 × 106 s-1

2.9 × 107 s-1 < k21,exp < 3.4 × 107 s-1

1.6 × 107 s-1 < k32 < 1.96 × 107 s-1

(B) By Calculating the Values of k21,calc and k31,calc from Eqs 15,
Using S1 + S2 and P - S1S2 (See Also Text and Figure 6)

1.32 × 107 s-1 < k31,exp < 1.33 × 107 s-1

1.8 × 107 s-1 < k21,exp < 2.1 × 107 s-1

1.6 × 107 s-1 < k32< 1.96 × 107 s-1

a The scannings of k32 were performed with six known rate
constant values (k01 ) 4.38 × 106 s-1, k02 ) 6.66 × 106 s-1, k03 )
2 × 107 s-1, k12 ) 1.2 × 108 s-1, k13 ) 0 s-1, and k23 ) 0 s-1) and
two known emission weight factors.

Figure 6. k21,calc ([) and k31,calc (b) as a function of k32. k21,calc
and k31,calc were calculated by the use of S1+S2 and P-S1S2
(eqs 15), respectively. See Table 2 and text for further details.

kd ) 8000RT
3η

M-1 s-1 (18)
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of which one is ring-closed ion-ion aggregated and the
other open and unaggregated and one excimer state. At
those wavelengths where only the locally excited states
emit, the emission decays biexponentially, showing that
the dissociation of the excimer state to the two locally
excited states is negligibly slow. This makes it possible
to analyze the fluorescence decay surface according to
the scanning technique. The calculations indicate that
the ring closure of POLYDIPROBE in THF is close to
diffusion-controlled.

Acknowledgment. J.v.S is a postdoctoral fellow at
the K. U. Leuven and thanks K. U. Leuven for a
postdoctoral grant. N. B. is an Onderzoeksdirecteur of
the Belgian Fonds voor Geneeskundig Wetenschappelijk
Onderzoek (FGWO). The continuing support of the
Belgian Fonds voor Kollektief Fundamenteel Onderzoek
and the Ministry of Scientific Programming through
IUAP/PAI-IV/11 is gratefully acknowledged. Professor
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