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Abstract: The process of singlet-exciton fission (SEF) has attracted much attention of late. One of the
most popular SEF compounds is TIPS-pentacene (TIPS-P, where TIPS = triisopropylsilylethynyl) but,
despite its extensive use as both a reference and building block, its photophysical properties are not so
well established. In particular, the triplet state excitation energy remains uncertain. Here, we report
quantitative data and spectral characterization for excited-singlet and -triplet states in dilute solution.
The triplet energy is determined to be 7940 + 1200 cm™! on the basis of sensitization studies using
time-resolved photoacoustic calorimetry. The triplet quantum yield at the limit of low concentration
and low laser intensity is only ca. 1%. Self-quenching occurs at high solute concentration where the
fluorescence yield and lifetime decrease markedly relative to dilute solution but we were unable to
detect excimer emission by steady-state spectroscopy. Short-lived fluorescence, free from excimer
emission or phosphorescence, occurs for crystals of TIPS-P, most likely from amorphous domains.

Keywords: singlet exciton fission; triplet state; molecular photophysics; polyacene; photoacoustic
calorimetry; excimer

1. Introduction

Around a decade or so ago, the possibility of making use of exciton multiplication, most notably
in the form of singlet exciton fission (SEF), to enhance the performance of certain types of organic solar
cells was formulated [1]. In fact, the concept of SEF was far from new at that time, but was generally
considered a scientific curiosity, of which the field of molecular photophysics is richly endowed [2].
The prospect of advanced applications, in addition to the enormous challenge to provide a theoretical
framework by which to explain and exploit SEF, fueled a rapid acceleration in interest in the field and
resulted in considerable diversification. Originally, SEF was thought to be restricted to higher-order
polyacenes [3], such as tetracene [4], pentacene [5] and hexacene [6], but many other classes of organic
chromophores were identified as promising SEF candidates. Michl, for example, recognized the SEF
capabilities of indigoids [7] and benzofurans [8], but a wealth of other promising compounds has been
uncovered. Throughout this growth period, two research themes have been at the forefront of the field,

Chemistry 2020, 2, 545-564; doi:10.3390/chemistry2020033 www.mdpi.com/journal/chemistry


http://www.mdpi.com/journal/chemistry
http://www.mdpi.com
https://orcid.org/0000-0002-9339-7259
https://orcid.org/0000-0002-3223-4819
https://orcid.org/0000-0001-6946-2391
https://orcid.org/0000-0001-7281-1257
https://orcid.org/0000-0003-0679-2232
http://dx.doi.org/10.3390/chemistry2020033
http://www.mdpi.com/journal/chemistry
https://www.mdpi.com/2624-8549/2/2/33?type=check_update&version=2

Chemistry 2020, 2 546

regardless of the molecular architectures being proposed, and these refer to: (i) the level of electronic
coupling between pairs of adjacent chromophores [9,10] and (ii) the underlying thermodynamics,
or energy balance, governing the SEF process [11,12]. In crude terms, it is generally considered that the
excitation energy of the relaxed singlet exciton must exceed twice the excitation energy of the resultant
triplet exciton for SEF to be efficacious [13]. This latter requirement raises an important issue in as
much as there are severe experimental difficulties associated with accurate determination of triplet
energies in the region of ca. 1 eV and less.

Here, we are concerned with a prototypic SEF compound, namely TIPS-pentacene
(TIPS = triisopropylsilylethynyl) [14], which has figured prominently in recent SEF history. The TIPS
group is used primarily to improve solubility but it also affects the electronic properties of the
chromophore [15]. It has been demonstrated repeatedly that pentacene derivatives are excellent
materials for SEF in devices [16], thin films [17] and highly concentrated solutions [18] and also as
components of covalently-linked molecular bichromophores [19-22]. Despite this inherent popularity,
the photophysical properties of isolated TIPS-pentacene (TIPS-P) have not been so well documented
and, in particular, the triplet excitation energy remains a matter of some uncertainty. The latter is of
crucial significance in establishing the SEF energy balance, especially since it has to be recognized that
SEF can lead to formation of isolated triplets as well as triplet biexcitons [23-25]. It is also essential to
determine the inherent intersystem-crossing properties in the absence of SEF so that the true benefit of
the SEF event can be established.

It is universally accepted that SEF in TIPS-P is mildly exergonic, that is to say that the bulk of the
singlet excitation energy can be accommodated in the triplet biexciton [26], at least in cases where the
yield of the triplet biexciton approaches 100%. Smith and Michl [3] reviewed in considerable detail the
optical properties of the parent pentacene (Pn), and determined a preferred triplet excitation energy
of 0.86 eV for solid pentacene. This value is derived from the activation energy of heterofission with
Pn as a guest in a solid matrix and also from direct measurement on a thin film. Low-temperature
phosphorescence from Pn in a frozen cyclohexane matrix gives a slightly higher triplet energy of
0.95 eV [27]. This latter value, which in all likelihood refers to an isolated Pn molecule, might be
considered as an upper limit for the triplet energy of TIPS-P. Recent calculations of the vertical triplet
energy of Pnindicate a value of 0.88 eV [28], in close agreement with the experimental results. In addition,
there are two reports of low-temperature phosphorescence from TIPS-P in frozen media. One such
account compares phosphorescence from TIPS-P with that from a covalently-linked bichromophore [19]
and reports the phosphorescence maximum at 1580 nm (i.e., 0.78 eV). In this experiment, TIPS-P
was studied as a dilute solution in 2-methyltetrahydrofuran at 77K, where the solvent forms a rigid
glass. The second report [29] refers to phosphorescence from TIPS-P in deoxygenated toluene at
77K. The emission peak also lies at 1580 nm, while the phosphorescence lifetime was reported as
being 12.9 ps. Notably, the singlet excitation energy of Pn and TIPS-P in 2-methyltetrahydrofuran,
respectively, is 2.13 eV and 1.92 eV. A bandgap of 1.83 eV has been reported for films prepared
from TIPS-P [14].

In this contribution we report quantitative photophysical properties for TIPS-P in dilute solution.
The main purpose of the work is to provide a complete set of values relevant to liquid solution and to
obtain an independent estimate for the triplet excitation energy under ambient conditions. Our concern
about the triplet energy derived from low-temperature phosphorescence spectra relates to the very
low triplet yield formed under these conditions. As will be shown below, in de-aerated toluene,
inherent intersystem crossing to the triplet manifold is barely detectable at room temperature and
is hardly likely to increase at 77 K. Considerable interest from both theoretical and experimental
approaches has been directed towards improved clarification of the various triplet excitons that
might be encountered throughout the entire SEF process [23-25]. These include isolated triplets,
spin coherent pairs, quintets and so on and an increasing variety of spectroscopic techniques, including
vibrational [30] and magnetic [31] probes, are being applied to monitor the triplet state. Additional
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studies are addressing aspects of competition between SEF and light-induced electron transfer [20].
An independent assessment of the spectroscopic properties appears to be in good order.

2. Materials and Methods

Samples of TIPS-pentacene (TIPS-P) were synthesized in-house using a standard protocol [32]
(Figure 1). Additional samples were purchased from Sigma-Aldrich (Gillingham, UK) and used as
received. No obvious differences were observed. Samples of 5,10,15,20-tetrakis(2,6-difluoro-3-N-
methylsulfamoyl-phenyl)bacteriochlorin, referred to throughout as redaporfin, were provided by
Luzitin SA (Coimbra, Portugal) and were used without further purification. Toluene (Aldrich, 99.9% and
Fisher, Loughborough, UK, 99.97%) was used as the solvent. Oxygen was removed either by purging
with Op-free nitrogen or by several freeze-pump-thaw cycles on a high vacuum line. Iodoethane was
purchased from Sigma-Aldrich and passed down a short alumina column before use. It was stored at
4 °C in the dark. All solutions were prepared fresh.

Figure 1. Chemical formula for TIPS-P superimposed over a photograph of crystals of the same material.

Absorption spectra were measured with either a UV-2100 spectrophotometer (Shimadzu, Kyoto,
Japan) or with a U3310 spectrophotometer (Hitachi, Tokyo, Japan). Steady-state fluorescence measurements
were recorded using a Fluorolog Tau-3 system (Horiba, Kyoto, Japan) equipped with a water-cooled
R2658P photomultiplier detector. Time-resolved fluorescence decay measurements were recorded with
a time-correlated, single photon counting system, where excitation was with a 635 nm short-pulse
laser diode. Time-resolved absorption measurements were obtained with an LKS-70 system (Applied
Photophysics, Leatherhead, UK) using a 4-ns pulsed Brilliant B Nd:YAG laser (Quantel, Lannion,
France) with the 1067 nm output being frequency doubled to give 534 nm. The repetition rate
of the laser was 10 Hz with the power varying from 1-100 m]J per pulse. Fluorescence quantum
yields were measured using meso-tetraphenyl porphyrin as a standard ($p = 0.11 in toluene) [33].
All photophysical measurements were repeated at least three times.

Photoacoustic calorimetry (PAC) experiments employed a homemade, front-face irradiation
cell [34]. Asnecessary, samples were saturated with nitrogen for 20 min before starting the measurement.
The sample, reference and solvent solutions were flowed separately using a syringe pump (Kloehn,
Littleton, CO, USA) through the 0.11 mm thick photoacoustic cell. They were irradiated at 695 nm
(redaporfin + TIPS-P) or 643 nm (TIPS-P) with an OPO (PG122/SH, Ekspla, Vilnius, Lithuania) pumped
by the third harmonic of a nanosecond 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 experiments.
The photoacoustic waves were detected by a 2.25 MHz Panametrics transducer (model 5676, Olympus,
Tokyo, Japan), amplified by a preamplifier, recorded by a digital oscilloscope (DPO7254C, Tektronix,
Beaverton, OR, USA) and transferred to a PC for data analysis and storage. Analysis of the photoacoustic
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waves were performed with CPAC software [35]. In each PAC experiment, 200 waves were averaged
for each sample, reference and solvent in the same experimental conditions, and four different laser
intensities were used. Neutral density filters were employed to obtain the different laser intensities.
All measurements were made in toluene using azulene as photoacoustic calorimetry reference [36].

For the NIR emission studies, laser light (532 nm) from a Verdi V8 laser (Coherent, Santa Clara,
CA, USA) was focused onto the sample through an x63 water immersion objective lens (NA 1.2, Leica,
Wetzlar, Germany). 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, and a long pass dichroic mirror (DMLP1000, Thorlabs, Ely, UK) was used
to reject all light below 985 nm. The signal was detected using an NIR spectrograph (Isoplane SCT-320,
Acton Research Company, Acton, MA, USA) combined with an InGaAs array detector (NIRvana 640,
Princeton Instruments, Trenton, NJ, USA). Acquisition times were typically 1 s. A 300 groove/mm
grating blazed at 1.2 microns was used for all spectral measurements. The spectrograph was calibrated
using the gas emission lines of a mercury-argon PenRay discharge lamp (Thorlabs, Ely, UK). The overall
configuration of the spectrometer was similar to that described earlier [37].

3. Results

3.1. Photophysics in Dilute Solution

The absorption spectrum recorded for TIPS-P at micromolar concentration in toluene is shown as
Figure 2. The 0,0 absorption transition (Asps) can be located at 643 nm, where the molar absorption
coefficient (epgax) is 23,250 M~1 cm™!. The Beer-Lambert law is followed over a modest concentration
range (Figure 2). Fluorescence is observed following excitation into the lowest-energy absorption
transition and has a maximum (Ap y) at 652 nm. This corresponds to a Stokes shift of only 215 cem™L
There is excellent agreement between absorption and excitation spectra over the wavelength range of
interest (Figure 2).
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Figure 2. Absorption (red curve), fluorescence (black curve) and excitation (open circles) spectra
recorded for TIPS-P in toluene. The inset shows a Beer-Lambert plot over the concentration range of
interest; absorbance values greater than unity were measured in 2 mm path lengths cells and rescaled.
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The fluorescence quantum yield (Pr) determined in air-equilibrated toluene was found to be
0.75 + 0.03 while the excited-singlet state lifetime (ts) was measured by time-correlated, single-photon
counting to be 14 + 1 ns. In degassed toluene, ®r increases to 0.92 + 0.04 while tg is prolonged to
22 + 2 ns (Figure 3a). The natural lifetime calculated from the Strickler-Berg expression [38] is 24 ns.
Literature reports for Tg in toluene solution include values of 17 ns [20] and 13 ns [19].
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Figure 3. (a) Fluorescence decay curve recorded by time-correlated, single photon counting methods
following excitation at 635 nm. The experimental data appear as a solid black line with the non-linear
least-squares best fit superimposed as a red line. The instrument response function is shown in grey.
(b) Example of a transient differential absorption spectrum recorded 5 ps after excitation of TIPS-P
in toluene at 590 nm (FWHM = 0.2 ps) (black curve), together with the ground-state absorption
spectrum (red curve) and the S;-Sy fluorescence spectrum (grey curve). (c) Example of a S;-Sy transient
differential absorption spectrum recorded for TIPS-P in de-aerated toluene following excitation with a
4-ns laser pulse at 585 nm. The spectrum was recorded after a delay time of 10 ns. (d) Example of a
kinetic decay curve recorded at 455 nm following 4-ns laser excitation of TIPS-P in de-aerated toluene

at room temperature.

Excitation of TIPS-P in de-aerated toluene with a short laser pulse (FWHM = 0.2 ps) at 590 nm
populates the corresponding excited-singlet state. Differential transient absorption spectra recorded
soon after excitation show pronounced bleaching around 650 nm together with absorption in the
region of 455 nm (Figure 3b). The bleaching signal corresponds to transient loss of the ground-state
chromophore together with a substantial crop of stimulated emission. The absorption band centred at
455 nm can be assigned to the S;-Sy transition. Decay of the S; state follows first-order kinetics with a
lifetime of ca. 15 ns but decay is incomplete over the available time window of 6 ns. To confirm that
deactivation of the S; state restores the pre-pulse baseline, excitation was made with a 4-ns laser pulse
delivered at 585 nm (Figure 3c). Under these conditions, the excited state decays via first-order kinetics
with an average lifetime of 26 + 4 ns in de-aerated toluene (Figure 3d).

The S; state shows slight absorption in the region of strong ground-state bleaching such that
the differential molar absorption coefficient (Aess5) at 455 nm should not be obtained simply by
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comparison to that of the ground-state at the maximum of 643 nm. In this respect, the spectrum
obtained after excitation with the 4-ns pulse is more useful because of the absence of stimulated
emission and the slightly extended bleaching region. Matching bleaching of the ground state with the
corresponding absorption spectrum leads to a value for Aeyss of 37,200 M~! cm~!, which is well within
experimental error of the value obtained earlier by pulse radiolysis (Ae4s5 = 38,250 M~ em™) [22].
The transient differential absorption spectrum recorded here is in good agreement with that reported
by Wasielewski et al. [20] in both fluid solution and thin films, where the derived molar absorption
coefficient at the band maximum of 481 nm (in a thin film!) was 33,300 M~! cm™!. Our derived Aeyss
is significantly smaller than that obtained by Guldi et al. [19], where the peak absorbance at 447 nm
was assigned Aegq7 of 83,000 M~1lem™L

Iodoethane quenches fluorescence from TIPS-P and promotes population of the excited-triplet
state by way of the external heavy atom effect [20,39]. A non-linear Stern-Volmer plot is recovered for
the addition of iodoethane to TIPS-P in 2-methyltetrahydrofuran solution. However, the data are well
explained in terms of static quenching. Excitation of TIPS-P in de-oxygenated toluene containing 20%
(v/v) iodoethane populates the triplet-excited state as evidenced by the appearance of the characteristic
T1-T3 absorption spectrum [3]. In fact, the derived differential absorption spectrum (Figure 4) closely
resembles that reported for Pn by Porter et al. [40] in the 1950s as well as the spectrum recorded for
TIPS-P by pulse radiolysis in toluene [22].
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Figure 4. (a) Transient differential absorption spectra recorded at various times after laser excitation
with a 4-ns pulse at 590 nm of TIPS-P in de-aerated toluene containing 20% v/v iodoethane. The arrow
indicates increasing time delay. (b) Example of a decay kinetic trace recorded at 505 nm for the
experiment described in (a). The experimental data are shown as open circles with the non-linear,
least-squares best fit shown as a super-imposed red line.
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The corresponding T;-T, transition is dipole forbidden and has been the subject of considerable
theoretical discussion. This latter transition is expected to appear in the region around 900 nm [12] but
has proven difficult to detect. Under our conditions, the triplet lifetime (1) is 9 + 2 ps but is sensitive
to the concentration of residual oxygen. This lifetime decreases as more iodoethane is added, allowing
extrapolation of Tt in the absence of spin-orbit accelerant as being ca. 40 us. This can be compared to
literature values of 24 us [19] and 6.5 ps [18]. The latter value was obtained for a concentrated solution
of TIPS-P in toluene but it is known that the triplet state is quenched by ground-state TIPS-P.

The triplet differential absorption spectrum exhibits positive signals in the region of 500 nm and
bleaching of the ground-state absorption bands at longer wavelength. On the basis that the triplet
state does not absorb around 650 nm, we can determine the differential molar absorption coefficient
(Aesps) for the triplet at 505 nm. The derived value is 81,500 M1 em~! which is somewhat smaller
than that determined by actinometric pulse radiolysis [22]. Literature values for Aesps are usually
based on comparison with ground-state bleaching in the red region and include 64,000 M~! cm~! [20]
and 160,000 M~! cm~! [19]. In part, these discrepancies arise from variations in the molar absorption
coefficient for the ground state; our measured ground-state value at 643 nm (egg = 23,250 M1 em™)is
higher than that reported by Anthony et al. (ecs = 20,000 M~ cm™!) [14], which is used as standard
by many research groups. A value for egs of 21,000 M~ cm™! has been recorded for concentrated
solutions of TIPS-P in toluene [18] while the anomalously high value of 33,000 M~! cm~! was preferred
by Guldi et al. [19]. Interestingly, although the absolute values for e455 and €505 differ significantly,
the ratio remains close to 2 in each case. It is this ratio that is often used to establish yields for SEF.
An additional problem encountered with SEF concerns distinguishing between isolated triplets and
triplet biexcitons [23-25].

Having established what we believe are reliable descriptions of the excited-singlet and -triplet
state transient absorption spectra, attention now turns to determination of the inherent triplet yield and
the triplet excitation energy. In the absence of a spin orbit accelerant, excitation of TIPS-P in de-aerated
toluene does not give a measurable yield of the triplet state. This same problem was encountered
by Wasielewski et al. [20]. However, the triplet can be populated indirectly by way of triplet-triplet
electronic energy transfer [22]. For this purpose, redaporfin [41] was used as the triplet donor.

Shown in Figure 5 are examples of transient absorption spectra obtained following laser excitation
of a mixture of redaporfin (11 uM) and TIPS-P (100 uM) in de-aerated toluene at an excitation
wavelength of 355 nm. Under these conditions, redaporfin absorbs ca. 65% of the incident photon flux
but it has already been established that direct excitation of TIPS-P does not lead to triplet formation
in any measurable yield. The initial transient absorption profile corresponds closely to that of the
redaporfin triplet-excited state [41]. As the donor triplet decays, there is concomitant appearance of the
spectral features characteristic of the triplet-excited state of TIPS-P. These observations are consistent
with triplet-triplet electronic energy transfer from redaporfin to TIPS-P.

The triplet lifetime of redaporfin, monitored at 530 nm by way of ground-state recovery [42],
where TIPS-P makes little contribution to the overall signal, decreases from 55 ps in the absence of
TIPS-P to 18 us in the presence of the acceptor (at a concentration of 63 pM (Figure 5)). Monitoring at
500 nm, where TIPS-P triplet is the dominant absorber, shows a rise-time of 17 us, analogous to the
decay of the redaporfin triplet observed at 530 nm (Figure 6), followed by a 46 pus decay. It is notable
that, although TIPS-P makes an important contribution to the total absorbance at 355 nm, appearance
of the triplet state is entirely the result of electronic energy transfer. This observation confirms the
studies described above.
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Figure 5. Transient absorption spectra for redaporfin in the presence of TIPS-P in de-aerated toluene
with laser excitation at 355 nm. Individual spectra were recorded at delay times of 2.4 us (black), 15.2 ps
(red) and 50.4 ps (blue). The downwards arrows indicate wavelengths at which the redaporfin triplet
can be monitored. The arrow at 500 nm indicates growth and subsequent decay of TIPS-P triplet.
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Figure 6. Transient differential absorption kinetic decays recorded for redaporfin in de-aerated toluene
at room temperature. (a) Decay recorded at 530 nm in the absence of TIPS-P (red curve), where the
lifetime is 55 ps, and in the presence of TIPS-P at a concentration of 63 uM (green curve). In the latter
case the triplet lifetime of redaporfin is reduced to 18 ps. (b) Kinetic trace recorded at 500 nm, where the
triplet state of TIPS-P dominates the spectral records. With [TIPS-P] = 63 uM, the measured rise-time
constant is 17 us and the subsequent decay time constant is 46 ps.

The above observation raises the question as to how it is possible to observe low-temperature
phosphorescence from TIPS-P [19,28] in the absence of a spin-orbit coupling activator. Our own
attempts to detect phosphorescence failed to produce any convincing spectral features in the region of
1600 nm and attention therefore turned to a different experimental method that might allow meaningful
determination of the triplet energy. It seems instructive to mention here that we did succeed at detecting
room-temperature phosphorescence from a covalently-linked TIPS-P bichromophore [22] and this will
be described later in a separate publication.

An alternative method for obtaining triplet energies is provided by photoacoustic calorimetry,
which gives information on the quantity of heat released by way of radiationless deactivation of an
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excited state [43—47]. For this experiment, redaporfin was used as triplet energy donor. Here, selective
excitation of the donor generates the donor singlet-excited state which decays within the temporal
resolution of the instrument to yield the corresponding triplet-excited state by way of “very fast”
intersystem crossing (Scheme 1). In the presence of high concentrations of TIPS-P, electronic energy
transfer from triplet redaporfin leads to evolution of triplet TIPS-P. Given that the triplet energy of
redaporfin is 9090 cm~! [41], triplet-triplet energy transfer is an exergonic process and the associated
enthalpy change will contribute to the total photoacoustic signal. At the highest TIPS-P concentrations,
triplet quenching is quantitative so that the yield of the TIPS-P triplet state equals the initial concentration
of triplet redaporfin. The time resolution set by the 2.25 MHz transducer covers the range 20 ns to 1 ps.
The subsequent decay of TIPS-P triplet occurs over a few tens of microseconds and therefore is too
“slow” to be detected (Scheme 1).
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Scheme 1. Illustration of the various energy loss steps associated with excitation and decay processes

1Red*

following excitation of redaporfin in the presence of TIPS-P. NB ¢@jc; has a value of unity while @jc;
for redaporfin is 0.212. The quantum yield for intersystem crossing in the redaporfin molecule is
0.65. Recall radiationless decay from the TIPS-P triplet state, shown as a red arrow, is too slow to be
monitored by our PAC set-up.

The “very fast” heat decay associated with generation of the triplet state of redaporfin is separated
from its “fast” quenching by TIPS-P, which is separated from the “slow” decay of the TIPS-P triplet.
The “very fast” processes contribute to the first fraction of heat detected (¢;), the “fast” processes
contribute to the second fraction (¢;) and the “slow” processes are not detected by our set-up.
Hence, in these particular experiments, two consecutive decays can be isolated, corresponding to:
(i) formation of redaporfin triplet state, and (ii) subsequent triplet-triplet energy transfer from redaporfin
to TIPS-P. We are especially concerned with the electronic energy transfer step described by Equation
(1) since this value provides access to the triplet excitation energy of TIPS-P. Here, &1 (= 0.65) is
the quantum yield for formation of the triplet-excited state of redaporfin [41,42]. In order to ensure
that only redaporfin is excited, an excitation wavelength of 695 nm was used. Finally, the TIPS-P
concentration was selected to be sufficiently high so as to ensure that more than 95% of the initial
redaporfin triplet population was quenched by way of electronic energy transfer.

$2Ep, = Pr[Er(Red) — Er(TIPS - P)] )

Shown in Figure 7a are solvent corrected and normalized photoacoustic waves obtained for
azulene as photoacoustic reference [48] and for the mixture of redaporfin and TIPS-P. The experimental
data were fitted according to two consecutive decays with the associated four parameters (1, T1, 2, T2)
allowed to float freely. The best fit yielded an initial decay with t; < 10 ns (i.e., faster than the time
resolution of the 2.25 MHz detector) and a slower component with T, ~ 100 ns. This longer lifetime is
consistent with the TIPS-P concentration employed and with a bimolecular quenching rate constant



Chemistry 2020, 2 554

of ca. 10 M~! s71. The open square and circle symbols relevant to Figure 7a represent the calculated
waves obtained by fitting of the experimental photoacoustic wave. A simulation of the photoacoustic
wave is presented as Figure 7b. The average values derived for ¢1, ¢, and 1, as well as the parameters
used to calculate the triplet energy (Et) of TIPS-P, are collected in Table 1. The final value for Et of
TIPS-P calculated with Equation (1) is 7940 + 1200 cm™!, while the lifetime of the quenched triplet of
redaporfin is ca. 110 ns for both TIPS-P concentrations employed here.

¢1Ep, = Epy — Es1 + ¢1c2Es1 + ®r[Es1 — E7] + ®rAE, )

Er®7 = Ejy (1 = ¢1) — PrEymax 3)
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Figure 7. (a) Solvent corrected, normalized photoacoustic waves and their subsequent fitting for
azulene (reference wave given in blue) and for redaporfin in the presence of TIPS-P at a concentration
of 1.0 mM in de-aerated toluene (sample curve given in red). The excitation wavelength was 695 nm.
(b) Simulated photoacoustic waves depicting the curves generated by the energy fractions of ¢; = 0.576
(b1 < 10 ns; blue curve) and @, = 0.051 (mean 1, = 110 ns; red curve).

Table 1. Summary of the main findings relating to the photoacoustic calorimetry investigation of the
redaporfin sensitized triplet formation for TIPS-P in de-aerated toluene following laser excitation at
695 nm (Ehv = 14370 cm™1).

[TIPS-P]/mM ©2 Etr/cm~11
1.00 0.0527 + 0.0079 7940 = 1190
2.50 0.0519 + 0.0072 7940 + 1080

1 Refers to the lowest-energy, triplet excited state of TIPS-P.

The derived Et for TIPS-P can be used [35,36,46] to estimate the quantum yield for nonradiative
deactivation of the excited-singlet state. It will be recalled that our estimate for the fluorescence
quantum yield in degassed toluene and air-equilibrated solution (®r = 0.92 and 0.75, respectively)
implies that radiationless decay will be small for TIPS-P at low concentration. Scheme 2 depicts the
processes relevant to such conditions ([TIPS-P] <10 uM) when TIPS-P is excited directly at 643 nm
(i.e., 15,560 cm™). In air-equilibrated solution, the very fast formation of TIPS-P excited-singlet state
leads to state depopulation by three distinct processes: fluorescence, intersystem crossing to the triplet
manifold and internal conversion to reform the ground state. The nonradiative deactivation processes
are detected as a prompt photoacoustic signal and Equations (2) and (3) can be used to describe the
fraction of prompt heat (¢1) released [46]. The ground state recovered by fluorescence also relaxes in
this time window and contributes to the photoacoustic signal (®r X AEr). On the assumption that ¢jcq
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is unity and on extrapolation to zero laser power, the final conclusion is that &1 under these conditions
is less than a few percent (Table 2). This is fully consistent with our failure to detect significant triplet
population on direct excitation of TIPS-P.
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Scheme 2. Illustration of the expected photophysical steps following direct excitation of TIPS-P in

dilute solution.

Table 2. Results of the photoacoustic calorimetry studies made for direct excitation of TIPS-P in toluene
with a laser pulse delivered at 643 nm (Ehv = 15,550 cm™b).

[TIPS-Pl/uM Emax X ®p/cm~11 @1 &7 2
52 11,505 0.2556 + 0.0119 0.0087 + 0.0004
8.4 11,505 0.2636 + 0.0060 —0.0068 + 0.0001

1 Corresponds to the energy at the maximum fluorescence intensity of TIPS-P (Emax = 15,355 cm ™) multiplied by
the fluorescence quantum yield. 2 Refers to the quantum yield for inherent population of the triplet excited state
of TIPS-P.

3.2. Luminescence from Crystalline Samples

Because SEF is known to be efficacious for thin films [16,17,49,50], crystals [51-53] and aqueous
suspensions of nanoparticles [54], it was decided to search for room temperature phosphorescence
from crystals of TIPS-P. Large crystals were grown from the minimum volume of chloroform (Figure 1).
The absorption spectrum recorded for these crystals remains similar to that observed for dilute solution
except for the appearance of a band in the far-red region (Figure 8). This latter band, which is centred
at 730 nm and is relatively broad, is clearly a consequence of moving to the solid state. No such
absorption band could be seen at high concentration in solution (see below) but a low-energy absorption
transition, centred at 1.75 eV (i.e., 710 nm), has been reported for thin films of TIPS-P prepared by
drop-casting [55,56]. The position and width of the low-energy absorption band will depend on the
structure and morphology of the sample, with less pronounced red shifts expected for amorphous
domains compared to polycrystalline films. Our interpretation of the optical spectra recorded for our
crystals allows for amorphous domains, perhaps at the surface, where the chromophore retains optical
properties somewhat comparable to solution. The crystalline regions are responsible for the red-shifted
absorption maximum but also absorb at higher energies. Both the thin film and the crystal show signs
of light scattering in the near-UV region.
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Figure 8. Absorption spectrum (black curve) recorded for a single crystal of TIPS-P; note the maximum
absorptance at wavelengths longer than 400 nm did not exceed 0.25. Also given are the fluorescence
spectrum (grey curve) for excitation at 620 nm and the excitation spectrum (indigo curve) for emission
at 720 nm. The spectra are normalized at the respective maxima in the red region.

Weak fluorescence could be detected from our crystals of TIPS-P following excitation at 635 nm
(Figure 8). The spectral profile closely resembles that recorded for dilute solutions with the emission
maximum appearing at 650 nm. The excitation spectrum is in good agreement with the absorption
spectrum recorded for the crystal but is not contaminated by scattering effects. Following excitation at
635 nm, time-resolved emission decay curves fit reasonably well as single-exponential processes with a
lifetime of 138 + 25 ps.

This lifetime is heavily quenched compared to that recorded for dilute solutions. As mentioned
above, this emission is assigned to TIPS-P molecules resident in amorphous domains. The fluorescence
quantum yield estimated using an integrating sphere and excitation with a laser diode emitting at
632 nm is reduced to <3%. Fluorescence from polycrystalline films of TIPS-P [55,56] has been reported,
but again the quantum yield and lifetime were found to be greatly reduced relative to solution. An S,
lifetime of 250 ps has been reported following excitation of the film at ca. 700 nm, and assigned to
exciton recombination, but transient absorption spectral studies indicated the co-existence of much
faster decay processes [56]. These latter light-induced deactivation steps relate to TIPS-P molecules
associated with highly crystalline domains. For our samples, excitation at 700 nm selectively addresses
the crystalline regions. Under such conditions, fluorescence was difficult to resolve from the baseline
and no quantitative measurements could be made.

Examination of a single crystal of TIPS-P under an optical microscope shows that ablation
occurs on illumination at 532 nm, a wavelength that probes both amorphous and crystalline domains,
even at moderate (i.e., 30 mW) laser power. The edges of the crystal corrode under excitation and the
fluorescence fades over a few tens of seconds. With a much reduced (i.e., 2 mW) laser power, ablation
is subdued. Under such conditions, it appears that the tail of the fluorescence extends as far as 1500 nm
(Figure 8), despite the strong quenching. We attribute fluorescence to TIPS-P molecules resident in
amorphous regions of the crystal, perhaps associated with the surface. Comparable signals were
observed with a range of different crystals. It was not possible to gate the spectrograph as a means to
minimize fluorescence but nonetheless it is clear that any phosphorescence must be extremely weak.
There is, in fact, no obvious indication of room-temperature phosphorescence from the crystal in the
spectral window from 1100 to 1600 nm (Figure 9).
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Figure 9. Emission spectrum recorded from a crystal of TIPS-P immersed in water and illuminated with

a continuous wave laser at 532 nm (2 mW). The inset shows an expansion of the spectrum across the
wavelength range of interest. A blocking filter was used to exclude emission at wavelengths <985 nm
reaching the NIR detector and this is responsible for what might appear to be a peak at ca. 1100 nm.
In the absence of the filter, emission intensity continues to increase with decreasing wavelength. The data
acquisition time was 1 s.

3.3. Fluorescence from Concentrated Solution

Given the nature of the SEF process, it is natural to consider that the mechanism includes a
role for intermolecular interactions between pairs of molecules as is well known for excimer and
exciplex intermediates. Indeed, Guldi et al. [57] have made an eloquent case for the intermediacy
of an intermolecular excimer during SEF for covalently-linked non-symmetrically substituted,
pentacene-based bichromophores. An excimer intermediate has also been implicated in SEF occurring in
thin films prepared from 1,3-diphenylisobenzofuran, as reported by Michl et al. [58]. Interestingly, slight
variations in the molecular topology of relatively amorphous films, due to a change in substitution
pattern, allows excimer formation to compete effectively with SEF for certain alkyl-substituted
1,3-diphenylisobenzofurans [59]. A similar situation holds for brominated perylenediimides where
structural disruption of the amorphous film results in efficient SEF due to inhibition of competing
excimer formation [60]. A clear-cut case for excimer formation competing with SEF has been made for
TIPS-tetracene in concentrated solution [61]. In this case, SEF is an endergonic process, unlike with
TIPS-P. The likely roles for charge transfer and excimer formation have also been elucidated for SEF
in rylene and diketopyrrolopyrrole derivatives [62]. Of direct relevance to the present work is the
report [18] that TIPS-P undergoes SEF in highly concentrated toluene solution, where the TIPS groups
help to solubilize the solute and hinder close association between adjacent molecules [14]. In this case,
it is reported [18] that triplet multiplication proceeds by way of a fluorescent excimer [18]. There are,
of course, well known problems, such as self-absorption, that complicate optical studies for highly
concentrated solutions. To minimize such artefacts (Figure 10), we constructed a variable path length
optical cell that allows a fixed absorbance over an inordinately wide concentration range. In fact,
the path length could be varied systematically from 5 cm to less than 20 pm (Figure 11). Using this
cell, we were able to show that the absorption spectrum for TIPS-P in toluene is independent of
concentration over the range from 1078 M to 0.11 M. The spectra show no sign of aggregation and
no obvious broadening of the absorption bands at high concentration (Figure 10). This finding is in
agreement with an earlier report [18].
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Figure 10. (a) Comparison of absorption spectra recorded for TIPS-P in toluene at concentrations of
1 uM (black curve) and 0.05 M (red curve). The spectra, which have been normalized at the respective
maxima, were recorded with a variable path length optical cell to maintain a constant absorbance
at any given wavelength. (b). Examples of fluorescence spectra recorded for the above solutions,
with excitation at 595 nm and the same colour scheme. Note the minor distortion of the spectrum at
high concentration caused by uncompensated self-absorption. The inset shows the effect of TIPS-P
concentration on the fluorescence quantum yield.

Using the same cell, the fluorescence spectrum recorded at low (i.e.,, 1077 M) concentration
was identical to that described earlier in this manuscript. The fluorescence lifetime measured in
air-equilibrated toluene was 13.3 ns. The fluorescence spectrum remains similar but not identical over
the concentration range covering 10~/ M to 0.05 M. At the highest concentration, the higher-energy
region (i.e., the 0,0 transition) shows minor distortion due to the onset of self-absorption. This effect
becomes apparent from the slight red shift for the emission maximum (Figure 10). The short path length
kept the degree of distortion to a minimum but there is no obvious contribution to the steady-state
spectrum from excimer emission (Figure 10).

At low concentrations ([TIPS-P] <5 uM), ®f remains constant at 0.75 in air-equilibrated toluene.
This value begins to fall precipitously as the solute concentration exceeds ca. 20 uM. At the highest
concentration that could be reached ([TIPS-P = 0.11 M), fluorescence could barely be detected above the
baseline. Time-resolved fluorescence decay curves could not be properly analyzed as single-exponential
fits over the concentration range from 1 mM to 50 mM. Modelling the decay curves as the sum of
two-exponential components gave greatly improved fits, as did the use of the stretched exponential
function. In general, at high concentration, the decay curves correspond to a short-lived species with a
lifetime of 240 + 60 ps. This species dominates the total signal but there is always a minor contribution
from a species having a lifetime in excess of 1 ns. For example, the best statistical fit obtained at a
TIPS-P concentration of 12 mM corresponds to lifetimes of 225 ps (88%) and 1.65 ns (12%).



Chemistry 2020, 2 559

Figure 11. Photograph of the variable path length optical cell used to record the effect of solute
concentration on the absorption and fluorescence spectral properties of TIPS-P in toluene. A screw
barrel allows easy variation of the path length while the double seal prevents leakage of solution.
The set-up fits comfortably into a range of spectrophotometers. Calibration of the path length is made
by reference to standard solutions and/or birefringence effects.

4. Discussion

We present herein an updated description of the photophysical properties for TIPS-P in dilute
solution at ambient temperature. The information provided should enable refinement of analytical
treatments of experimental data relating to SEF in certain bichromophores. In particular, molar absorption
coefficients for excited-singlet and excited-triplet states are believed to be the most accurate yet reported
for TIPS-P. Our measured excited-state lifetimes are slightly longer than literature values and, at least in
the case of the isolated triplet, reflect the low concentration of chromophore used for the measurement.
We have also refined the molar absorption coefficient for the ground-state species, which is of critical
importance in making quantitative SEF measurements since it is often used as the primary reference
point. An important conclusion to emerge from this study concerns the inherent quantum yield for
formation of the isolated triplet-excited state. Our results indicate that this value is less than a few
percent (Table 2) in the absence of a spin-orbit accelerant. The dominant photoprocess is fluorescence,
for which the quantum yield is 75% in air-equilibrated toluene — rising to 92% in the absence of
molecular oxygen. This quenching by O; is attributed to the paramagnetic effect and leads to slight
enhancement of the triplet yield.

The parameter of most significance is the excitation energy (Et) of the isolated triplet state. We have
not observed clear evidence for phosphorescence from TIPS-P in the region around 1400-1600 nm.
Earlier work has reported phosphorescence at 1300 nm for pentacene (Pn) in frozen cyclohexane [27]
and at 1580 nm for TIPS-P in frozen toluene [29] and in a 2-methyltetrahydrofuran glass at 77K [19].
These measurements, which are supported by various quantum chemical calculations [3,11,32] and
indirect experimental observations [63,64], can be used to establish Et values of 7700 cm™! (i.e., 0.95eV)
for Pn and 6330 cm™! (i.e., 0.78 eV) for TIPS-P. It might be noted that, rather than attempt to refine
Et, more recent theoretical studies have focused on diffusion of triplet states in solid materials [11]
and distinguishing between isolated triplet and triplet biexcitons [12]. Our understanding of the
protocol used for recording low-temperature phosphorescence from Pn [27] is that a conventional
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fluorescence spectrophotometer, equipped with an immersion-well Dewar flask, was utilized. There is
no indication that the optics or detector were modified to allow measurements in the NIR. Although
no actual spectrum was provided, the reported emission maximum of 1300 nm matches with the
expected appearance of the first overtone for the fluorescence peak, which can be a problem if
inappropriate optical components are used. Given the tendency for Pn to aggregate, the low inherent
@7, and the (apparent) insensitivity of the instrument, we are reluctant to attach much significance to
this particular measurement.

A second study [29] reports phosphorescence from TIPS-P in deoxygenated toluene at 77K.
Here, the solubility is not an issue but toluene forms an ice at 77K that lacks good spectroscopic
properties. We have shown, in confirmation of earlier work [20], that the inherent &1 for TIPS-P
is low and we would not expect much triplet formation under these conditions. The radiative rate
constants for the T; state of polyacenes are not expected to exceed a value of ca. 100 s~! such that,
for a phosphorescence lifetime of ca. 10 ps, the overall quantum yield for triplet emission will be less
than ca. 10~>, making detection difficult. This study [29] provided the phosphorescence spectrum for
TIPS-P, together with spectra for a series of heteroacenes mostly related to TIPS-P. The spectra are
similar and closely comparable to a second literature example [19]. Both studies conclude that Et
for TIPS-P is ca. 6330 cm™! (i.e., 0.78 eV). This is well below the value for Pn and significantly less
than one-half of the singlet excitation energy of 1.92 eV. More importantly for the present discussion,
the reported phosphorescence energy is much smaller than our derived Er of 7940 cm™! (i.e., 0.98 eV)
as derived by photoacoustic calorimetry. The discrepancy is well outside the limits of experimental
error. Moreover, our mean Et value marginally exceeds one-half of the singlet excitation energy and
is therefore inconsistent with strongly exergonic SEF. It might be stressed at this point that highly
efficacious SEF will produce a triplet biexciton and not the isolated triplet examined here.

At this point, it is worthwhile to re-iterate how the Et value was reached. The triplet-excited state
of TIPS-P was populated by way of triplet-triplet energy transfer using redaporfin (Et = 9090 cm™1)
as energy donor. The experiment measures heat released within a fairly narrow time window of
20 ns to 1 ps. The set-up does not monitor deactivation of the T; state of TIPS-P formed via energy
transfer but does detect the enthalpy change associated with the electronic energy transfer step.
Thus, the primary measurement refers to the difference in triplet excitation energies between donor
and acceptor. The amount of heat released during this step is smaller than expected if SEF is exergonic,
although taking the lower limit set by experimental uncertainty (i.e., Er = 6750 cm~!) overcomes
this obstacle. We have no reason to doubt the photophysical properties attributed to redaporfin
and therefore are at a loss to satisfactorily resolve this apparent discrepancy in Et values. Possible
complications for the energy-transfer step that could decrease the apparent energy gap between the
triplet states, such as transfer to T, rather than T; or preferential population of a “hot” vibronic
state for the acceptor triplet, do not appear feasible. The T, state is thought to be closer in energy
to S; than to Ty [28] and therefore would not be accessible to the triplet state of redaporfin. The T
state of TIPS-P does not generate the characteristic luminescence signal for singlet molecular oxygen
when illuminated at 532 nm in O,-saturated toluene, indicating that Et is below the excitation energy
of 7875 cm™! for molecular oxygen. We will describe in a separate publication phosphorescence
recorded following excitation of a TIPS-P-based bichromophore, the same molecule as studied earlier
by pulse radiolysis [22], at room temperature. The emission peak, observed with two different
instruments operated under quite disparate conditions, attributed to the isolated triplet occurs at
1370 nm (i.e., 7290 cm™'). This additional Et value is within experimental error of that measured by
photoacoustic calorimetry and meets all of the required criteria.

A second important feature to emerge from our study concerns excimer fluorescence from TIPS-P
at high concentration in liquid solution. Two literature reports describe excimer emission in toluene
solution [18,29] but the exhibited spectra bear all the classical hallmarks of self-absorption. This is a very
well-established problem for highly concentrated media, being a particular problem for chlorophyll [65],
and leads to a progressive red shift with increasing chromophore concentration. The origin of this
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spectral shift is the effective disappearance of the 0,0 fluorescence band due to absorption by the
ground-state chromophore. Self-absorption is a particular problem for compounds exhibiting a small
Stokes shift and a strong 0,0 absorption band! It has already been recognized as being responsible for
distorting the fluorescence spectrum of TIPS-P in concentrated solutions [30]. Our variable path length
optical cell helps overcome this problem by maintaining the same absorbance at all concentrations.
Even at 0.11 M, we were unable to confirm excimer fluorescence for TIPS-P in toluene. This is not to say
that an excimer is not involved in SEF, especially in endergonic cases such as with TIPS-tetracene [60],
but we are of the opinion that there is no excimer emission for highly concentrated solutions of
TIPS-P. The strong fluorescence quenching observed at high concentration could contain an important
contribution from SEF [18].

The final point of interest relates to fluorescence from single crystals of TIPS-P. It is recognized that
solid-state samples of Pn are often very weakly fluorescent [3], although intense and sharp fluorescence
has been reported for Pn monolayers grown on polymeric surfaces [66]. We have found difficulties for
recording high quality fluorescence spectra for sublimed films and drop-cast films of Pn after drying
under high vacuum. Our crystals of TIPS-P are weakly fluorescent, displaying an emission spectrum
that resembles that found in dilute solution and in monolayers [66]. This observation is explained in
terms of the sample comprising two main domains; one such region has crystalline character while the
other is more amorphous. Fluorescence and laser ablation occur primarily from amorphous regions
while SEF is more likely associated with the crystalline domain. Prior work has already commented on
sub-domain spectroscopy for TIPS-P [56]. Our failure to detect room-temperature phosphorescence
in the NIR region, despite facile detection of the tail of the fluorescence spectrum, indicates that,
under such conditions, the phosphorescence quantum yield must be less than 107°.
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