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ABSTRACT: A covalently-linked bichromophore, comprising TIPS-pentacene terminals bridged by a fluorene spacer, generates a 

relatively high yield (i.e., 65 ± 5 %) of the spin-correlated, triplet biexciton upon illumination in toluene. Under the same conditions, 

the extent of fluorescence quenching exceeds 98% relative to the parent TIPS-pentacene and is insensitive to temperature. The biex-
citon, having overall singlet spin multiplicity, undergoes triplet-triplet annihilation, giving a minor crop of delayed fluorescence, in 

competition to spin decorrelation. These latter processes occur on the relatively slow timescale of ca. 100 ns, possibly reflecting the 

restricted level of electronic communication between the terminals. Decorrelation leads to formation of an isolated (i.e., independent) 

triplet pair, which is formed with an overall quantum efficiency of 44 ± 8 % and has a lifetime of almost 10 s in de-aerated toluene. 

The triplet species exhibits phosphorescence at room temperature, both as a solid and in solution, allowing identification of  the triplet 

excitation energy as 7,290 ± 200 cm-1. This value is only slightly less than one-half of the corresponding singlet excitation energy 
and is in line with the appearance of delayed fluorescence. With the derived triplet energy, photoacoustic calorimetry (PAC) is used 

to refine the various quantum yields determined by optical spectroscopy. The PAC results indicate three separate enthalpy changes; 

a very fast step associated with intramolecular singlet exciton fission to form the correlated triplet biexciton, a fast step reflecting 
intramolecular triplet-triplet annihilation, and a slow step, not resolved by the transducer, due to relaxation of the independent triplet 

pair. At each stage, radiationless decay competes with triplet evolution. Both fluorescence quenching and triplet formation are en-

hanced in polar solvents at the expense of radiationless decay. 

INTRODUCTION 

Singlet exciton fission (SEF) is a spin-allowed process occur-

ring with particular organic chromophores whereby a singlet-

excited state generates two triplet excited states localized on 
neighboring molecules. The SEF mechanism has long been a 

curiosity in the field of molecular photophysics.1-3 The subject 

received sporadic investigation over several decades until the 
realization that triplet state multiplication might be a potential 

route for enhancing the performance of certain types of organic 

solar cells.4 This promising application has fuelled an exhaus-
tive investigation into the mechanism5,6 and optimization7,8 of 

SEF with numerous different classes of organic chromophores. 

An intriguing, and perhaps unique, feature of SEF is that the 

corresponding reverse process, namely triplet-triplet annihila-
tion to produce a crop of delayed fluorescence,9 is also a strong 

candidate for advancing solar cell performance.10,11 The early 

work in the SEF arena has been reviewed comprehensively by 
Smith and Michl12,13 but many new aspects have been exposed 

in more recent studies. Perhaps the most important feature of 

the SEF process involves establishing a correct energy balance 
in terms of the relative excitation energies for excited-singlet 

and excited-triplet species. This is not as easy as it might appear 

since the SEF event gives rise to a triplet biexciton rather than 

the isolated triplet state. Indeed, spin decorrelation14 and subse-

quent diffusion15,16 of the triplet species are subjects of much 

current debate. Also under intense investigation are the possible 
roles of charge-transfer interactions17,18 and vibrational coher-

ence19 in the SEF process. Detailed mechanistic studies are ren-

dered difficult, however, by the fact that the degree of electronic 
coupling between proximal chromophores is strongly influ-

enced by the molecular topology.20-22 This situation arises be-

cause most SEF studies are carried out with condensed materi-

als, such as single crystals or thin films. 

At least in principle, many of the experimental challenges as-

sociated with the advanced spectroscopic study of solid-state 

samples can be overcome by the use of covalently-linked bi-
chromophores or higher-order accretions.23 This strategy, 

which is readily amenable to the systematic variation of molec-

ular topology and mutual electronic coupling, was employed by 
Michl et al24 in 2013 and applied to the study of weakly-coupled 

1,3-diphenylisobenzofuran bichromophores. Despite the fact 

that the parent compound undergoes highly efficacious SEF in 
the solid state,25 no triplet formation was evident for the bichro-

mophores in nonpolar solvents. This was not the case with a 

small series of bis-pentacene derivatives reported by Guldi et 



 

al26 where triplet yields exceeding 100% were realized. Subse-
quently, a seemingly inexhaustible variety of molecular archi-

tectures has been reported23 in an effort to obtain highly effi-

cient triplet formation. Typical variations include modifications 
of the nature and number of chromophores,27,28 the length29 and 

electronic properties30 of the connecting bridge, the singlet-tri-

plet energy gap,31-34 the mutual molecular orientation,35 the na-

ture of the surrounding medium36 and the mode of excitation.37 
Competition between SEF and other photophysical processes, 

such as excimer formation38 or light-induced charge transfer,39 

has been explored, as has the effect of SEF exergonicity.40 

Progress in the generic field of intramolecular SEF (iSEF) 

has been reviewed recently by Johnson et al23 with emphasis on 

what lessons have been learned and what remains to be clari-
fied. An advantage of the covalently-linked chromophores rel-

ative to solid-state materials is that the initial triplet biexciton 

cannot undergo microscopic diffusive separation and, therefore, 

its fate can be examined more easily by spectroscopy. In this 
respect, weakly-coupled bichromophores are more interesting 

since the decorrelation41 to a quintet state will likely occur on a 

relatively slow timescale. Such decorrelation is a necessary pre-
requisite for the evolution of an isolated triplet pair, where the 

two triplets act independently, and such behavior may not be 

possible for strongly-coupled chromophores. Understanding 
the decorrelation mechanism remains a critical goal.42 A diffi-

culty for establishing generic mechanisms and conclusions is 

that small changes in energetics can have important conse-
quences for the triplet yield, with SEF switching between en-

dergonic and exoergic processes. It has also become clear that 

the role of charge-transfer interactions is influenced by the na-

ture of the chromophores and the local environment.23 The same 
is true for any temperature dependence; this being further com-

plicated by possible geometrical fluctuations. It is also apparent 

that optical spectroscopic methods, while being indispensable 
for establishing reaction rates, might not detect subtleties in the 

reaction mechanism that could be resolved by magnetic or vi-

brational techniques.43 There is, throughout all of this impres-
sive body of work, a general lack of strong evidence for the pre-

cise triplet excitation energies! 

Here, we are concerned with understanding the details of 

iSEF occurring within a weakly-coupled, fluorene-bridged bi-
chromophore constructed from TIPS-pentacene (TIPS = triiso-

propylsilylethynyl) terminals. Pentacene was one of the first 

molecules shown44 to exhibit SEF and has been a cornerstone 
of contemporary studies. The parent molecule has limited solu-

bility in common organic solvents and is susceptible to oxida-

tive degradation.45 Replacing pentacene with TIPS-pentacene 
(TIPS-P) solves both problems46 and there have been numerous 

bis-TIPS-P derivatives reported over the past decade. A recent 

study47 has described in full detail the photophysical properties 

of TIPS-P and provides quantitative data for both singlet- and 
triplet-excited states. An interesting feature of TIPS-P is that the 

inherent triplet yield is close to zero in the absence of a spin-

orbit accelerant and therefore any triplet formation for the bi-
chromophore must result from interaction between the termi-

nals. Many of the earlier studies made with bis-TIPS-P deriva-

tives focussed on molecular systems with relatively strong elec-
tronic coupling between the terminals.26,29,35,48-51 In our case, the 

fluorene-based bridge minimizes contact between the two 

TIPS-P units.  

The general consensus is that SEF with TIPS-P derivatives 
will be exoergic,23 with the excitation energy of the triplet biex-

citon falling well below the energy of the excited-singlet state. 

There is, however, minimal experimental evidence to support 
this claim. The triplet energy of isolated TIPS-P was estab-

lished47 recently to be 7,940 ± 1,200 cm-1, compared to the sin-

glet excitation energy of 15,445 ± 100 cm-1. This would indicate 

that the energetics for SEF are closely balanced. Phosphores-
cence studies made with relevant bichromophores26,40 indicate 

a much lower triplet energy of 6,330 cm-1. Although the origin 

of this latter emission is not clear, the implications are that iSEF 
involves an excess energy in the region of 2,700 cm-1. The bi-

chromophore studied here shows room-temperature phospho-

rescence, which can be used to establish the triplet excitation 
energy. With this latter value, photoacoustic calorimetry52-56 

(PAC) can be used to determine the yield of the various species 

responsible for the underlying enthalpy changes. This is the first 

time that PAC has been applied in the SEF field but it will be 
shown that the technique can provide important insight into the 

underlying processes.47 It should be mentioned that a report has 

appeared37 for the same bichromophore when subjected to indi-

rect excitation using pulse radiolysis conditions. 

EXPERIMENTAL 

Samples of the target compound, PFP, and the parent, TIPS-
P, were synthesized in-house and details are provided in the 

Supporting Information. Absorption spectra were measured 

with either a Shimadzu UV-2100 spectrophotometer or with a 

Hitachi U3310 spectrophotometer. Steady-state fluorescence 
measurements were recorded using a Horiba Fluorolog Tau-3 

system with a water-cooled R2658P photomultiplier detector. 

Fluorescence quantum yields were measured using meso-tetra-

phenylporphyrin57 as a standard (F = 0.11 in toluene). Cyclic 

voltammetry was made with a conventional 3-electrode system 

using a highly polished, glassy carbon working electrode. The 
counter electrode was a Pt wire and the reference electrode was 

an Ag/Ag+ electrode maintained in acetonitrile. The back-

ground electrolyte was ammonium tetra-N-butylammonium 
perchlorate (0.2 M) and the solvent was freshly distilled 

CH2Cl2. An E600 potentiostat (CH Instruments) was used with 

a scan rate of 60 mV/s. Solutions were purged with N2 before 
the experiment and maintained in an O2-free environment 

throughout the scan. 

Time-resolved fluorescence decay measurements were rec-

orded with a time-correlated, single photon counting system, 
where excitation was made with a 635-nm short-pulse (FWHM 

= 90 ps) laser diode. A 1/4 meter Czerny-Turner emission mon-

ochromator was used to isolate fluorescence from scattered ex-
citation light. Lifetime measurements were made after decon-

volution of the instrumental response function using PTI Time-

master software. The temporal resolution of this set-up was ca. 
60 ps. The solute absorbance was adjusted to be ca. 0.08 at 635 

nm for all measurements and the solvent was first checked for 

the presence of emissive impurities. 

Time-resolved absorption measurements were obtained with 

an Applied Photophysics LKS-70 system using a 4-ns pulsed 

Quantel Brilliant B Nd:YAG laser with the 1064 nm output fre-

quency being doubled to 532 nm. The repetition rate of the laser 
was 10 Hz with the power varying from 1-50 mJ per pulse. Un-

less stated otherwise, the solution was de-oxygenated with a 

stream of dried N2. Transient differential absorption spectra 
were collected point-by-point with 5 individual measurements 



 

being averaged at each wavelength. Kinetic measurements were 
made at fixed wavelength with up to 256 individual traces being 

averaged and baseline corrected. The solution was refreshed pe-

riodically and all measurements were repeated at least three 
times. Data analysis was made using in-house software. Kinetic 

measurements made use of the Levenberg–Marquardt algo-

rithm after signal averaging and, in each case, a range of time 

bases was used to extract the required triplet lifetime.  

Improved temporal resolution was achieved using the pump-

probe technique with an ultimate precision of 0.2 ps. The basic 

instrument has been described before58 and used to study intra-
molecular SEF in bis-pentacene derivatives.29,35 In brief, 100 fs 

pulses at 800 nm and at a repetition rate of 1 kHz were generated 

by a Libra F laser system (Coherent Inc.) and used to pump a 
Topas C OPA (Light Conversion Ltd.) so as to generate pump 

pulses at 600 nm. These pulses were used also to produce the 

white light probe. A time-resolved spectrometer (ExiPro, CDP 

Inc.) was used to collect a series of delayed transient absorption 
spectra over the desired wavelength range. Fresh solution was 

used for each laser shot and multiple spectra were averaged be-

fore analysis. Kinetic measurements were made by overlaying 
signals collected at different delay times at the same monitoring 

wavelength. Data analysis was made using in-house software. 

Molar absorption coefficients for transient species were deter-
mined from differential spectra recorded at 1 ps and at 1 ns, re-

spectively, for excited-singlet and excited-triplet species. This 

was achieved using a model-based procedure and fitting spectra 
in the region of ground-state bleaching around 650 nm. At a 

time delay of 1 ns, the model assumes that there is only one 

triplet species present and that its concentration exactly matches 

the degree of ground-state bleaching.59 The triplet species has 
no significant absorption at 650 nm and, after baseline correc-

tion, quantification of the spectra is straightforward.60 This is 

not the case for the excited-singlet state, which displays pro-
nounced, nonlinear absorption across the bleaching zone. There 

is also a small amount of stimulated emission that contributes 

to the apparent bleaching signal. Quantification required re-it-
eration of the ground-state absorption spectrum, the fluores-

cence spectrum and the observed differential absorption spec-

trum. Again the model assumed equal concentrations of ex-

cited-singlet state and ground-state bleaching but included the 
restriction that only one TIPS-P unit was bleached at the ex-

cited-singlet state level.  

Photoacoustic calorimetry (PAC) experiments61 employed a 
homemade front-face irradiation cell. As necessary, samples 

were saturated with N2 for 20 min before starting the measure-

ment. The sample, reference and solvent solutions were flowed 
separately (Kloehn syringe pump) through the 0.11 mm thick 

photoacoustic cell and exposed to pulses delivered with an OPO 

(Ekspla PG122/SH) pumped by the second harmonic of a nano-

second Q-switched Nd:YAG laser (Ekspla NL301G), working 
at a frequency of 10 Hz. The maximum energy per pulse was 

less than 1.0 mJ in all cases. The excitation wavelength was var-

ied but kept close to the absorption peak of the solute. The pho-
toacoustic waves were detected by a 2.25 MHz Olympus 

Panametrics transducer (model 5676), amplified by a preampli-

fier, recorded with a digital oscilloscope (Tektronix 
DPO7254C) and transferred to a PC for data analysis and stor-

age. Analysis of the photoacoustic waves was performed with 

CPAC software.62 In a typical PAC experiment, 200 waves 
were averaged for sample, reference and pure solvent using the 

same experimental conditions and with four different laser in-

tensities. Neutral density filters were employed to vary the laser 

power. Measurements were made in de-aerated toluene using 

azulene as reference.63 

For NIR emission studies, laser light ( = 532 nm) from a 

Coherent Verdi V8 laser was focused onto the solid sample 
through an x63 water immersion objective lens (Leica, NA 1.2). 

A variable neutral density filter was used to attenuate the laser, 

such that 2 mW laser power was present at the beam focus. The 
emission signals were collected using the same objective lens 

(i.e., backscattered light) while a long pass dichroic mirror 

(Thorlabs DMLP1000) was used to reject all light below 985 

nm. The signal was detected using a NIR spectrograph (Acton 
Research Company, Isoplane SCT-320) combined with an In-

GaAs array detector (Princeton Instruments, NIRvana 640). Ac-

quisition times were typically 1 second. A 300 groove/mm grat-
ing, blazed at 1.2 microns, was used for all spectral measure-

ments. The spectrograph was calibrated using the gas emission 

lines of a Mercury-Argon PenRay discharge lamp. The overall 
configuration of the spectrometer was similar to that described 

earlier.47,64 

For liquid phase studies, the set-up was reconfigured to use 
pulsed laser excitation (10 ns, 532 nm, 10 Hz, 100 mW) with 

the sample being housed in a conventional plastic optical cu-

vette. Output from the laser was cleansed by passing through a 

band-pass filter (Thorlabs Inc.) centered at 532 nm and with a 
10 nm bandwidth. A circular beam attenuator was used to re-

strict the average output power to ca. 80 mW. A laser collimator 

was used to generate an expanded beam of 3 mm diameter 
which was directed to an adjustable pinhole attached to one face 

of the sample cuvette. A dichroic mirror (Thorlabs Inc.) re-

flected the laser beam to the sample but allowed back transmis-
sion of photons in the NIR region. This emission was collected 

with a series of lenses and directed to a large area multimode 

fibre optic connected to the spectrograph. A long-pass filter 

with a cut-off of 1,100 nm was used to prevent further migration 
of residual fluorescence. The InGaAs array detector was 

equipped with thermoelectric cooling down to -90oC and was 

operated in the free-running mode. The instrument was shielded 
from adventitious illumination and optimized using the zinc(II) 

tetraphenylporphyrin sensitized65 formation of singlet molecu-

lar oxygen in air-equilibrated toluene. A typical NIR spectrum 

was compiled by averaging 25 acquisitions, each of 5 seconds.  

RESULTS 

Photophysical properties in toluene 

Synthetic procedures for the target dye, the fluorene-bridged 
bis-TIPS-P derivative (PFP: Figure 1), are provided as part of 

the Supporting Information. The identity of the compound was 

confirmed by way of high-resolution NMR spectroscopy and 
mass spectrometry. The compound was found to have reasona-

ble solubility in toluene, the solvent of choice for this work, and 

in most other organic solvents due to the presence of the TIPS 

groups.46 A computerized model constructed for the essential 
core of the PFP module shows an extended geometry with the 

terminals held at an oblique angle (Figure 1). Although gyration 

around the bridge connection points ensures a wide variance in 
dihedral angles, the TIPS-P units cannot come into orbital con-

tact and are kept apart by an edge-to-edge separation of ca. 10 

Å. The transition dipole moment vectors are localized on the 
terminal pentacene chromophores, without any significant de-

localization onto the fluorene-based bridge. 



 

  

Figure 1. Computed molecular geometry for the target com-

pound PFP. The mean dihedral angle between the fluorene-

based bridge (green) and the terminal TIPS-P chromo-

phores (red) is 36o as determined by ab initio DFT calcula-

tions (B3LYP/6-311++G**/PCM) in CHCl3 solution. 

The absorption spectrum recorded for PFP in toluene (Figure 

2) differs somewhat from that recorded for the isolated control 

compound TIPS-P; direct comparison is made by way of Figure 
S12. Apart from a modest red shift, PFP exhibits additional 

higher-energy absorption bands at wavelengths below 450 nm 

(Figure S13).  The molar absorption coefficient for the lowest-
energy transition almost doubles from 23,250 M-1 cm-1 for 

TIPS-P at 643 nm to 43,000 M-1 cm-1 at 655 nm for PFP in tol-

uene. The red shift is attributed to a small degree of extended 
conjugation imposed by electronic coupling to the spacer. Sim-

ilar effects are apparent for other non-orthogonal bis-pentacene 

compounds.23 The new absorption bands seen in the near-UV 

appear in the fluorescence excitation spectrum (Figure 2) and, 
therefore, are not due to impurities in the sample. Even so, sam-

ples were subjected to extensive TLC purification immediately 

before recording the spectra but this had no apparent effect on 

the absorption profile or kinetic measurements. 

Figure 2. Comparison of normalized absorption (black 

curve) and fluorescence (red curve) spectra recorded for 

PFP in toluene. Also shown is the excitation spectrum (blue 

curve) after normalization at 600 nm. The insert shows an 

example of a time-resolved fluorescence decay curve rec-

orded at 670 nm, with the fit to a lifetime of 192 ps (red 

curve) and with the instrumental response function shown 

as a grey curve. 

Fluorescence is readily detected for PFP in dilute toluene so-

lution and the spectral profile remains similar to that of TIPS-

P, apart from a red-shift of 12 nm (Figure 2). The fluorescence 
maximum appears at 664 nm. A substantial decrease is ob-

served for the emission quantum yield (F) relative to TIPS-P 

under identical conditions; F is measured to be 0.03 ± 0.002 in 
dilute toluene solution compared to a value of 0.75 found for 

TIPS-P.47 In toluene at room temperature, the excited-singlet 

state lifetime (S) is 200 ± 15 ps, as measured by time-corre-

lated, single photon counting. Again, this parameter is substan-

tially shortened relative to that of TIPS-P (S = 14 ± 0.5 ns),47 
indicating the introduction of a new nonradiative channel for 

PFP that competes effectively with radiative decay. The singlet 

excitation energy can be equated to the crossover point between 
normalized absorption and fluorescence spectra, which is 

15,165 cm-1 (i.e., 1.88 eV). 

Low-temperature fluorescence measurements made in either 

methylcyclohexane or 2-methyltetrahydrofuran show a red-
shift of ca. 10 nm and a sharpening of the spectrum upon step-

wise cooling from room temperature to 80K (Figure S12). The 

fluorescence yield was corrected for solvent contraction66 and 
spectral shifts at the excitation wavelength in order to examine 

how the nonradiative rate constant depends on temperature. 

However, the fluorescence quantum yield was found to be in-
sensitive to temperature over this range (Figure S14), meaning 

that the new deactivation channel is activationless. This finding 

is consistent with singlet-exciton fission. For example, Friend 

et al.67 reported activationless SEF over a wide temperature 
range for thin films of tetracene. There is, in fact, no obvious 

reason for singlet-exciton fission to require an activation energy 

– although the absence of an activated barrier does not by itself 
prove that the enhanced nonradiative decay observed for PFP is 

primarily due to iSEF.  

Excitation of PFP in toluene with a short laser pulse (FWHM 
= 0.2 ps) at 600 nm generates the transient differential absorp-

tion spectrum displayed in Figure 3a. At the earliest times, the 

most notable features include bleaching of the 0,0 band at 655 
nm and a pronounced absorption band centered at around 460 

nm. Multi-variate curve fitting68 indicates that, on early time-

scales, the full spectral profile can be well described in terms of 

ground-state bleaching and concomitant absorption by a single 
transient species. The differential absorption spectrum recorded 

for delay times of a few ps bears only a superficial resemblance 

to that reported47 for the excited-singlet state of TIPS-P in tolu-
ene (Figure S15). In particular, the spectrum derived for PFP is 

broadened, especially in the lower energy region around 530 

nm, although the peak of the differential spectrum is close to 
that for TIPS-P. On longer timescales, the absorption band at 

460 nm is replaced with a broad absorption profile centered at 

ca. 530 nm and is accompanied by significantly increased 

bleaching of the ground-state absorption bands. Isosbestic 
points are preserved at 490 and 560 nm (Figure 3a). This second 

transient species, which hardly decays on the 6-ns temporal 

window available with this instrument, is assigned to a triplet 
species.6 Global analysis59,60,68 indicates that the excited-singlet 

state decays via exponential kinetics with a lifetime of 190 ± 20 

ps (Figure 3), in excellent agreement with the fluorescence life-
time. Thus, despite the disparity in absorption spectra, we are 

able to assign the initial species to the locally-excited singlet 

state of the bichromophore. Under the conditions of the experi-

ment, there is little likelihood for dual excitation of PFP. 

 

 



 

Figure 3. (a) Selected transient absorption spectra recorded 

after laser excitation of PFP in toluene at 600 nm. The ar-

rows indicate the course of increasing time delay. Individual 

spectra were recorded at delay times of 3.5, 20, 65, 175, 545 

and 1,745 ps. (b) Kinetic traces recorded at 459 nm (red 

curve), 530 nm (black curve) and 655 nm (indigo curve) and 

covering the timescale from 1 ps to 6 ns. (c) Kinetic traces 

recorded over a timescale of 1 to 100 ps and monitored at 

459 nm (red curve), 530 nm (black curve) and 655 nm (in-

digo curve). In all cases, the nonlinear least-squares fit to 

the experimental data corresponds to the value reported in 

the text. 

The triplet species absorbing at 530 nm is also observed fol-
lowing excitation with a 4-ns laser pulse (Figure 4). The same 

differential absorption spectrum is observed, irrespective of la-

ser intensity or excitation wavelength, but again this differs 
from that characterized47 for the triplet state of TIPS-P in tolu-

ene (Figure S16). Analysis on the microsecond timescale indi-

cates that the triplet species decays via first-order kinetics with 

a lifetime of 8 ± 2 s in de-aerated toluene (Figure 4); in air-

equilibrated toluene, the triplet lifetime is shortened to 1.25 ± 

0.2 s (Figure S17). The ground-state is recovered during this 
process but the transient differential absorption spectrum under-

goes minor changes during a few hundred ns or so. Essentially, 

these changes amount to a small shift of the absorption maxi-
mum from 530 nm to around 520 nm, which occurs with a mean 

lifetime of 135 ± 20 ns in de-aerated toluene (Figure 4). 

Commensurate with this relatively fast triplet decay, the ns-

laser flash photolysis records indicate the appearance of delayed 
fluorescence9 following excitation at 532 nm. This emission is 

very weak but displays a similar spectral profile to that recorded 

earlier for spontaneous fluorescence (Figure S21). The intensity 
depends linearly on incident laser power while the emission 

half-life is independent of the initial triplet concentration. These 

factors, together with the relatively fast timescale and low so-
lute concentration, indicate that the origin of the delayed emis-

sion is intramolecular triplet-triplet annihilation (TTA).9 How-

ever, the lifetime derived for the crop of delayed fluorescence 

(DF = 50 ns) is less than one-half that recorded for triplet decay 

(TTA = 135 ns) under the same conditions (Figure S22).69 While 

TTA is common for tetracene,70,71 where SEF is endergonic,67 it 
has rarely been reported for pentacene-based systems. Room 

temperature TTA has been described for an orthogonal bis-pen-

tacene derivative72 and for thin films of pentacene.16 

It might be stressed that the differential absorption spectra 

recorded for PFP differ somewhat from those recorded for 

TIPS-P.47 These spectral disparities are attributed to a modest 
degree of electronic coupling between the terminal chromo-

phore and the fluorene-based bridge. The main consequence of 

this mutual interaction is that molar absorption coefficients de-

termined for TIPS-P cannot be used for PFP. Earlier work car-
ried out with TIPS-P in toluene has established47 the differential 

molar absorption coefficient for the excited-singlet state at 455 

nm as being 37,200 M-1 cm-1. This value is similar to that ( 
= 38,250 M-1 cm-1) found using pulse radiolysis methods.37 It-

erative reconstruction68 of the corresponding differential spec-

trum recorded for PFP, together with the ground-state absorp-
tion spectrum and the room-temperature fluorescence spectrum, 

was applied to obtain 459 for PFP. The derived value of 33,800 

± 3,500 M-1 cm-1 is lower than that for TIPS-P, but the spectrum 
is notably broadened so that the overall oscillator strengths are 

more comparable. Taking into account the fact that only one of 

the terminal chromophores can be promoted to the excited-sin-
glet state, the molar absorption coefficient of the ground-state 

chromophore at 655 nm was taken as being one-half that of the 

bichromophore. 

It was reported47 earlier that triplet formation for TIPS-P was 

insignificant in the absence of a spin-orbit promotor. This being 

the case, production of triplet species for PFP must arise from a 

non-conventional route. Assuming this to be iSEF, the initially 
formed triplet species should be the spin-correlated, triplet biex-

citon73 possessing an overall spin multiplicity of unity.74 For 

weakly coupled triplet biexcitons, spin decorrelation has been  

 

 

 



 

Figure 4. (a) Transient differential absorption spectra recorded after laser excitation of PFP in de-aerated toluene with a 4-

ns laser pulse delivered at 600 nm. The arrows indicate the direction of increased delay time. Individual spectra were recorded 

at time delays of 10, 40, 70, 100, 150, 200 and 300 ns. (b) Kinetic traces recorded over 400 ns for the experiment reported in 

part (a) and with monitoring wavelengths of 530 and 435 nm. The best fits to the experimental data are shown as red lines 

and give a mean lifetime of 135 ns. (c) Corresponding spectra recorded on longer timescales; individual spectra being recorded 

at delay times of 0.04, 1.48, 2.96, 5.36, 8.24, 13.9, 16.4 and 24.2 s. (d) Kinetic trace recorded at 525 nm for the experiment 

reported in part (c). The best fit to the experimental data is shown as a superimposed red line and corresponds to a lifetime 

of 7.8 s. 

reported23 to occur on the ns timescale, according to the degree 

of electronic communication, to generate the triplet biexciton  
having higher spin multiplicity. Such spin conversion is accom-

panied by subtle absorption spectral changes, notably in the red 

region,6,23 but is probably best monitored using time-resolved 
EPR spectroscopy.75-77 In the case of PFP, there are minor ab-

sorption spectral changes in the region around 530 nm together 

with a more significant absorption change around 430 nm; spec-

tral variations occurring over a few hundred ns in both cases 
(Figure 4). The fractional decay depends on monitoring wave-

length. We assign this step, for which the mean lifetime is 135 

± 20 ns, to decorrelation of the triplet biexciton.23 The net prod-

uct is a triplet species, having a lifetime of 8 ± 2 s, which re-

tains similar absorption spectral features to the initial biexciton. 

Given its long lifetime, the final transient species is believed to 
be an independent pair of triplet states.78 This latter lifetime re-

mains essentially independent of temperature over the range 10-

55 oC. In contrast, decay of the spin-correlated, triplet biexciton 
is activated and shows linear Arrhenius behavior over a modest 

temperature range in toluene (Figure S20). This corresponds to 

an activation energy of 21.5 kJ/mol and a pre-exponential term 

of 8 x 1010 s-1. 

Spectral reconstruction68 using transient differential absorp-

tion spectra recorded on timescales between 1 and 6 ns have 

been used to derive the differential molar absorption coefficient 

for the initial (i.e., spin-correlated) triplet biexciton. With 655 = 

43,000 M-1 cm-1 for the ground state, a value for 530 of 64,710 

± 4,000 M-1 cm-1 is reached for the triplet species. Here, the ex-

cited state has minimal absorption in the region of ground-state 
bleaching; a situation that greatly aids determination of the ab-

sorption coefficient. It should be re-emphasized at this point 

that the differential absorption spectrum assigned to the corre-

lated triplet biexciton shows important differences from that re-
ported47 for TIPS-P (Figure S16). Significant differences also 

exist for molar absorption coefficients measured at the respec-

tive maxima. The value47 for TIPS-P is 81,500 M-1 cm-1, which 
is more than twice the value found for PFP on a per triplet basis. 

Furthermore, the value found for the initial triplet biexciton is 

much lower than that measured by triplet sensitization under 
conditions that permit only a single triplet species to be associ-

ated with a PFP molecule. This latter situation is easily accom-

plished under pulse radiolysis conditions to give 530 of 71,000 

± 6,000 M-1 cm-1.37  

Comparing mean absorbance values for excited-singlet and 

triplet species at 459 nm and 530 nm, measured at 5 ps and at 1 
ns respectively, can now be used to establish the relative yield 

of triplet species. In toluene, the average yield for population of 

the spin-correlated triplet biexciton, determined on the basis of 

the above-derived molar absorption coefficients, is 65 ± 7%. 
The same value is recovered by comparing the magnitudes of 

 

 



 

the ground-state bleach at 655 nm at these same time delays; 
this gives a relative triplet yield of 130%. This is a considerable 

enhancement of the triplet population relative to the parent 

TIPS-P but falls well short of values reported for related 
closely-coupled bichromophores.23 Furthermore, there are 

likely to be additional losses as spin decorrelation leads to evo-

lution of the independent triplet pair. Complete decorrelation 

requires a few hundred ns but the transient absorption spectral 
data do not permit an accurate determination of the quantum 

yield for formation of the independent triplet pair; the main un-

certainty being lack of detailed knowledge of molar absorption 
coefficients for the respective species. The overall situation is 

illustrated by way of Scheme 1. 

 

Scheme 1. Generic outline proposed to explain the photo-

physics for PFP in toluene. Excitation of the ground state 

(G_G) leads to formation of the singlet-excited state (S_G) 

where only one of the two TIPS-P units is excited. This spe-

cies decays quickly to reform the ground state via internal 

conversion (IC) and, by way of iSEF, to generate the corre-

lated triplet biexciton (1[T_T]). The latter species undergoes 

triplet-triplet annihilation (TTA) in competition to decorre-

lation to form the independent triplet pair ([T_T]IND). Spin 

decorrelation is assumed to proceed through triplet and 

quintet species. During TTA from 1[T_T], repopulation of 

S_G must occur since a small amount of delayed fluores-

cence is observed. A key assumption of this scheme is that 

the various triplet biexcitons share a similar excitation en-

ergy. 

Phosphorescence spectroscopy 

An unexpected result from our analysis of the transient ab-

sorption spectral records for PFP in de-aerated toluene is the 
apparent observation of intramolecular TTA leading to delayed 

fluorescence.9,69 If correct, this observation requires the triplet 

excitation energy to be not significantly less than one-half that 

of the corresponding excited-singlet state. The latter (ES) can be 
established with good precision as being 15,165 cm-1 (i.e., 1.88 

eV). In order to determine the corresponding triplet energy (ET), 

attempts were made to detect emission in the near-IR region that 
might be attributable to phosphorescence. To avoid artefacts, 

two independent measurements were made using dissimilar ex-

perimental conditions. 

Firstly, a small aliquot of solid PFP was placed on a micro-

scope cover slip and immersed in a drop of water. The sample 

was illuminated with a diode-pumped, solid-state laser emitting 
at 532 nm; the power being kept below 2 mW to prevent sample 

ablation. A 985-nm cut-off filter was used to reject most of the 

residual fluorescence and the emission spectrum was recorded 

as far as 1,550 nm. The background signal was recorded and 
subtracted using a segment of the cover slip without sample. An 

acquisition time of 1 s was applied. Apart from enhanced back-

ground signal, attributed to scattered fluorescence, sharp emis-
sion peaks are seen at 1,372 and 1,479 nm (Figure 5a). This 

emission was detected only under laser excitation and was not 

the result of photolysis. The same spectrum was observed for 

different samples of PFP but, under the same conditions, could 
not be detected for solid TIPS-P.47 The sharp spectrum is as-

signed to phosphorescence from PFP. The spacing between the 

peaks (h = 530 cm-1) and the Huang-Rhys factor79 (S = 0.56) 
appear reasonable for an aromatic polycycle. The triplet energy, 

taken simply from the peak at 1,372 nm, can now be set at 7,290 

cm-1 (i.e., 0.90 eV).  

In the second experiment, a solution of PFP in de-aerated tol-

uene was exposed to a train of 4-ns laser pulses delivered at 532 

nm. Here, the emission spectrum consists of background fluo-
rescence and a pair of relatively sharp peaks at 1,370 and 1,455 

nm (Figure 5b). The sharp spectrum, assigned to phosphores-

cence from PFP, is in good agreement with that observed for 
the solid sample. The spacing between the peaks, which corre-

sponds to a low-frequency vibronic mode of 430 cm-1, and the 

Huang-Rhys factor (S = 0.90)79 differ slightly from those found 

for the solid sample but this might simply reflect the disparate 
environments. It is difficult to assign this emission to anything 

other than phosphorescence from the independent triplet pair. 

This leads to an estimate for the mean triplet energy for the 

biexciton of 14,580 ± 200 cm-1. 

Figure 5. (a) Near-IR luminescence spectra recorded for 

solid-state samples of PFP (black curve) and TIPS-P (grey 

curve) with excitation at 532 nm. (b) Corresponding spec-

trum recorded for PFP in de-aerated toluene solution under 

dilute conditions.  

Photoacoustic calorimetry 

A complex picture is emerging for the photophysical proper-

ties of PFP in dilute toluene solution. This situation arises be-

cause branching seems to occur at each of the critical points  

 

 

 



 

Table 1. Compilation of the experimental data derived from the PAC experiments made with PFP in de-oxygenated toluene 

at room temperature. Refer to Scheme 2 for further information about the various processes. 

Parameter Expt #1 Expt #2 Expt #3 Expt #4 Mean 

[PFP] / M 2.1 4.4 8.0 9.8  

EX / nm 655 644 650 647  

E / cm-1 15,265 15,530 15,385 15,455  

1 0.385 ± 0.004 0.501 ± 0.029 0.395 ± 0.005 0.470 ± 0.020 0.44 ± 0.05 

2 0.110 ± 0.019 0.171 ± 0.005 0.147 ± 0.007 0.155 ± 0.008 0.15 ± 0.04 

 / ns 204 ± 17 136 ± 5 122 ± 4 117 ± 4  

3 0.505 ± 0.023 0.328 ± 0.034 0.458 ± 0.012 0.375 ± 0.028 0.417 ± 0.095 

IC (a) 0.357 0.469 0.362 0.439 0.41 ± 0.06 

IND (b) 0.53 0.35 0.48 0.40 0.44 ± 0.09 

ETT / cm-1 (c) 14,445 11,920 14,320 12.600 13,320 ± 1,300 

PDEC (d) 0.82 (0.82) 0.66 (0.66) 0.75 (0.76) 0.73 (0.71) 0.74 ± 0.08 

PDEC (e) 0.74 0.60 0.66 0.66 0.66 ± 0.08 

(a) Obtained from evaluation of Equation 1 with ETT fixed at 14,580 cm-1. (b) Obtained from evaluation of Equation 2 with ETT = 14,580 

cm-1. (c) Derived from Equation 1 but using SEF = 0.65. (d) Calculated without repopulation of S_G using Equation 3, with values from 

Equation 7 in parenthesis. (e) Calculated with recycling (<n> = 2) using Equation 9.

leading to evolution of an independent pair of triplet states. Our 
estimate of the triplet excitation energy means that iSEF is 

mildly exoergic while optical absorption spectroscopy does not 

facilitate detailed analysis of the decorrelation step.23 Our ob-

servation of delayed fluorescence, although very weak, ensures  

that there will be some degree of cycling between the excited 

states as happens for thermally-activated, delayed fluores-
cence.80-82 In searching for a possible means by which to refine 

the proposed reaction pathway, our attention was drawn to the 

application of photoacoustic calorimetry,47 which gives infor-
mation on the quantity of heat released by way of radiationless 

deactivation of an excited species.52-56 For the experiment in 

question, direct excitation of PFP in de-aerated toluene with a 

4-ns laser pulse should ensure formation of the triplet biexciton 
by way of fast iSEF. The time resolution set by the 2.25 MHz 

transducer covers the range 20 ns to 1 s.53 This allows isolation 

of three separate enthalpy changes which can be distinguished 
in terms of their respective timescale (Figure 6). We refer to 

these steps as being “very fast”, “fast” and “slow”. The experi-

mental data are compiled in Table 1 and analysis is made ac-
cording to Scheme 1. The latter is redrawn as Scheme 2 in a 

form that reflects the photoacoustic experiments in a more con-

venient manner. 

In summary, the “very fast” enthalpy change must be associ-

ated with relaxation of the excited-singlet state (S_G) of PFP to 

form the spin-correlated, triplet biexciton (1[T_T]). This is the 
only process that occurs within the pertinent time window and 

that is likely to give rise to a significant heat release. The “very 

fast” processes provide the first fraction of heat detected (ϕ1) 

(Scheme 2). The “fast” processes account for the second frac-
tion of released heat (ϕ2), which must occur within the instru-

mental time window. The underlying photophysical steps in-

clude TTA, radiationless decay of 1[T_T] and the concomitant 
decorrelation of the biexciton. The “slow” processes are not de-

tected by our set-up but correspond to the enthalpy retained by 

the long-lived, independent triplet pair. The experiment allows 

detection of the fractions of the excitation energy (E) associ-

ated with the first two steps, thereby providing the third fraction 

by difference. Excitation was made at different wavelengths 
around 650 nm and the system was calibrated by reference to 

azulene.63  

Figure 6. Examples of photoacoustic waves associated with 

the different components identified in the text and for which 

the values are collected in Table 1. The black curve refers to 

the azulene standard while the red curve shows the total 

photoacoustic wave recorded for PFP. The first component 

identified for PFP, 1 = 0.44 and 1 = 1 ns, is shown as an 

olive curve. The second component, 2 = 0.15 and 2 = 145 

ns, is shown as a blue curve. 

The first point to note is that the fraction of excitation energy 

released in the “very fast” step (1) is rather high and amounts 

to more than 40% of the energy input (Table 1). A small contri-
bution to this enthalpy change can be assigned to intramolecular 

vibrational relaxation (IVR) within the excited-singlet state 

manifold since the excitation energy, E, slightly exceeds the 

 



 

energy of the relaxed excited-singlet state (ES = 15,165 cm-1). 
This is a minor heat release, however, that makes but a small 

contribution towards the overall enthalpy change (H1 = 1  

E ≈ 6,750 ± 1,300 cm-1). A second contributor is the heat re-
leased on conversion of S_G to the spin-correlated triplet biex-

citon. The energy of the latter species (ETT = 14,580 cm-1) is 

assumed to equal twice the phosphorescence energy. Again, this 
process will release only a relatively small quantity of heat since 

the two states are quite close in energy, regardless of the precise 

magnitude of ETT.  

 

Scheme 2. Representation of the overall enthalpy changes 

that follow from excitation of PFP in toluene with a laser 

pulse at wavelength . The enthalpy is released to the sol-

vent in three steps, which correspond to H1, H2 and H3, 

while the sum of these enthalpy changes equals the excita-

tion energy E. The model does not allow for the expected 

energy change associated with decorrelation of the triplet 

biexciton, which is assumed to be negligible. 

To give a quantitative account of H1 it is necessary to invoke 

a radiationless process, such as internal conversion to the 
ground state. This step (Scheme 2) would inject a significant 

amount of heat into the solvent reservoir on an appropriate time-

scale. Furthermore, the simplest scheme partitions deactivation 

of S_G between iSEF (SEF) and internal conversion (IC) such 

that the sum of the two quantum yields must equal 0.97 (i.e., 1-

F). Now, solving Equation 1 allows estimation of IC as being 
0.41 ± 0.06, such that the probability for iSEF in this system has 

to be close to 60% (Table 1). This latter estimate is in very good 

accord with that derived from the transient absorption spectral 

studies (SEF = 0.65) and, taking into account the respective er-

ror limits, the two measurements overlap nicely.  

Re-evaluation of Equation 1 but using the experimental value 

of SEF = 0.65 allows estimation of the triplet energy for the 

spin-correlated biexciton of 13,320 ± 1,300 cm-1 compared to 

the presumed experimental value of 14,580 cm-1. This proce-
dure places all the associated error onto the final term in the 

expression, which concerns the difference between two simi-

larly large numbers. The result is a loss of precision although 

the derived ETT is closer to our original expectation! 

∆𝐻1 = 𝜙1𝐸𝜆 = (𝐸𝜆 − 𝐸𝑆) + 𝜙𝐼𝐶𝐸𝑆 + 𝛷𝑆𝐸𝐹[𝐸𝑆 − 𝐸𝑇𝑇]   (1) 

The residual enthalpy (H3) that dissipates on the s time-

scale can be attributed to deactivation of the independent triplet 

pair (Table 1). Within the confines of Scheme 2, this species 

evolves from spin decorrelation of the initially formed triplet 
biexciton and is believed responsible for the observed phospho-

rescence. The residual enthalpy (H3 = 3  E ≈ 6,410 ± 900 

cm-1) accounts for a substantial fraction of the initial excitation 
energy, thereby indicating that the long-lived triplet species is 

formed in respectable yield. The energy of this species (ETT = 

14,580 cm-1) can be recovered from the phosphorescence meas-
urements while the overall quantum yield for generation of the 

independent triplet pair can be expressed as IND (Equation 2). 

It should be noted that IND is a global term that takes into ac-
count any repopulation of S_G during TTA. Analysis of Equa-

tion 2 allows determination of IND as being 0.44 ± 0.09 (Table 

1). The finding that IND is much less than SEF is especially 

significant because it provides firm indication for a nonradiative 

decay channel that competes with spin decorrelation of 1[T_T]. 
The nature of this latter deactivation step cannot be established 

solely on the basis of the PAC results but two limiting cases can 

be identified.  

∆𝐻3 = 𝜙3𝐸𝜆 = 𝛷𝐼𝑁𝐷 × 𝐸𝑇𝑇          (2) 

𝛷𝐼𝑁𝐷 = 𝛷𝑆𝐸𝐹 × 𝑃𝐷𝐸𝐶              (3) 

𝑃𝐷𝑆 = 0.5(1 − 𝑃𝐷𝐸𝐶)           (4) 

𝛷𝐼𝑁𝐷 = (𝛷𝑆𝐸𝐹 × 𝑃𝐷𝐸𝐶)[1 + [𝑃𝐷𝑆𝛷𝑆𝐸𝐹] + [𝑃𝐷𝑆𝛷𝑆𝐸𝐹]2 … ]

= (
𝛷𝑆𝐸𝐹 × 𝑃𝐷𝐸𝐶

1 − [𝑃𝐷𝑆𝛷𝑆𝐸𝐹]
)            (5) 

Firstly, internal conversion might compete with spin decor-

relation. This process would restore the ground state without 
repopulation of S_G. In this case, Equation 3 holds, where PDEC 

refers to the fractional probability that 1[T_T] undergoes spin 

decorrelation to ultimately form the independent triplet pair. 
Under these limiting conditions, PDEC can be estimated as being 

ca. 0.75; that is to say that internal conversion from 1[T_T] to 

G_G occurs with a probability of 25%. Secondly, in an effort to 

account for the observed delayed fluorescence, it is proposed 
that the competing nonradiative channel amounts to conven-

tional triplet-triplet annihilation (TTA).9 This situation has been 

observed for thermally-activated, delayed fluorescence in cer-
tain organic emitters.80-82 In this case, the decay channel will 

form equal populations of the ground state, G_G, and the ex-

cited-singlet state, S_G;83 the fractional probability for repopu-
lation of S_G is abbreviated as PDS and can be obtained from 

PDEC (Equation 4). The latter excited state will recycle and give 

a further crop of the independent triplet species. Within this lim-
iting case, Equation 5 will hold and there will be a decrease in 

PDEC compared to the non-cycling case. Indeed, evaluation of 

Equation 5 gives PDEC = 0.66. The crop of triplet species de-

creases rapidly with increasing cycle number and, given the 
magnitude of the experimental errors, we have restricted our 

analysis to two successive repopulations of S_G (see below).  

The challenge now is to account for the “fast” enthalpy re-
lease (Table 1), which makes a modest contribution to the over-

all total. This step (H2) occurs with a lifetime (2) in the order 

of 100-200 ns and, in terms of Scheme 2, is associated with the 
TTA and spin decorrelation processes. For simplicity, we first 

consider the case where recycling does not occur but competi-

tive internal conversion depletes 1[T_T] during spin decorrela-
tion to the independent triplet species. This leads to Equation 6. 

Within our model,  the decorrelation step cannot contribute sig-

nificantly to the overall enthalpy change since the initial and 

final excitation triplet energies must be similar (i.e., ETT ≈ 0); 

this is an over simplification but the experimental ES and ET 

values leave little room for a stepwise gradation in triplet ener-
gies for the various biexciton species. Accordingly, the only sig-

nificant contributor to the “fast” enthalpy change is vibrational 

relaxation of 1[T_T] to restore the ground state (Equation 7). 



 

Subsequent analysis, making use of SEF = 0.60 and ETT = 
14,580 cm-1, leads to a mean value for PDEC of 75%. (Table 1) 

This is in excellent agreement with that determined above from 

Equation 3. 

Δ𝐻2 = 𝜙2𝐸𝜆 = (𝛷𝑆𝐸𝐹𝑃𝐷𝐸𝐶Δ𝐸𝑇𝑇)
+ {𝛷𝑆𝐸𝐹(1 − 𝑃𝐷𝐸𝐶)𝐸𝑇𝑇}        (6) 

Δ𝐻2 = 𝜙2𝐸𝜆 ≈ 𝛷𝑆𝐸𝐹 × (1 − 𝑃𝐷𝐸𝐶) × 𝐸𝑇𝑇          (7) 

〈𝑛〉 ≈
Φ𝑆𝐸𝐹 × 𝑃𝐷𝐸𝐶

1 − 𝛷𝑆𝐸𝐹 × 𝑃𝐷𝐸𝐶

          (8) 

𝛥𝐻2 = 𝜙2𝐸𝜆 ≈ 0.97𝛷𝑆𝐸𝐹{P𝐷𝑆𝐸𝑇𝑆 + Φ𝐼𝐶𝑃𝐷𝑆𝐸𝑆 + 𝑃𝐷𝑆
2 Φ𝑆𝐸𝐹𝐸𝑇𝑆

+ 𝑃𝐷𝑆
2 Φ𝑆𝐸𝐹Φ𝐼𝐸𝑆 + 𝑃𝐷𝑆

3 + Φ𝑆𝐸𝐹
2 𝑇𝑇𝑆}        (9) 

Re-population of the excited-singlet state from 1[T_T] means 
that the enthalpy change can be considered to occur in succes-

sive waves,80 although in reality heat release will be continuous, 

according to the recycle number. Such behavior is already 
known from studies made with thermally-activated, delayed 

fluorescence.80-82 The mean recycle number, <n>, can be ap-

proximated as in Equation 8 from which subsequent evaluation 
indicates that only two cycles need be considered. Conse-

quently, the quantity of heat released into the system during the 

available time window, with due allowance for recycling, can 

be expressed as in Equation 9; where ETS = ETT-(ES-ETT).  Here, 
we ignore any heat generated by the actual decorrelation step 

and assume that heat released during spin decorrelation arises 

entirely from TTA. As above, the latter process is partitioned 
equally between repopulation of S_G and G_G.83 The observed 

enthalpy change, H2, can be used to determine the magnitude 

of PDEC in the event of recycling. The final result is that the mean 
value for PDEC is 0.66 ± 0.08 (Table 1). This agrees fully with 

that derived from Equation 5 and, as expected, is lower than that 

predicted in the absence of recycling.  

Table 2. Solvent dependence on singlet decay rate and tri-

plet yield of PFP in dilute solution, obtained from transient 

absorption spectroscopy. 

Solvent S (b) kD / 109 s-1 (c) SEF (d) IND  s (e) 

C6H12 2.02 3.6 68 6.3 

C7H8 2.38 5.0 65 8.0 

CHCl3 4.81 5.9 72 5.8 

THF (a) 7.52 7.7 80 NA 

C6H5CN 26.0 10.0 93 5.5 

(a) Tetrahydrofuran. (b) Static dielectric constant. (c) Rate constant 

for total deactivation of the excited-singlet state. (d) Quantum yield 

for formation of the spin-correlated triplet biexciton referenced to 

toluene solution. The calculation assumes that any absorbance pre-

sent at 1 ns delay is due to the triplet biexciton. (e) Lifetime of the 

independent triplet species recorded at 520 nm. 

Effect of solvent polarity 

Some earlier studies23 have suggested a step-wise mechanism 
for SEF in which a charge-transfer state functions as an inter-

mediate species on the way to formation of the spin-correlated, 

triplet biexciton. This has become known as the “indirect SEF 

mechanism”.84,85 It is well established that the energy of an in-
tramolecular charge-transfer state (ICTS) can be tuned by way 

of dielectric environmental effects,86 such as changing the sol-

vent polarity,87 which should not affect the energetics for iSEF. 
Of course, if the energy of the ICTS is lowered too much, this 

state will become a trap for the excitation energy and a barrier 

will be imposed for the second step that leads to evolution of 
1[T_T]. In certain systems88 it has been shown that increasing 

solvent polarity leads to enhanced rates of SEF but the role, if 

any, of the ICTS seems highly sensitive to the molecular struc-

ture.23 

Transient absorption spectroscopic measurements were made 

with PFP in a few solvents of increasing dielectric constant (S) 
where the rate constant (kD) for deactivation of the excited-sin-

glet state can be equated to the inverse fluorescence lifetime (S) 

(Table 2). It is seen that kD exhibits a shallow dependence on 
solvent polarity, which seems consistent with an ICTS contrib-

uting towards deactivation of the S_G state. The appearance of 

the transient absorption spectrum is not ostensibly altered in the 
different solvents, except for cyclohexane where the absorption 

bands are sharper (Figure S19), and the decay kinetics remain 

first order in all cases (Figure S18). Also collected in Table 2 

are the quantum yields (SEF) for formation of the spin-corre-

lated, triplet biexciton. The latter were determined directly from 

the ratio of absorbance values measured at 1 ps and at 1 ns for 
excited-singlet and triplet states, respectively, using molar ab-

sorption coefficients reported for toluene. The transient absorp-

tion records show the enhanced decay rates found in polar sol-

vents are matched by increasing yields of triplet species. Fur-
thermore, the solvent effects can be explained89 satisfactorily 

using an empirical dielectric saturation model as illustrated by 

Figure 7 (see Supporting Information for details). This behavior 
is fully consistent with an intermediary role for charge-transfer 

state. 

Figure 7. Effect of solvent dielectric constant on (a) the 

global rate of deactivation of S_G at room temperature and 

(b) the quantum yield for formation of the spin-correlated, 

triplet biexciton. The solid line drawn through the data 

points corresponds to an empirical fit to a dielectric satura-

tion model (see Supporting Information). 

The apparent yield of 1[T_T] approaches 100% in benzo-
nitrile solution at room temperature (Table 2). This finding in-

dicates that the rate of iSEF increases substantially relative to 

internal conversion in the polar solvent. Thus, the ICTS inter-
mediate, if formed, promotes SEF without affecting the rate of 

internal conversion. There is also a small solvent effect on spin 

decorrelation of the initial triplet biexciton; specifically, the 
lifetime of 1[T_T] decreases from 135 ns in toluene to 100 ± 8 

ns in benzonitrile at room temperature. In deoxygenated min-

eral oil, this lifetime increases to 220 ns. In marked contrast, the 

 



 

lifetime of the independent triplet pair (IND) is quite insensitive 
to solvent polarity and in de-aerated benzonitrile has a value of 

5.5 ± 1.0 s; in outgassed mineral oil IND is 6.0 s The overall 

effect of increased solvent polarity, at least in the case of PFP, 
is to favor SEF over internal conversion without seriously short-

ening the lifetime of the final triplet species. This is a highly 

encouraging result. 

DISCUSSION 

Relative to TIPS-P,47 the bichromophore PFP shows weak 

fluorescence but greatly enhanced triplet formation in nonpolar 
solvents at room temperature. The fluorescence yield is insen-

sitive to changes in temperature. These are the hallmarks of in-

tramolecular singlet exciton fission (iSEF) and PFP can be 
added to the list of TIPS-P-based bichromophores known to un-

dergo triplet multiplication.23 The molecular structure is such 

that the terminal TIPS-P units cannot come into orbital contact 

(Figure 1) and there is no spectroscopic or kinetic evidence to 
implicate excimer fluorescence.90,91 Nonetheless there are no-

ticeable spectral shifts for PFP compared to TIPS-P. These per-

turbations are especially important at the excited-state level and 
amount to a significant broadening of the excited-state absorp-

tion transitions. This effect is ascribed to partial delocalization 

of the excited-state wave-function onto the bridging fluorene 
unit, introducing nebulous character at the interface. Similar ef-

fects might be relevant for other symmetrical bichromophores 

that display enhanced triplet formation. The signature for such 

electronic delocalization, at least in terms of absorption spec-
troscopy,9 is likely to be broadened and red-shifted optical tran-

sitions but there has not been a systematic examination of this 

effect. 

A critical point for all molecular architectures designed for 

iSEF relates to the excitation energy of the triplet species and, 

in general, this parameter has not been well established by ex-
periment. It is common practice to assume that SEF with penta-

cene derivatives is exoergic but the evidence for this assertion 

is weak. The triplet energy of TIPS-P was recently established47 
by PAC as being 7,940 ± 1,200 cm-1 but, as emphasized above, 

this value is not appropriate for PFP. There are two literature 

reports26,40 that describe low-temperature phosphorescence 

from TIPS-P; the spectral profiles are remarkably similar and 
show a broad band with a maximum at 1,580 nm. We were un-

able to detect phosphorescence from crystals (Figure 5a) or so-

lutions of TIPS-P47 and we note that the inherent triplet yield 
for this compound is negligible in the absence of a spin-orbit 

accelerant.30,47 Guldi et al.26 also report low-temperature phos-

phorescence from a bis-pentacene derivative where the linkage 
is through the 6,6’-positions. Here, the phosphorescence peak 

lies at 1,620 nm, although the spectrum is quite broad making 

it difficult to assign the triplet energy. For this particular com-

pound,26 the central meta-phenylene spacer should limit elec-
tronic coupling between the terminals but even so the longest-

lived triplet biexciton has a reported lifetime of only 2.6 ns in 

toluene at room temperature. The phosphorescence quantum 

yield, even at 77K, must be extremely low. 

Because of the great significance of the triplet energy, we 

have sought to verify the phosphorescence spectra recorded for 
PFP. The spectra shown as Figure 5 are sharp and resolved into 

two peaks of similar intensity. That closely comparable spectra 

were obtained under disparate experimental conditions, and 

with different detectors, is reassuring. We have not been able to 
trace any convincing report of phosphorescence from pentacene 

or TIPS-P that might be compared with Figure 5. Of course, 
room-temperature phosphorescence from anthracene is very 

well known;92 the spectral profile being similar to those shown 

in Figure 5 with the 0,0 transition located at 14,800 cm-1.  

There are several reports92,93 of low-temperature phosphores-

cence from tetracene and diphenyltetracene. For example, weak 

phosphorescence has been described93 for tetracene in MTHF at 

77K with the emission peak lying at 10,900 ± 100 cm-1. This 
represents a much lower triplet energy than is evident from ear-

lier reports.94,95. The spectrum for tetracene is hampered by 

quite poor resolution93 but exhibit fine structure similar to that 
found for PFP. Weak phosphorescence with a peak at 10,800 

cm-1 has been reported92 for tetracene dispersed in a thin film at 

room temperature. In this latter case, the detector was gated to 
avoid saturation from prompt fluorescence. Even so, the emis-

sion spectrum was dominated by delayed fluorescence such that 

the spectral profile for triplet emission, under these conditions, 

is unclear.92 Phosphorescence from a single crystal of tetracene 
has its peak at 10,080 cm-1.96 Weak phosphorescence, also cen-

tered at 10,080 cm-1, has been reported for TIPS-tetracene dis-

persed in a polystyrene matrix at room temperature.97 This latter 
spectrum, recorded for dilute samples, appears to consist of two 

closely-spaced transitions but contamination from fluorescence 

prevents easy comparison with the spectra shown in Figure 5. 
As such, our phosphorescence spectra for PFP are not incon-

sistent with literature data for smaller polyacenes but further 

support would be useful. 

Little information exists regarding the radiative lifetimes for 

the triplet states of the longer polyacenes but these are likely to 

exceed 10 s; the experimental value for naphthalene98 at 77K is 

63 s and this lifetime should increase with increasing size of the 
polyacene.99,100 With a triplet lifetime of a few ns, the phospho-

rescence quantum yield would be <10-9, making the emission 

very difficult to resolve from the baseline. A triplet lifetime of 

10 s would equate to an emission quantum yield of ca. 10-6. 

This is in the range where the signal should be resolvable but 

quantitative measurements would be hazardous, especially in 
the near-IR region. It might be noted, however, that low yields 

of singlet molecular oxygen in water, where the lifetime is ca. 

4 s,101 can be monitored easily with contemporary instrumen-
tation.102 The experimental measurement of room-temperature 

phosphorescence of certain polyacenes is hampered by the oc-

currence of delayed fluorescence and we have encountered this 

problem with PFP, despite the use of blocking filters. 

The only realistic candidate for the phosphorescent state ob-

served with PFP is the independent triplet pair and we have as-
signed the total triplet excitation energy content for this (rela-

tively) long-lived species as being 14,580 cm-1. This is less than 

the equivalent singlet excitation energy of 15,165 cm-1. This 

means that iSEF is exoergic by almost 600 cm-1 while, at the 
same time, reverse population of S_G is not completely prohib-

ited. We have no experimental means to establish excitation en-

ergies for the spin-correlated, triplet biexciton and our analysis 
assumes that there is zero energy change associated with this 

critical spin decorrelation step!  

A point of possible contention concerns the introduction of a 
radiationless process that competes with spin decorrelation. 

This is made necessary by the need to explain enthalpy changes 

occurring on very fast and fast timescales and is an essential 
part of our analysis. There is experimental evidence for weak 

delayed fluorescence which is consistent with triplet-triplet an-



 

nihilation at the 1[T_T] stage. This would lead to a certain de-
gree of recycling between the two “singlet” states (Equation 9). 

The results, however, do not exclude separate internal conver-

sion from 1[T_T] to reform the ground state, although this step 
could not be responsible for the delayed fluorescence. The sim-

plest mechanism that explains all the observations, therefore, 

has competition between spin decorrelation and TTA (Scheme 

2). According to Equation 8, recycling is restricted to a few cy-
cles but nonetheless it is an energy wastage step because of the 

partial restoration of the ground state at each cycle.80 There is a 

very fine balance between obtaining a long-lived, independent 
triplet pair and ensuring quantitative spin decorrelation. The 

two objectives appear to be mutually exclusive.  

Solvent polarity, but not temperature,67 has an important in-
fluence on the photophysics for PFP and a polar environment 

increases the probability of triplet formation. Such behavior has 

been reported before for TIPS-P-based bichromophores where 

the linkage is via the 6,6’-ethynylene sites.72,103 Interestingly, no 
such polarity effect was found with a set of directly-linked 2,2’-

bichromophores.27,28,104,105 In this latter case, it was proposed 

that vibronic coupling to intramolecular modes of the bichro-
mophore facilitates strong mixing between the correlated triplet 

pair state and the local excitonic state, despite weak direct cou-

pling. The net result is extremely fast iSEF. For PFP, increased 
solvent polarity leads to faster rates of both formation and 

decorrelation of the spin-correlated, triplet biexciton (Figure 7, 

Table 2). Since the competing internal conversion processes are 
unaffected by changes in solvent polarity, this represents a sim-

ple means for tuning the yield of the independent triplet pair. 

Indeed, the probability for iSEF increases to almost 100% in 

benzonitrile solution (Table 2). Conversely, the rate of spin 
decorrelation is very slow for PFP dispersed in a non-polar pol-

ymer film (i.e., Zeonex 480; see Supporting Information). Here, 

the lifetime of 1[T_T] measured by transient absorption spec-
troscopy is extended to 300 ± 20 ns while that for the independ-

ent triplet pair is essentially unaffected and remains at 6.5 ± 1.2 

s. This increased stability of the spin-correlated, triplet biexci-

ton is at the cost of a significantly reduced yield. 

The solvent polarity effect is most likely a signature of intra-

molecular charge-transfer interactions between the terminal 
chromophores27,28 This introduces an element of symmetry 

breaking106 but there is no spectroscopic or kinetic evidence to 

implicate the intermediacy of a long-lived, charge-separated 
state. The importance of this type of charge-transfer mediation 

of iSEF will depend on the inherent rate of triplet formation for 

that particular molecular system. In the event that kD is much 

faster than internal conversion, there will be no obvious effect 
of introducing charge-transfer character; this is the case with the 

directly-linked systems referenced above.27,28,104,105  Where kD is 

much slower than internal conversion, the advantage of incor-
porating charge-transfer effects are also unlikely to be substan-

tial. It is with cases where the rate of iSEF is comparable to the 

rate of internal conversion that charge-transfer effects will be 

most noticeable. This is the situation with PFP.  

We could identify only one example of a TIPS-P-based bi-

chromophore where the lifetime of the independent triplet pair 

exceeds that recorded for PFP. The example in question has a 
fully-saturated bicyclooctane bridge connecting the 2,2’-posi-

tions and provides for a triplet lifetime of 18 s in chloroform 
solution.104 However, fluorescence quenching is minimal for 

this derivative and spin decorrelation occurs on the s timescale 

such that the yield of the final triplet species must be low. The 

properties reported for PFP, therefore, especially in benzonitrile 
solution, appear to be superior to all other related TIPS-P-based 

bichromophores. This must be a consequence of the fluorene-

based bridge which keeps the terminals isolated but in relatively 
close contact. The bridge, which is planar and unsaturated, cou-

ples well to the TIPS-P unit and does not allow structural heter-

ogeneity. 

The independent triplet pair for PFP is formed with an overall 
quantum yield of 0.44 in toluene at room temperature; this cor-

responds to an absolute triplet yield of 88%. Losses occur at 

each of the key stages due to competing radiationless processes 
(Scheme 2). About 40% of the initial excitation energy is lost 

because of fast internal conversion that competes with iSEF to 

form the spin-correlated, triplet pair. Spin decorrelation is rela-
tively slow for PFP, taking a few hundreds of ns, and there is a 

further loss of about 40% due to competing triplet-triplet anni-

hilation. The overall yield of the independent triplet pair is sub-

ject to kinetic control, which in turn is set by the electronic prop-
erties of the bridge. The PAC analysis has allowed recognition 

of a radiationless step competing with spin decorrelation but 

does not clarify the exact nature of this process. This step is dif-
ficult to quantify by transient absorption spectroscopy because 

spectral shifts are small and there are concerns about corre-

sponding changes in the molar absorption coefficients. 

Our analysis of this latter branching point has considered two 

limiting cases: namely, internal conversion to the ground state 

and triplet-triplet annihilation to give equal crops of S_G and 
G_G. The observation of delayed fluorescence, albeit weak, is 

clear indication that TTA occurs in this system but quantitative 

information is lacking. Conventional TTA is expected9 to occur 

through the spin-correlated 1[T_T] species, which is relatively 
long lived for PFP, and it is unlikely that internal conversion 

could occur from the 3[T_T] intermediate (Scheme 1). How-

ever, the precise difference, if any, between 5[T_T] and the in-
dependent triplet pair is rather indistinct. Little consideration 

has been given in the relevant literature regarding competition 

between spin decorrelation and radiationless decay. In most 
cases where the chromophores are strongly coupled, spin decor-

relation is very fast and quantitative.23 This suggests that the 

contribution of any competing processes is set by kinetics and 

there is no fundamental reason to consider internal conversion 

in cases where spin decorrelation is fast. 

Temperature affects only the lifetime of the spin-correlated, 

triplet pair, which appears to follow Arrhenius behavior over a 
limited range in toluene. There is no such effect on the lifetimes 

of either the excited-singlet state or the independent triplet pair. 

Unfortunately, it is not feasible to assign this temperature de-
pendence to any particular processes. We would expect an acti-

vation energy for intramolecular TTA, especially where the tri-

plet excitation energy is somewhat less than one-half the corre-

sponding singlet excitation energy, since this will involve 
through-bond electron exchange.107 It is not possible, however, 

to isolate TTA from spin decorrelation and the crop of delayed 

fluorescence cannot be measured with sufficient precision for 

quantitative measurements. 

CONCLUDING REMARKS 

The main objective of this work was to engineer a molecular 
system capable of generating a long-lived, independent triplet 

pair in high yield via efficient iSEF under illumination with red 

light. The basic rationale was based on prior experimental work 
reported by many different research groups. The fluorene-based 



 

spacer functions extremely well in this regard and provides spa-
tial integrity, electronic isolation, improved solubility and good 

connection to the terminal chromophores; evidence for the latter 

is derived from cyclic voltammetry (Figure S26). The net result 
is the production of a triplet pair in 44% quantum yield having 

a lifetime of almost 10 s in de-aerated toluene at room temper-

ature. The yield is increased in a polar solvent, without shorten-
ing the triplet lifetime, and the iSEF course of action is main-

tained when the bichromophore is dispersed in a nonpolar film.  

The generic process of iSEF presents interesting mechanistic 

challenges23 and it is possible that there is a high degree of sys-
tem dependence. Time-resolved optical spectroscopy provides 

the fundamental kinetic information and, subject to accurate 

knowledge of differential molar absorption coefficients, can be 
used to establish net reaction yields. Additional spectroscopic 

tools are needed, however, to delve deeper into the reaction 

mechanism. Both vibrational spectroscopy43 and time-resolved 
EPR spectroscopy75-77 have provided new insight into aspects 

of the iSEF process. Here, we report the first application of pho-

toacoustic calorimetry (PAC) to better understand the energy 
balance underpinning iSEF. In essence, PAC provides infor-

mation about enthalpy changes that accompany photophysical 

events. The temporal resolution is set by the type of transducer 

and the excitation pulse. The instrument used to monitor heat 
release for PFP in solution nicely accommodates three temporal 

regimes that combine to define the overall transformation of 

S_G to [T_T]IND. In particular, the time window of the 2.25 
MHz transducer isolates the spin decorrelation process, which 

is the most elusive step in the overall process. Regardless of the 

finer details, PAC demonstrates that the probability for for-
mation of the independent triplet pair is linked to competing ra-

diationless decay of the triplet biexciton. The capability to 

quantify the heat released during this step is paramount to es-

tablishing the mechanism. 
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