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Abstract

The efficient harvesting and transport of visible light by electronic energy transfer (EET) is critical to
solar energy conversion in both nature and molecular electronics. In this work we study EET in a
synthetic dyad comprising a visible absorbing subphthalocyanine (SubPc) donor and Zn Tetraphenyl
Porphyrin (ZnTPP) acceptor. Energy transfer is probed by steady state spectroscopy, ultrafast transient
absorption and two-dimensional electronic spectroscopy. Steady state and time resolved
experiments point to only weak electronic coupling between the components of the dimer. The weak
coupling supports energy transfer from the SubPc to the zinc porphyrin in 7 ps, which itself
subsequently undergoes intersystem crossing to populate the triplet state. The rate of the forward
energy transfer is discussed in terms of the structure of the dimer, which is calculated by density
functional theory. There is evidence of back energy transfer from the ZnTPP on the hundreds of
picoseconds time scale. Sub picosecond spectral diffusion was also observed and characterised, but

does not influence the picosecond energy transfer.



Introduction

Understanding electronic excitation energy transfer (EET) in covalently bound molecular model
systems gives insight into the behaviour of more complex artificial light harvesting structures*?3, Real
time studies of the ultrafast photoinitiated dynamics taking place in model systems make it possible
to pinpoint processes which either enhance or are detrimental to energy transport efficiency, allowing
the design of new, more efficient, synthetic organic light harvesters for applications in, for example,
organic photovoltaic (OPV) devices*>®’. Among the different classes of organic molecules that could
be employed as active materials in OPVs, porphyrins have attracted a great deal of attention because
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of their occurrence in biological systems,®® and because of their use in building supramolecular

101112 3nd  molecular nanowires displaying outstanding conductivity properties!® and as

structures
sensitisers in dye sensitised solar cells***. Porphyrins are also be used as sensitizers in photocatalytic
applications'®!’, Their unique photophysical properties stem from an extended 18 m-electron planar
aromatic ring'®. However, one of the main drawbacks in the use of porphyrins in solar energy
applications is that their Q-band absorption is situated towards the red region of the visible spectrum,
with a transition moment which is much smaller than the strong Soret (or B-) band absorption, usually
lying between 400-450 nm?*>2% thus the electronic structure leads to relatively poor utilization of the
solar spectrum?!. To circumvent this drawback, it is possible to link a porphyrin with an antenna
chromophore absorbing light more effectively in the visible spectrum, and the subphtalocyanines
studied here have been used as antennas for a range of acceptor chromophores.?*? In this work we
report the time-resolved photophysics of a heterodimer in which a light harvesting antenna, boron
subphtalocyanine (SubPc), was linked through a phenoxy bridge at the meso position of a Zn(ll) 5-(4-
hydroxyphenyl)-10,15,20-triphenylporphyrin (ZnTPP) (Figure 1). Other examples of axially linked
SubPc-based structures have been synthesised and studied? %, although, most of them present
alkyne or alkene linkers, which present cylindrical or planar symmetry and are intrinsically rigid.

Conversely, the dimer object of this study is axially liked to the ZnTPP acceptor via a flexible phenoxy

bridge, which can substantially affect the rate and the efficiency of the energy transfer process.



Fig. 1 DFT optimised structure of ZnTPP-O-SubPc calculated with B3LYP/6-31G(d) basis set.

SubPcs have a unique nonplanar cone-shaped 14 m-electron aromatic system, whose excitation gives
rise to intense absorption and emission bands in the visible region (Amax = 560 nm)?-?’, Their spectral

properties, together with their ease of functionalisation, both at the ring position and at the boron

28,29 )30,31

core*®>*, make them promising candidates for optoelectronic (e.g. OLEDs and photovoltaic
applications®**3, In this work we investigate the photodynamics of the ZnTPP-O-SubPc heterodimer
and its constituent monomers, through broadband femtosecond transient absorption (fsTA) and two-

dimensional electronic spectroscopy (2D-ES) experiments in toluene solution.

Experimental Methods

SubPc-Cl, ZnTPP-OH and ZnTPP-O-SubPc were synthesised and purified as previously reported® and

used without further purification.

Steady-state absorption was measured using a Lambda XLS Spectrophotometer (Perkin Elmer); data
were collected in 1 mm quartz cuvettes in toluene at OD ca. 0.3. Steady-state emission spectra were
measured with a fluorimeter (FLUOROSens, Camlin Technologies Ltd), with 1 nm excitation and 2 nm

emission slits; emission spectra were acquired in 2 nm steps integrating each point for 0.1 s, exciting



at 530 nm. Fluorescence spectra were measured in 10 mm quartz cuvettes with OD adjusted to ca. 0.1

to avoid concentration-induced effects.

The fsTA setup used is based on the design of Riedle34, and has been described elsewhere®. It employs
an amplified titanium:sapphire laser system (Spitfire Ace, Spectra Physics) operating at 1 kHz,
producing 120 fs, 800 nm centred pulses. The laser output is split in two beams, one enters a
commercial (TOPAS Prime) collinear optical parametric amplifier (OPA), tuned to produce 10 nm
FWHM bandwidth pump pulses at 560 nm. The reflected fraction of the 800 nm beam is attenuated
and focused onto a static, 3 mm thick, sapphire plate for continuum generation, producing a probe
spectrum spanning the 450-750 nm range. The pump is delayed with respect to the probe with a
mechanical linear delay stage (Physik Instrumente). Pump and probe beams are focused with
reflective optics at the sample position in order to obtain spot sizes of 170 and 30 um (FWHM)
respectively, resulting in excitation energies below 0.4 W/cm?. The pump beam is set at the magic
angle (54.7°) with a half-wave plate and a polariser to suppress effects of rotational reorientation; it

is chopped at 500 Hz to allow calculation of differential absorption between adjacent pairs of pulses.

After the sample the probe beam is recollimated, focused onto a home-built ultrafast prism-based
spectrometer and imaged on a CCD Camera (Stresing) triggered at 1 kHz by the amplified laser; a 50:50
beamsplitter set before the sample holder sends half of the probe intensity through the same

spectrometer and to a reference camera.

Equation 1 is used to compute the differential absorption, yielding negative signals for ground state
bleach (GSB) and stimulated emission (SE) and positive signals for excited state absorption (ESA) or

absorption by new products:

Proga(A t)Refopen (/1)) (1)

AOD(A' t) = _log ( Preven (A)Refodd (A)



where Pr(A) and Ref(1) are probe and reference spectra and the pump is being blocked by the chopper
during the acquisition of even data points. To correct for chirp in the white light probe, a TA
measurement on neat cyclohexane was run under the same experimental condition as the sample.
The solvent coherence spike maxima as a function of probe wavelength are fit with a fourth order
polynomial, and the resulting time vs wavelength profile is subtracted from the raw dataset. The fsTA
data presented in the Results section are the average of 8 scans, in which 500 differential spectra were

averaged at each delay point.

The design and the data acquisition procedures for the 2D-ES setup were described in detail
elsewhere®®. Briefly, a fraction (~10%) of the same amplified laser system used for the fsTA experiment
pumps a commercial (TOPAS White, Light Conversion) noncollinear optical parametric amplifier
(NOPA) tuned to generate ~15 fs pulses centred at 560 nm with ca. 30 nm FWHM. The pulses are
recompressed close to the Fourier transform limit with a folded prism compressor and characterised
using the 2D setup, via a transient grating-frequency resolved optical gating (TG-FROG) signal from a
1 mm quartz cell filled with cyclohexane. The output of the NOPA is split into four coherent replicas
propagating at the four corners of a 2.5 cm square (BOXCARS scheme), by means of two 50-50
beamsplitters. The coherence time (between pulses 1 and 2) (1) is scanned with a mechanical delay
stage in 4 fs steps from -150 to +150 fs and population times (between pulses 2 and 3) (T) up to 600
ps can be measured. After the interaction of pulses 1, 2 and 3 with the sample a third order signal,
collinear with the LO beam is emitted in the phase matched direction. The interference of signal and
local oscillator (LO) is dispersed with a prism and imaged onto a 1x1024 pixels fast camera (AViiVa
e2v). Spectral interferometry allows us to extract amplitude and phase of the signal, which is phased
according to the projection-slice theorem?®, while the time delay between pulses 1 and 2 is Fourier

transformed to recover the excitation axis.



Results
Steady-state absorption and emission

The steady-state normalised absorption and emission spectra (excitation at 530 nm) of the two
monomers SubPc-Cl and ZnTPP-OH are shown in Figure 2a and ZnTPP-O-SubPc dimer spectrum is

shown in Figure 2b. All spectra measured in in toluene.
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Fig. 2 Normalised absorption (solid) and emission (dashed) spectra of ZnTPP-OH (a, blue), SubPc-Cl (a, red) and ZnTPP-O-
SubPc (b, orange).The central pump wavenumber for fsTA and 2D-ES (560 nm) is highlighted by black solid arrows. Emission
spectra measured after excitation at 530 nm.

This dimer system was previously studied through steady state experiments and calculation®. The
absorption and emission spectra of the ZnTPP-O-SubPc were shown to resemble the sum of the SubPc-
Cl and ZnTPP-OH spectra, pointing to a weakly coupled system with negligible perturbation of the

electronic structure of the two units as anticipated by Managa et af*®.



The absorption spectrum of SubPc-Cl (Figure 2a) has a maximum centred at 17668 cm™ (566 nm) due
to the 0-0 transition of the Q-band, as reported in literature3?; the vibronic progression matches well
the spectra reported in literature. The emission spectrum, is a quasi-mirror image of the absorption,
with @ maximum at 17421 cm™ (574 nm) and the fluorescence quantum vyield is 0.25%2 The small
Stokes shift of 247 cm™ (8 nm), indicates a minor effect of the solvent after photoexcitation of the
sample, as expected for nonpolar solvents, or when the change in permanent dipole between ground

and excited state is small.

The main peaks in the steady-state absorption of ZnTPP-OH (Figure 2a) are the vibronic Q(1,0) band,
centred at 18148 cm™ (551 nm), and the weaker and red-shifted So—> S1 Q(0,0) transition, at 16949 cm"
1(590 nm). The steady-state fluorescence spectrum of ZnTPP mirrors the absorption in terms of peak
positions, Q(0,0) is at 16680 cm™ (600 nm) and Q(1,0) lies at 15302 cm™ (653 nm) with a Q(0,1) “hot-
band” shoulder at 17391 cm™ (574 nm) making a significant contribution to the emission; these
measurements are in good agreement with previously reported data on the same molecule®. The
measured Stokes shift between the absorption and emission bands of the Q(0,0) transition is 270 cm"
1 (10 nm). ZnTPP-OH is only weakly fluorescent because of strong spin-orbit coupling due to the

presence of a heavy metal ion; its fluorescence quantum yield in toluene was reported to be 0.03%,

In the ZnTPP-O-SubPc dimer steady-state absorption spectrum (Figure 2b) no major new features are
observed, consistent with weak coupling between the subphtalocyanine and porphyrin units.
However, the absorption maximum is blue-shifted ~350 cm™ with respect to the SubPc monomer
(which is assigned to the different substituent at the boron core: -Cl in the monomer, -OPh in the
dimer), and the overall band is broader, indicative of the overlap of the SubPc and ZnTPP Q —bands.
The dimer steady-state emission spectrum is a combination of the fluorescence spectra of the SubPc-
Cl and ZnTPP-OH monomers, but the intensity of the Zn porphyrin contribution appears enhanced
compared to what is expected from absorbance (Figure 3), while the overall signal is quenched, as

shown in Figure S2 (see Supplementary Information).



This apparent change in the relative emission intensities of SubPc and ZnTPP is an indication of EET.

As a check we calculated the expected emission spectrum of the dimer assuming no energy transfer

between the singlet excited states of SubPc-Cl and ZnTPP-OH, and compared it to the measured dimer

spectrum (Figure 3). The dimer emission spectrum was calculated as explained in the Supplementary

Information.
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Fig. 3 Comparison between the ZnTPP-O-SubPc calculated emission spectrum (red) and the experimentally measured one

(blue).

Excitation Energy Transfer (EET) dynamics from SubPc antenna to ZnTPP in toluene

The results from the steady state emission suggest that the singlet excited state of SubPc and the

ZnTPP moieties in the dyad are weakly coupled, supporting Forster Resonance Energy Transfer (FRET).

To better characterise the rate and mechanism of EET, broadband fsTA measurements were carried



on the dimer and its constituent monomers in toluene at room temperature, with pump wavelength

fixed at 560 nm.
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Fig. 4 fsTA spectra of SubPc-Cl (a), ZnTPP-OH (b) and ZnTPP-O-SubPc (c) in toluene at selected pump-probe time delays,
after photoexcitation at 560 nm (green dashed line). Notice that the pump scattering contribution looks intense in (b)
because of the small amplitude of these signals, compared to (a) and (c). Dark blue and orange dashed lines at 455 nm and
568 nm highlight the wavelength at which the intensity-time traces shown in Fig. 5 are presented.

The SubPc-Cl transient spectra at selected pump-probe delays are reported in Figure 4a. The earliest
transient spectrum (0.2 ps, earlier spectra being somewhat distorted by the coherence spike) has a
strong negative signal, arising from a combined effect of the GSB, corresponding with the steady-state
absorption spectral maximum (566 nm), and the SE component, centred at the same spectral position

as the steady-state fluorescence maximum (574 nm). Two broad positive excited state absorption
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(ESA) S1 - Snsignals are centred at 460 nm and 610 nm. The subsequent spectral evolution of SubPc
TA is straightforward to explain in terms of simple population decay of the S; state, accompanied by
formation of a T; state via intersystem crossing (ISC) on the ns timescale, as shown by the decay of
the broad S1 = S, ESA which is peaked at 610 nm and elongated towards the red region of the
spectrum. Even at the longest experimentally measurable pump-probe delay time (3 ns) the bleach
has not recovered and the TA persists (T lifetime reported to be 2.1 ns®®). The triplet state lifetime

for a related SubPc-Cl was reported to be in the microsecond range®.

Figure 4b shows the transient spectra of ZnTPP-OH after excitation at 560 nm. At 0.2 ps, at least four
ESA (S1 = Sn) bands in the transient spectrum are observed, some of them are partially overlapped
with a weak GSB signal, corresponding to the steady-state maximum of the absorption spectrum (551
nm). The overall signal is weak because ZnTPP is being excited at a spectral position where it is weakly
absorbing; in order to make the fsTA measurements of the monomer directly comparable to the
excitation for the heterodimer the excitation wavelength was kept fixed for all the samples.
Interestingly, the signal experiences a rise in the strongest ESA (455 nm) region between 0.2 ps and 2
ps, followed by slower population decay within the first ns after photoexcitation. In the two latest
spectra measured (1-3 ns) the most intense positive signal is red shifted (468 nm) with respect to the
singlet ESA, assigned to the formation of a triplet state through ISC (s = 1.8 ns*?) which then has a
distinct ESA (T1 > T.) spectrum®. The occurrence of ISC is consistent with the GSB not recovering,
while the S; = S, singlet ESA peaks (575, 620 and 691 nm) experience a partial decay to leave a signal,

also assigned to the triplet state.

When the ZnTPP-O-SubPc dimer is excited at 560 nm (Figures 4c and 5) a mixture of signals ascribable
to the excitation of the two moieties is detected at 0.2 ps, as expected from their common absorption
at 560 nm (ESI). However, the spectral evolution of the TA is remarkably different from either of the
two monomers. In this case, within the first 10 ps the negative GSB + SE of SubPc centred at 555 nm

signal loses ~80% of its initial amplitude, while the positive ESA ZnTPP signal at 455 nm experiences a
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threefold rise within the same timescale (orange and blue triangles in Figure 5). The SubPc ESA centred

at 630 nm decays in the same way as the negative features recovers.

The difference in dynamics within the first 10 ps is consistent with EET between the electronically
excited SubPc antenna and the ZnTPP acceptor. On this timescale the excitation moves from the S;
excited state of the subphthalocyanine to create a population in the S; state of the Zn porphyrin; once

the ZnTPP singlet state is populated, ESA to its higher energy singlet states is observed.

At longer pump-probe delays, the overall signal decays/recovers via population relaxation dynamics,
and the ZnTPP triplet state is formed on the ns timescale. The increasingly negative GSB at 568 nm
observable in the latest transient spectrum (3 ns, Figure 4c) and in the long-time behaviour of the
orange triangles shown in Figure 5 is unexpected. This effect is too large to be simply assigned to the
disappearance of the broad underlying singlet ESA (from 500 to 630 nm) of the ZnTPP (which may be
sufficient to explain the small effect on the monomer in 4b, as discussed in S4), but rather appears to
be a true bleach on the nanosecond timescale. We speculate that this may indicate a reverse energy
transfer step. The superimposed magenta traces are extracted from the global fitting procedure which

will be described in the Discussion.

Intramolecular vibrational relaxation (IVR), vibrational cooling and solvent dynamics, all occur on the
order of, or faster than, EET and can therefore affect its dynamics, kinetics and efficiency. Indeed
there are hints in the TA data (e.g. the initial fast relaxation of SubPc-Cl and ZnTPP, Figures 4a, b and
5) that suggest these contributions could play a role. The detection of such processes with fsTA
measurements is challenging, because of the spectral congestion and limited time resolution of the
experiment. For these reasons, we carried out two-dimensional electronic spectroscopy (2D-ES)

experiments on the ZnTPP-O-SubPc dimer and its constituent moieties.
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OH (circles) and ZnTPP-O-SubPc (triangles), overlaid with traces of the global fit of the corresponding dataset at the same
wavelength (magenta). The break on the horizontal axis highlights the EET dynamics, happening within the first 20 ps.

Sub-Picosecond dynamics by 2D-ES

2D-ES measurements were carried at room temperature in toluene, using 30 nm FWHM pulses from
a NOPA centred at 560 nm, in order to cover both the Q-band transition of the ZnTPP and the SubPc
absorption. 2D-ES data were measured up to T = 600 ps and clearly showed the EET discussed in the
preceding section (see Sl), here we focus on the spectral reshaping and dynamic Stokes shift, as

signatures of vibrational cooling and/or solvent rearrangement on a sub-ps timescale.

A series of absorptive (sum of the real part of the rephasing and nonrephasing signals) 2D spectra for
SubPc-Cl and ZnTPP-O-SubPc are shown in Figure 6 left and right, respectively. The 2D data on ZnTPP-
OH monomer are not relevant in this context because we focus on the reshaping and red shift of the
positive signal in ZnTPP-O-SubPc, which is dominated by the subphthalocyanine contribution in the
spectral region interrogated. The spectral progression in the same time window of ZnTPP-OH is shown

in the SI for completeness.
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Fig. 6 Absorptive 2D-ES spectral progression for SubPc-Cl in toluene (left) and ZnTPP-O-SubPc (right), where v, is the
excitation and vs is the detection frequency (plotted in wavenumber). Each 2D graph is normalised to its positive maximum
and the amplitude has 21 evenly spaced contour lines. Positive signals are coloured in yellow or red, and represent Ground

State Bleaches or Stimulated Emission pathways, while negative signals are coloured in blue and represent Excited State
Absorption pathways. Red numbers on the top left of each map indicate the population time T and in the top and right
panel the steady-state absorption (red), emission (green) and NOPA spectra (blue) are shown.

At the earliest population time SubPc-Cl shows mixed positive GSB and SE signal, peaked at the steady
state absorption and emission maxima (¥, = 17712 cm™1,9; = 17642cm™1). The signal is elongated
along the diagonal, a clear signature of inhomogeneous broadening of the electronic transition at early
population times*. A weak negative off-diagonal (¥; = 17398 cm™1,7%; = 16953cm™1) ESA peak is
present as well. Intramolecular vibrational and solvent relaxation occur in the S; state, which
translates as a reshaping of the positive 2DES signal within the first ps, this effect can be quantified by

extracting and analysing the centre line slope**> (CLS) of the 2D data, as shown in the Discussion

(below).

The fast disappearance (~200 fs) of the ESA peak (Figure 6, left) can be explained in terms of relaxation
in the S; potential energy surface (PES): the initially prepared “hot” population in the S; state manifold
can absorb a second photon to give S; & S, ESA, but once the relaxation of the hot population occurs
the third NOPA pulse does not have sufficient bandwidth to be resonant with the relaxed ESA. The

blue-shift on the detection axis of the negative peak is consistent with this hypothesis.

For the ZnTPP-O-SubPc at early population times (T = 105-200 fs, Figure 6, right) the positive GSB + SE
2D spectra display one maximum centred above the diagonal (¥, = 17489 cm™%,%; = 17619 cm™1),

matching with the steady state absorption and emission, as observed in the SubPc-Cl monomer. The
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overall signal is broader, which we speculate might be due to increased flexibility of the dimer, which
can explore a wider range of conformations both in the ground and in the excited state PESs. The
initial broad structure stretched along the diagonal, after 200 fs evolves towards a more elliptical
shape, while the maximum is shifting to lower detection frequency. This effect (which is consistent
with a dynamic Stokes shift) can be assigned to a relaxation of the S; state, alongside spectral diffusion,

as confirmed by the CLS analysis (see Discussion).

The predominant feature of the dimer early population times spectra (Figure 6, right, top row), is the
presence of two intense negative ESA signals assigned to the ZnTPP, matching with the fsTA behaviour
of the isolated ZnTPP monomer and of the dimer. The main effect of those negative signals is to alter
the shape of the positive signal, making it more challenging to quantify spectral diffusion and dynamic

Stokes shift from the 2D data of the ZnTPP-O-SubPc dimer.

Discussion

EET dynamics in toluene

The fsTA data for monomers and dimer (Figures 4a, b, c and 5) were analysed with a global fitting
procedure, in which the time-dependent difference spectra (as a function of the pump-probe delay)
were fit to a single model incorporating a sum of exponential relaxations**®. This model assumes a
parallel decay mechanism, and the exponential amplitudes retrieved are called Decay Associated
Difference Spectra (DADS, shown in the SI, Figure S3). An equivalent but sequential model, yielding
evolution associated difference spectra (EADS), in which the initial spectrum is evolving in successive
first order steps to the product, can also be assumed, and is more appropriate for the EET dynamics
observed here. EADS are also included for the monomers for the purpose of the comparison with the
data in Figure 4. The dynamics in the SubPc and ZnTPP isolated monomers reflects a non-single
exponential decay better described through DADS. Consequently, the parallel decay scheme yielding
DADS for each time constant is discussed in the S| (S3). The resulting Evolutionary Associated

Difference Spectra (EADS) are calculated from the DADS and are shown in Figure 7a for SubPc-Cl, 7b
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for ZnTPP-OH and 7c ZnTPP-O-SubPc dyad. To adequately fit the data required a model with three

steps, yielding a final spectrum.
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Fig. 7 Global analysis EADS spectra extracted from 4 component fit of SubPc-Cl (a), ZnTPP-OH (b) and ZnTPP-O-SubPc (c).
EADS 1, 2, 3 and the final spectrum are respectively plotted in red, yellow, green and blue. The time constants associated
with each spectrum are summarised in Table 1.

The EADS of the SubPc-Cl TA all show essentially the same shape, consistent with the domination of
singlet state decay (Figure 7a). The earliest shows an initial fast (1.9 ps, red) relaxation that can be
assigned to intramolecular vibrational energy redistribution (IVR) and vibrational cooling (VC) in the
excited state; solvent dynamics may also occur on this timescale, but should be less significant in a

15



nonpolar solvent such as toluene. The second shortest time constant (70 ps, yellow) has a similar
spectrum to the 1.9 ps component. This intermediate lifetime was required to accurately fit the data,
although this timescale is not compatible with any vibrationally-driven decay processes, and we were
not able to assign it to any specific molecular relaxation mechanism. It does not lead to any new
spectral features, so suggests multiexponential population relaxation in the isolated SubPc-Cl. The 2.2
ns spectrum (green) is associated with the decay of the singlet excited state (SubPc has a previously
reported S; fluorescence lifetime of 2.1 ns®) resulting in partial recovery of the GSB and loss of
amplitude in the S; = S, absorption at 620 nm. The final spectrum (blue), is the assigned to
populations of the SubPc triplet state. There is a broad triplet ESA centred at 470 nm and elongated

towards the red end of the spectrum?,

The same global fitting procedure allows us to extract time constants, DADS (shown in the SI) and
EADS of the ZnTPP monomer excited at 560 nm (Figure 7b). Its fast (1.5 ps, red) initial decay is assigned
to IVR or VC dynamics, which may include relaxation from two-photon excited higher electronic states,
since the cross section of two-photon transition to the N-band of ZnTPP is known to be exceptionally
large*!. The 75 ps component (yellow) has a spectrum substantially equivalent to the 1.6 ns EADS, so

again probably reflects a non-single exponential excited state decay.

The aforementioned 1.6 ns component (green) corresponds to the decay of the singlet excited state
of the Zn porphyrin (literature fluorescence lifetime is 1.8 ns*!). The final spectrum can be assigned to
the ZnTPP triplet, the S; ESA at 460 nm and between 570 and 720 nm has decayed and a new broad
and intense triplet ESA at 471 nm is detected (triplet-triplet ESA for ZnTPP in toluene is reported
elsewhere at 474 nm*?) with apparently weaker features on the red side. An apparent deepening of
the GSB at 551 nm is present, but it can be explained in terms of relaxation of the underlying broad

singlet ESA signal.

The global fit of the dimer dataset also required four EADS (Figure 7c). The fastest process is assigned

to the SubPc to ZnTPP EET (6.8 ps, red), because it shows strong negative signals comparable to the
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transient spectra of the SubPc, and the simultaneous presence of the 460 nm and 620 nm ESA of the
S; state of the ZnTPP which is being populated. The second EADS (yellow, 826 ps) is dominated by
combined population decay of the excited singlet states of ZnTPP and of the residual population left
in the S, state of SubPc, which may arise from a slow (100s of ps) reverse energy transfer taking place
from the S; state of the ZnTPP to the S; of the SubPc (see below). The second longest EADS spectrum
(green, 2.8 ns) matches closely the one associated with the 826 ps time constant (yellow), apart from
arise on the red side of the ESA peaked at 460 nm. By comparison with the ZnTPP EADS it is reasonable
to assign this component to the ISC of ZnTPP. The final spectrum (blue) reflects the unexpected
disappearance (increasing bleach) for the SubPc spectrum at longer times noted in the experimental

data (Figures 4c and 5).

Table 1: Time constants determined from the global analysis of the fsTA data.

SubPc-Cl ZnTPP-OH  ZnTPP-O-SubPc

u(ps) 1.9 1.6 6.81
T2(ps) 70.2 74.5 826
ta(ps) 2200 1600 2800

The experimentally recovered 6.8 ps relaxation time for the EET process may be compared to the

calculated value, using the Forster Resonant Energy Transfer (FRET) model (Equation 5)

1 2, |F
E9ln(10)l{ ©pl i
128m5N,n* RO

JFRET —

)

In which 7 is the SubPc (donor) lifetime in the absence of ZnTPP (acceptor) (2.1 ns), k2 is a factor
depending on the relative orientations of donor and acceptor®®, ¢ is the SubPc-Cl fluorescence

quantum yield in the absence of acceptor (0.25), JF is the overlap integral between the emission
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spectrum of SubPc and the absorption spectrum of ZnTPP (4.62 X 10 Mlcm™nm?), n is the refractive
index of the solvent, in this case toluene ( n = 1.5) and R is the center-to-center distance, taken as the
distance between the boron atom in SubPc and the zinc atom in ZnTPP (10.1 A), determined by the
DFT calculation of the ground state of the dimer, including a dielectric continuum which accounts for

the solvent shielding effects (Figure 8).

The K? parameter was calculated with the help of DFT. The ground state geometry was optimized using
the hybrid functional B3LYP employing the 6-31G* basis set. A harmonic frequency analysis of the
minimised energy structure showed that it was a genuine minimum with no imaginary frequencies.
See Sl for Cartesian coordinates of the optimized geometry. There is the potential for rotation around
three single bonds in the optimized structure, namely C-C, B-O and C-O (labelled R1, R2 and R3 in
Figure 8). Constrained optimizations were run about each of these torsional degrees of freedom to
map the potential energy surface along each coordinate. Figure 8 shows that all three barriers exceed
kT at 300 K (ca. 2.5 kJ/mol): Rotation about C-O has the lowest barrier at 3.4 kJ/mol, rotation about
O-Bis ca. 5.0 kJ/mol, with the barrier to rotation for C-C being very high, due to steric clashes between

the protons on the phenoxy bridge and those on the porphyrin.

1004 _o c.c(R1)

—e—B-O(R2)
—+—C-0O(R3)

NP
~S

~
o
1

energy [kJ/mol]
2
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Fig. 8 Potential energy vs angle from their minimum energy structure for rotations around the C-C (R1, red), B-O (R2, green)

and C-O (R3, blue) in ZnTPP-O-SubPc. The value of kT at 298 K is shown as a horizontal magenta line. All energies obtained

from DFT calculations (left). Ground state DFT minimized energy structure for ZnTPP-O-SubPc (protons hidden for clarity) in
which the bonds around which the rotations were calculated are highlighted with arrows and labelled (right).
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Consequently, we assume K?can best be calculated at the optimized ground state geometry. To do
this, calculations of the individual chromophores were performed at the same level of theory by first
performing ground state optimizations followed by single point TDDFT calculations to extract
transition dipole moments. Both chromophores possess two degenerate So = S; transition dipole
moments, shown in Figure S8 (see Supplementary Information). Their vectors were summed and the
resultant dipole moments for each species, along with the displacement vector defined by the Boron

and Zinc centres was used to calculate the k? value, which yielded a value of 0.218.

In principle, the orientation factor can take a range of values between 0 - 4 depending on the relative
orientation of the donor and acceptor transition dipole moments. Consequently, the dimer of this
study has a geometry yielding a value at the lower end of this range. In the dynamic averaging
condition limit, satisfied if SubPc and ZnTPP dipoles were sampling all the possible orientations, the
average value of k% = 0.444, which will give a kERET =3.82 x 10%1s™1 (¢ERET = 2,62 ps),

significantly larger than the experimentally measured rate. Using Equation 5 and the minimum energy

geometry we obtained a kZRET =1.88 x 10''s~1 (¢fRET =532 ps), which is in satisfactory
agreement with the experimental rate k557 = 1.47 x 10Ms™! (tf%T = 6.81 ps). Consequently,

we can conclude that the minimum energy geometry of the dimer is not optimal for energy harvesting
by EET. These conclusions will inform future synthetic modifications to the structure to enhance EET

efficiency.

We hypothesise that EET may also play a role in the unexpected slow bleaching which was observed
in the dimer TA and EADS at 568 nm. There is significant overlap between the ZnTPP fluorescence
emission and the intense SubPc absorption (Jf = 4.127x 10 M?cm?*nm?). Using Equation 5 to
calculate the rate of the reverse energy transfer, and assuming that the orientational factor does not
change between forward and backward EET, we obtain a slower time constant k2%KFRET = 2 46 x

10051 (t4SKFRET = 40.7 ps). This suggests equilibration between forward and reverse energy

transfer (the ZnTPP is also directly excited) in less than 100 ps. This is too fast for the observed effect,
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which occurs at T > 500 ps. Although, the ZnTPP steady-state emission spectrum (Figure 2) has a Q(0,1)
hot band which might be expected to have a shorter lifetime, compared to the relaxed S: fluorescence,
and therefore contribute less to the back EET. The contribution to the fluorescence spectrum of this
hot band can be excluded by fitting the Q(0,0) band of the ZnTPP emission with a Gaussian. The time
constant associated with the back energy transfer process experiences a three-fold increase when we
only consider the overlap between this relaxed fluorescence spectrum of ZnTPP and the absorption
spectrum of the SubPc. This yields a relaxation time on the same order of magnitude as the
unexpected bleach, but is clearly the slowest possible time that can be recovered assuming simple
Forster transfer and the ground state structure. We speculate that this slow reverse relaxation may
reflect a change in the structure after energy transfer, and that a complete explanation will then only
be obtained through a coupled calculation of the time dependent excited state structure of the dimer
and the geometry dependent energy transfer. All the parameters and the results for the FRET rate

calculations are summarised in Table 2:

Table 2. Parameters used for the calculation of FRET rates (Equation 5) and results for forward and backward energy
transfer

r [Micm | t[ps] | @b K2 R(A) n | K [s1] | T [ps]
1nm4]
SubPc 4,617 E-14 2.1E3 | 0.25 0.218 10.1 | 1.5 | 1.88E11 5.32
>ZnTPP
ZnTPP - | 4.127E-14 1.8E3 | 0.03 0.218 10.1 | 1.5 | 2.46E10 40.7
SubPc
ZnTPP - | 1.163E-14 1.8E3 | 0.03 0.218 10.1 | 1.5 | 6.93E9 144
SubPc’

2 using the reduced emission spectrum (see text)
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CLS analysis of the sub-ps dynamics

o5 —e— SubPc
1 exp + offset fit t = 1.29 ps
i —e— ZnTPP-O-SubPc
0.4 1 exp + offset fit t =192 fs

CLS

T (ps)

Fig. 9 extracted CLS values against population time T (75 fs to 2000 fs) for SubPc-Cl (green data, magenta fit) and ZnTPP-O-
SubPc (blue data, red fit).

Central line slope analysis in 2D-ES allows quantification of the energy gap fluctuations of the
electronic transitions*; such fluctuations can be induced by electronic-vibrational or electronic-
solvent interactions. Here the CLS analysis was carried out on the positive peaks of SubPc-Cl and on
the ZnTPP-O-SubPc up to T =2 ps as shown in Figure 9. Both the SubPc-Cl (green dots) and ZnTPP-O-
SubPc (blue dots) CLS decay are dominated by sub-picosecond relaxation, although the signal-to-noise
is poor (because of the non-Gaussian profile of the 2D peaks and the coexistence of positive and
negative signals) making it difficult to extract more exact time constants for the spectral diffusion. For
the dimer, the CLS reaches a plateau within 500 fs and does not decay further, while the SubPc alone
continues to relax towards zero. Thus these data point to fast spectral diffusion in both monomer and
dimer, but the timescale is too fast to significantly impact upon the incoherent picosecond EET

dynamics discussed above.
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Conclusion

We have investigated spectroscopy and energy transfer dynamics in a dyad comprising a strongly
visible absorbing SubPc donor and a ZnTPP acceptor. The centre to centre distance between the two
chromophores is small (ca 10 A) but the spectra can be accurately reproduced assuming only weak
dipole-dipole coupling, accompanied by combined Forster EET (on the timescale of a few
picoseconds). The rate of EET is influenced by the dimer structure, which resulted in a relatively slow
EET considering the short centre-to-centre distance. The picosecond energy transfer from the SubPc
is followed by ISC in ZnTPP to populate the triplet state. An unexpected slow bleach of the SubPc,
which may indicate a role for reverse EET accompanies these slower processes. Both fsTA and 2D-ES
indicate the existence of subpicosecond dynamics, but these are present in both the donor and the

heterodimer, and do not modify EET dynamics.
Supporting Informations

Calculated absorption and emission spectra of ZnTPP-O-SubPc, Decay Associated Difference Spectra
from Glotaran fit of SubPc, ZnTPP and ZnTPP-O-SubPc, comparison between bleach traces of ZnTPP-
OH and ZnTPP-O-SubPc, spectral progression in the 0.1 — 10 ps T interval for ZnTPP-O-SubPc and EET
evidence from 2DES integrated time traces, sub-ps evolution of the 2D spectrum of ZnTPP-OH, DFT
ground state structures and Transition Dipole Moments (from TD-DFT) of SubPc and ZnTPP in the
dimer, DFT calculations for ZnTPP-O-SubPc, geometry optimisation and coordinates, Chemdraw

structure of ZnTPP-O-SubPc.
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