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S1 Experimental Methods

S1.1 Steady-state Optical Measurements

Steady-state absorption spectra of our samples in a 2mm path length quartz cuvette (Starna Cells
21-Q) were obtained using a Cary Varian 1E ultraviolet-visible (UV-Vis) spectrometer. Steady-
state fluorescence spectra of our samples (with absorbances of less than 0.1) in a 1 cm path length
cuvette (Starna Cells 3-Q) were obtained after excitation of 590nm by a Perkin Elmer LS 55
fluorescence spectrophotometer, with excitation and emission bandwidths of 5nm and 15nm, re-
spectively. Due to the low fluorescence signal, an emission bandwidth of 15 nm was chosen and no
cut-off filter was used.

S1.2 Transient Absorption Spectroscopy

The transient absorption (TA) spectrometer (Ultrafast Systems, Helios) used in this study has been
described previously.5'™54. An optical parametric amplifier (OPA) (Light Conversion, TOPAS-C),
using the second harmonic of the signal at 1180 nm, generated the 590 nm pump pulses (~0.50 pJ
per pulse) to excite the samples. An optical chopper mechanically modulated the pump pulses at
a frequency of 500 Hz, thus producing a pump pulse only every two probe pulses to obtain change
in absorbance (AA). The polarisation of the pump was rotated to magic angle (54.7°) relative
to the probe beam to negate anisotropic effects. This pump beam was focused onto the samples
with a full width half maximum (FWHM) spot size of ~0.83 mm or ~0.82mm for the visible or
near-infrared (NIR) experiments, respectively. The probe was a white light continuum obtained
by focusing a small portion of the 800 nm amplifier output onto a 3.2mm or 12.7mm sapphire
crystal for the visible or NIR range, respectively. A computer controlled delay line was used to
delay the arrival of the probe relative to the pump. The probe was split into signal and reference
beams, with the signal beam focused onto the samples with a FWHM spot size of ~0.28 mm or
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~0.22 mm for the visible or NIR experiments, respectively. The linear detectors used were CMOS
based in the visible region (Ultrafast Systems, CAM-VIS-2) and InGaAs for the NIR region. The
samples, of ~100 ppm 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-Pn) concentration, were
contained in a 0.2cm quartz cuvette (Starna Cells 21-Q-2) and stirred continuously throughout
the experiment. Samples were found to degrade by less than 2% over the entire experiment, which
consisted of an average of 10 scans. All experiments were performed at 21°C. All spectra were
corrected for the probe’s dispersion by adjusting the time-zero for the correct arrival time of the
probe at each wavelength, as determined by the pump—probe coherent artefact response from the
solvent (water).

The apparatus used for TA anisotropy experiments were the same as that described above. A
minimum of 10 consecutive parallel and perpendicular intensity measurements were obtained by
rotation of the pump polarisation using a half-wave plate. Time-resolved anisotropy was obtained
at 655 nm for fluorescence and for all wavelengths in the visible range (400-800 nm) and NIR range
(900-1400 nm) for TA. The measured fluorescence intensities with the emission polariser orientated
parallel and perpendicular to the excitation, I; and I, respectively, were used to calculate the
time-resolved fluorescence anisotropy, 325256

TA anisotropy as a function of time, ¢, and wavelength, \,525759 were obtained using

AA(t, ) — AAL (1)

r(tA) = AA(t,N) + 204, (£, N) (51)

where AA|(t,\) and AA,(t,\) were the change in absorbances parallel and perpendicular to the
excitation polarisation, respectively.

S1.3 Nanoparticle Preparation

Stock solutions of 400 ppm TIPS-Pn, 400 ppm poly(methyl methacrylate) (PMMA) and 750 ppm
poly(oxyethylene)nonylphenylether (CO-520) in freshly distilled tetrahydrofuran (THF) were pre-
pared (Note: different concentrations of stock solutions were used for the 1:100 sample, they are
given in Table S1). A volume of each stock solution (given in Table S1) was combined to make a
15 mL mixture stock solution of the desired TIPS-Pn:PMMA mass ratio. This was then rapidly
injected in 75 mL of vigorously stirred water and left stirring for ~5minutes. THF was removed
under reduced pressure and the remaining nanoparticle (NP) suspension concentrated down to
a TIPS-Pn concentration of ~100ppm. Lastly, the samples were filtered through a 0.2 pm hy-
drophilic syringe filter (Sartorius Minisart NML). The approximate final concentration of each
component in the NPs is given in Table S1.

Various properties of these NPs are presented in the Calculations section, including a calcu-
lation of the “average intermolecular TIPS-Pn separation” within the NPs (S4.3). The average
intermolecular TIPS-Pn separation increases with increasing proportion of PMMA (refer to Ta-
ble S15), ranging from 0.99 nm for the 1:0 TIPS-Pn:PMMA NP sample, to 2.15nm for the 1:10
sample.

The resulting NP suspensions, as shown in Figure S1, were of clear blue colour with no visible
aggregation when compared to TIPS-Pn in THF. No change in absorption was observed when
comparing ultraviolet (UV)-visible absorption spectra taken before and after filtration through a
filter (250 nm pores), as shown in Figure S2. This result confirms that the NPs were less than
250 nm in size. Hudson et al. have previously shown the effects of NP diameter on the steady-state
absorption spectra of TIPS-Pn NPs.51® Comparing to the absorption maximum of the neat NPs
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Table S1: Quantities used to prepare different TIPS-Pn:PMMA mass ratio NPs.

TIPS-Pn:PMMA Component Volume C?ncentration in Concentration
mass ratio used (mL) mixed stock (ppm) of NPs (ppm)

TIPS-Pn 0.75 20 100

1:0 PMMA - - -
CO-520 0.40 20 100

THF 13.85 - -

TIPS-Pn 0.75 20 100

1:1 PMMA 0.75 20 100
CO-520 0.80 40 200

THF 12.70 - -

TIPS-Pn 0.75 20 100

1:3 PMMA 2.25 60 300
CO-520 1.60 80 400

THF 10.40 - -

TIPS-Pn 0.75 20 100

1:5 PMMA 3.75 100 500
CO-520 2.40 120 600

THF 8.10 - -

TIPS-Pn 0.75 20 100

17 PMMA 5.25 140 700
CO-520 3.20 160 800

THF 5.80 - -

TIPS-Pn 0.75 20 100
1:10 PMMA 7.50 200 1000
C0O-520 4.40 220 1100

THF 2.35 - -

150 ppm TIPS-Pn 0.60 6 30
1:100 1500 ppm PMMA 6.00 600 3000
1500 ppm CO-520 6.00 600 3000

THF 2.40 - -
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here to the absorption maxima in that study we estimate the NP size here to be approximately
45 nm. The colloidal NP suspensions were stable for several months, likely due to the NPs being
encapsulated by the surfactant, which increases the NP stability in water. However, slight oxidation
and photodegradation was observed after a few days.

Figure S1: TIPS-Pn in THF (left) and 1:1 TIPS-Pn:PMMA NPs in water (right). Both have a concen-
tration of ~100 ppm.

=
o

0.7 1 — 0 weeks TIPS-Pn:PMMA ratio 1 — o0 weeks TIPS-Pn:PMMA ratio
— 1 week, 8% deg L] — 1 week, 8% deg L]
0.6 1 — 1 week filtered, 9% deg " 08— 1 week filtered, 7% deg *
- 3 weeks, 32% deg : — 3 weeks, 16% deg
0.5 4 —— 5 weeks, 58% deg —— 5 weeks, 18% deg
8 7 weeks, 69% deg 8 7 weeks, 20% deg
% 0.4 1 9 weeks, 68% deg % 0.6 9 weeks, 24% deg
-g 9 weeks filtered, 70% deg -g 9 weeks filtered, 25% deg
%] %]
o 0.3 2 ]
2 2 0.4
0.2
4 0.2 1
/
0.1 -/\/r
- 0+————=

0.0 T T T T T ; T 0. T T T — T
400 450 500 550 600 650 700 750 800 400 450 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

Figure S2: Degradation and colloidal stability of 1:0 and 1:10 TIPS-Pn:PMMA NPs over nine weeks.

S1.4 Polarisation Anisotropy
S1.4.1 Definition of Anisotropy
Consider a partially polarised light travelling in the x direction. The polarised component is defined

as I, — I,. Anisotropy, r, of a light source is defined as the ratio of the polarised component to

the total intensity I,
I, -1, I, -1,

Ir  L+1,+1
When the light is polarised along the z-axis, the emission is symmetric around the z-axis, hence
I, = I,. If we define I, = I; and I, = I, we arrive at

(52)

r =

L -1

r= —]” T (S3)
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A more detailed derivation of the anisotropy is given by Lakowicz.5

S1.4.2 Excitation by Polarised Light

We now consider a sample containing randomly oriented chromophores. Upon illumination of
a sample with polarised light, chromophores with absorption transition dipole moments aligned
along the electric field vector of the excitation light have the highest probability of excitation.
The transition dipole moment of a chromophore does not need to be precisely aligned with the
electric field vector to be excited. The probability of excitation is proportional to cos26, where 6
is the angle between the transition dipole moment and the electric field vector of the excitation.
This means excitation with polarised light results in photoexcited chromophores with absorption
transition moments partially oriented along, and symmetric around, the electric field vector (refer
to Figure S3). This phenomenon is termed “photoselection”.

>
>

Excitation]Polarisation

=3I,
r,=0.4
Figure S3: Initial excited-state distribution for a system with randomly orientated chromophores, upon
excitation with polarised light.

S1.4.3 Anisotropy from a Homogeneous Sample

The anisotropy is given by

- (e o

where 6 is the angle between the excitation polarisation and the emission dipole. For random
orientation of transition dipole moments with collinear absorption and emission dipoles, averaging
over 6 gives

(cos?0) = g (S5)

Upon excitation with polarised light, the emission from many samples is also polarised. The
extent of the polarisation of the emission relative to the excitation is described in terms of the
anisotropy, r. A single chromophore, with collinear absorption and emission transition dipoles,
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that is orientated along the electric field vector of the excitation has an anisotropy of 1. However,
the anisotropies are always less than 1 in a homogeneous solution as it is not possible to obtain a
perfectly oriented excited-state population. The observed anisotropy of the emission of randomly
oriented chromophores is therefore calculated using appropriate averaged intensities based on the
excitation photoselection (%) and the measured intensity emission from the selected chromophores.
The anisotropy of emission from selected chromophores depends on the angle between the absorp-
tion and emission polarisation. The fundamental anisotropy, r¢, is the anisotropy observed in
absence of any depolarisation processes (e.g. rotational diffusion or energy migration). For a sam-
ple with randomly oriented chromophores and an angle of § between absorbing and emitting dipole

moment directions, the fundamental anisotropy is given by

TO:%(?}COSZﬁ—l)' (S6)

A maximum anisotropy value of 0.4 occurs for fully correlated absorption and emission (5 = 0°).
The anisotropy takes a negative value of -0.2 if the emission polarisation is rotated 90° relative
to the excitation polarisation (5 = 90°). An anisotropy value of zero represents emission from
completely randomly polarised chromophores, corresponding to an average [ of 54.7°, known as
the “magic angle”.

S1.4.4 Causes of Depolarisation

By observing anisotropy over time, one can monitor the depolarisation of the excitons. As excitons
become depolarised, their emission also becomes depolarised. This depolarisation from the initial
excitation polarisation can occur in various ways.

A common cause of depolarisation is rotational diffusion. Consider a chromophore with collinear
absorption and emission dipoles. If the chromophore rotates by some angle 3 before it emits, the
emission from that exciton has become depolarised with respect to the initial excitation polarisa-
tion. The anisotropy is given by Equation S6. Time-resolved polarisation anisotropy measurements
can thus reveal the average angular displacement of chromophores between absorption and emis-
sion. The rotational correlation time, 7., of a sphere is the average time for it to rotate one radian,
and is given by
_nv
~ RT’
where 7 is the viscosity, T is temperature in °K, R is the gas constant, and V is the volume of the
rotating unit. The angular displacement, 7, is related to the anisotropy by

(57)

Te

r(t) = roe” 7 = roe” ", (S8)

where r( is the anisotropy at ¢ = 0 and D is the rotational diffusion coefficient (D = %) It is
only spherical molecules which display single exponential anisotropy decay.S?

Therefore, by measuring the anisotropy of a sample in which only rotational diffusion occurs
(i.e. no exciton migration), and in which the spherical chromophores have collinear absorption
and emission dipoles, the rotational correlation time can be extracted using Equation S8. If the
correlation time is much larger than the lifetime (7. > 7), then the effect of rotational diffusion is
negligible, and the measured anisotropy, r, at any time, ¢, is equal to rg.
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Depolarisation by rotational diffusion of spheres is given by the Perrin equation:

D1+l -146D7 (S9)
r T,
where 7 is the anisotropy, 7 is the fundamental anisotropy, 7 is the fluorescence lifetime, 7. is the
rotational correlation time, and D is the rotational diffusion coefficient.

Another cause of depolarisation is exciton migration, such as Forster resonance energy transfer
(FRET) or Dexter excitation transfer (DET). Excitons are initially correlated with the polarised
excitation light. As excitons “hop” between chromophores in a disordered system, the excitons
become less correlated with the excitation light (refer to the illustration in Figure S4). Measuring
the exciton polarisation over time can therefore be a direct observation of the migration of excitons.
The presence of energy migration can usually be predicted from the concentration of the sample,
and if it is the only cause of depolarisation, time-resolved polarisation anisotropy can reveal the
average rate of exciton migration.

The two processes above, rotational diffusion and exciton migration, are two common causes
of exciton depolarisation. There is another, more subtle way in which anisotropy can change,
namely by preferentially eliminating excitons that are more (less) correlated with the initial exciton
polarisation. This selective elimination leaves a population of excitons with less (more) correlation,
thus acting to decrease (increase) the overall anisotropy. An example of selective elimination of
less polarised excitons can occur through diffusion-limited singlet fission (SF) in an amorphous
system.

S9



Initial
excitation [v=

Initial Excitation Polarisation

<

Figure S4: The schematic shows excitation of a single TITPS-Pn molecule and migration of the exciton
through the system.
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S2 Computational Methods

S2.1 Rate of Singlet and Triplet Migration

The non-radiative singlet energy migration rate between a donor and acceptor, kpa, can be calcu-

lated using Fermi’s Golden Rule,

2T
kpa = fJ%AXDA (S10)

where Xpa is the spectral overlap between the donor and acceptor and can be calculated by
integrating over the product of the emission spectrum of the donor and absorption spectrum of
the acceptor. Jpp is the transition dipole coupling term given by

pE  Fp-ta— 3(RDA . f'D)(RDA -Th)
47T€r€0 |RD — RA|3 ’

(S11)

Jpa =

where g is the transition dipole moment magnitude, ¢, is the relative permittivity of the material,
g9 is the vacuum permittivity, and #p and £, are the unit transition dipole moment vectors
of the donor and acceptor molecules, respectively. Rpa is the unit vector between the pair of
molecules and |Rp — Ra| is the distance between the molecules. Therefore, the rate of singlet
migration depends on the distance between the donor and acceptor molecules, the alignment of
their transition dipoles, and their spectral overlap.

The rate of Dexter energy migration, kpexter, 1S given by

|J]23A| ™
k exter —
Dext no\ NepT Y

(58

 4kpT A ’ (812)

p

where Jpy is the electronic coupling between the donor and acceptor, A is the reorganisation energy,
T is temperature, kg is the Boltzmann constant, and AG is the difference in Gibbs free energy
between the donor and acceptor.

S2.2 Simulation Box

The NP systems consisted of a number of TIPS-Pn molecules, corresponding to the required
TIPS-Pn:PMMA mass ratio, in a cubic simulation box with periodic boundary conditions (PBCs)
enforced. The average number of TIPS-Pn molecules within a certain volume, Vj,.y, is determined
by

Nripspn = VV&, (S13)

Vrips-pn

where Vi o p, 1S the average Voronoi volume of a TIPS-Pn molecule (see below for further details),
and was dependent on the mass ratio of TIPS-Pn:PMMA=1:«, according to

(ppvnvia + prips-pn) M Wrips-pn
VVTIPS»Pn = . (Sl4>

PTIPS-PnPPMMA IV A

A 20nm length cubic box was used for this molecular dynamics (MD) simulation. The number
of TIPS-Pn molecules to be placed into the MD simulation box for each of the TIPS-Pn:PMMA
mass ratio NPs was calculated using Equations S13 and S14, and given in Table S2.

The Monte Carlo (MC) simulation was run with randomly distributed TIPS-Pn molecules and

S11



Table S2: Average Voronoi volume of TIPS-Pn and number of TIPS-Pn molecules in the
MD simulation box for each of the TIPS-Pn:PMMA mass ratio NPs.

Sample Average Voronoi Number of

(TIPS-Pn:PMMA | volume of TIPS-Pn in the

mass ratio (1: «)) | TIPS-Pn (nm?), 20nm MD simula-
Wirps.on tion box, Ntips.pn

1:0 0.96 8322

1:1 1.85 4314

1:3 3.64 2197

1:5 5.43 1474

1:7 7.21 1109

1:10 9.89 809

systems representing different amounts of clustered TTPS-Pn molecules. A MD simulation was run
to obtain a representation of these different types of clustered systems.

S2.3 Molecular Dynamics

MD is a computational method to study the physical movements of particles (generally atoms or
molecules) in a system. Newton’s equations of motion are used to simulate the classical interactions
between particles, over timescales up to 1 ps.

Newton’s equations of motion state that the force on a particle is equal to its mass times its
acceleration, where the acceleration is given by the second derivative of the particle’s position.
Mathematically, for N particles this is represented as

N d?r; N
where F; is the force vector on particle 7, r" is the position of the particles, m; is the mass of
particle located at r;, and U is the function called the force field.

The force field describes the potential energy surface for all interacting particles, and is generally
a sum of bonded and non-bonded particle interactions

U = Uypw + Ugs + Upond + Uangle + Udinedral, (S16)

where Uypw and Ugg are the non-bonded van der Waals (VDW) and electrostatic (ES) interac-
tions. Upond, Uangle and Uginedral are the bond stretch, bond angle and dihedral angle potentials,
respectively.

The positions of particles can be found by numerical integration of Equation S15, with the
period of integration (termed “timestep”) chosen to be faster than the fastest phenomena within
the system.
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S2.4 Coarse-grained Method

Often, MD uses fully atomistic models in which each atom in a molecule is mapped to a particle.
A coarse grained model is one which simplifies the system by reducing the number of particles
while retaining large-scale physical properties and behaviour. Coarse-graining also eliminates the
most rapid degrees of freedom, such as C—H bonds, allowing a longer integration timestep. Fewer
particles results in less particle interactions needing to be calculated, and thus the efficiency of the
MD simulation can be enhanced because larger systems or longer simulation times can be achieved
for the same computing resources. An example of an atomistic to coarse-grained mapping is shown
in Figure S5.

Figure S5: The atomistic to coarse-grained mapping of TIPS-Pn for the MD simulation. Parameters
for the non-bonded, the harmonic bond length and the bond angle potentials are given in Tables S3, S4
and S5, respectively.

S2.5 Obtaining TIPS-Pn Input Geometries from Molecular Dynamics
Simulations

We required input positions and transition dipole moments of TIPS-Pn molecules for our MC
simulation. TIPS-Pn molecules were assumed to be randomly distributed in the NP systems
by Stuart et al.5* However, it is possible that during the NP formation TIPS-Pn-TIPS-Pn or
PMMA-PMMA interactions are favoured, driving some degree of phase separation and so TIPS-Pn
molecules could form a more “clustered” distribution within the NPs.

We used MD to crudely simulate clustering of TIPS-Pn molecules during the formation of
the NPs. These simulations were performed with the MD simulation package LAMMPS. Rather
than a fully atomistic model of TIPS-Pn molecules, we used a coarse-grained model in which a
TIPS-Pn molecule was represented by five spherical beads corresponding to the centre of mass of
the benzene rings of pentacene (Pn) and two spheres for the triisopropylsilylethnyl (TIPS) groups.
The transition dipole moments were defined as the unit vector between the centre benzene ring to
one of the TIPS groups. This atomistic to coarse-grained mapping is illustrated in Figure S5.

The bond lengths and angles were represented by a harmonic potential, with the equilibrium
bond length/angle and corresponding force constant for the bonded/angle potentials given in
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Tables S4 and S5. Non-bonded intramolecular interactions were turned off so Lennard-Jones (LJ)
interactions were only calculated between molecules.

The coarse-grained system representing a pure TIPS-Pn NP was run under constant temper-
ature and pressure conditions (NPT ensemble). The homonuclear LJ diameter, o;;, and homonu-
clear LJ interaction strength, ;, were optimised to achieve a constant volume corresponding to
the density of pure TIPS-Pn. The resulting parameters are given in Table S3

Molecules are initially placed at random inside a 20 nm cubic box. The system was simulated
at 298 K and 1 atm with PBC enforced to simulate the larger NP system. Langevin dynamics were
used in the MD simulation to model an implicit solvent, with the dampening factor set to 1fs. It
roughly represents the PMMA matrix in the NP system.

Overlapping atoms from the randomly input TIPS-Pn molecules were removed by performing
an energy minimisation, and thus used as a more realistic representation of “randomly distributed”
TIPS-Pn molecules for the MC simulation.

A series of soft potentials were used to equilibrate the system. A LJ force field (parame-
ters given in Table S3) was then applied to the TIPS-Pn molecules to simulate their clustering
during NP formation. The MD simulation does not aim to be a true representation of the dynam-
ics of TIPS-Pn molecules during NP formation. Instead, the aim was to obtain representations of
different amounts of “clustered” TIPS-Pn molecules in the final NP systems. Consequently, the po-
sitions and transition dipole moments were extracted from the MD simulation at various timesteps
(corresponding to different degrees of clustering) and used as input for the MC simulation.

Table S3: Parameters used in the non-bonded potential, Upon bonded(Tij) = 4€ij[(0i5/7ij) 2
(0ij/ rij)G], where o;; is the homonuclear LJ diameter and ¢;; is the homonuclear LJ interaction

strength.

Site | m (gmol™) | oy (A) | €4 (kealmol ™)
a; 55.27 1.5 3.3
as 181.37 1.5 3.9

Table S4: Parameters used in the harmonic bond length potential, Uyonq(l) = k; (5—50)2, where

lp is the equilibrium bond distance and k; is the force constant for the bonded potential.

lo (A) | k; (kealmol~' A—2)
by | 2.41 | 1000
by | 4.8 100

Table S5: Parameters used in the harmonic bond angle potential, Uangle(ﬁ) = /{ZQW, where

fp is the equilibrium bond angle and kg is the force constant for the angle potential.

0 (°) | ko (kcalmol~! rad—2)
6, | 180 1000
0y | 90 1000
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S2.6 Rate Constants for Singlet Migration, Singlet Fission and Singlet
Decay

Singlet migration occurs through a FRET process in our model. The singlet migration rate constant
used in this MC simulation, kpa, is given in Equation S10.

The hopping rate, kpa, depends on the transition dipole coupling term, Jpa, given in Equa-
tion S11. This depends on the relative permittivity, ,, of the 1:o« TIPS-Pn:PMMA NP (« ranges
from 0 to 10), which was approximated by the weighted average of the permittivities of TIPS-Pn

and PMMA,
1 a
r — -Pn 5 S17
€r = ETIPS-P <1+a> +5PMMA<1+a> (S17)

where errpg.pn and epyva are the relative permittivity of TIPS-Pn and PMMA, respectively. Ap-
proximate values for these parameters were taken from literature,5! 512 and are given in Table S6.

Table S6: MC simulation parameters.

Parameter Symbol | Value
Density of TIPS-Pn pripspn | 1.104gcm™3
Density of PMMA PPMMA 1.188gcm™3

Relativity permittivity of TIPS-Pn | erps.pn | 3.0
Relativity permittivity of PMMA | epyvia 2.25

A simple model for SF was employed in our MC simulation, as the microscopic details of SF
are not yet fully understood.®'* We assumed SF occurred with a rate kgp if a singlet molecule had
a ground-state molecule within a distance of rqp. Mathematically, we described the rate of SF by

ki = ksp©(rep — %), (S18)

where D and A denote the “donor” singlet molecule and “acceptor” ground-state molecule, respec-
tively. 774 is the distance between those two molecules and O is the Heaviside step function. The
“SF radius”, rsr, was defined as the maximum distance between a donor and acceptor in order for
SF to occur. In this model, kSDF’A = kgp if 7P < rgp and kSDF’A =0if rP4 > rep.
The singlet decay rate constant, kq, was taken from the intrinsic lifetime of singlets from time-
correlated single photon counting (TCSPC) data of dilute TIPS-Pn in THF.5* Therefore,
1 1

kq=-—mns .

= (S19)

The event which occurred at a given step in the MC simulation (hopping, SF or decay) was chosen
by considering the probability of each event happening in a random time interval, At. If k is the
probability of a transition occurring per unit time, the probability of the transition not happening
in a time interval, At, is given from Poisson statistics as P(t) = exp(—kAt). We can therefore
define a (random) time interval, At, for a transition to occur via exp(—kAt) = x where x is a
uniform deviate, 0 < z < 1.5

Therefore,

Af — _ln(x)‘

(S20)
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A set of time intervals for hopping, SF, or decay was determined by Equation S20 where k =
{kpa, ksr, kq} was the set of all rate constants for the donor, and x was a random variate over [0,1]
chosen for each k.

S2.7 Generation and Parameterisation of Steady-state Absorption and
Emission Spectra

The singlet migration rate, kpy was dependent on the spectral overlap, Xpa, between the donor
and acceptor. This spectral overlap was calculated by integrating over the product of the emission
spectrum of the donor and absorption spectrum of the acceptor.

In the MC simulation, the steady-state absorption and emission spectra of the chromophores
were simulated by a Franck-Condon progression, with an intensity at detection energy, E, given
by

€ v
I(e) = Z vl m(vhw — Eg)? + %)’

v=0

($21)

Parameters are defined in Table S7. Chromophores were generated with energies from a normal
distribution with a mean Ey and standard deviation FE,.

The simulated steady-state absorption spectrum was generated by summing over the absorption
spectra of all chromophores. The simulated steady-state fluorescence spectrum was generated by
summing over only those chromophores which decay during the MC simulation. Both spectra were
also scaled by an oscillator strength factor, 3. The energy of the chromophore was reduced by
E.aax when calculating emission spectra. The experimental Stokes shift was reproduced by an
using appropriate values for Fi.., and E,. E, influences the computed Stokes shift because the
Stokes shift is partially caused by the greater probability of migration to and hence the greater
probability emission from lower energy sites, and F, controls the width of the distribution of site
energies.

1o was obtained from literature,®' E, was set to match the 0-0 transition, E, and E,eax
were set to produce the most accurate Stokes shift, iw was chosen to obtain the best spacing
between the peaks, s was chosen to match the peak heights of the vibronic transitions. v was
then optimised so the simulated spectra matched the experimental spectra. The simulated steady-
state absorption and emission spectra are primarily used to compute spectral overlap integrals,
and hence when parametrising focus was placed on the goodness of fit in the region where the
absorption and emission have high overlap. The best fit parameters are summarised in Table S7,
and the corresponding steady-state simulated absorption and emission spectra are given along with
the experimental spectra in Figure S32.
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Table S7: MC simulation parameters for the steady-state absorption and fluorescence spec-

tra.
Parameter Symbol | Value
Number of vibronic levels (abs) Nabs 4
Number of vibronic levels (flu) Nay 2
Magnitude of transition dipole moment Lo 1.171 x 1072 Cm
0-0 Transition energy Ey 1.928 eV
Standard deviation of energy E, 0.015eV
Relaxation energy FErolax 0.012eV
Energy of harmonic vibrational frequency | Aw 0.168eV
Vibronic linewidth (abs) Yabs 0.025eV
Vibronic linewidth (flu) Viu 0.080eV
Huang-Rhys parameter (abs) Sabs 0.45
Huang-Rhys parameter (flu) Sflu 0.1

S2.8 Monte Carlo Simulation Structure

The coordinates and transition dipole moments of the TIPS-Pn molecules for a given mass ratio
were extracted from the MD simulation and used as the input for the MC simulation. The chro-
mophores were given a normal distribution of energies about the 0-0 vibronic transition energy,
Ey, with a standard deviation of FE,.

For each relevant donor/acceptor pair, the rate constant in Equation S10 was calculated. This
required calculation of the transition dipole coupling in Equation S11 and the spectral overlap
Xpa. kpa is only non-zero when the donor and acceptor are not the same chromophore and the
distance between the pair was less than 10nm. The SF rate, ké)F’A, was also determined for each
donor /acceptor pair (i.e. either 0 if rPA > rep or kgp if rP4 < rsr). The singlet decay rate was
kept constant at kq = % ns~'. Once these relevant rate constants for each donor/acceptor pair
were determined, At for each could be calculated using Equation S20.

A MC process was then used to simulate the system, via repetition of a series of steps:

1. A chromophore was chosen at random to be excited to its singlet state.

2. The singlet could then hop to a new chromophore, undergo SF or decay to the ground state.
The process chosen was the one with the smallest At.

3. If a hop was chosen, the total time was incremented by that At. The acceptor was then
excited and step 2) is repeated for the new chromophore.

4. If singlet decay or SF was chosen, energy and time fluorescence and anisotropy histograms
were populated and a new chromophore is excited. Steps 1) — 4) were repeated from 1 x 10*
excitations.

To reduce computational time, if a chromophore remained excited at 2ns, the current trajec-
tory was stopped and a new chromophore was excited. The SF rate constant, ksg, and the SF
radius, rgp, were input parameters of the MC simulation. To find the best fit to the experimental
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fluorescence magic-angle and anisotropy data, the MC simulation was run for numerous values of
ksr and rsp for systems with randomly and clustered TIPS-Pn distributions.

S2.9 Histogram Binning

A fluorescence event may only be observed upon singlet decay. Consequently, the fluorescence
histogram should be populated by accordingly binning the emission spectrum of the chromophores
on which singlet decay occurred. The anisotropy histogram should also be binned upon a singlet
decay. The numerator of the anisotropy is given by 3Iy(3cos(9)? — 1), where 6 is the angle be-
tween the transition dipole moments of the initially excited chromophore and the chromophore
decaying, and I, is the fluorescence intensity of the decaying chromophore. The denominator of
the anisotropy is the total fluorescence intensity.

However, the singlet decay rate was - ns™!

B , meaning decay events were infrequent. Conse-
quently, binning only at decay events would require an enormous amount of excitations to obtain
statistically valid results. As the fluorescence signal is proportional to the singlet exciton pop-
ulation, it is valid to instead populate the fluorescence histogram bins at all times up until the
exciton is lost through SF or radiative decay. Using this method reduced the number of excita-
tions required to produce reliable data. The fluorescence histogram bins were populated using the
emission spectrum of the chromophore the singlet was on at the time. The anisotropy histogram
was binned in a similar way, with 6 the difference between the transition dipole moment of the
initially excited chromophore and the chromophore the singlet was on at the time, and I is the
fluorescence intensity of that chromophore. The histogram bin corresponding to a decay or SF
event was only populated with a fraction of the corresponding fluorescence or anisotropy.

The anisotropy was scaled by 0.4 to account for the photoselection phenomenon observed in
the experimental results. By selection of a wavelength from the two-dimensional (2D) simulated
fluorescence and anisotropy histograms, fluorescence and anisotropy kinetics could be generated
to compare to the experimental data.
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S3 Results

S3.1 Steady-state Absorption

The UV-visible absorption spectra of the different TIPS-Pn:PMMA NPs, along with pure TIPS-Pn
in THF', are shown in Figure S6. The absorption spectrum of TIPS-Pn in THF has vibronic peaks
at 650, 590 and 550 nm representing the S,—S; 0-0, 0-1, and 0-2 vibronic transitions. The
smaller series from 440 nm represent the S,—S, transitions. These peaks are slightly red-shifted
in the TIPS-Pn:PMMA NPs, with the red-shift decreasing as the amount of PMMA is increased.
This trend suggests that the TIPS-Pn molecules become more “solution-like” as the amount of
PMMA increases (i.e. the average intermolecular TIPS-Pn separation decreases). Additionally, the
amplitude of the vibronic transitions tend towards that of the isolated chromophores in solution,
similarly observed in a previous study of pentacene NPs.5!7
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Figure S6: Steady-state UV-visible absorption spectra of the NPs with different TIPS-Pn:PMMA mass
ratios and pure TIPS-Pn in THF. All spectra have been corrected for PMMA scattering.

Previous studies on TIPS-Pn have shown that the type of molecular packing and strength
of coupling between molecules affect the steady-state spectra.5'®5' The absorption spectrum of
crystalline TIPS-Pn appears significantly different to that of amorphous TIPS-Pn.5520-522 The
similarity of the TIPS-Pn:PMMA NPs absorption spectra to that of TIPS-Pn in THF suggests
relatively weak electronic coupling between TIPS-Pn molecules, implying they were arranged amor-
phously throughout the NPs. No additional peaks at 700 nm, which are representative of aggrega-
tion features, are observed. We therefore conclude that our NPs did not form significant amounts
of strongly coupled chromophores and that a negligible amount of TIPS-Pn molecules were ar-
ranged in a slip-stacked brickstone packing motif as found in crystalline TIPS-Pn films. 52352 We
have further confirmed that this method of TIPS-Pn NP preparation leads to amorphous packing
using powder x-ray diffraction in a previous study. 5

The mass ratio and densities of TIPS-Pn and PMMA can be used to calculate an “average
intermolecular TIPS-Pn separation”, d, in each NP (See Section S4.3). These values are given in
Table S8 and are representative values which can be used to compare the average separation of
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TTPS-Pn molecules across the NP samples of different TIPS-Pn:PMMA mass ratios. We emphasise
that this is only an awverage separation, and the molecules were not necessarily evenly spaced
throughout the nanoparticle. We similarly note that although our nanoparticles were largely
amorphous, this does not necessarily mean than the molecules are randomly distributed. The NPs
may have instead consisted of amorphous clusters of TIPS-Pn, as is discussed in the main text.
Regardless of the amount of clustering, the overall trend of average intermolecular separation with
proportion of PMMA in Table S8 is the same. Clustering may change the median d, but the
average d will remain the same no matter what the distribution of TIPS-Pn molecules is.

Table S8: Range of different TIPS-Pn:PMMA mass ratios used to prepare NPs and the
corresponding average intermolecular TIPS-Pn separation, d.

Sample(TIPS-Pn:PMMA) | Average intermolecular TIPS-Pn separation, d (nm)
1:0 0.99
1:1 1.23
1:3 1.54
1:5 1.76
1.7 1.93
1:10 2.15

S3.2 Steady-state Fluorescence

Steady-state fluorescence spectra of the different TIPS-Pn:PMMA NPs are shown in Figure S7.
Upon excitation at 590 nm, fluorescence was detected with a peak at ~650 nm and a slight shoulder
~T710nm, reflecting the 0-0 and 0-1 vibronic transitions, respectively. To correct for varying
concentrations of the NP samples, the fluorescence intensity was corrected for the fraction of light
absorbed by dividing the fluorescence intensity by the absorption at 590 nm. It can therefore be
seen that decreasing the average intermolecular TIPS-Pn separation decreases the steady-state
fluorescence intensity, with negligible change in spectral shape.

The steady-state fluorescence spectra were collected from NP samples with a less than 0.1
absorbance. Therefore, self-absorption in these NP samples was minimal and cannot account for
the trend we observe in the steady-state fluorescence intensity. The quenching of the steady-state
fluorescence intensity as the average intermolecular TIPS-Pn separation is decreased must therefore
be due to an increase of a non-radiative decay, namely SF, pathway competing with fluorescence,
as has been discussed in a previous study.>*
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Figure S7: Steady-state fluorescence of the TIPS-Pn:PMMA NPs. To account for varying concentra-
tions, the fluorescence was divided by the 590 nm absorption peak.

S3.3 Multi-exponential Fits of Time-resolved Fluorescence of TIPS-

Pn:PMMA NPs

Table S9: Fitting parameters for the time-resolved fluorescence data of the TIPS-Pn:PMMA

NPs.¢

Sample Al 71 (ps) Ay T2 (ps) As 31 (ps)
1:0 1.00+0.05 2.61+0.2 - - - -
1:1 0.87£0.05 3.3+£0.4 0.13+£0.05 3217 - -
1:3 0.734+0.03 5.3£0.5 0.22+0.03 67+19 0.0440.01 12000
1:5 0.7040.03 5.3£0.5 0.21£0.03 148+44 0.09+0.01 12000
1:7 0.614+0.02 5.240.5 0.2940.02 29675 0.0940.02 12000
1:10 0.37£0.02 7+1 0.47+0.02 42677 0.16+0.02 12000

¢ Data fitted to a multi-exponential function I(t) =), Ape~t/™ with an instrument response function
(IRF) of 0.45ps. ® Normalised amplitudes so >, |A,| = 1. T Fixed to the intrinsic singlet lifetime.
Unconstrained parameters are shown with a 90% confidence interval.
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Figure S8: Fitted time-resolved fluorescence data for the TIPS-Pn:PMMA NPs. Experimental data are
shown as coloured points, and the multi-exponential fits as the solid black curves. Fit parameters are
given in Table S9. The dotted grey vertical lines indicate a change from a linear to logarithmic time scale.
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S3.4 Time-resolved Fluorescence Anisotropy

The fluorescence intensity is detected parallel, I, and perpendicular, I, to the excitation polari-
sation. The correlation of the fluorescence emission at some time, ¢, after the initial excitation is
described by anisotropy, 7(t), given by

L) - 1)

T 1 20() (522)

We note that the rotation of the excitation polarisation from vertical to horizontal caused slight
changes in power incident on the sample due to the differing reflectivities of mirrors when using
s- or p-polarised light. This power difference was measured and the perpendicular intensity scans
were multiplied by 0.954 before the fluorescence anisotropy was calculated using Equation S22.

Due to the photoselection phenomena in a sample with randomly oriented chromophores, the
maximum anisotropy value is 0.4 and corresponds to a fully correlated emission. An anisotropy
value of -0.2 corresponds to an emission rotated by 90°. When the anisotropy is zero, the emission
has lost all correlation with the initial excitation polarisation.

The initial anisotropy value, also known as the fundamental anisotropy and denoted as ro, is
slightly lower than the expected maximum value of 0.4 for randomly oriented chromophores. There
are several factors which can decrease the initial measured anisotropy. Firstly, any depolarisation
occurring on a timescale faster than the time resolution of the detectors can result in a lower 7.
Furthermore, the measured anisotropy requires polarisers to be precisely in the vertical/horizontal
orientations. Any misalignment would result in a decrease of the measured anisotropy. A slightly
lower initial anisotropy than expected does not affect the anisotropy decay dynamics, which is
what will be discussed.
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S3.4.1 Parallel and Perpendicular Fluorescence Traces
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Figure S9: Fluorescence emission detected parallel and perpendicular to the excitation polarisation, and
the corresponding anisotropy for the 1:0 to 1:5 TIPS-Pn:PMMA NPs.
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Figure S10: Fluorescence emission detected parallel and perpendicular to the excitation polarisation,
and the corresponding anisotropy for the 1:7 to 1:100 TIPS-Pn:PMMA NPs as well as ~10~% M TIPS-Pn
in THF.
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S3.4.2 Multi-exponential Fits of Fluorescence Anisotropy of TIPS-Pn:PMMA NPs

Table S10: Fitting parameters for the fluorescence anisotropy data of TIPS-Pn:PMMA NPs
and TIPS-Pn in THF.®

Sample Al 71 (ps) Ay T2 (ps) As 31 (ps)
1:0 0.8040.09 1.5 - - 0.2040.04 oo ¥
1:1 0.72+0.06 1.5 - - 0.284-0.03 oo
1:3 0.5640.06 1.5f - - 0.4440.02 oot
1:5 0.41+0.05 1.51 -0.0940.03 207 0.50+0.02 15007
1:7 0.41+0.05 1.5 0.02+0.04 207 0.56+0.02 15007
1:10 0.24+0.05 1.5 0.284-0.03 201 0.494-0.02 15007
1:100 0.2940.08 47+48 - - 0.71+0.07 480043900

solution 1.00+0.01 134+5 - - - -

¢ Unconstrained parameters are shown with a 90% confidence interval. ® Normalised amplitudes.
 Fixed time constants. ¥ 73 — oo indicates a constant offset in the time-resolved curve.
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Figure S11: Fitted time-resolved fluorescence anisotropy for all TIPS-Pn:PMMA NPs and TIPS-Pn in
THEF. Experimental data are shown as points, and the multi-exponential fits as the solid black curves.
Fit parameters are given in Table S10. The dotted grey vertical lines indicate a change from a linear to
logarithmic time scale.
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S3.5 Transient Absorption Spectroscopy

While the bulk of the analysis of this paper was on time-resolved fluorescence and fluorescence
anisotropy, we also performed transient absorption experiments for comparison. We excite the
So—9; transition of TIPS-Pn with 590 nm and monitor the AA in the visible (450-800nm) and
NIR (800-1400nm) regions. TA pump power dependence studies are given below, and we note
that negligible exciton—exciton annihilation occurred for the chosen pump power of the following
experiments.

S3.5.1 Visible Transient Absorption

TA on TIPS-Pn/PMMA NPs has already been described in the visible region by Stuart et al.,
exciting the S,—S, transition of TIPS-Pn with 440 nm.5* As the S,—S, relaxation occurs rapidly
in TIPS-Pn, the excitation energy has minor impact on the exciton dynamics and decay products.S*
However, the relaxation from S,—S, changes the singlet dipole moment, 524526:527 which is not ideal
for the anisotropy measurements. For completeness and consistency with the excitation wavelength
for the anisotropy data, we present the TA data at magic angle for our NPs upon excitation of the
Sp—S; transition.

Direct excitation of S,—S; to the lowest S; vibrational state would be achieved by 650 nm.
However, we did not want to obstruct our spectra at this wavelength as this corresponds to the
ground-state bleach (GSB) of TIPS-Pn. We therefore excited the S;—S; to a higher S, vibra-
tional state with 590 nm. Thus, we cannot analyse our data between 580 and 600 nm because the
excitation wavelength interferes with AA in this region.

The 2D TA heat maps, as well as spectra taken at various times, are presented for the different
TIPS-Pn:PMMA mass ratios in Figures S12 and S13. All samples show a negative GSB around
650 nm, corresponding to the S,—S; 0-0 vibronic transition seen in the steady-state absorption
(Figure S6). The stimulated emission (SE) around 725 nm is most evident at early times for the
NP samples with a higher proportion of PMMA, and corresponds to the weaker 0—1 shoulder in
the steady-state fluorescence (Figure S7). The stronger 0-0 SE component should be close to
650 nm, therefore overlapping with the GSB. Further overlap with the GSB region occurs from
positive excited-state absorption (ESA) features due to several species, dominating over the 450
650 nm region. At early times and for the NP samples with a high proportion of PMMA | there are
prominent ESA peaks around 450 nm and 508 nm. These peaks have been attributed to S;—S,,
transitions.5?® For the 1:10 sample, the decay of the 450 nm peak reveals a peak around 475nm
and is accompanied with a rise in the ESA peak around 508 nm (refer to Figure S13). These peaks
are attributed to the T,—T; transition, 253, Therefore, the rise of the ~508 nm peak indicates
the production of triplets. 54528531832 The rise of this triplet peak occurs within 10 ps, which is too
fast to be attributed to intersystem crossing (ISC), so we attribute the increase in the triplet ESA
to the production of triplets by SF.

To further distinguish singlet and triplet features in the TA spectra of the TIPS-Pn:PMMA
NP samples we next determined singlet and triplet TA basis spectra. Figure S14 shows the TA
spectra for a solution of TIPS-Pn and the 1:100 TIPS-Pn:PMMA NPs. The concentration of the
~10~*M TIPS-Pn in THF sample was dilute enough not to undergo significant amounts of SF in
3 ns. Consequently, the TA spectrum can, over the timescale of our experiments, be considered to
be due to singlets only. Although a singlet spectrum could be extracted from the dilute TIPS-Pn
in THF sample, it is not a representative of a singlet spectrum in the NP environment. Hence,
we turn to the 1:100 NP sample. The spectra of the 1:100 and solution sample match closely,
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Figure S12: TA spectra for the 1:0 to 1:3 TIPS-Pn:PMMA NPs. 2D heat maps are shown on the
left, with spectra taken at various times on the right. Data are cut from the 580-600 nm region due to
interference with the excitation wavelength. The horizontal white lines on the left plots indicate a change
from a linear to logarithmic scale.
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Figure S14: TA spectra for (a) ~10~*M TIPS-Pn in THF and (b) TIPS-Pn:PMMA NPs. Data are
cut from the 580-600 nm region due to interference with the excitation wavelength. The horizontal white
lines on these plots indicate a change from a linear to logarithmic scale. (c) AA at 10 ps for each sample,
normalised to the 650 nm peak.

with subtle difference being attributed to differences in environment (PMMA versus THF). The
dynamics of both samples are also nearly identical. We therefore use the 1:100 NP sample, at 10 ps,
as a representative of a singlet spectrum in the NP environment. For a triplet spectrum, a sample
which undergoes SF rapidly is required. For the 1:0 sample, fluorescence upconversion (UC) shows
all singlets had decayed by ~50ps. As this sample is considered to have a small enough TIPS-Pn
separation for SF to occur rapidly, the TA spectrum from this time forward should be largely due
to triplets. The extracted shape of the singlet and triplet contributions are shown in Figure S15.
The triplet-pair intermediate, !(TT), has also been shown to have a distinct absorption spectrum
for this system, but we do not attempt to characterise this here. For a more qualitative analysis of
the singlet and triplet absorption spectra, (including details of the !(TT) absorption) the reader
is referred to the detailed study by Stuart et al.>*

Referring to the shape of the extracted triplet and singlet spectra, we can now see that in
each sample, the singlet features decay over time, while the triplet features grow (Figures S12
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Figure S15: The singlet and triplet spectra extracted at 10 ps from the 1:100 sample and 3000 ps from
the 1:0 sample, respectively. For simplicity, the GSB is incorporated into these spectra.

and S13). As the proportion of PMMA increases, the decay of singlets and concurrent rise of
triplets becomes slower, indicating that singlet fission becomes, on average, slower with increasing
average intermolecular separation. The slower decay of the singlet features as the average inter-
molecular TIPS-Pn separation increases is consistent with the increase in fluorescence lifetimes
with increasing proportion of PMMA.

This trend can be seen clearly in Figure S16, which shows the spectra at 5ps of all the
TIPS-Pn:PMMA NP samples studied. It can be seen that the 1:10 sample still contains strong
singlet features at this time while the 1:0 sample has already adopted a mainly triplet spectrum.
This highlights the faster singlet to triplet conversion as the average intermolecular TTPS-Pn sep-
aration of the NPs decreases. The apparent isosbestic points at ~530 and ~670 nm are indicative
of a conversion of one species to another,%! further supporting the conversion of singlet to triplets.

Figure S16 also labels the various contributions of each excited state species. As each wave-
length has contributions from at least two different components, it is not valid to use a single
wavelength as a representative kinetic trace for a single species. It is thus necessary to deconvo-
lute the spectra into a linear combination of basis spectra of all species contributing to the TA
spectra. Stuart et al. presented a detailed deconvolution of spectra to calculate SF rates and
quantum yields.%* A comprehensive kinetic model is also presented to explain trends in SF rates
and efficiency losses of our system.5*

The aim here is to present time-resolved fluorescence and TA data to demonstrate that SF
occurred in our NPs and that it occurred faster for decreasing TIPS-Pn separation. The reader is
referred to the study by Stuart et al. for quantitative SF rates and yields of the TIPS-Pn:PMMA
NPs studied here.5
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Figure S16: TA spectra at 5ps for different TIPS-Pn:PMMA NPs. The shape of the spectra at early
times is significantly different for the various average intermolecular TIPS-Pn separations. The overlap-
ping contributions from the GSB, SE and ESA are shown.

S3.5.2 NIR Transient Absorption

In Figure S17 we present TA in the NIR region, where the singlet and triplet features are more
clearly separated.®?? As mentioned earlier, the dilute TIPS-Pn in THF sample can be a represen-
tative of a singlet spectrum. This matches the singlet spectrum for neat TIPS-Pn amorphous NPs
presented by Pensack et al. 522, and is similar to the dilute TIPS-Pn chloroform solution TA by
Dvoidk et al. 533 In contrast to the broad singlet spectrum, the triplet spectrum has a distinct peak
at ~990nm>?? (or 970 nm in chloroform solution). 533

We only present the TIPS-Pn:PMMA NP samples which represent the shortest and longest
average intermolecular TIPS-Pn separation, respectively, of the NPs studied. Both samples show
a concurrent rise of the triplet peak at ~990 nm and decay of the broad singlet feature at ~1350 nm.
Again, the triplet feature appears within 10 ps, too fast to be attributed to ISC. As concluded from
TA data in the visible region, this is strong proof that SF is occurring in our NPs.

For the 1:0 sample, the broad singlet spectral feature at ~1350 nm is evident immediately after
the pump pulse and decays rapidly, to about half its signal, within 10ps. The triplet feature at
~990 nm rises instantly, reaching a peak within 10 ps and then decays slightly over the 3ns time
window. The 1:10 sample displays a strong singlet feature which lasts much longer. The triplet
feature also takes longer to rise, reaching its peak only after ~100ps. In contrast to the 1:0 sample
which has no singlet contributions after 1ns, the 1:10 sample still shows some singlet presence at
3ns. This suggests not all singlets have undergone SF by this time, presumably because of the
larger TIPS-Pn separation, or the presence of singlet trap sites.

The NIR TA data presented here confirms the presence of SF in our TIPS-Pn:PMMA NPs,
and as found from the visible TA data, SF occurs faster for NP samples with a shorter average
intermolecular TIPS-Pn separation.

S33



Energy (eV)

1.38 1.24 1.13 1.03 0.95
103 o
SO
102 4
m
e
@10 -
£
'_
5 -
0 -
900 1000 1100 1200 1300
Wavelength (nm)
Energy (eV)
1.38 1.24 1.13 1.03 0.95
10° 4 TIPS-Pn:PMMA ratio
L]
L]
102 4
m
e
10 A
£
|_
5 =
0 4
900 1000 1100 1200 1300
Wavelength (nm)
Energy (eV)
1.38 1.24 1.13 1.03 0.95
103 4 TIPS-Pn:PMMA ratio
.
102 o
m
e
210 A
£
|_
5 =
O -
900 1000 1100 1200 1300

Wavelength (nm)

IS

N

o

N

N

o

AA (x1073)

AA (x1073)

AA (x1073)

0.010
— 5 ps .
— 10ps lution
0.008 4{ — 20ps solutio
— 50 ps
— 100 ps
0.006 1 — 500 ps
—— 1000 ps
3 —— 3000 ps
0.004 1
0.002 A
0.000
900 1000 1100 1200 1300
Wavelength (nm)
0.0030
TIPS-Pn:PMMA ratio —— 5ps
0.0025 . — 10ps
— 20 ps
— 50 ps
0.0020 A — 100ps
— 500 ps
0.0015 A —— 1000 ps
3 —— 3000 ps

0.010

900

1100 1200 1300

Wavelength (nm)

1000

0.008 A

0.006 -

AA

5ps TIPS-Pn:PMMA ratio
05 1:10

20 ps

50 ps

100 ps

500 ps

1000 ps

3000 ps

900

1100 1200 1300

Wavelength (nm)

1000

Figure S17: NIR TA spectra for ~10~*M TIPS-Pn in THF, and 1:0 and 1:10 TIPS-Pn:PMMA NPs.
2D heat maps are shown on the left, with spectra taken at various times on the right. The horizontal
white lines on the left plots indicate a change from a linear to logarithmic scale.
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S3.6 Pump Power Dependence
S3.6.1 Fluorescence Pump Power Dependence

For the 1:0 sample, no dependence on the pump power was observed (over 0.05-2.00 mW). This
indicates that negligible singlet—singlet annihilation occurred for these pump powers. For the 1:10
sample, a very slight dependence on pump power can be observed. A pump power of 0.10 mW was
chosen for subsequent time-resolved fluorescence experiments to minimise singlet—singlet annihila-
tion contributions to fluorescence dynamics.
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Figure S18: Pump power dependence of the fluorescence for (a) 1:0 and (b) 1:10 TIPS-Pn:PMMA NPs.

S3.6.2 Visible Transient Absorption Pump Power Dependence

For the 1:0 sample, a slight dependence on pump power can be observed for the GSB at 650 nm
and ESA at 508 nm. The 1:10 sample, however, shows negligible dependence on pump power (over
0.15-2.00 mW).

A pump power dependence (i.e. an increase in exciton decay with increasing exciton concen-
tration, or equivalently, an increasing pump power), suggests exciton—exciton annihilation was
present. The 1:0 sample had the shortest average intermolecular TIPS-Pn separation, so this
sample would be the most likely of all samples to show pump power dependence due to triplet
exciton—exciton annihilation. Regarding singlet exciton annihilation, SF was expected to outcom-
pete exciton—exciton annihilation for the 1:0 sample, whereas in the higher-ratio NPs, reduced
SF' caused longer-lived singlet excitons, which may exhibit power-dependence at high excitation
densities. As no pump power dependence was evident for the 1:0 sample at 0.50 mW, we chose this
pump power for our visible TA experiments to minimise exciton—exciton annihilation contributions
to excited-state dynamics.
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Figure S19: Pump power dependence of (a) the GSB at 650 nm for the 1:0 NPs, (b) the ESA at 508 nm
for the 1:0 NPs, (c) the GSB at 650 nm for the 1:10 NPs, and (d) the ESA at 508 nm for the 1:10 NPs.

S3.6.3 NIR Transient Absorption Pump Power Dependence

Neither the 1:0 nor 1:10 samples showed pump power dependence at 1350 nm over 0.50-2.50 mW.
As this ESA is due to the singlets, this confirms that negligible singlet-singlet annihilation occurred
for these pump powers.

The 1:10 sample did not show pump power dependence at 990 nm (which is a peak mostly
due to triplet ESA). This result suggests that the average intermolecular TIPS-Pn separation in
these NPs was large enough for there to be negligible triplet—triplet annihilation. The 1:0 sample
however shows pump power dependence at 990 nm, suggesting that the average intermolecular
TIPS-Pn separation in these NPs is small enough for triplet—triplet annihilation to exist at higher
pump powers.

A pump power of 0.75 mW was chosen for subsequent NIR TA experiments to minimise triplet—
triplet annihilation contributions to excited-state dynamics.
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Figure S20: Pump power dependence of the TA (a) at 1350 nm for the 1:0 NPs, (b) at 1350 nm for the
1:0 NPs, (c) at 990 nm for the 1:10 NPs, and (d) at 990 nm for the 1:10 NPs.

S3.7 Pump Wavelength Dependence

For both visible and near-IR transient absorption dynamics, there was no difference between
exciting at 650 nm and 590 nm. The kinetics are also consistent with visible TA data previously
conducted exciting at 440 nm.5*
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Figure S21: Pump wavelength dependence of the ESA features for (a) 1:0 NPs at 475 nm, (b) 1:0 NPs
at 508 nm, (c) 1:10 NPs at 475 nm, and (d) 1:10 NPs at 508 nm. Exciting the sample at 590 nm has the
same effect as exciting at 650 nm.
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Figure S22: Pump wavelength dependence for ~10~4 M TIPS-Pn in THF of the TA (a) at 1350 nm and
(b) at 990 nm. Exciting the sample at 590 nm had the same effect as exciting at 650 nm.
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S3.8 Transient Absorption Anisotropy
Time-dependent TA anisotropy is defined as

COAA(EN) — AAL(EN)
r(tA) = AA(E,N) +2AA (M) (523)

where AA|(t,\) and AA (¢, \) are the change in absorbances measured when the probe and pump
are polarised parallel and perpendicular to each other, respectively. 525759

We note that the rotation of the excitation polarisation from vertical to horizontal caused slight
changes in power incident on the sample due to the differing reflectivities of mirrors when using
s- or p-polarised light. This power difference was measured and the perpendicular intensity scans
were multiplied by 0.975 before the TA anisotropy was calculated using Equation S23.

Time-resolved fluorescence anisotropy gives a measure of depolarisation of singlets by mon-
itoring the fluorescence emission at one specific wavelength. However, TA anisotropy monitors
the polarisation of the AA for a range of wavelengths, A, over time. The absorption spectra of
excited-state species are distinct, and if AA at a specific A can be assigned to just one excited-
state species, then the TA anisotropy at that A is a representation of the depolarisation of that
species. As such, the TA anisotropy offers the opportunity to monitor the migration of different
excited-state species (e.g. triplets).

However, in reality and in the case of our TIPS-Pn:PMMA NPs, AA at most wavelengths has
contributions from the GSB, SE and ESA, and there is typically a lack of correspondence between
A and any one excited-state species. The TA anisotropy at a given wavelength, A\, can be described
as a sum of the different contributions,

r(t) = fas(t)rass(t) + fse(t)rse(t) + fusa(t)resa(t), (S524)

where rgsg, 7sg and rgsa are the weighted average anisotropy of the GSB, SE and ESA components
in the TA signal, respectively, and fasp, fsg and fgsa are the fraction of the GSB, SE and ESA
contributions to the TA signal at a certain ), respectively. 334535

The TA anisotropy becomes more complicated to analyse if time-dependent spectral shifts of
absorption/emission bands are involved. These can arise from vibronic relaxation and/or intra-
and intermolecular reorganisation processes (e.g. solvation). For example, Min et al. noticed that
a red-shift in the excited state SE spectrum decreases the contribution of the excited state SE
component in the overall TA signal and thus a rise in the anisotropy was observed. 53

In the case of our TIPS-Pn:PMMA NPs, only an insignificant amount of spectral shift was
observed. Additionally, the TA anisotropy kinetics presented at a single wavelength were almost
identical to those when averaged over a wavelength range (5nm either side of the reported wave-
length), confirming negligible effect of any spectral shifts that may be present.

The TIPS-Pn:PMMA NP samples were excited with polarised 590 nm light to promote TIPS-Pn
from the S, to S, state. AA from the TIPS-Pn:PMMA NPs was detected parallel and perpendicular
to the excitation polarisation. The TA anisotropy was then calculated as a function of time, t,
and wavelength, A\. The anisotropy ranges from -0.2 to 0.4 as explained previously. The factors
causing depolarisation include those discussed for fluorescence anisotropy.

We now present the anisotropy data of the TIPS-Pn:PMMA NP samples at two different
wavelengths, 650 nm and 508 nm. We note that at ~710nm there is a large contribution from SE
and therefore this would be an interesting region to explore the SE anisotropy decay. However,
the signal strength at this wavelength was too weak to obtain meaningful anisotropy results.
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Again, we note that ISC in TIPS-Pn occurs on a much longer timescale than our anisotropy
experiments®! and therefore ISC is expected to have minimal effect on the anisotropy decay
kinetics presented in this work.
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S3.8.1 Parallel and Perpendicular Transient Absorption Traces
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Figure S24: AA detected parallel and perpendicular to the excitation polarisation for the 1:7 to 1:100
TIPS-Pn:PMMA NPs as well as ~10~4* M TIPS-Pn in THF.

S42



S3.8.2

The TA anisotropy of the TIPS-Pn:PMMA NP samples at 650 nm is presented in Figure S25. At
650nm AA has contributions from GSB, SE and ESA. The experimental data are fit to a sum of
exponentials, with parameters given in Table S11.

Trends in the Transient Absorption Anisotropy at 650 nm

Table S11: Fitting parameters for the TA anisotropy data at 650 nm of TIPS-Pn:PMMA
NPs and TIPS-Pn in THF.?

Sample Al 71 (ps) Ay Ty (ps) Az T3 (ps)
1:0 0.78=£0.02 1.1+£0.07 - - 0.220+0.004 | 27004200
1:1 0.69£0.03 | 0.93+0.08 | 0.14+0.03 | 11+£3 | 0.165£0.005 | 3500300
1:3 0.64+0.03 1.3+£0.1 | 0.20+0.03 | 12+£3 | 0.163£0.005 | 4600500
1:5 0.65£0.02 1.7+£0.1 | 0.15+0.02 | 3813 | 0.198=+0.008 | 7200£1500
1:7 0.62+0.02 1.9£0.1 | 0.18£0.02 | 41+10 | 0.206%0.008 | 4800£600
1:10 0.53£0.01 2.7£0.2 | 0.25£0.01 | 69£9 | 0.219+0.008 | 65001000
1:100 0.31£0.02 63+12 - - 0.69£0.02 54004500

solution | 1.000%0.004 11842 - - - -

¢ Unconstrained parameters are shown with a 90% confidence interval. ® Normalised amplitudes.

We first focus on the TIPS-Pn in THF sample. As discussed earlier, this sample underwent
neither SF nor a significant amount of singlet migration. Accordingly, only singlets should have
been present and the depolarisation should have only been due to the rotation of TIPS-Pn molecules
in solution. The TA anisotropy of the this sample at 650 nm can be fit to a single exponential
of (118 4 2) ps, consistent with the fluorescence anisotropy. Our results are also consistent with
those of Pensack et al., who measured an anisotropy decay time constant of ~150ps for the
GSB feature of 6,13-bis(triisobutylsilylethynyl) pentacene (TIBS-Pn) in THF, with observations
consistent with re-orientational dynamics of chromophores in a dilute solution.>*? As was the case
for the fluorescence anisotropy, the initial anisotropy value is below the maximum of 0.4 for reasons
discussed previously.

We now focus on the 1:100 NP sample, in which SF was largely absent. The TA anisotropy of
this sample fits to a sum of two exponentials. The short time constant is on the order of ~60 ps
while the long time constant is on the order of a few nanoseconds. This result is consistent with
what was observed from the fluorescence anisotropy, where we attributed the time constants to
singlet migration.

The anisotropy decay of the 1:0 sample can be fit to two exponentials, while those of the 1:1 to
1:10 samples were fit to three time components. These results are summarised in Table S11. The
short time constant, 71, is ~1 ps and it increases as the proportion of PMMA is increased, while the
corresponding amplitude decreases. The intermediate time constant, 75, also increases slightly as
the proportion of PMMA is increased. The results show that the TA anisotropy at 650 nm decays
faster for NP samples with a shorter average intermolecular TIPS-Pn separation, as highlighted
in Figure S26. The long time constant, 73, is on the order of nanoseconds. Because this time
constant is significantly longer than the timescale of these experiments, no concrete conclusions
can be made. It is possible that this time constant represents slow singlet or triplet migration.
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Figure S25: Experimental TA anisotropy at 650 nm for all TIPS-Pn:PMMA NPs and TIPS-Pn in THF.
All data were fit to a sum of exponentials with parameters given in Table S11. The dotted grey lines

indicate a change from a linear to logarithmic scale.
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Figure S26: Experimental (left) and fitted (right) TA anisotropy at 650 nm for TIPS-Pn:PMMA NPs.
The dotted grey lines indicate a change from a linear to logarithmic scale.

Pensack et al. measured the TA anisotropy decay of the GSB feature of TIPS-Pn NPs and
other NPs of pentacene derivatives. The GSB anisotropy decay of their TIPS-Pn NPs seeming to
be consistent with our neat 1:0 NP sample. The aim of their anisotropy measurements was purely
to differentiate between the morphology of their NPs. NPs displaying a rapid anisotropy decay
were explained to have little long-range order. NPs with a slower anisotropy decay, however, had
extensive long-range solid-state order, as energy migration in an ordered system is expected to
involve transition dipole moments that are aligned.532

Although significant evidence suggests our NPs to be amorphous, we cannot conclude that the
TIPS-Pn molecules were evenly dispersed within our NPs. As singlet migration occurs through
a FRET mechanism, the singlet migration rate depends on the distance between chromophores
(refer to Equations S10 and S11). As clustering results in a larger proportion of neighbours with
a shorter distance from the initially excited chromophore, an increased singlet migration rate, and
thus a faster initial anisotropy decay, would be expected compared to a random distribution of
TIPS-Pn molecules. To test whether TIPS-Pn molecules were clustered in our NPs, the fluorescence
anisotropy dynamics of random and clustered distributions were compared.

S3.8.3 Trends in the Transient Absorption Anisotropy at 508 nm

The TA anisotropy of the TIPS-Pn:PMMA NP samples at 508 nm is presented in Figure S27.
These data were also fit to a sum of exponentials, with parameters given in Table S12. At 508 nm
AA is mainly due to ESA, namely from singlet and triplet absorptions.

First, we note the TA anisotropy at 508 nm has a negative amplitude. The negative anisotropy
is due to AA at 508 nm consisting of excited-state contributions from both singlet and triplet
excitons. The transition dipole moments of the singlet and triplet ESA (S;— S, and T,— T,,)
are both perpendicular to the S;—S, transition, 524526527 ag illustrated in Figure S28. This means
that singlet and triplet ESA result in a 90° rotation in the detected polarisation relative to the
initial excitation polarisation. Therefore, the initial anisotropy value would be -0.2, if there was
no loss in polarisation during the initial excitation and the detection of the TA anisotropy at this
wavelength. However, the direction of the transition dipole moment of the ESA may change due to
vibronic coupling to higher states that changes as vibrational and spin relaxation occurs.%® This
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Figure S27: Experimental TA anisotropy at 508 nm for all TIPS-Pn:PMMA NPs and TIPS-Pn in THF.
All data were fit to a sum of exponentials with parameters given in Table S12. The dotted grey lines
indicate a change from a linear to logarithmic scale.
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Table S12: Fitting parameters for the TA anisotropy data at 508 nm of TIPS-Pn:PMMA
NPs and TIPS-Pn in THF.®

Sample Ayl 71 (ps) A, T2 (ps)
1:0 -1.004+0.09 | 0.51+£0.08 - -
1:1 -1.00+0.05 | 0.94£0.09 - -
1:3 -0.90+0.05 1.64+0.2 | -0.10£0.05 31+£28
1:5 -0.84+0.1 1.0+0.2 -0.240.1 6+3
1:7 -0.7740.05 1.440.3 | -0.2340.05 49428
1:10 -0.7240.02 1.740.1 | -0.2840.01 74+8
1:100 -0.3340.04 512 -0.674+0.02 | 29004200
solution | -1.00010.005 143+3 - -

¢ Unconstrained parameters are shown with a 90% confidence interval. ® Normalised amplitudes.

AN XN
\ — T
N = N =
v
|
So—Sn
S0_'51 S1_'Sn
Tl_'Tn

Figure S28: The various transition dipole moment directions of TIPS-Pn. 524,526,527

would then result in excited-state transition dipole moments not being exactly perpendicular to
the Sy—S; transition, and thus result in a lower (in magnitude) initial anisotropy than expected.
However, as stated previously, this should not affect the anisotropy decay dynamics.

The negative TA anisotropy observed in our NPs at 508 nm is consistent with a previous study
on pentacene. McDonough et al. performed the first TA measurements on pentacene, 36 observing
a negative anisotropy at 507 nm and 545nm. McDonough et al. argued that a negative anisotropy
is consistent with pumping the S;—§S,; state and probing the triplet T;—T, transition, as these
dipole moments are perpendicular.56 They therefore use these anisotropy results to assign the
507 nm and 545 nm absorptions to the triplet transition. However, since the S;—S,, transition is
also perpendicular to the S,—S, transition,5?4526:527 3 negative anisotropy alone is not a valid
basis on which to assign a transition to be purely due to triplets. Furthermore, the poor quality
anisotropy data did not allow for any other analysis apart from the magnitude of the anisotropy. 536

We now comment on the trends of the TA anisotropy at 508 nm. The 1:0 and 1:1 samples can
be fit with a single exponential, while the rest are fit with two exponentials. These results are
summarised in Table S12. The short time constant, 71, is ~1 ps and it increases as the proportion of
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PMMA is increased, while the corresponding amplitude decreases. Correspondingly, the amplitude
of the longer time constant, 75, increases. The results show that the TA anisotropy at 508 nm decays
faster for NP samples with a shorter average intermolecular TIPS-Pn separation, as highlighted in
Figure S29.
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Figure S29: Experimental (left) and fitted (right) TA anisotropy at 508 nm for TIPS-Pn:PMMA NPs.
The dotted grey lines indicate a change from a linear to logarithmic scale.

Unlike the fluorescence anisotropy and the TA anisotropy at 650 nm, the TA anisotropy at
508 nm decays to zero within the timescale of the experiment. This is due to the lower initial
anisotropy amplitude at 508 nm, corresponding to an already slightly depolarised system, and so the
time taken to reach an anisotropy value of zero ( corresponding to a completely depolarised system)
is faster. An anisotropy value of zero means A A has lost all correlation with the initial excitation
polarisation. Consequently, no long time component exists, and any further depolarisation (e.g.
from slow singlet or triplet migration) would not be observed at this wavelength.

The 11 value is slightly lower than that at 650 nm for a given NP sample. It is evident that
the AA depolarisation rate is different at these two wavelengths (650 nm versus 508 nm). This is
due to different components affecting these wavelengths, each causing a different contribution to
the depolarisation. In an attempt to obtain TA anisotropy decays associated with a single species
only, we turn towards measurements in the NIR region, where the singlet and triplet features are
more clearly separated.

S3.8.4 NIR Transient Absorption Anisotropy

The overlapping contributions from the GSB, SE and ESA in the visible spectral region have been
discussed. In the NIR region there are no influences from the GSB or SE. Therefore, analysis of the
spectrum is relatively straightforward. From the magic-angle TA data presented in Figure S17, we
assigned the wavelength at 1350 nm to singlet absorption, and the wavelength at 990 nm to have
mainly a triplet (but also some singlet) contribution. Obtaining NIR TA anisotropy data may
therefore make analysis of exciton migration straightforward as the TA anisotropy at 1350 nm and
990 nm is a representation of the singlet and triplet depolarisation, respectively.

Figure S30 displays the anisotropy decay of the fluorescence (at 655 nm) and TA (at 990 nm and
1350 nm) for ~10~* M TIPS-Pn in THF. All data were fit to a single exponential, with parameters
given in Table S13. The same information is displayed for the 1:10 sample in Figure S31 and
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Figure S30: Experimental and fitted (a) fluorescence anisotropy, (b) TA anisotropy at 1350 nm and (c)
TA anisotropy at 990 nm, for ~10~* M TIPS-Pn in THF. The dotted grey lines indicate a change from a
linear to logarithmic scale.

Table S14, where the data are fit to a sum of two exponentials. The short time constant, 7, for
the TA anisotropy at 1350 nm fits well when fixed to 7 of the fluorescence anisotropy data. The
time constants and amplitudes of the fluorescence anisotropy and TA anisotropy at 1350 nm, are
the same, within error, for each sample. This suggests that there are no major contributions from
other species at 1350 nm, confirming that AA at 1350 nm is mainly due to singlets.

As mentioned previously, the AA at 990 nm is mostly due to triplets, but a small proportion
of singlets also contribute to this wavelength. The TA anisotropy of the TIPS-Pn in THF sample
at 990 nm showed similar kinetics to that at 1350 nm. As this sample did not undergo SF, the
990nm TA anisotropy decay is also a representation of singlet depolarisation. However, the TA
anisotropy at 990 nm is significantly lower in quality than that at 1350 nm due to a lower A A signal
amplitude. For the 1:10 sample, an attempt to analyse the TA anisotropy kinetics at 990 nm was
made in order to obtain the anisotropy decay due to triplets. However, nearly all correlation is lost
at this wavelength at early times, and so triplet migration cannot be analysed using this signal.

The loss of polarisation anisotropy at 990 nm can be explained as follows. Fast singlet migration
to SF sites results in depolarisation, and then SF results in two triplets. Only one of these
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Table S13: Fitting parameters for the fluorescence anisotropy and TA anisotropy data at

1350 nm of ~10~* M TIPS-Pn in THF.®

Sample Al )
Solution (Fluorescence) | 1.000+0.008 | 118+4
Solution (TA at 1350 nm) | -1.00£0.01 | 150+7
Solution (TA at 990nm) | -1.00+0.05 | 140+32

¢ Unconstrained parameters are shown with a 90% confidence interval. ® Normalised amplitudes.

triplets (the one previously in the S; state) may possibly still display a slight correlation to the
initial excitation, while the other (previously a ground-state molecule), would show no correlation
assuming SF has no orientational dependence. The combination of triplets resulting from already
depolarised singlets and one of the formed triplets showing no correlation, results in a close to zero
anisotropy at early times.
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Figure S31: Experimental and fitted (a) fluorescence anisotropy and (b) TA anisotropy at 1350 nm,
for the 1:10 TIPS-Pn:PMMA NPs. The dotted grey lines indicate a change from a linear to logarithmic
scale.

Table S14: Fitting parameters for the fluorescence anisotropy and TA anisotropy data at
1350 nm of 1:10 TIPS-Pn:PMMA NPs.¢

Sample Ayl 71 (ps) Az T2t (ps)
1:10 (Fluorescence) | 0.62+0.05 | 3.1£0.5 | 0.39£0.01 00
1:10 (TA at 1350nm) | -0.64-0.2 317 | -0.36405 0

¢ Unconstrained parameters are shown with a 90% confidence interval. ® Normalised amplitudes.
t Fixed time constant. ¥ 7, — oo indicates a constant offset in the time-resolved curve.
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S3.9 Monte Carlo Simulations
S3.9.1 Simulated Steady-state Absorption and Emission Spectra

The singlet migration rate depends on the spectral overlap between the donor and acceptor, cal-
culated by integrating over the product of the emission spectrum of the donor and absorption
spectrum of the acceptor.

The steady-state absorption and emission spectra of the TIPS-Pn molecules were simulated by
a Franck-Condon progression (Equation S21 with parameters in Table S7). The simulated steady-
state absorption spectrum was generated by summing over the absorption spectra of all TIPS-Pn
molecules. The simulated steady-state fluorescence spectrum was generated by summing over only
those that decay during the MC simulation.

Figure S32 shows the simulated and experimental steady-state absorption and fluorescence
spectra of the 1:10 TIPS-Pn:PMMA NPs. The characteristic 0-0 and 0-1 transitions, along with
the distinct vibrational features, are well represented by the MC simulation.

—— Simulated Absorbance

1.00 H Experimental Absorbance (1:10)
—— Simulated Fluorescence

------ Experimental Fluorescence (1:10)

0.75
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Figure S32: Experimental and simulated steady-state absorption and fluorescence emission for the 1:10
TIPS-Pn:PMMA NPs. Section S2.7 contains a detailed description of the method employed to obtain the
simulated data.
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S3.9.2 Simulation of Random TIPS-Pn Distributions
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Figure S33: Experimental and simulated magic-angle fluorescence data for various TIPS-Pn:PMMA
NPs. The simulated data was obtained assuming a random distribution of TIPS-Pn molecules, with
rsr = 0.7nm and ksp = 4.5 x 10*! s~1. The dotted grey lines indicate a change from a linear to logarithmic
scale.
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S3.9.3 Simulation of Clustered TIPS-Pn Distributions

Iy
o
|

o
o
A

Normalised Fluorescence at 655 nm

—— 1:0 TIPS-Pn:PMMA NPs
—— 1:1 TIPS-Pn:PMMA NPs
1:3 TIPS-Pn:PMMA NPs

Normalised Fluorescence at 655 nm

107 103
Time (ps)

Iy
o
|

o
o
A

o
o
A

©
IS
|

o
N]
)

| 1:5 TIPS-Pn:PMMA NPs
: —— 1:7 TIPS-Pn:PMMA NPs

: —— 1:10 TIPS-Pn:PMMA NPs
|

I

I

1

—— Simulated
—=—=- Experimental

0.0

10t 102 103
Time (ps)

Figure S35: Experimental and simulated magic-angle fluorescence data for various TIPS-Pn:PMMA
NPs. The simulated data was obtained assuming a clustered distribution of TIPS-Pn molecules, with
rep = 0.7nm and kgp = 4.5 x 1011 s~1. The dotted grey vertical lines indicate a change from a linear to

logarithmic time scale.
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Figure S36: Experimental and simulated time-resolved fluorescence anisotropy for various
TIPS-Pn:PMMA NPs. The simulated data was obtained assuming a clustered distribution of TIPS-Pn
molecules, with 7gp = 0.7nm and kgp = 4.5 x 10" s~!. The dotted grey vertical lines indicate a change
from a linear to logarithmic time scale.
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S3.9.4 Simulation of Clustered TIPS-Pn Distributions with Traps Sites
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Figure S37: Experimental and simulated magic-angle fluorescence data for various TIPS-Pn:PMMA
NPs. The simulated data was obtained assuming a clustered distribution of TIPS-Pn molecules, a per-
centage of trap sites as described in the main text, rgp = 0.7nm, and ksp = 4.5 x 1011 s71. The dotted
grey vertical lines indicate a change from a linear to logarithmic time scale.

SH6



Anisotropy at 655 nm

Figure S38:
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Experimental and simulated time-resolved fluorescence anisotropy for various

TIPS-Pn:PMMA NPs. The simulated data was obtained assuming a clustered distribution of TIPS-Pn
molecules, a percentage of trap sites as described in the main text, rgp = 0.7 nm,and ksp = 4.5 x 1011 571,
The dotted grey vertical lines indicate a change from a linear to logarithmic time scale.
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S3.9.5 Voronoi Analysis of the TIPS-Pn Molecules in the TIPS-Pn:PMMA Nanopar-
ticles

Figure S39: Voronoi diagrams for a random (left) and clustered (right) TIPS-Pn distribution, where
TIPS-Pn are represented as points. Note that this diagram is a 2D representation of the three-dimensional
(3D) NP system. Although the average Voronoi volume is equal for both distributions, the distributions
of Voronoi volumes are different. The system with a random TIPS-Pn distribution has Voronoi volumes
which can be described by a normal distribution. The system with a clustered TIPS-Pn distribution has
a Voronoi volume distribution with a larger number of smaller volumes and consequently also a higher
proportion of larger volumes than the random TIPS-Pn distribution. These different distributions are
evident in Figure S40.
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Figure S40: Voronoi analysis of the TIPS-Pn molecules in the TIPS-Pn:PMMA NPs. The random
distribution for each NP sample was taken from the MD simulation just after energy minimisation and the
clustered distribution taken at a timestep corresponding to the best MC simulated fit to the experimental
fluorescence data. TIPS-Pn molecules were considered “clustered” if they were not likely to belong to
the random distribution. This was calculated by integrating the difference between the clustered and
randomly distributed curves from 0 up to vtnhresh (dashed grey line), as indicated by the green shaded

area.
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Figure S41: The percentage of TIPS-Pn molecules which were required to be “clustered” within each of
the TIPS-Pn:PMMA NP systems in order for the MC simulation to fit the experimental data. TIPS-Pn
molecules were considered “clustered” if they were not likely to belong to the random distribution.
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Figure S42: The percentage of SF sites for each of the TIPS-Pn:PMMA NPs for random and clustered
TTPS-Pn distributions. A chromophore was considered to be a “SF site” if it had another chromophore
within 0.7 nm of it (as rgp = 0.7 nm is used in the MC simulation).
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S3.9.6 Number and Size of TIPS-Pn Clusters

To quantify the number and size of TIPS-Pn clusters in the random and clustered distributions,
the clustering algorithm DBSCAN was used®*”. DBSCAN takes two input parameters, € and n.
n is the minimum number of molecules in a cluster, and ¢ is a distance parameter that determines
how close points need to be to be considered part of the same cluster. A molecule belongs to a
cluster if it is within € of another molecule in that cluster. We considered the effect of clustering
on the number of TIPS-Pn molecules with a neighbour within the SF radius rsp = € = 0.7 nm,
with n = 2. Hence, all molecules that were considered part of a cluster were able to undergo SF.
Figure S43 shows the distribution of cluster sizes in the input geometries for the MC simulation
with either a random or clustered distribution of TIPS-Pn. In the random geometry most clusters
were < 6 molecules in size, with a shift to lower cluster sizes observed for lower TIPS-Pn amounts.
At this € and n, the clustered geometries showed a modest but general increase in cluster size
compared to the random geometries.
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Figure S43: Histograms showing the number of clusters of various sizes generated by analysis with
DBSCAN for (a) random and (b) clustered distributions (e = 0.7, n = 2).

By plotting the proportion of molecules assigned to clusters, we could quantify the proportion of
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TIPS-Pn molecules that had a neighbour within rsg, which were hence capable of SF (Figure S44).
This analysis produced results equivalent to Figure S42, and again demonstrated that clustering
increases the proportion of molecules capable of SF, particularly for the NPs with less TIPS-Pn.
Hence, clustering the TIPS-Pn molecules resulted in both a modest increase in cluster size and an
increase in the number of clustered molecules compared to the random geometry, which increased
the proportion of TIPS-Pn molecules which were considered “SF sites”.
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Figure S44: Proportion of TIPS-Pn molecules with a neighbour within 0.7 nm (“SF sites”) as a function
of TIPS-Pn:PMMA mass ratio in the random and clustered geometries. For the 1:0 ratio the clustered
and random geometries were equivalent.

S3.9.7 Singlet Fission Rate with Exponential Dependence on Distance

The simulated results presented in the main text used a simple Heaviside step function to model
the dependence of the SF rate on the separation between chromophore pairs. The SF rate was
constant (ksp = 4.5 x 101 s71) for pairs separated by up to rgp = 0.7 nm and zero otherwise. An
alternative model is a SF rate that has an exponential dependence on the pair separation,

ki = ke, (S25)
where r”4 is the distance between the pair of molecules undergoing SF. This model takes two
parameters: kgp,, which controls the amplitude of the SF rate, and 3, which controls how quickly
the SF rate drops as the distance between the pair increases. Although the Heaviside SF rate model
with the clustered TIPS-Pn geometry was able to replicate the experimental data quite well, the
exponential model may provide more physically meaningful information about the rate and distance
scale of SF. To determine if the exponential model could be used replicate the experimental data,
a range of ksp, and 3 were trialled for fitting the 1:10 TIPS-Pn:PMMA time-resolved fluorescence
with clustered input geometries and no traps sites. Some examples of the best sets of kg, and 3 are
shown in Figure S45. However, the exponential model with these parameters did not produce an
acceptable fit to the experimental fluorescence, and generally performed worse than the Heaviside

model (Figure S45). Hence, this form of exponential distance dependence does not accurately
reflect the SF rate in TIPS-Pn:PMMA NPs.
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Figure S45: Time-resolved fluorescence of 1:10 TIPS-Pn:PMMA NPs at 655nm, compared with the
output of the MC simulation with the Heaviside SF rate model and the exponential SF rate model.

S4 Calculations

S4.1 Mass Ratio of TIPS-Pn and PMMA

The mass ratio of TIPS-Pn and PMMA and their respective densities can be used to calculate
various properties of our NPs.

We define:
mrrps-pn and mpyva as the average mass of TIPS-Pn and PMMA, respectively, in a NP.
myp = Mrips-pn + Mpyma as the average total mass of a NP.
Vrps-pn and Vpywma as the average volume of TIPS-Pn and PMMA, respectively, in a NP.
Vap = Vrrps.pn + Vemma as the average total volume of a NP.
prips-pn and ppavva as the density of TIPS-Pn and PMMA, respectively.
pnp as the average total density of a NP.
Nrrps.pn as the average number of TIPS-Pn molecules in a NP.
crips-pn @S the average concentration of TIPS-Pn in a NP.
nrps-pn as the average number of moles of TIPS-Pn in a NP.
MWrps.pn as the molecular weight of TIPS-Pn.
N4 as Avogadro’s number.

For a NP sample with a TIPS-Pn:PMMA mass ratio of 1:a,

mpMMA = QIMTIPS-Pn- (826>
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S4.2 Average Voronoi Volume of TIPS-Pn in a NP

To define some average distance between TIPS-Pn molecules, we first define a volume around each
TTPS-Pn such that no other particles are in this volume. This is illustrated as a Voronoi diagram
in Figure S46. We envision TIPS-Pn as points, and define regions of volume around each TIPS-Pn
for which any point within this volume is closest to that specific TIPS-Pn molecule.

Figure S46: Voronoi diagram for a system with randomly distributed TIPS-Pn molecules represented
by points. Note that this diagram is a 2D representation of the 3D NP system.

The average Voronoi volume for a TIPS-Pn, Vi, .. .., is equal to the sum of all Voronoi volumes
(i.e. the total volume of the NP, Vyp) divided by the number of TIPS-Pn molecules in the NP,

NTIPS-Pn .

VNP

NTIPS-PH
mNp
PNP
T _MTIPS-Pn
MWrips-pn

mxp M Wripspn

(S27)

VVTIPS-Pn

PNPITIPS-Pn VA
Making use of Equation S26,

(1 + a)mrps.poa MWrips.po

PNPTVTIPS-PniV A
(1 + a) MWrips.pn

pnpNa

VVTIPS-Pn -

(S28)

We must now find the total density of the NP, pxp, which is given by

0 MNP
NP =
Vxp
__ MTIPS-Pn + MPMMA

Vrrps-pn + Venma
_ MTIPS-Pn + MPMMA

MTIPS-Pn MPMMA
PTIPS-Pn PPMMA

MTIPS-Pn T MPMMA
mTIPS—PnpPMMA+mP1\/IMApTIPS-Pn :
PTIPS-PnPPMMA
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Again, using Equation S26,

(14 a)mripspn

pNP = mTIPS-PnPPMMA"’O‘mTIPS-PinIPS-Pn
PTIPS-PnPPMMA
(1 4+ @) prIPS-PnPPMMA
" PNP = . (529)

PPMMA + QPTIPS-Pn

Substituting Equation S29 into S28 gives

(14 o) MWrips.pn

(14+) pTIPS-PuPPMMA ) NA
PPMMA T QPTIPS-Pn

VVTIPS—Pn - (

(ppama + apripspn) M Wirips.pn
VVTIPS—Pn = . (S?’O)

PTIPS-PnPPMMA NV A

S4.3 Average Intermolecular TIPS-Pn Separation in a NP

As working in average volumes is confusing, we aimed to convert this volume into an average
distance. For simplicity, we consider all TIPS-Pn molecules to be placed in a 3D cubic lattice
structure, with each TIPS-Pn contained in a simple cubic unit cell (refer to Figure S47). Then
the length of the side of each cell, d, is what we define as the “average intermolecular TTPS-Pn
separation”. Therefore,

3 __
d’ = VVTIPS-Pn

d= \/3 VVTIPS—Pn' (831)

The average Voronoi volume can be used to calculate a different definition of average intermolecular
TIPS-Pn separation, by assuming a different positional distribution of TIPS-Pn molecules within
a NP.

Figure S47: Evenly spaced TIPS-Pn molecules (represented by points) inside a NP. Each molecule can
be surrounded by a cube of width d (where d is termed the “average intermolecular TTPS-Pn separation”).
This means the TIPS-Pn molecules are surrounded by a volume of d®, which we call the “average Voronoi
volume” of TIPS-Pn within a NP.
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S4.4 Average Concentration of TIPS-Pn in a NP

Although the TIPS-Pn concentration in all samples was ~100 ppm (refer to Table S1), we wanted
a measure of an average concentration of TIPS-Pn within a NP, ¢rips.pn, which is given by

NTIPS-Pn
CTIPS-Pn = i
NP
_ Nrtipspa
NaVnp
Now substituting for Vxp using Equation S27,
. . Nt1ps.pn
TIPS-Pn —
NA NTIPS-PH VVTIPS_pn
1
= (S32)
N AVVTIPS»Pn

Or alternatively, if we use our definition of the average intermolecular TIPS-Pn separation, d,

1
Pn = —- S33
CTIPS-P N3 (S33)
S4.5 Summary of Equations
We summarise all useful equations here:
The average Voronoi volume of a TIPS-Pn molecule in a NP
(ppava + aprips.pn) MWrips py
VVTIPS-Pn = (834>

PTIPS-PnfPMMA Ny

The “average intermolecular TTPS-Pn separation”

d= \/3 VVTIPS-Pn (835)

The average concentration of TIPS-Pn within a NP

1 1
pp= S36
CTIPS-P Vir - N, ( )

where

« is the given by the 1 : o TIPS-Pn:PMMA mass ratio
prips-pn = 1104 g L1

ppanvia = 1188 g L1

MWrips.pn = 639.07 gmol~?

Ny =6.022 x 10?3 mol ™!
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We now have all relevant information to determine the average Voronoi volume of TIPS-Pn
molecules in our NPs, the average intermolecular TTPS-Pn separation and the average concentra-
tion of TIPS-Pn within a NP (refer to Table S15).

Table S15: Average Voronoi volume of TIPS-Pn, average intermolecular TIPS-Pn separation
and average concentration of TIPS-Pn in a NP, determined for each TIPS-Pn:PMMA NP
sample (calculated using Equations S34 and S35, S36).

Sample Average Voronoi | (U B | oteation of
(TIPS-Pn:PMMA | volume of .
mass ratio (1: a)) | TIPS-Pn, (nm?) TIPS-Pn separa- | TIPS-Pn in a
' ’ tion, d, (nm) NP (molL™1)

1:0 0.96 0.99 1.73

1:1 1.85 1.23 0.90

1:3 3.64 1.54 0.46

1:5 5.43 1.76 0.31

1:7 7.21 1.93 0.23

1:10 9.89 2.15 0.17

1:100 90.29 4.49 0.02

S4.6 Estimation of Rotational Correlation Time

The rotational correlation time, 7., of a sphere is the average time for it to rotate one radian, and
is given by®?

V(3
~ RT  RT
where 7 is the viscosity, T" is temperature, R is the gas constant, V' is the volume of the rotating
unit and r is the radius of the rotating unit.

(937)

Te

S4.6.1 TIPS-Pn Molecules

TIPS-Pn molecules can be considered to be around 1.2nm long (refer to Figure S5). Using the
viscosity of THF, 4.8 x 10~* Pas, we estimate the rotational correlation time of TIPS-Pn molecules
to be

4.8 x 10" Pas (3m(0.6 x 1077 m)?)
e T R314m PaK Tmol ! x 294K
~ 108 ps

x 6.022 x 10*2> mol !
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S4.6.2 Nanoparticles

The NPs have been found to have a diameter of >40 nm.>'° Using the viscosity of water, 8.90 x 10~* Pas,
we estimate the rotational correlation time of our NPs to be

890 x 107" Pas (37(20 x 1077 m)?)

Te T g 314mP PaK " mol ! x 294K
~ Tps

x 6.022 x 10*> mol™!

Using a NP radius of 20 nm gives a lower bound on this correlation time. This is significantly
larger than the 3 nanosecond time window of the anisotropy measurements, so the rotation of
TTPS-Pn molecules can be assumed to have negligible effect on the anisotropy of the NP samples.

S5 Experimental Data Sets and Simulation Code

The experimental data, plus simulation code and inputs are available online at:

https://universityofadelaide.box.com/v/Schref12022-Source-Material.
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