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Heterojunctions between organic semiconductors are central to the operation of light-emitting and photovoltaic diodes, providing
respectively for electron-hole capture and separation. However, relatively little is known about the character of electronic
excitations stable at the heterojunction. We have developed molecular models to study such interfacial excited electronic excitations
that form at the heterojunction between model polymer donor and polymer acceptor systems: poly(9,9-dioctylfluorene-co-bis-
N, N-(4-butylphenyl)-bis-N , N-phenyl-1,4-phenylenediamine) (PFB) with poly(9,9-dioctylfluorene-co-benzothiadiazole) (F8BT),
and poly(9,9-dioctylfluorene-co- N -(4-butylphenyl)diphenylamine) (TFB) with F8BT. We find that for stable ground-state geometries
the excited state has a strong charge-transfer character. Furthermore, when partly covalent, modelled radiative lifetimes (~10~" s) and
off-chain axis polarization (30°) match observed ‘exciplex’ emission. Additionally for the PFB:F8BT blend, geometries with fully ionic

character are also found, thus accounting for the low electroluminescence efficiency of this system.

The so-called ‘type-II’ heterojunctions' are usually used in
organic optoelectronic devices so that both the highest-
occupied-molecular-orbital (HOMO) and the lowest-unoccupied-
molecular-orbital (LUMO) levels of one polymer lie higher
in energy than the corresponding levels in the other polymer.
Depending on the energy mismatch between the frontier orbitals,
type-1II heterojunctions can either facilitate charge separation in
photovoltaic cells*™ or enhance quantum vyields in light-emitting
diodes™". For the case of photovoltaic diodes, there is considerable
evidence in the literature for very rapid photoinduced electron
transfer as the photogenerated exciton reaches the heterojunction.
This is generally inferred from the rapid appearance of excited-state
optical absorption characteristic of polaron-like charged states.
However, there is evidence that the electron and hole remain bound
as a charge-transfer exciton—for example that recombination is
predominantly geminate®. For some materials systems, including
those studied (see Fig. la for chemical structures), the charge-
transfer exciton shows sufficient overlap of electron and hole
wavefunctions that there is significant luminescence (characterized
by a much-increased radiative lifetime, to about 100ns, and
a substantial red-shift); these have been termed ‘exciplexes. A
detailed picture has been built up for these systems™, which
we match here to quantum-chemical modelling of these charge-
transfer excitations.

The formation of exciplexes is usually understood in terms of
the redox potential, defined as the difference between the ionization
potential of the donor and electron affinity of the acceptor'®. For
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exciplexes in solutions, a unit-slope dependence of the exciplex
emission on the redox potentials is observed. Moreover, recent
work by Sreearunothai et al.' suggested that different orientations
of the molecules at the heterojunction result in either repulsive
or attractive interchain interactions. Their calculations of the
Coulomb interaction between excitonic excited states on one chain
and the ground state on the other revealed that whereas the
former leads to a blue-shifted exciton emission the latter favours
the formation of exciplex states, thereby enhancing the charge
separation process.

Our models produce descriptions of the exciplex that
match experiments very directly—including the 30° off-chain
axis orientation of the dipole transition that we also report
experimentally here. However, for the PFB:F8BT system they also
reveal the occurrence of energetically similar but non-emissive
charge-transfer states, the presence of which explains the long-
standing puzzle of the low electroluminescence efficiency of this
system'®. Our evidence that there can be a range of coulombically
bound both emissive and non-emissive charge-transfer states
provides a general framework for the description of charge capture
or separation at heterojunctions.

For the PFB:F8BT system, we first calculated the polarization
energy induced by the presence of F8BT on the PFB exciton for
varying relative displacements of the PFB chain in the xy plane
parallel to the F8BT backbone. The cross-section along the main
chain axis direction (x) of the Coulomb interaction for a lateral
displacement y = +1A is shown in Fig. 2a. The results indicate
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Figure 1 Chemical/density functional theory (DFT) structures of investigated
systems and their HOMO/LUMO orbitals. a, Chemical structures of PFB, TFB and
F8BT. The investigated system contains two and five repeat units of PFB/TFB and
F8BT, respectively. b,¢, Ground-state structures of blends obtained from DFT
simulation and their corresponding HOMO and LUMO orbitals calculated at the
intermediate neglect of differential overlap (INDO)/ single-configuration interaction
(SCI) level of PFB:F8BT (b) and TFB:F8BT (c). The size and colour of the circles
describe the amplitude and sign, respectively, of the linear combination of atomic
orbitals coefficients associated with the = atomic orbitals.

that different orientations of the interacting chains give rise to
either attractive or repulsive interactions, as reported previously''.
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The (permanent-) charge—(induced-) charge interaction causes a
red-shift (by up to 90 meV) of the PFB electronic transition in the
attractive configurations, whereas it results in a blue-shifted PFB
optical transition (by up to 12 meV) in the repulsive configurations.

We now compare the charge redistribution on going from the
ground state to the excited states in these two types of configuration
in Fig. 3a,b. In the attractive configurations, we observe that the
lowest excited state has a pronounced charge-transfer character
with partial negative charges localized on one BT unit of F8BT
in close interaction with the neighbouring positively charged
triarylamine group of PFB. This state is primarily described by a
single electronic configuration where one electron is excited from
the PFB-localized HOMO to the F8BT-localized LUMO (Fig. 1b).
We note that the second excited state of the attractive configurations
corresponds to localized excitations on F8BT with small interchain
charge-transfer character. For the repulsive configurations, the
ordering of the lowest electronic excitations is reversed with respect
to the attractive case, with the localized F8BT exciton lying at
lower energy.

We have calculated characteristics of the lowest singlet excited
states, that is, excitation energy, radiative lifetime and charge
redistribution, as a function of a range of x,y displacements.
Cross-sections along the main-chain-axis direction (x) of these
properties for a lateral displacement y = +1A are shown in
Fig. 2b—d and reveal three distinct regimes. In the first regime
(I, x < —5A and x > 6A), the first electronic transition occurs
at an energy of ~2.3 eV and has a radiative lifetime of the order
of 1-2 ns. These electronic excitations form in the repulsive range
identified above and have a dominant excitonic character (with
radiative lifetimes comparable to the experimental values for bulk
F8BT excitons'). In the second regime (II, —4A<x<-24 and
2 A <x <54), the calculated lifetimes span a range from ~40 to
a few hundred nanoseconds. We identify these excited states as the
emissive exciplexes reported previously'. The radiative lifetime of
these exciplex-like electronic states, at some 100 times longer than
that of excitons, is in excellent agreement with the experimental
data. Finally, for the configurations falling in regime III, the lowest
excited state is characterized by an excitation energy similar to
that of the exciplexes, yet has a much longer lifetime and smaller
oscillator strength. We identify these species as ‘polaron-pair’
excited states®. This polaron-pair excitation can be regarded as a
special case of the more general exciplex but where a complete
charge transfer occurs from the donor to the acceptor. We note
that the geometrical structures favouring electronic excitations in
regime I and III both correspond to attractive configurations.

The electronic states of excited-state complexes with charge-
transfer character are usually described by equation (1), which
is essentially a linear combination of pure ion pairs and locally
electronic configurations of the donor and acceptor (ignoring other
configurations that do not contribute significantly).

|XP) = ccr|PFB — F8BT) + cpx|F8BT — F8BT). (1)

The expansion coefficients ccr and c¢gx determine the relative
weights of charge-transfer and local electronic excitations to
the lowest eigenstate of the complex, |XP). The polaron pair
corresponds to ccr ~ 1; that is, full charge transfer occurs from
the donor to the acceptor. In Fig. 2e, we report the INDO/SCI
charge redistribution calculated on going from the ground state
to the lowest excited state of representative geometries of the
PFB:F8BT system. It can be seen that, whereas hardly any
intermolecular rearrangement of the charge distribution takes place
in excitonic states where repulsive configurations are favoured, a
close to complete charge transfer occurs from PFB to F8BT in
the attractive configurations stabilizing polaron-pair formation. In
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Figure 2 Coulomb interaction energy and excited-state properties of representative PFB:F8BT structures. a—d, Cross-sections of the Coulomb interaction energy,
excitation energy, radiative lifetime and charge redistribution of PFB respectively in their lowest excited states as a function of the displacements with respect to the
minimized original DFT/PCFF PFB:F8BT structure along y=-+1A. e, Components of the INDO/SC! transition dipole moment along the chain axis (filled circles) and along the
packing direction (open circles). f, Rotation angles between the transition dipole moment and the chain axis. There are three regimes: (1) black circles denote excitonic states;

(I) green circles denote exciplex states; (lll) red circles represent polaron-pair states.

the intermediate cases (regime II), exciplex states with dominant
charge-transfer character yet with a small fraction of locally excited
F8BT electronic excitation are found.

By expanding |XP) in a molecular orbital basis and assuming
for simplicity a three-orbital model (that is, the charge-transfer
|PFB — F8BT) excitation corresponds to |Hppz — Lpgpr) and the
localized |F8BT — F8BT) excitation is |Hpsgr — Lispr), where Hpgg,
Hpggr and Lgggr denote the HOMOSs of PFB and F8BT and the
LUMO of F8BT, respectively), the overall transition dipole moment
to the lowest excited state in the complex can be recast from
first-order perturbation theory as

(Solt|XP) = cer(Hppg| it | Legpr) + cex (Hesgr | 14| Lespr)

(HPFB | t | HFSBT )

Frx—Eor (Heser| | Lessr) »

)

~ ccr{Hprs| (4 |Lyspr) +
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where Epx and Ecr denote the energies of pure local
and charge-transfer electronic configurations, respectively,
(Hespr| 4 |Lpggr) is the transition dipole moment of F8BT,
(Hpgg |t|Hggpr) is the (one-electron) matrix element mixing the
HOMOs of the PFB and F8BT chains and ccr < 1. Therefore, the
exciplex states acquire absorption cross-sections and finite radiative
lifetimes through either direct overlap between the HOMO and
LUMO of the interacting molecules (first term in equation (2))
or mixing with the F8BT localized excitation (second term in
equation (2)). Note that admixture of PFB-localized excitations
can be ruled out, as these occur at much higher energy.

It is interesting to consider the polarization of the two
contributions in equation (2): whereas the direct overlap term
contributes a transition dipole moment component along the
packing axis (z axis here), the interaction between local and charge-
transfer configurations provides an xy-polarized component
resulting from intensity borrowing from the F8BT excitonic
transition. In Fig. 2e, the INDO/SCI average values of the transition
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Figure 3 Charge redistributions of the lowest excited states of representative
configurations. a—d, The charge differences between the ground and lowest excited
states of representative attractive and repulsive configurations of PFB:F8BT blends,
and those of CT-exciton and exciplex patterns of TFB:F8BT blends, respectively. Red
and blue circles represent positive and negative charges, respectively.

dipole components along the stacking axis and in the perpendicular
molecular planes are shown for representative configurations. It
is seen that the transition dipole moment to the exciplex states
arises primarily from the mixing between charge-transfer and
excitonic configurations, that is, it is mostly polarized in the xy
plane (the second term in equation (2) dominates). In contrast,
pure polaron-pair configurations show transition dipole moments
that are smaller and oriented along the packing axis, as they result
from direct overlap between the HOMO orbital of PFB and the
LUMO orbital of F8BT. The angle 6 in between the transition
dipole moment and the chain axis direction is smaller than 3°
for the excitonic states, close to 75° for polaron-pair states and
intermediate for exciplexes (Fig. 2f).

We are able to compare these values against experimental results
for exciplex emission through measurements of luminescence
depolarization. At times beyond a few nanoseconds, all emission
in PFB:F8BT blends is due to exciplexes, which either emit directly
in a band peaking near 645 nm or, if thermally excited, transfer as
excitons to the F8BT and cause emission near 550 nm (ref. 9). Thus
both ‘regenerated’ exciton and exciplex emission arise from the
same excitation population, and differences in their depolarization
behaviour enable us to determine the angle 6. Figure 4 shows the
photoluminescence decays and their corresponding polarization
anisotropy kinetics for the PFB:F8BT blends with two blend ratios.
We present kinetics recorded at 645 and 550 nm to differentiate
the exciplex from regenerated exciton photoluminescence. After an
initial decay, which is determined by the instrument response, we
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record a constant value for the emission anisotropy in all cases. We
conclude that the exciplex is, in contrast to excitons, immobile. This
strongly supports our overall conclusion that the local electronic
properties of the heterojunction states are crucial for the overall
device performance (see below). The delayed photoluminescence
in the blend containing 10% of F8BT is more polarized than that
in the 50%:50% blend. This is because the domain size is smaller
in the former, and excitons therefore retain more polarization
information when migrating to the heterojunction. For both blend
ratios, a higher anisotropy is observed for the emission of the
regenerated excitons compared with the exciplex. Averaged over
a time interval from 2 to 45 ns, the blend containing 10% F8BT
gives anisotropy values of 0.23 and 0.06 for the exciton and
exciplex emission, respectively. For the blend with 50% F8BT,
the corresponding values are 0.06 and 0.02. The lower anisotropy
values for the exciplex emission with respect to the exciton emission
are a direct indication of a significant off-chain component in the
transition dipole moment of the exciplex. 6 can be calculated from
the experimental data as 6 = cos™' (f+/(rg+2rx) /31:), where %
and ry are the polarization anisotropy values for exciton and
exciplex photoluminescence, respectively®'. We obtain 6 = 45° and
44° for the blend containing 10% and 50% F8BT, respectively. This
directly shows that the exciplex state has a significant transition
dipole moment perpendicular to the excitonic (in-chain) direction,
and confirms our theoretical calculations.

It has been shown that pure polaron-pair excited states in
molecular systems showing charge-transfer character excitations
have charge-transfer character in excess of 90% (ref. 20). The
results reported here in our polymer system show that, in the
attractive basin, the wavefunction of the lowest singlet excitation
shows in all cases a charge-transfer component ranging from 95
to 100% and that subtle changes in the relative orientations of the
polymer chains are enough to tune the excited-state lifetime over
at least one order of magnitude. Namely, the radiative lifetime of
the lowest electronic transition is found to be ~10 times longer
when the relative displacement of the PFB chain with respect to
the F8BT chain switches from x = £2 A (exciplex state) to x =04
(polaron-pair state). As these excited species with variable charge-
transfer character have similar energies, well below that of the
F8BT excitons, they should act as singlet excitation reservoirs’ with
(radiative) lifetimes spanning from a few tens to a few thousands
of nanoseconds. Note that the stabilization energy of the exciplex
with respect to the exciton is estimated to be 100meV from
our quantum-chemical simulations, whereas experimentally it is
250 £30meV (ref. 1). The underestimated stabilization energy
might be due to the fact that the calculations were carried out on
the ground-state geometries; see the Methods section.

We now move to the case of the TFB:F8BT blend. We have
calculated the polarization energy induced by the presence of F8BT
on the TFB exciton as well as the characteristics of the lowest
singlet excited state as a function of a range of x, y displacements.
Cross-sections along the main-chain-axis direction (x) of these
properties for a lateral displacement y = —3 A are shown in
Fig. 5a—d. Again, three distinct species can be identified from these
figures. For the first species (I, x < —4 A —2A<x<—-1Ax=2A
and x > 5A), the first electronic transition occurs at an energy
of ~2.46 eV and shows a radiative lifetime at around 1.5ns. The
electronic excitations formed in this regime feature a dominant
excitonic character. For the second species (II, 0A <x<1A),
the calculated lifetimes are a few hundred nanoseconds; as in the
PFB:F8BT case, we identify the corresponding excited-state species
as the emissive exciplexes' (the calculated lifetime of exciplex
configurations for the whole xy plane in fact spans from 36 to a
few hundred nanoseconds). The stabilization energy of exciplexes
in the TFB:F8BT blend is about 50 meV, which is underestimated
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Figure 4 Polarization-resolved time-resolved photoluminescence of interface states. The magic angle and polarization anisotropy decay of the photoluminescence are
shown as a function of time for the two blend ratios and wavelengths as indicated in the figure. Time-resolved PL anisotropy decay is defined by (far — herp) / (har + 2/perp),
where /. per) iS the PL intensity recorded with the laser polarization parallel (orthogonal) to that of the detection analyser®. The excitation wavelength for these kinetic
measurements was 470 nm to ensure site-selective excitation of the low-band-gap polymer F8BT, whose absorption peaks at 480 nm.

compared with experimental data, 100 £ 20 meV (ref. 1). For the
fourth species that we find in the blends studied in this report
(IV, x=—3 A and 3A < x < 4A) the lowest excited state, which
we refer to as the CT-exciton state in the following, cannot
strictly be classified as either an exciton or an exciplex state, as
its wavefunction comprises large contributions from both localized
and charge-transfer excitations, as is illustrated in Fig. 3c. Unlike
exciplexes, which have a dominant interchain charge-transfer
character with very little intrachain excitonic character (Fig. 3d),
the CT-exciton state identified in regime IV of Fig. 5b—d shows
a much more modest amount of intermolecular charge transfer.
This species has a radiative lifetime of the order of 2-3.5ns
and an oscillator strength ~1.5 times lower than that of the
pure singlet excitons. In Fig. 5e, the INDO/SCI average values
of the transition dipole components along the stacking axis and
in perpendicular molecular planes are plotted for representative
configurations. The transition dipole moment to the CT-exciton
state arises mainly from the mixing between charge-transfer and
excitonic configurations and is much more polarized in the xy
plane than that of the exciplex. We note that this CT-exciton state
has not been identified in TFB:F8BT blends, probably because
the photoluminescence spectra of the blend and F8BT excitons
strongly overlap, thus making it difficult to disentangle the two
contributions. We also looked for the presence of polaron pairs;
however, this species is rarely observed in TFB:F8BT blends
according to our calculations, as discussed below.

The nature of the lowest electronic excitations in the PFB:F8BT
and TFB:F8BT systems is summarized in Fig. 6. We have examined
231 geometries for the PFB:F8BT system, of which 36 geometries
are categorized as polaron pairs and 51 correspond to exciplexes.
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On the other hand, from the 546 geometries considered in the
TFB:F8BT case, only two geometries are long-lived polaron pairs,
54 are identified as exciplexes and 51 are categorized as CT-exciton
states. As sketched in Fig. 6, the main difference between the two
types of blend is the presence in PFB:F8BT of fully charge-transfer
excited states and the absence of the mixed-type excited species
that are intermediate between excitons and exciplexes. In other
words, the lowest electronic excited state in the PFB:F8BT blends
reveals in most cases a smaller admixture from F8BT localized
excitations into charge-transfer excitations. This can be traced back
to the greater redox potential for the PFB:F8BT pair compared
with TFB:F8BT, hence a greater energy mismatch between local
and charge-transfer excitations at the denominator of the second
term in equation (1).

It has been shown"’ that light-emitting diodes made with
TFB:F8BT blends can show high electroluminescence efficiency,
above 19lmW~!, and that the electroluminescence is due
to emission from exciplexes and regenerated excitons at the
heterojunction. This high electroluminescence efficiency is
consistent with the presence of only emissive states at the
heterojunction. In contrast, PFB:F8BT light-emitting diodes show
an electroluminescence efficiency an order of magnitude lower"’.
We attribute this to the presence of the non-radiative polaron pairs
in PFB:F8BT blends, because this non-radiative decay channel will
diminish the electroluminescence efficiency. Similar reductions
in photoluminescence efficiencies are seen for PFB:F8BT blends,
from up to 80% for F8BT to a few per cent for blends, and
this has previously been considered to be an indication of high
charge-separation yield in the PFB:F8BT blends. However, the
photovoltaic performance of diodes made with either blend is
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Figure 5 Coulomb interaction energy and excited-state properties of representative TFB:F8BT structures. a—d, Cross-sections of the Coulomb interaction energy,
excitation energy, radiative lifetime and charge redistribution of the TFB in the lowest excited states as a function of the displacements with respect to the minimized original
DFT/PCFF TFB:F8BT structure along y= —3 A. e, Components of the INDO/SCI transition dipole moment along the chain axis (filled circles) and along the packing direction
(open circles). There are three regimes: () black circles denote excitonic states; (Il) green circles denote exciplex states; (IV) blue circles represent the CT-exciton state.

relatively poor, with an external quantum efficiency (charges
collected per incident photon) no higher than 10% under short-
circuit conditions". We note that exciplex states are strongly bound
at room temperature, as observed from electric-field-dependent
luminescence-decay measurements’, and once formed are unlikely
to contribute to the collected photocurrent. We consider that the
binding energy (with respect to a well-separated charge pair)
is due to the strong coulombic attraction between an electron
and a hole on adjacent chains across the heterojunction. We
expect a very similar coulombic binding energy for the polaron
pairs, because the spatial distribution of their electron and hole
wavefunction is very similar. This is consistent with the low
photovoltaic efficiencies seen for both systems. More generally,
bound electron-hole pairs are considered to reduce photovoltaic
efficiency in heterojunction diodes?. Our model has provided the
first microscopic description of the nature of excitonic states at
molecular semiconductor heterojunction states, and reveals that
there is a range of excitonic states possible, as determined by specific
features of intermolecular overlap.
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METHODS

THEORETICAL CALCULATIONS

The structures investigated in this report comprise two polymer chains: a
PFB/TFB molecule with two repeating units and an F8BT molecule with five
repeating units (because of the limited delocalization of the 7 system, these
oligomers are very reasonable models for the corresponding polymers). The
simulations were carried out by first optimizing the ground-state geometry of
the isolated PFB/TFB and F8BT chains at the B3LYP (6-31G basis set) DFT
level?*?*, The resulting geometries are shown at the top of Fig. 1b,c. As the
alkyl side chains do not contribute significantly to the electronic excitation,
they were excluded for both molecules from our calculations to reduce
computation efforts?®. We examined the influence of the relative orientations
of two interacting molecules by translating the PFB/TFB molecule in the
(xy) plane parallel to the F8BT backbone. The potential energy surface for
such xy displacements was explored using a polymer-consistent force-field
(PCFF)?* molecular-mechanics approach on the basis of a 9-6 Lennard-Jones
potential for van der Waals contributions and electrostatic interactions
between atomic charges. These structures were relaxed while maintaining the
backbones of the two molecules frozen at their DFT values (therefore only
the intermolecular structural arrangements, namely the interchain distances
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Figure 6 Schematic diagram of the lowest electronic excitations in the
PFB:F8BT and TFB:F8BT systems. The diagram describes the properties of the four
electronic excitations taking place at the heterojunctions of PFB:F8BT and

TFB:F8BT blends.

and relative orientations of the two molecular cores, were optimized). After
geometry optimization, the distance between the PFB/TFB and F8BT backbones
was found to be in the range of 4.4-5 A. Note that this is a very crude model,
as we ignored both on-chain and interchain geometric relaxation phenomena
taking place following photoexcitation of the physical dimer. Although this
might impact the energetics somewhat, it should not drastically affect the
overall picture. The coulombic ‘solvation’ energy associated with the interaction
between the (permanent) ground-state charge distribution of one chain and the
(transient) charge redistribution on photoexcitation of the other (interacting)
chain was calculated as described in ref. 11. This provides the spectral shift on
the localized PFB/TFB (F8BT) exciton emission as induced by solvation with
F8BT (PFB/TFB), which is positive (that is, blue-shift) for repulsive and negative
(red-shift) for attractive configurations. For the attractive configurations, the
triarylamine groups of PFB/TFB are found to be in proximity with the
neighbouring BT units of the F8BT chain. On the other hand, the F8 units of
PFB/TFB lie on top of the BT units of F8BT in the repulsive configurations.

On the basis of the ground-state minimized geometries, a semiempirical
INDO hamiltonian®” (with a screened Mataga-Nishmoto potential to describe
electron—electron interactions in organic condensed phase)'"**?? was combined
with an SCI scheme to characterize the excited-state properties of the two-chain
systems, including charge distributions, excitation energies and transition
dipole moments. As demonstrated in Fig. 1b,c, the LUMO is localized on
the BT units of the F8BT chain whereas the HOMO is delocalized on the
PFB and TFB chain, with large weights on the triarylamine groups. Thus, we
expect that the nature of the lowest electronic excitations, and more specifically
the admixture between charge-transfer and localized configurations, will be
sensitive to the relative orientations and distances between the benzothiadiazole
units of F8BT and the triarylamine units of PFB and TFB. The computed
excitation energies and transition dipole moments were then injected into
Einstein coefficients for the calculation of the radiative lifetimes. The interchain
distance dependence has also been examined for the excited-state properties
of the electronic excitations that form at the heterojunction. If the interchain
distance was decreased by 0.01 nm, for the exciplex excitation, the sensitivity of
the interchain separation to the radiative lifetime was found to be of the order
of 10%, intermediate between polaron pairs, whose radiative lifetime decreased
by ~35%, and excitons, whose radiative lifetime stayed nearly constant.

PHOTOLUMINESCENCE DECAYS AND POLARIZATION ANISOTROPY KINETICS
Time-resolved photoluminescence-decay and corresponding polarization-
anisotropy-kinetics measurements®’ were carried out using a time-correlated
single-photon-counting set-up described elsewhere®!.
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