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Abstract
Fundamental Electron Transfer Dynamics in Donor-Acceptor Compounds: One-, Two-, and
Four- Pathway Systems
Jeremy Fisher
This thesis document is comprised of three research projects. The first investigates the

active vibrational modes involved in twisted intramolecular charge transfer in a Julolidine-
BODIPY dyad using two-dimensional electronic spectroscopy along with DFT calculations. We
identified two types of vibrations, compression and torsional motion, as playing an important
role in this intramolecular charge transfer. The second project examines a four-pathway donor-
acceptor compound, an extended perylene core connected to four naphthalene diimide units, in
solution and in a single crystal using transient absorption and transient absorption microscopy
spectroscopies. By comparing this multi-pathway system to its single-pathway analogue in
solution, we concluded that the four acceptor units do not interact with one another in solution
where the ensemble of molecules is dispersed throughout the solution. In a single crystal,
however, the extremely long-lived charge separated state lifetime suggests charge migration
across electron acceptor units. The third project studies a Zn-porphyrin dimer with two porphyrin
units connected to a triptycene bridge that locks them into a co-facial geometry, with a single
benzoquinone electron acceptor. There is significant evidence of porphyrin-porphyrin interaction
in this dimer system and with the fast charge separation rate, we hope to see evidence of coherent
multi-pathway electron transfer at cryogenic temperatures in a glassy matrix in the two-

dimensional electronic spectroscopy data.
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Chapter 1: Two-Dimensional Electronic Spectroscopy Reveals Vibrational Modes Coupled
to Charge Transfer in a Julolidine-BODIPY Dyad

Jeremy M. Fisher,” James P. O’Connor,’ Paige J. Brown, Taeyeon Kim, Emmaline R. Lorenzo,
Ryan M. Young,* and Michael R. Wasielewski*
Department of Chemistry and Institute for Sustainability and Energy at Northwestern (ISEN),
Northwestern University, Evanston, IL 60208-3113
1.1 Abstract

Understanding charge transfer (CT) dynamics in molecular donor-acceptor dyads can provide
insight into developing efficient donor-acceptor molecules for capturing solar energy. Here, we
characterize the excited-state evolution of a julolidine-BODIPY (Jul-BD) donor-acceptor system
with an emissive CT state using time-resolved fluorescence, femtosecond transient absorption, and
two-dimensional electronic spectroscopies. Comparison of these results with those from phenyl-
BODIPY (Ph-BD) allows us to identify the dynamics at play during CT state formation and its
subsequent conversion to either a fully charge-separated (CS) or triplet state. Photoexcitation of
Jul-BD in tetrahydrofuran results in formation of an initial emissive CT state that relaxes before
fully charge separating. In contrast, Jul-BD in toluene exhibits similar CT state dynamics, albeit
at slower timescales, before decaying to a terminal triplet species. Quantum beat analysis at early
times in both solvents shows several vibronic modes, which are corroborated using density
functional theory (DFT) calculations. For Ph-BD, a single 220 cm™! compression mode about the
single bond linking the phenyl to BODIPY modulates their orbital overlap. Three active vibronic
modes, 147 cm!, 174 cm!, and 214 ¢cm™!, are found in Jul-BD regardless of the dielectric constant
of the medium. These motions correspond to compression and torsional motions along the single

bond joining Jul to BD and is responsible for the evolution of the spontaneous and stimulated
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emission features in the time-resolved spectroscopic data, which is further supported by time-
dependent DFT calculations of the steady-state absorption spectrum of the Jul-BD as a function
of increasing donor-acceptor dihedral core angle. These findings show how torsional and
compression motions can play a pivotal role in intramolecular charge transfer between a donor and
acceptor linked by a single bond.

1.2 Introduction

Organic photovoltaics harness solar energy by generating free charge carriers following
photoexcitation. Once a photon is absorbed, optimizing the charge separation (CS) efficiency is
essential for realizing energy conversion applications.! It has been shown that prior to complete
charge separation across the D-A interface, the photogenerated exciton can rapidly form a bound,
electron-hole pair at the interface.*!° This bound pair is referred to as a charge-transfer (CT) state,
or CT exciton, before evolving via full CS into free charge carriers.

The exact mechanism of exciton dissociation is a topic of considerable interest, as conversion
of the CT state to the CS state often limits solar energy harvesting efficiencies. To this end, model
organic molecular D-A systems have proven useful in understanding the more basic aspects of the
CT conversion phenomenon. Studies have focused on tuning donor and acceptor energetics, D-A
distances, the nature of covalent bridges linking D and A, and the relative D-A geometry
throughout the electron transfer process.!!-°

These studies have served to better define the nature of CT states and the role they play in
promoting CS.3%3¢ The evolution of CT to CS states involves increased ionicity over time until
full electron-hole dissociation results in CS. Indeed, a recent study has demonstrated this

distinction by exploring a two-step charge separation process, wherein a D-A dyad was initially
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photoexcited to form a bright exciton, which then produces a state with partial CT character before
forming the final CS state.>

In model compounds, D and A are often linked by a single covalent bond, such that
photoexcitation of the system results in torsional motion about that bond as charge transfer
occurs.’® 374 Indeed, many examples of twisted intramolecular charge transfer (TICT) states have
been studied.’* 3% 46->4 [n these cases, when the photoexcited D-A system relaxes from its local
exciton (LE) state, charge transfer is favored when the two © systems have large dihedral angles
relative to one another, while conversely, maintaining planarity between the D and A 7 systems
favors relaxation of the LE state, often via radiative decay by fluorescence.*® *?> TICT states have
proven useful in developing optimized organic light emitting diodes (OLEDs),%-7 high efficiency

OPVs,%! finely tuned aggregation-induced emission luminogens (AIEgens),*!- ©2 and techniques

63-70 56, 71, 72

for sensing chemical species, microenvironmental viscosity, and environmental
polarity.*® For example, Sunahara and coworkers*® took advantage of this architecture to develop
a library of BODIPY-containing compounds exhibiting different degrees of TICT state formation
to be utilized for solvent polarity sensing. Thus, fundamental studies into the nature of the

structural changes that accompanies the CT and CS dynamics are important to further optimize the

performance of these materials.



29

N
X N
N\_N_ Nx \_N_ Nx
/B\ /B\
F~F ¥ F
Jul-BD Ph-BD

Scheme 1.1 Structures of Jul-BD and Ph-BD.

In this work, we examine a D-A system containing a BODIPY chromophore as an electron
acceptor covalently linked directly to a julolidine electron donor, Jul-BD (Scheme 1). BODIPY is
an easily tunable chromophore that has well-understood photophysics, making it a desirable
components for focusing on the CT dynamics.”>7® The structure of julolidine restricts the
conformation of the nitrogen lone pair to optimize its conjugation with its benzene 7 system. This
results in Jul-BD having a strong CT absorption band that is relatively well-separated from its
higher energy locally excited (LE) absorption band.”” These distinct LE and CT absorptions allow
their selective excitation to assist analysis of the subsequent excited state dynamics.

We utilized both time-resolved fluorescence (TRF) and transient absorption (TA)
spectroscopies to initially determine the dynamics and kinetics of the system. Upon
photoexcitation of Jul-BD, a multi-step charge separation process was revealed wherein an initial
bright CT state relaxes before proceeding to form the fully CS species in tetrahydrofuran (THF),
or the BODIPY triplet state in toluene. To assess the BODIPY contribution to the photophysics of
Jul-BD, a control molecule was synthesized in which julolidine is replaced by a phenyl group, Ph-
BD (Schemel.l). Two-dimensional electronic spectroscopy (2DES) was then employed to explore

the nature of the reaction coordinate along which these dynamics occur. Our broadband pump



30
pulses preferentially excite large portions of the LE absorptions in Jul-BD and Ph-BD as well as
the CT absorption in Jul-BD enabling the observation of how the states interact and to determine
the overall excitation energy dependence in these systems. In addition, the vibrational modes that
are coupled to the time dependent CT and CS processes were identified using 2DES. These
vibronic interactions manifest as quantum beats, which have been used previously to elucidate
both CT and singlet fission photophysics.%! 78%2 Finally, density functional theory (DFT)
calculations were used to build a microscopic picture of the excited-state dynamics, giving further
context to the trends observed in the TRF, TA, and 2DES data. Using these methods the molecular
vibrational modes that direct the dynamics were identified as contracting and torsional motions
about the D-A single-bond linkage. These results demonstrate the importance of D-A geometry
and the role these Raman-active vibrational modes can play in CT dynamics.

1.3 Methods

1.3.1 Synthesis. The two BODIPY derivatives studied in this paper were prepared following
literature procedures (Scheme S1.1).7” Further details can be found in the Supporting Information
(SD.

1.3.2 Steady-State Optical Spectroscopy. UV-visible-NIR steady-state absorption spectra were
measured at room temperature using a Shimadzu UV-1800 spectrometer. NIR emission was
measured using a HORIBA Nanolog fluorimeter.

1.3.3 Electrochemistry. Electrochemical measurements were performed on a CH Instrument
750E electrochemical workstation. Measurements were made using a 1.0 mm diameter glassy

carbon working electrode, a platinum wire auxiliary electrode, and a silver wire pseudo-reference
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electrode in 0.1 M solutions of n-butylammonium hexafluorophosphate (TBAPF¢) in acetonitrile
purged with argon. Ferrocene was used as an internal standard.

1.3.4 Time-Resolved Fluorescence Spectroscopy. Picosecond time-resolved fluorescence data
were collected using a commercial direct-diode-pumped 100 kHz amplifier (Spirit 1040-HE,
Spectra-Physics), producing a fundamental beam of 1040 nm (350 fs, 12 W) which was attenuated
and used to pump a non-collinear optical parametric amplifier (Spirit-NOPA, Spectra-Physics)
capable of delivering tunable, high-repetition-rate pulses with pulse durations as short as sub-20 fs.
The samples were excited with 570 nm, ~1 nJ laser pulses. Fluorescence was detected using a
Hamamatsu C4780 Streakscope as previously described.*® Samples were prepared in 2-mm
pathlength quartz cuvettes. All data were acquired in single-photon-counting mode using the
Hamamatsu HPD-TA software. The temporal resolution, given by the instrument response
function (IRF), was approximately 3% of the sweep window, with the shortest time resolution
being ~30 ps. Since the lifetime of the fastest of the species was within the IRF of the 1 ns time
window, when performing global fitting analysis of the data in the 10 ns window, the decay time
of the fastest species was fixed to 30 ps, well within the IRF of the 10 ns window (~300 ps).

1.3.5 Transient Absorption Spectroscopy. Femtosecond transient absorption (TA) experiments
were performed on an apparatus that has been described previously.®? Tunable excitation pulses
were generated by using a commercial colinear optical parametric amplifier (TOPAS-Prime,
Light-Conversion, LLC). The polarization was spatially randomized to eliminate the effects of
polarization-dependent dynamics. Spectra were collected using commercial spectrometers
(customized Helios/Eos, Ultrafast Systems, LLC). The total instrument response function was

~300 fs. Transient spectra were averaged for at least 3 s per delay point. Prepared samples had an
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absorbance of 0.2-0.7 at the excitation wavelength and were irradiated in 2-mm pathlength quartz
cuvettes with 0.4-0.8 puJ/pulse focused to ~0.2 mm diameter spot.

1.3.6 Two-Dimensional Electronic Spectroscopy. 2DES experiments were conducted using an
apparatus described earlier.®3 Pump pulses were generated using a noncollinear optical parametric
amplifier (Spirit NOPA-3H, Spectra-Physics). Pump pulses with two distinct spectral profiles were
used, one with a 480-545 nm bandwidth and one with a 500-640 nm bandwidth. Both NOPA pump
beams were tuned to co-excite both the LE and CT absorption bands, but the shorter wavelength
pulse is biased towards the LE absorption transition, while the longer wavelength pulse is biased
towards the CT band.

1.3.7 Density Functional Theory Computations. Density functional theory (DFT) calculations
using Q-Chem 5.1 were performed on Jul-BD at the level of ®B97X-D/6-31G* and on Ph-BD at
the level of B3LYP/6-31G*. Constrained DFT (CDFT) was utilized for calculations involving
compounds with CT character and compounds with specified geometric constraints. Absorption
spectra were calculated using time-dependent DFT (TDDFT).

1.4 Results and Discussion

1.4.1 System Energetics

Steady-State Optical Spectroscopy. The UV-visible absorption spectra of Ph-BD and Jul-BD in
THF and toluene as well as the 2DES pulse spectra are shown in Figure 1.1a. Ph-BD has a sharp
absorptive feature attributed to the lowest singlet band (LE state, S; «— So) at Amax = 500 nm and
505 nm in THF and toluene, respectively, with a shoulder (0-1 vibronic band). Jul-BD has a sharp

absorptive feature attributed to the LE state at Amax = 488 nm and 493 nm, as well as a broad

absorptive feature attributed to the CT transition at Amax = 564 nm and 556 nm in THF and toluene,
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respectively. The broadening and blue shifting of the LE band in Jul-BD compared to the LE band
in Ph-BD implies that the Jul-BD LE state is mixed with the CT state. Additionally, the donor-
acceptor coupling is larger in polar solvents, as the energy separation between the LE and CT
bands is larger in THF than toluene by 452 cm’!. The molar extinction coefficients for both
compounds in both solvents can be found in the SI. To determine the relative contributions of the
LE and CT bands upon selective excitation we fit a pair of Gaussian functions to the Jul-BD
absorption spectra (Figure S1.9). Sole LE-like excitation was measured to be <465 or <472 nm
and sole CT excitation is >557 or >560 nm in THF or toluene, respectively. See the Supporting
Information for details.

Steady-state emission spectra were measured for both Ph-BD and Jul-BD in THF and toluene
(Figure 1.11b), additional data can be found in the SI). Ph-BD shows a sharp emission band at 540
nm with a small Stokes shift. In contrast, the broad emission from Jul-BD ranges from 600-850
nm and has a 3,450 cm™! Stokes shift, which strongly suggests this emission originates from a CT

state. No steady-state emission was observed for Jul-BD in THF. The quantum yields of emission
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Figure 1.1 (a) UV-Vis absorption spectra of Ph-BD and Jul-BD in THF and toluene normalized to
their respective molar extinction coefficients along with black arrows to indicate where
photoexcitation was used in TA/TRF experiments and 2DES pump spectra for blue and green pulses
to show the overlap of each with the BODIPY systems. (b) Fluorescence spectra of Ph-BD in toluene
and THF and Jul-BD in toluene.

(®r) were 2% for Ph-BD and 1% for Jul-BD in in toluene. In DCM, the value of ®¢ for Ph-BD
was unaffected (2%), while emission for Jul-BD became undetectable (®r < 0.5%).

We used these steady-state optical measurements to calculate the approximate energy levels
for the LE state of Ph-BD from the crossing point of its normalized absorption and emission
spectra (Figure S1.10). The data yield Erg =2.44 eV and 2.42 eV in THF and toluene, respectively.
These data are also used as an estimate of the LE state energy of Jul-BD, as LE fluorescence is
not observed from Jul-BD. The CT state energy of Jul-BD was calculated using time-resolved
fluorescence spectra as described below.

The absorption spectrum of chemically oxidized Jul-BD in toluene was measured to be able
to assign Jul™" in the transient optical experiments (Figure S1.11). The spectrum has an absorption
maximum at 520 nm and lacks the CT band present in neutral Jul-BD. The BD* anion has been

reported previously to exhibit an absorption peak at 615 nm. %
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Electrochemistry. Differential pulse voltammetry (DPV) measurements on Jul-BD reveal a
reduction potential of -1.1 eV vs SCE and an oxidation potential of 0.6 eV vs. SCE in acetonitrile
(Figure S1.12). We used these redox potentials to calculate the CS state energy of Jul-BD in THF
and toluene. The Weller equation® was applied to these data to correct for the different dielectric
constants between acetonitrile, the solvent in which the electrochemical potentials were measured,
and THF and toluene, the solvents in which the transient optical experiments were performed (see
the SI). This gives the energy of the fully charge-separated state as 1.97 eV and 1.72 eV in toluene
and THF, respectively.
1.4.2 Excited-State Dynamics
Time-Resolved Fluorescence Spectroscopy. The time evolution of the emission spectra was
investigated using TRF spectroscopy at room temperature in toluene following photoexcitation at
450 nm and 570 nm for Ph-BD and Jul-BD, respectively (Figure 1.2 and S1.13-S1.15). Ph-BD
displays a strong emission at 522 nm that decays with a time constant of © = 409 + 55 ps. This
emission spectrum is consistent with the steady-state spectrum as discussed above. Jul-BD, on the
other hand, exhibits two distinct emission bands. The first band occurs at 550-750 nm with a
maximum at about 630 nm. The second emission band strongly resembles the emissive feature
observed in steady-state fluorescence measurements with a broad spectrum from 600-800 nm with
a maximum at 690 nm. This first emission band decays to second weaker emission state in t1 < 30
ps, while the second emission band decays in 12 = 1.15 £ 0.03 ns.
Transient Absorption Spectroscopy. Upon photoexcitation near 500 nm, the transient absorption
spectrum of Ph-BD (Figures S1.16-S1.17) shows a ground-state bleach (GSB) at 5 nm with a

stimulated emission (SE) shoulder at ~550 nm, consistent with the steady-state measurements. Ph-
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"BD then undergoes a structural relaxation in 11 = 10.9 + 0.3 ps and t1 = 13.8 = 0.3 ps in THF and
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Figure 1.2 Evolution-associated spectra extracted from TRF data collected on (a) Ph-BD and (b) Jul-
BD using excitation pumps of Aex = 450 nm and 570 nm, respectively, in toluene.

respectively before decaying to ground state in 12 = 237.9 & 0.4 ps and 408.2 £+ 0.3 ps in THF and
toluene, respectively (see SI). No triplet states or other long-lived species are observed.

The excited-state dynamics of Jul-BD were investigated using three different excitation
wavelengths (475/490 nm, 560/560 nm, and 615/590 nm for THF/toluene), to predominately excite
into the LE-like state, the CT band at the edge of the LE absorption, and into the CT band far from
any LE absorption, respectively. The TA data and the evolution-associated spectra (EAS) extracted
from the data acquired with 560 nm excitation in both solvents are shown in Figure 3; additional
TA data and fitting details are given Figures S1.18-S1.23.

In both solvents and across all three pump wavelengths, we see the rapid formation of an initial
state consisting of four excited-state absorptions (ESA) at 350 nm, 415 nm, 510 nm, and 615 nm.

The latter two features are assigned to Jul™ (Figure S1.11) and BD™, respectively.’* There are also
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GSB features at 490 nm and 570 nm, corresponding to the LE and CT absorption bands
respectively, and overlap with the Jul™ ESA. In addition, we observe a broad SE band from 600-
800 nm, which closely matches the emission spectrum of the short-lived initial species observed

in the TRF data in toluene.
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Figure 1.3 TA data of Jul-BD in (a) THF and (b) toluene acquired with Acx = 560 nm. Evolution-
associated spectra of Jul-BD from TA in (c) THF and (d) toluene.
Following this, we observed the formation of another species having the same ESA features
as the CT state, which exhibits a slightly redder SE spanning 650-800 nm, implying the CT state

system has undergone relaxation to a lower energy state, CTrx, along with some population loss.



38
The changes in this emissive feature both in intensity and wavelength are consistent with the
evolution observed in the TRF measurements in toluene. The time constant for the CT — CTux
transition extracted from the TA is tux = 0.6 £ 0.3 ps in THF and 3.2 £ 0.3 ps in toluene,
respectively.

Following CT — CTiux relaxation, CT:x decays into one of two distinct terminal states before
returning to the ground state, depending on the solvent. In THF, Jul-BD fully charge separates to
form the CS state with a time constant of tcs= 1.9 + 0.3 ps, displaying the same ESA and GSB
features observed in the CT states, albeit with broadened and slightly red-shifted BD*" ESA and no
SE. On the other hand, the decay of the CT state in toluene occurs in tcrr = 1223 + 3 ps to form
the triplet state (Jul-**"BD).%¢ This time constant is consistent with TRF data and the CT state decay
results in the loss of ESA at 350 nm, a major reduction in the CT state bleach, and the absence of
SE. These results are consistent with the estimated Jul-BD CS state energies of 1.97 eV in toluene
and 1.72 eV in THF. The relatively low-energy CS state in THF does not have sufficient energy
to charge recombine to form Jul->*BD because its triplet energy is 1.9 €V according to our DFT
calculations (see SI for details). In contrast, Jul-BD system does not undergo CS in toluene and
has sufficient energy to form Jul->*BD from the CT state.

With our more complete understanding of these system dynamics, we can now estimate the
energy difference between the CT and CTux states for Jul-BD. For CT, we used the crossing point
of the CT emission spectrum from the toluene TRF data and the Jul-BD absorption spectrum
normalized to the CT band, which occurs at 607 nm, yielding a CT state energy of 2.04 eV (Figure
S1.10c). This method is not an accurate approximation for the CTix state, as it relies on negligible

nuclear reorganization. Instead, we use the energy gap (AE) between the two emission spectra
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obtained from the TRF measurements, approximately 0.18 eV, to estimate the CT:x energy using
the following equation: Ectix = Ect - AE/2. This gives a relaxed CT state energy of 1.95 eV in
toluene, which is similar to that in THF due to the similarity of the SE features. The Jablonski

diagram in Figure 1.4 outlines the system energetics.
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Figure 1.4. Jablonski diagram of Jul-BD where rates k = 1/t. The reaction pathway is the same
regardless of dielectric medium until the CT state, whereupon in THF Jul-BD undergoes CS while in
toluene it undergoes CRT. Gray indicates states and transitions accessible only in toluene.

1.4.3 Analysis of the CT Dynamics

Two-Dimensional Electronic Spectroscopy. 2DES experiments were performed to further probe
the CT state evolution in Jul-BD. Two distinct pump pulses were used for this analysis, one blue
(480-545 nm) and one green (500-640 nm), as shown in Figure 1.1a. The blue pump can co-excite
both the LE-like and CT absorption bands but is biased towards the LE-like band. Meanwhile, the
green pump is biased more towards the CT band. Representative spectra for Ph-BD and Jul-BD

with the blue pump and Jul-BD with the green pump in THF can be seen in Figure 1.5; data in
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toluene can be seen Figure S1.25. No signal above the noise floor was seen in Ph-BD when excited

with the green pump.
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Figure 1.5 Representative 2DES spectra of (a) Ph-BD excited with the blue pump, and Jul-BD
excited with the (b) blue pump and (c) green pump, all in THF at a 1 ps waiting time.

The data show that the red emissive features of Jul-BD from A3 = 600 to 800 nm exhibit a
strong pump dependence. Interestingly, these SE features seem to be best accessed when exciting
at the equivalent co-excitation point of the LE and CT bands at A; = 523 nm, as they are more
favorably formed with lower energy excitation while the LE-like features are stronger upon higher
energy excitation. This is likely due to additional relaxation pathways from the LE state in
competition with CT formation when the molecule is excited at shorter wavelengths. It is also
evident in the 2DES data that the minimum of the CT emissive feature red shifts over early (0.1-

1.5 ps) waiting times, starting from A3 = 600 nm, and finishing around A3 = 800 nm. In contrast,
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Ph-BD exhibits a single GSB centered at A3 = 510 nm and around the peak of the pump intensity,
along with a weak ESA feature around at A3 = 675 nm. These results are consistent with the trends
observed in the TA and TRF data.

Fast Fourier transform (FFT) analysis on the data for both compounds was used to extract
relevant Raman active modes and the strength of their signals in different portions of the spectrum,
namely, the LE GSB, CT GSB, ESA, and SE regions. The resulting power spectra are shown in
Figure S1.26 and show a total of three active Raman modes for Jul-BD at 147 cm™!, 174 ¢cm™!, and
214 cm™'. The 174 cm™! mode only appears when the system is photoexcited using the blue pump
and is localized in the LE GSB region, indicating it is involved with the LE dynamics. The 147
cm! and 214 cm™! modes, on the other hand, appear in both the blue and green pump data most
strongly in the SE region and do not appear in the LE GSB region. Furthermore, the 147 cm™! mode
is stronger in toluene than in THF, while the 214 ¢cm™ mode does not show much solvent-
dependence. For Ph-BD, a single active Raman mode was observed at 220 cm™! in both toluene
and THF.

Next, to gain further insight into the early time dynamics of Ph-BD and Jul-BD, a quantum
beating analysis was performed on both systems in both pump regimes for the Raman-active
modes determined from the power spectra (Figure 1.6). All modes observed in THF also appear in
the toluene data as well (Figures S1.26 and S1.27). Because the modes were seen in both solvents,
we infer that similar early time coherences and vibronic couplings occur regardless of the dielectric
medium. For Ph-BD, the single 220 cm™' mode was found centered about the singlet GSB at A3 =

~510 nm with cross peaks on either side and slight signal trailing down through the higher energy
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pump SE region of the spectrum up to A3 = ~600 nm (Figure 1.7a). These data indicate this mode
corresponds to Ph-BD LE state formation and relaxation.

As predicted, the beatmaps for Jul-BD upon photoexcitation with the blue pump show that
174 cm™! mode only exhibits intensity in the LE GSB region (Figures S1.28a-b), bearing a close
resemblance to the 220 cm™! beatmap in Ph-BD. The 147 and 214 ¢cm™! vibrational modes also
have strong features centered around the LE bleach in their beatmaps but contain features in the
CT SE region as well at A3 = 600-725 nm (Figures 1.6b-c and S1.27b-c). In toluene these SE
beating features have relatively equal intensity for both modes, while in THF they are more

prominently
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Figure 1.6 Quantum beatmaps of the (a) 220 cm™ vibronic mode in Ph-BD when excited with the
blue pump, and the 147 and 214 cm™' vibronic modes of Jul-BD when excited with the (b,c) blue
pump and (d,e) green pump, in THF.
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observed in the 214 cm! beatmap. Additionally, the strength of this feature in the SE region shows
a significant pump-dependence, as it grows much stronger with increasing pump wavelength in
both solvents. This finding suggests the 147 cm™ and 214 cm™! modes engage in connecting the
LE and CT states.

Finally, we analyzed the beatmaps of Jul-BD upon photoexcitation of the CT band using
the green pump. Though the frequencies of these modes are the same as those observed upon blue
pump photoexcitation, the beatmaps themselves are quite different due to the change in wave
packets used to launch the coherences in the system. In these beatmaps, there is very little signal
around the LE GSB, and much stronger signal around the CT GSB and SE regions, indicating that
these modes are strongly involved in CT state evolution. Perhaps the most striking example of this
is within the beatmap of the 174 cm™! mode, which shows strong intensity in the CT SE region in
THF, while there is none with blue pump excitation (Figure S1.28¢). In toluene, the 147 cm™! mode
is strongly centered about the CT GSB, while the 214 cm™ mode has greater intensity in the CT
SE region, with hardly any at the CT GSB region (Figures S1.27d and S1.27¢). This phenomenon
becomes clearer when looking at the THF data depicted above in Figures 1.6d and 1.6e. Here it is
apparent that the shapes for these two modes are quite similar, save that the feature for the 214 cm-
"' mode extends redder than for the 147 cm™ mode. This indicates that the 147 cm™' mode is likely
involved specifically in the CT state dynamics, which lacks that redder SE feature, while the 214
cm! seems to be involved in both CT and CTyi states, as suggested by the power spectra (Figure
S1.26).

Computational Analysis. DFT calculations were performed on Jul-BD to further investigate the

mechanistic details related to the red shift that occurs in relaxation from CT to CTiix. Results for
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DFT calculations on Ph-BD can be seen in the Supporting Information (Figure S1.29).
Visualizations of the HOMO/LUMOs can be found in the SI as well. (Figure S1.31). Geometry
optimizations on neutral Jul-BD, Jul-BD CS state, and several Jul-BD partial CT states, namely,
0.7 CT, 0.8 CT and 0.9 CT were performed, where the coefficients reflect the portion of a charge
transferred from Jul to BD, to investigate structural changes accompanied by electron transfer.
The results show gradual increase in the dihedral angle with increasing CT character from neutral
Jul (21.3° twist) to 0.9 CT (36.6° twist) and a drastic increase in the angle upon complete CS,
where the donor and acceptor units are nearly perpendicular with an 88.7° twist (Figure 1.7a and

Figure S1.32).
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Figure 1.7 (a) Calculated optimized geometries for Jul-BD in the ground state (top) and CS state
(bottom) (b) calculated absorption from TD-DFT of Jul-BD with 0.8 CT character with different fixed
dihedral angles. Atoms involved with dihedral twisting are highlighted in red for both GS and CS
states.

Next, a normal mode analysis was performed on the neutral, partial 0.8 CT, and CS states of
Jul-BD as well as on Ph-BD, to visualize the active Raman vibrational modes identified in the

2DES data (Figure S1.30). For Jul-BD, torsional motion of Jul about the single bond joining it to
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BD is observed in most electronic states for all three vibronic modes, 147, 174 cm™' and 214 cm’.
This is consistent with earlier studies on TICT states that have long been shown to exhibit similar
emission dynamics and properties as a function of their rotation,>!> 87- 88 though we note that the
fully charge-separated state of Jul-BD in THF is not emissive. Interestingly, the 147 cm™ mode in
the GS and CS state and the 174 cm™ mode in the partial CT state exhibit a molecular breathing
motion along the center-to-center axis that modulates the distance between Jul and BD. This sort
of vibration has been previously observed in BD compounds and is suggested to participate in LE
dynamics.!” Indeed, the same type of molecular breathing motion is observed in Ph-BD for its
active Raman mode at 220 cm™! (Figure S1.29).

Finally, we held the degree of partial CT constant at 0.8 CT and changed the dihedral angle
between the Jul and BD units. Holding that angle at 40°, 50°, 60°, and 70° to simulate greater
amounts of torsional motion, we calculated the optimized geometry of the molecule and simulated
the absorption spectra (Figure 1.7b). These calculations show red shifting of the CT absorption
band with increasing dihedral angle, suggesting the red shifting we observe in transient
experiments indeed results from conformational relaxation of the molecule upon core twisting
between the Jul and BD units. This finding is consistent with previous work on TICT states that
shows these types of torsional motions are associated with charge transfer in D-A systems.>!- 87 88
This trend is also consistent with the observation of Jul-**"BD formation in toluene, where the
greater orthogonality allows for a change in spin angular momentum upon charge recombination
via the spin-orbit CT intersystem crossing (SOCT-ISC) mechanism.® Moreover, while TICT
states have been known for decades, these findings suggest that in addition to molecular twisting

to increase the D-A dihedral angle playing a role in CT and CS, molecular vibrations, which result
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in zero net molecular motion overall, corresponding to torsional motion between the donor and
acceptor are also playing a role in this system as electron density is transferred from the donor to
the acceptor.

The overall system dynamics described by these findings in tandem with our experimental
results are illustrated in the potential energy surface diagram as shown in Figure 1.8, with the

reaction coordinate depicted as the yellow line. As the system traverses this path, core twisting to
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Figure 1.8 Schematic potential energy surfaces describing the dynamics of Jul-BD in (a) THF and (b)
toluene as functions of dihedral angle between the julolidine and BODIPY cores and the solvent
relaxation coordinate.

v

v

increase the D-A dihedral angle promotes electronic state evolution and the wavepacket moves
down the potential surface. The Raman-active vibrational modes facilitate this overall relaxation,
ultimately pushing the system to continue along the PES and reach the lower energy states.
1.5 Conclusion

This study identified and characterized the time evolution of the optically bright CT state in a

Jul-BD dyad and a Ph-BD control molecule. Ultrafast TA and TRF spectroscopies were used to
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elucidate the dynamics of both systems in THF and toluene upon photoexcitation using a range of
photoexcitation pump wavelengths to access the Ph-BD LE and Jul-BD LE and CT states based
on their steady-state absorption spectra. Exciting Jul-BD in either solvent across all pump
wavelengths results in the formation of an initial bright CT state followed by a second
conformationally relaxed state, CTyx. In THF, full CS was then observed while in toluene the CTyix
state recombines to give Jul->"BD. We attribute this change to the different polarities of the
solvents modulating the energy of the CS state. Only two species are observed upon
photoexcitation of Ph-BD, an initial singlet LE state and its conformational relaxation before
returning to the GS. Ultrafast 2DES was used to further characterize these dynamics at faster
timescales and ascertain which vibronic interactions play role in the CT process.

Detailed analysis of the TA, TRF, and 2DES data for Jul-BD reveal the spectral red shift that
occurs when CT — CTux. DFT calculations show that torsional motion of Jul and BD about the
single bond joining them, which increases the dihedral angle between them, occurs with increasing
CT character, is responsible for this red shifting. FFT power spectra and quantum beatmaps were
obtained from the 2DES measurements to identify vibrational modes coupled with electronic states
and DFT calculations were used to visualize their effects on a molecular level. These modes reveal
the importance of both Jul-BD torsional motion and breathing motion between the donor and
acceptor units associated with the flow of electron density from Jul to BD along with coupling
between electronic states.

Understanding the fundamental characteristics of these types of molecular D-A systems gives
insight into the parameters at play when considering the flow of electrons. Our approach to this

question ultimately provides further insight into the nature of TICT states and how their properties
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can be optimized for new technologies. Moreover, these findings show how torsional and
compression motions can play a role in charge separation between donors and acceptors whose n

systems are at large dihedral angles within the active layer of organic photovoltaics.

1.6 Supporting Information
1.6.1 Materials, Methods, and Synthesis
Materials. All chemicals and solvents were purchased from commercial suppliers and were used

without further purification.

Synthesis:
N
R = EP
A B
R R
@ + j\ TEA DDQ, TEA, BF3 ~ -\ N
\_NH 0“ H — = =~ —> N\_N. N=
\_NH HN—Z B~
R=A1a F \F
_ R = A Jul-BD
R=B1b R =B Bzn-BD

Scheme S1.2. Synthetic scheme for Jul-BD and Bzn-BD

Preparation of 1a
A solution of p-julolidinealdehyde (500 mg) in pyrrole (20 mL) was bubbled with N> gas for 15

minutes. Trifluoroacetic acid (0.05 mL) was added and the solution turned from yellow to
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red/purple. The flask was covered in aluminum foil to protect it from light and left to stir overnight
at room temperature under N> gas. The pyrrole was removed via rotary evaporation and the
reaction mixture was dissolved in DCM (45 mL) and washed with H,O (3 x 100 mL). The product
was then purified by column chromatography using silica gel. 3% triethylamine in hexanes was
run through the silica before loading the material to neutralize the silica. The product was purified
using DCM/hexanes (1:2) as eluent yielding 1a as an orange solid (150 mg). 'H NMR (CDCI3,
500 MHz): § (ppm) = 7.90z (s, 2H), 6.65 (s, 4H), 6.15 (s, 2H), 5.95 (s, 2H), 5.28 (s, 1H), 3.11 (t,
J=5.5Hz, 4H), 2.70 (t,J = 6.0 Hz, 4H), 1.96 (m, 4H). 3C NMR (CDCI3, 100 MHz): 8 (ppm) =
141.9, 133.5, 128.9, 126.6, 121.7, 116.6, 108.2, 106.7, 50.2, 43.1, 27.4, 22.2. MS-MALDI (m/z)

calculated for C21H23N3. 318.20, found: 318.22.

Preparation of 1b

The same procedure was used as for 1a. 'H NMR (CDCI3, 500 MHz): § (ppm) = 7.92 (s, 2H), 7.26
(m, 5H), 6.70 (ddd, J = 2.5 Hz, J’ = 2.5 Hz, J”’ = 1.5 Hz, 2H), 6.18 (dd, J = 5.8 Hz, J' = 2.6 Hz,
2H), 5.93 (m, 2H), 5.49 (s, 1H). 3C NMR (CDCI3, 100 MHz): 8 (ppm) = 149.5, 146.5, 130.7,

129.4,123.9,117.9,108.7, 107.5, 43.5.

Preparation of Jul-BD

To a solution of 1a (130 mg) in DCM (15 mL) was added DDQ (220 mg), turning the solution
from orange to dark blue/purple. The solution was then stirred at room temperature overnight under
N> gas. Triethylamine (0.5 mL) and boron trifluoride diethyletherate (1 mL) were then added and

the reaction was stirred overnight at room temperature under N2 gas. The solution was then washed
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with H2O (3 x 100 mL). The DCM was removed via rotary evaporation and the material was
purified using column chromatography on silica gel with DCM/hexanes (2:1) as eluent to afford a
deep blue solid (35 mg). '"H NMR (CDCI3, 500 MHz): § (ppm) = 7.81 (s, 2H), 7.12 (s, 2H), 7.04
(d, J=4.0, 2H), 6.50 (dd, J’ = 4.0, )’ = 1.9, 2H), 3.31 (t, J = 6.0, 4H), 2.80 (t, J = 6.0 Hz, 4H),
2.01 (m, 4H). 3C NMR (CDCI3, 100 MHz): & (ppm) = 148.6, 146.0, 140.6, 134.2, 131.1, 130.2,
121.2, 120.9, 117.1, 50.0, 27.7, 21.4. MS-MALDI (m/z) calculated for C21H20N3F2B. 363.22,
found: 363.21.

Preparation of Ph-BD
The same procedure was used as for Jul-BD. 'H NMR (CDCI3, 500 MHz): & (ppm) = 7.93 (s,
2H), 7.54 (m, 5H), 6.93 (d, J = 3.5 Hz, 2H), 6.53 (d, J = 3.5 Hz, 2H). 1*C NMR (CDCI3, 100 MHz):

o (ppm) = 147.3, 144.0, 134.7, 133.6, 131.5, 130.8, 130.4, 128.4, 118.6.

1.6.2 Steady State Optical Characterization
Gaussian Fits of UV-Vis
The LE and CT absorption bands of Jul-BD in THF and toluene were fit to gaussian curves to

determine their relative contributions at various excitation wavelengths as shown in Figure S1.9.
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Figure S1.9. Gaussian fits of singlet and CT bands of Jul-BD in (a) THF and (b) toluene with dashed
lines indicating the pump wavelengths used in fsSTA experiments.

Normalized Absorption and Emission Crossing Points
The various normalized absorption and emission spectra of both compounds are reported here. For
CT and CTiix of Jul-BD, the spectra were normalized to the CT absorption band, while the spectra

were normalized to the LE absorption band of Ph-BD for the LE state.
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Figure S1.10. Normalized absorption and emission spectra for (a) Ph-BD in toluene, (b) Ph-
BD in THF, (c) Jul-BD in toluene with the CT emission from TRF, and (d) Jul-BD in toluene
with the CTrlx emission from TRF.
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Molar Extinction Coefficients
Molar extinction coefficients (¢) were measured for both Jul-BD and Ph-BD in THF and toluene
yielding the following results: e(Ph-BD, THF) = 34,091 cm'M-!, &(Ph-BD, toluene) = 33,715 cm-

M1, ¢(Jul-BD, THF) = 8,330 cm'M™!, and ¢(Jul-BD, toluene) = 8,150 cm™'M"!.

Absorption Spectrum of Julolidine Cation

To obtain the absorption spectrum of the oxidized Jul-BD, so as to be able to identify the spectral
features of Jul™ within the TA and 2DES experiments, tris (4-bromophenyl)ammoniumyl
hexachloroantimonate was added to a solution of Jul-BD in toluene (Figure S1.11). The
disappearance of the CT band as well as the appearance of a new absorptive feature are evidence

that chemical oxidation occurred.
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Figure S1.11 Absorption spectra of Jul-BD with the addition of oxidant magic blue in toluene.



55

1.6.3 Electrochemical Analysis

Differential Pulse Voltammetry

Electrochemical measurements were performed on a CH Instrument 750E electrochemical
workstation. Measurements were made using a 1.0 mm diameter glassy carbon working electrode,
a platinum wire auxiliary electrode, and a silver wire reference electrode in 0.1 M solutions of n-
butylammonium hexafluorophosphate (TBAPFs) in acetonitrile purged with argon. Ferrocene was

used as an internal standard.
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Figure S1.12 Differential pulse voltammetry (DPV) spectrum of Jul-BD measured in acetonitrile.

Weller Equation Analysis
The Weller equation was applied to these data to correct for the different dielectric constants
between acetonitrile, the solvent electrochemical potentials were measured in, and THF and

toluene, the solvents transient experiments were performed in, as follows:
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AGonx—Ered-( )+(82(E+E)(€_s_£) (EanII)

TDAEs
where Eox and E,q are the oxidation and reduction potentials of the donor and acceptor,
respectively, in the solvent electrochemical measurements were taken with a static dielectric
constant gsp, e is the charge of an electron, 7pa is the ion pair distance, 7p and r4 are the ionic radii,
and ¢; is the static dielectric constant of the solvent we are comparing against.{Greenfield, 1996
#64
1.6.4 Fitting Methodology for TRF and TA Data
Data Processing for TA Data
Prior to kinetic analysis, the TA data were scatter-subtracted and chirp-corrected using Surface
Xplorer 4 (Ultrafast Systems, LLC).

Kinetic Fitting Methodology

All kinetic analysis was performed using home written programs in MATLAB and was based on
a global fit to selected single-wavelength kinetics. An assumption of a uniform instrument
response of w =300 fs for fSTA (full width at half maximum, FWHM) across the frequency domain
and a fixed time-zero (%) is implicit in the global analysis. Kinetic data from the entire 320-850
nm window were fitted using the global analysis described below. The population dynamics in
toluene and THF overlap with the non-resonant solvent response, which was modeled as the decay
of a separate population with a fixed decay rate smaller than the instrument response. Each
specified wavelength was given an initial amplitude that is representative of the spectral intensity
at time #p. The rate constants and 79 were shared among the various kinetic data and varied globally
across the kinetic data to fit to the models described below. Datasets were globally fit to a specified

kinetic model and the resultant populations were used to deconvolute the dataset and reconstruct
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the evolution-associated spectra. Below are the first-order kinetic models of each system with rate

matrix K and initial species population vector P:

1.

TRF of Ph-BD:
K= (_kA—>GS) P=(1)
(Egn. S1.2)
TRF of Jul-BD:
—k
K:< A-B 0 ) P=(1)
kA—>B _kB—>GS 0 (Eqn. S1.3)
TA of Jul-BD:
-1/0.1 0 0 0 1
oo 0 e 20 ) el
AsB T TBoC Eqn. SI.
0 0 kpoe —keogs o/ ~ (Fan-S1A)
TA of Ph-BD:
-1/0.1 0 0 1
K = ( 0 —k4p 0 ) P = (1) (Egn. S1.5)
0 kA—>B _kB—>GS 0

The MATLAB program numerically solved the differential equations through matrix

methods and then convoluted the solutions with a fixed Gaussian instrument response function

with width w = 0.3 ps (FWHM) before utilizing a least-squares fitting using a Levenberg-
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Marquardt method to find the parameters that result in matches to the kinetic data. Uncertainties
in reported time constants were taken as the standard deviation of the fits from multiple replicates

unless stated otherwise.
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1.6.5 Time-resolved Fluorescence Spectroscopy
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Figure S1.13 (a) TRF spectra of Ph-BD in toluene excited at 450 nm over a 2 ns window. (b) Selected
wavelengths and kinetic fits from global analysis. (c) Evolution-associated spectra and time constant. (d)
Population curves of kinetic states.
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Figure S1.14 (a) TRF spectra of Jul-BD in toluene excited at 570 nm over a 1 ns window. (b)
Selected wavelengths and kinetic fits from global analysis. (c) Evolution-associated spectra and time
constant. (d) Population curves of kinetic states.
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Figure S1.15 (a) TRF spectra of Jul-BD in toluene excited at 570 nm over a 10 ns window. (b)
Selected wavelengths and kinetic fits from global analysis. (c) Evolution-associated spectra and time
constant. (d) Population curves of kinetic states.



1.6.6 Transient Absorption Spectroscopy
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Figure S1.16 (a) TA spectra of Ph-BD in THF excited at 500 nm along with relevant (a) evolution-
associated species spectra, (c) selected wavelength kinetic fits from global analysis, and (d) population
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Figure S1.17 (a) TA spectra of Ph-BD in toluene excited at 505 nm along with relevant (a) evolution-
associated species spectra, (c) selected wavelength kinetic fits from global analysis, and (d) population
dynamics of each species.

The Ph-BD excited-state dynamics in THF and toluene following excitation of its S; «— So
absorption band are shown in Figures S1.16-S1.17. The first species formed exhibits a GSB
signature centered at 500 nm and 505 nm in THF and toluene, respectively, along with an emissive
shoulder 45 nm (1750 cm™) red of the GSB. This is consistent with the fluorescence measured in
the steady state. In < 15ps, this species relaxes into a second state, with a similar shape but lower
contribution from fluorescence and slightly different shape of the GSB. The system then returns
back to the ground state in hundreds of picoseconds. The kinetics of both processes are faster in

THF than in toluene.
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Figure S1.18 (a) TA spectra of Jul-BD in THF excited at 475 nm along with relevant (a) evolution-
associated species spectra, (c) selected wavelength kinetic fits from global analysis, and (d) population
dynamics of each species.
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Figure S1.19 (a) TA spectra of Jul-BD in THF excited at 560 nm along with relevant (a) evolution-
associated species spectra, (c) selected wavelength kinetic fits from global analysis, (d) population
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dynamics of each species, and (e) evolution-associated species spectra zoomed in at the region of the

BD™ ESA feature.
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Figure S1.20 (a) TA spectra of Jul-BD in THF excited at 615 nm along with relevant (a) evolution-
associated species spectra, (c) selected wavelength kinetic fits from global analysis, and (d) population
dynamics of each species.
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Figure S1.21 (a) TA spectra of Jul-BD in toluene excited at 490 nm along with relevant (a) evolution-
associated species spectra, (c) selected wavelength kinetic fits from global analysis, and (d) population

dynamics of each species.
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Figure S1.22 (a) TA spectra of Jul-BD in toluene excited at 560 nm along with relevant (a) evolution-
associated species spectra, (c) selected wavelength kinetic fits from global analysis, and (d) population
dynamics of each species.
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Figure S1.23 (a) TA spectra of Jul-BD in toluene excited at 590 nm along with relevant (a) evolution-
associated species spectra, (c) selected wavelength kinetic fits from global analysis, and (d) population

dynamics of each species.
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1.6.7 Two-Dimensional Electronic Spectroscopy

2DES experiments were conducted using an experimental apparatus previously described.”® The
pump and probe were parallel in polarization and the pump energy at the sample was
approximately 4 nJ/pulse for the blue pump and 6 nJ/pulse for the green pump. We used absorptive
four-frame phase cycling to remove pump scatter background signals from the 2DES data. Data

were averaged with 5000 laser cycles for each 2D spectrum.

Pulse Characterization
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Figure S1.24 Fitted instrument response function for (a) blue and (b) green NOPA pump pulses in
THF.
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Additional 2DES Data in Toluene
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Figure S1.25 Representative 2DES spectra of (a) Ph-BD excited with the blue pump, and Jul-BD
excited with the (b) blue pump and (c) green pump, all in toluene at a 1 ps waiting time.

Additional 2DES data in toluene resembles those of THF closely, save for increased
scattering and noise in the toluene green pump data, leading to its more amorphous spectral
features. As well, kinetics and evolution are substantially changed relative to those in THF, as
discussed in the fsTA section above and the main text. All 2DES plots presented in this paper have
been 11" order gaussian smoothed before being normalized to their highest absolute intensity

value.



Power spectra from 2DES data
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Figure S1.26 Power spectra for Ph-BD upon blue pump photoexcitation in (a) toluene and (b) THF.
Power spectra for Jul-BD (c) in toluene upon blue pump photoexcitation, (d) in toluene upon green
pump photoexcitation, (¢) in THF upon blue pump photoexcitation, and (f) in THF upon green pump
photoexcitation.
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The power spectra depicted in Figure S1.26 were formed upon averaging and analyzing a 100 cm’
! diameter box, centered at pump and probe regions of interest. These regions of interest for Ph-
BD were centered at o1 = 19750 cm! and @3 = 19850 cm™! for the singlet GSB, @i = 19750 cm™!
and @3 = 17750 cm™! for the singlet SE, and w1 = 19750 cm™! and w3 = 15500 cm™! for the singlet
ESA. For Jul-BD excited with the blue pump these regions were centered at i = 19750 cm™! and
®3= 19950 cm! for the LE GSB, o1 = 19500 cm™! and @3 = 17600 cm™" for the CT GSB, and o
= 19250 cm™! and w3 = 16000 cm! for the CT SE. When examining the green pump excitation
data for Jul-BD these regions were selected to be centered at ®; = 18350 cm! and w3 = 20550 cm
! for the LE GSB, 1 = 18000 cm™ and o3 = 18750 cm™! for the upper probe energy CT GSB, »1
= 18000 cm! and w3 = 17700 cm™! for the lower probe energy CT GSB, and ®1 = 18000 cm™! and
®3 = 15500 cm’! for the CT SE.
All FFT data in THF were normalized to the 914 cm™ THF mode while all data in toluene were

normalized to the 1005 ¢cm™ toluene mode for comparison.

Additional Quantum Beatmaps
All quantum beatmaps were 11" order gaussian smoothed before being normalized to their highest

intensity values in each beatmap window.
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Figure S1.27 Quantum beatmaps of the (a) 220 cm™ vibronic mode in Ph-BD when excited with the
blue pump, and 147 and 214 cm™ vibronic modes of Jul-BD when excited with the (b,c) blue pump
and (d,e) green pump, in toluene.



,=174cm™’

/ 4/25¢ (cm™) x103

1,=174cm™
— (nm)
525 500
S 0
20 L 500
194 I 525
o
&
= 18- L 550
- 575 3
e 174 —
3 L 600 2
o 3
& 161 L 625
N
~» L 650
vy 154 L 675
[ 700
141 L 725
L 750
1341+ .
19 20

1,/26¢ (cm™) x107

64 (nm)
625600 575 550 525

N
o

-
©

-
o

-
~

-
o]

-
[¢)]

-
N

13 fp==e SRR
16 17 18 19
3,/21c (cm™) x103

o, =174 cm™!
Ay (nm)
525 500

0
-500

-525

-550

-575 3
600
625
-650
675
700

- 725
- 750

—~
=]
3

~

13

19 20
o,/2nc (cm™) x1073

- -1
@, =174 cm A, (NM)
625600 575 550 525
-9 oV
Q [ =)
20- -500
191
v
%z 18 -550
£ 171
S -600
2 161
S -650
8 15-
- 700
14 1
i - 750
13 L4

16 17 18 19

w4/2nc (cm™) x1073

76

Figure S1.28 Quantum beatmaps of the 174 cm™ vibronic mode in Jul-BD when excited with the
blue pump in (a) THF and (b) toluene, and the green pump in (c) THF and (d) toluene.
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1.6.8 Density Functional Theory Computational Details and Results

Calculated Raman Vibrational Modes

a) b)

Figure S1.29. Visualizations of calculated (a) geometry and (b) frequency for active Raman
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Neutral
162 cm’”

Figure S1.30 Visualizations of calculated frequencies for active Raman modes found in 2DES of Jul-
BD with different degrees of charge transfer.

Calculated HOMO/LUMOs
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Figure S1.31 Visualizations of calculated HOMOs and LUMOs.
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Calculated Optimized Geometries

As described in the main text, Density functional theory (DFT) calculations using Q-Chem 5.1
were performed on Jul-BD at the level of ®B97X-D/6-31G*. Constrained DFT (CDFT)
calculations were utilized for calculations involving compounds with CT character and compounds
with specified geometric constraints. For the CT calculations negative charge was placed on the
atoms belonging to the BODIPY and positive charge was placed on the atoms belonging to the
julolidine. For the geometric constraints, the same four atoms were selected, two on each side of
the sigma bond connecting the julolidine to the BODIPY (Figure S1.27). Frequencies were scaled
by a factor of 0.96. It should be noted that for the CS state normal mode analysis the calculation
yielded one imaginary frequency. We believe this is a consequence of the constrained nature of
the geometry optimization calculation where we placed a positive charge on the julolidine portion

of the molecule and a negative charge on the BODIPY portion.

Neutral, 21.3° 0.7CT, 29.5° 0.8CT, 34.:3°

Triplet, 33.5°
o F

Figure S1.32 Calculated geometry optimizations of Jul-BD in the ground state, partial CT state, CS
state. and triplet state.
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-1.10227
1.07756
-0.01611
0.60732
0.69281
0.09289
-0.56894
-0.58989
0.14575
-0.31708
0.71158
1.40500
-1.22671
-0.42709
0.73331
-1.14373
-1.78777
-1.16844
0.98707
1.36874
0.68459
1.07870
-1.10715
-1.29207
0.39164
0.10857
1.73294
1.40218
2.45867
-1.29839
-2.25416
0.57578
-0.90119
-0.29310
1.26288
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1.96541
3.35209
4.28118
3.34056
1.95469
1.24477
3.73656
2.62421
1.50256
1.54393
2.67830
3.77080
4.82193
5.26870
4.79002
2.65057
0.47237
0.52697
2.72596
4.82810
-0.21964
-0.97732
-2.35721
-3.05116
-2.30591
-0.92630
-4.42325
-5.16618
-5.23589
-3.14390
-3.03278
-4.30026
-4.49525
-5.60080
-6.00518
-6.14163
-5.56285
-2.57632
-3.30810
-2.37697
-3.30524

-1.16624
-1.19210
0.04764
1.16672
1.13504
0.00057
2.29467
3.04057
2.30844
-2.41311
-3.18728
-2.39123
0.40610
-0.22033
2.50457
3.98613
2.55268
-2.69119
-4.19919
-2.61546
0.01288
-1.12783
-1.14572
0.01234
1.16575
1.13836
0.01530
1.12234
-1.09628
-2.37575
2.39366
1.98220
-1.96600
1.74201
0.70247
-0.68098
-1.70749
-2.97651
-3.00987
2.98747
3.03627

-0.25554
-0.18546
0.00306
0.53275
0.53332
0.07934
1.12861
1.54158
1.18135
-0.77563
-0.96745
-0.59781
-1.22007
0.93276
1.25073
2.06369
1.39496
-1.00803
-1.34345
-0.63179
0.11312
0.41927
0.33988
-0.08712
-0.42851
-0.34125
-0.17133
-0.75221
0.29507
0.72101
-0.91727
-1.66147
1.30022
0.04850
-1.32160
0.75501
-0.56165
1.43894
-0.16179
-1.56223
-0.06810
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-4.87406
-4.34443
-5.10746
-0.47585
-0.37256
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1.92921
3.31553
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3.34924
1.96214
1.23172
3.76596
2.66940
1.53376
1.47372
2.59116
3.70546
5.18255
4.92124
4.82344
2.71565
0.50955
0.44469
2.61542
4.75761
-0.23254
-0.96767
-2.34981
-3.06695
-2.34338
-0.96079
-4.44203
-5.21351
-5.22946
-3.11592
-3.09515
-4.39662
-4.43508
-5.59958
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1.41290
2.85702
-1.40533
-2.84159
-2.00916
2.01044

-1.14596
-1.19392
-0.05429
1.17193
1.15987
0.02275
2.34963
3.14686
2.39563
-2.34849
-3.11785
-2.36363
0.22419
-0.40498
2.55795
4.14184
2.67685
-2.59018
-4.09531
-2.60038
0.03459
-1.09392
-1.12244
0.01066
1.14737
1.13269
0.00293
1.08399
-1.07649
-2.33484
2.34424
1.89159
-1.89653
1.74642

-2.55897
-1.98212
2.23005
1.53687
0.80687
-0.67673

-0.37739
-0.34716
0.10719
0.36903
0.39635
-0.00887
0.84301
1.19820
0.93421
-0.96784
-1.25384
-0.86021

-0.89958
1.28078
0.92986
1.61706
1.12983
-1.18989
-1.71367
-0.93778
0.04455
0.43690
0.41028
-0.04376
-0.47583
-0.43770
-0.07119
-0.66205
0.50262
0.87766
-1.00361
-1.65991

1.50850
0.12960
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-6.08490
-6.10623
-5.60684
-2.51371
-3.32731
-2.47112
-3.32761
-4.17221
-4.98746
-4.23389
-5.03237
-0.44263
-0.42705
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1.92588
3.31226
4.27303
3.34642
1.95945
1.22981
3.76275
2.66584
1.53040
1.46646
2.58263
3.69938
5.18440
4.91094
4.82017
2.71218
0.50560
0.43546
2.60462
4.75109
-0.23469
-0.96298
-2.34556
-3.06823
-2.35079
-0.96757
-4.44392
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0.64158
-0.63203
-1.73095
-2.91057
-3.00153

2.89678

3.03829

1.27260

2.74768
-1.29139
-2.75892
-1.95629

1.98988

-1.14194
-1.18879
-0.05174
1.17584
1.16268
0.02381
2.35786
3.15677
2.40214
-2.34467
-3.11258
-2.35765
0.22859
-0.40694
2.56873
4.15546
2.68343
-2.58702
-4.08958
-2.59361
0.03352
-1.08504
-1.11396
0.00865
1.13530
1.12227
0.00001

-1.16122
0.99087
-0.29952
1.58771
0.02955
-1.71360
-0.18359
-2.53643
-1.99962
2.40016
1.81984
0.83705
-0.83769

-0.40676
-0.38485
0.07708
0.33746
0.36916
-0.02911
0.80050
1.15216
0.89743
-0.99307
-1.28807
-0.90185

-0.92427
1.25299
0.88197
1.56210
1.09046

-1.20550
-1.74897
-0.98733
0.02380

0.45374

0.44519
-0.02555
-0.49303
-0.47065
-0.03529
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-5.22255
-5.22358
-3.10495
-3.10886
-4.42112
-4.41656
-5.59197
-6.10430
-6.09385
-5.61178
-2.49369
-3.32606
-2.49495
-3.32776
-4.21160
-5.01625
-4.20470
-5.00943
-0.43108
-0.43784
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1.96094
3.35427
4.25299
3.24036
1.84999
1.26923
3.56657
2.40399
1.31660
1.54555
2.69886
3.78878
5.13870
4.86359
4.60635
2.39982
0.28536
0.53984
2.78734
4.85010
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1.07111
-1.06573
-2.31527

2.32014

1.85394
-1.86329

1.75190

0.62189
-0.61028
-1.73822
-2.87396
-3.00194

2.85318

3.03498

1.21394

2.70278
-1.23866
-2.71891
-1.93925

1.97302

-0.97212
-0.96710
0.07855
0.91707
0.88568
-0.04850
1.83913
2.45541
1.87831
-2.03113
-2.62244
-1.93798
-0.57718
0.90854
2.03476
3.23746
2.14684
-2.32648
-3.45597
-2.11682

-0.63429
0.57330
0.95033

-1.03922

-1.66389
1.58719
0.14976

-1.10851
1.06308

-0.20853
1.66624
0.12087

-1.77252

-0.23349

-2.52891

-2.01413
2.46277
1.92453
0.86281

-0.88973

0.74754
0.68741
-0.08132
-0.95757
-0.87767
-0.02351
-1.85423
-2.39211
-1.78907
1.63740
2.08448
1.47857
-0.89507
0.82428
-2.08394
-3.13695
-1.97927
1.90676
2.76568
1.59505
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-0.07779
-0.24716
-0.21426
-0.84209
-2.27153
-2.99939
-2.32782
-0.90482
-4.41809
-5.21085
-5.12458
-2.98486
-3.15186
-4.38273
-4.33948
-5.89297
-5.86153
-6.09806
-5.35395
-2.33373
-3.14364
-2.51647
-3.48618
-4.04037
-5.02755
-4.19027
-4.92328

TDZITTZITITZIT T T ITITTOOOOOO0ZOOOOOOT T

CS Jul-BD:

1.96328
3.33229
4.28086
3.32869
1.95999
1.22215
3.72940
2.60412
1.49033
1.49996
2.61709
3.73839
5.15527
4.97658
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1.64655
-1.82155
-0.05121

0.72514

0.75688

0.06720
-0.67516
-0.77649

0.16558
-0.89281

0.85701

1.57511
-1.38496
-1.99276

2.05377
-0.44913
-1.35737

1.18765

0.18005

2.42488

1.03582
-2.16026
-0.73803
-2.70391
-2.54076

2.76556

2.55610

-1.15527
-1.18336
0.00411

1.14094
1.11284
-0.01558
2.34720
3.13292
2.38008
-2.44591
-3.21338
-2.41318
-0.33574
0.38465

2.04124
-1.93693
0.03081
1.00224
1.01529
0.03621
-0.94001
-0.94306
-0.03262
-0.63521
1.01774
2.05046
-1.96884
-1.30150
1.53958
-1.38145
0.12954
0.62238
1.86982
2.30666
3.00991
-2.41731
-2.80608
-0.54005
-2.00377
0.71838
2.32327

0.35725
0.34267
0.01987
-0.44249
-0.43845
-0.02126
-0.93134
-1.25331
-0.95580
0.81978
1.06249
0.76354
-0.99965
1.15672
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-0.25525
-0.96990
-2.35736
-3.08824
-2.38337
-0.99536
-4.47265
-5.26363
-5.23782
-3.10281
-3.15795
-4.46660
-4.42326

4.78188

2.63284

0.44948

0.46087

2.65052

4.79197
-0.42301
-0.46948
-5.66762
-6.12595
-6.11451
-5.62050
-2.48685
-3.30949
-2.55530
-3.38315
-4.24939
-5.07145
-4.22308
-5.00823

-0.00923
0.94867
0.96978
0.01039

-0.95741

-0.95557
0.01923

-1.02617
1.07122
2.00576

-1.97976

-2.30526
2.34253
2.57165
4.13015
2.63632

-2.71042

-4.23209

-2.64301
1.69202

-1.70458

-0.67130

-1.23383
1.28680
0.72038
2.90316
1.62641

-2.88338

-1.59163

-2.77015

-3.01012
2.80211
3.05543

-0.00854
0.71582
0.74989
0.01604
-0.73210
-0.72246
0.02834
-0.59373
0.67091
1.55410
-1.52588
-0.81000
0.86586
-1.03017
-1.66865
-1.08899
0.95046
1.42164
0.83481
1.29286
-1.31161
-1.55672
0.05428
0.04518
1.64409
1.67488
2.56499
-1.66599
-2.52947
0.15887
-1.38911
-0.10921
1.45547
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Chapter 2: Hybrid Crystal Structure in D-A4 Yields Charge Migration for Long-Lived CS
State and Ultrafast Charge Separation

Jeremy M. Fisher," Malik Williams," Jonathan Palmer, Ryan M. Young,* and Michael R.
Wasielewski*
Department of Chemistry and Institute for Sustainability and Energy at Northwestern (ISEN),
Northwestern University, Evanston, IL 60208-3113
2.1 Abstract

As the demand for efficient solar energy capturing systems increases, research into charge
separation dynamics in solid-state systems is at an all-time high. Crystalline donor-acceptor
systems serve as an excellent platform for studying the parameters at play in developing effective
organic systems for solar energy capture. In this paper we investigate a four-pathway donor-
acceptor system comprised of a single extended perylene core chromophore electron donor
covalently linked to four identical naphthalene diimide (NDI) electron acceptors, (Per-(NDI)4). A
single NDI acceptor-containing analogue (Per-NDI) as well as the extended perylene alone (Per-
(Ph)s) were also synthesized as controls for comparison. Transient absorption experiments
measured in solution reveal statistical rate enhancement of charge separation in Per-(NDI)4
compared to Per-NDI. In contrast, the charge recombination rate seems to be unaffected by the
presence of multiple NDI units. This suggests that upon charge separation, the NDI anion is fully
localized, not interacting with any neighboring NDI units in Per-(NDI)4. A single crystal of Per-
(NDI)4 was also grown and characterized using X-ray crystallography and transient absorption
microscopy. The single crystal exhibits very fast charge separation kinetics (under 1 ps) in addition
to a very long-lived charge separated (CS) state. We suggest here that the explanation for this long-

lived CS state results from a hybrid crystal structure wherein the transferred electron hops to



90
neighboring NDI units along discrete NDI stacks that lie next to the donor-acceptor stacks, where

the CS occurs.

2.2 Introduction

Crystalline organic materials have proven very useful in investigating the precise dynamics
and parameters at play in solid-state organic systems upon photoexcitation.!!: #6-57-91-% The major
advantage of using crystalline materials is that their structure can be thoroughly understood. Using
the structural knowledge of these systems in tandem with kinetic analysis sheds light on the
structure-dynamics relationship and ultimately helps lead the way toward elucidating important
guidelines in developing promising systems for efficient solar energy capture and conversion in
devices.

Two important criteria in realizing efficient performance from these materials are 1) fast charge
transfer (CT) and 2) effective ability to fully dissociate and migrate the formed charges.> %> %7
Many studies on donor-acceptor (DA) co-crystals, wherein unattached electron donors and
acceptors are mixed together to form a single crystal containing both molecules, have been
conducted to elucidate the nature of CT exciton generation and evolution as well as charge
migration/hopping.”® *4-197 Two general structural patterns appear in DA co-crystal studies: mixed
stacks with alternating DADA and segregated donor and acceptor stacks.”® 195 106 These packing
structures result from nonbonding interactions such as m-m stacking, CT, and halogen- and
hydrogen-bonding.”% '°! Because the structure of co-crystals is governed by these non-covalent
interactions, it is difficult to exercise control over the structural relationship between the donors

and acceptors, as they are not directly connected. Growing single crystals of covalently attached
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DA systems offers the advantage of a fixed donor-acceptor connectivity as well as direct control
over the stoichiometric ratio of the donors to acceptors. Studying these covalently attached DA
single crystals could help further bridge the gap in understanding the structure-dynamics
relationship, as comparisons could be made between the DA system as it interacts in a single
crystal and an ensemble of distinct single molecules dispersed in solution. Additionally, with the
built-in connectivity of such covalently attached systems, it could be possible to access a variety
of other types of packing structures.

In this study, we synthesized and characterized a DA system where a single extended perylene
core is covalently attached to four naphthalene diimide acceptors (Per-(NDI)4). A single NDI-
containing compound, Per-NDI, and the extended perylene core alone, Per-(Ph)s, were also
synthesized as control compounds to better understand the dynamics in Per-(NDI)4. Studying
these three compounds in solution reveals a CT rate in Per-(NDI)4 four-fold faster than that
observed for Per-NDI. For CR on the other hand, the solution data shows both NDI-containing
compounds exhibit a very similar rate. This suggests CT occurs with statistical rate enhancement
in Per-(NDI)4 from the presence of four NDI acceptors, but for CR, the presence of multiple NDI
units has no effect, indicating that once CT occurs, the NDI anion is localized on a single NDI
moiety without interaction from the other three NDI units connected to the same perylene core.

We additionally grew and characterized single crystals of Per-(NDI)4 and Per-(Ph)4. The
crystal structure for Per-(NDI)4 contains aspects of both structural motifs often found in DA co-
crystals mentioned above: NDI stacks and ADAADA patterned NDI-Per wires. This unusual

combination of both packing types yields very fast CT and long-lived CS state. Using the data
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collected in solution and on single crystals, we suggest the mechanisms responsible for these

desirable behaviors.

2.3 Methods
2.3.1 Synthesis. Per-(Ph)4, Per-NDI, and Per-(NDI)s were synthesized using Suzuki coupling
reactions of Perylene-(BPin)s with NDI-Br and/or Phenyl-Br (Scheme 2.1). Further details can be

found in the Supporting Information (SI)

Per-(BPin),

bromobenzene, NDI,

Na,COj3, Pd(PPh;),, . Na,CO;, Pd(PPhy),,
toluene, EtOH,

reflux

O—Bb d toluene, EtOH, %
O Q reflux 7S< )(\T [o]
O
A N O
Q.O bromobenzene, O o o
920

Na,COj3, Pd(PPhj),, 11% (¢}

O O tolue:r; l:z;on, O Q
Per-(Ph), O a 0.0
ag! Q

<2 !
%Y

& O
Per-(NDI),

e
o

Scheme 2.1 Synthetic scheme for Per-(Ph)4, Per-NDI, and Per-(NDI).
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2.3.2 Steady-State Optical Spectroscopy. UV-visible-NIR steady-state absorption spectra were
measured at room temperature using a Shimadzu UV-1800 spectrometer. NIR emission was
measured using a HORIBA Nanolog fluorimeter.
2.3.3 Electrochemistry. Electrochemical measurements were performed on a CH Instrument
750E electrochemical workstation. Measurements were made using a 1.0 mm diameter glassy
carbon working electrode, a platinum wire auxiliary electrode, and a silver wire pseudo-reference
electrode in 0.1 M solutions of n-butylammonium hexafluorophosphate (TBAPF¢) in acetonitrile
purged with argon. Ferrocene was used as an internal standard.
2.3.4 Transient Absorption Spectroscopy. Femtosecond transient absorption (TA) experiments
were performed on an apparatus that has been described previously.®? Tunable excitation pulses
were generated by using a commercial colinear optical parametric amplifier (TOPAS-Prime,
Light-Conversion, LLC). The polarization was spatially randomized to eliminate the effects of
polarization-dependent dynamics. Spectra were collected using commercial spectrometers
(customized Helios/Eos, Ultrafast Systems, LLC). The total instrument response function was
~300 fs. Transient spectra were averaged for at least 3 s per delay point. Prepared samples had an
absorbance of 0.2-0.7 at the excitation wavelength and were irradiated in 2-mm pathlength quartz
cuvettes with 0.4-0.8 uJ/pulse focused to ~0.2 mm diameter spot.
2.3.5 X-ray Crystallography. Intensity data of a yellow-orange irregular shaped single crystal of
Per-(NDI)4 were collected at 150.00(10) K. A suitable single crystal with dimensions of
0.072%0.146x0.28 mm3 was mounted on a MiTeGen loop with paratone oil on an XtaLAB
Synergy diffractometer equipped with a micro-focus rotating anode X-ray tube Rigaku Cu X-ray

source and a Hybrid Pixel Array Detector (HyPix) detector. Temperature of the crystal was
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controlled with an Oxford Cryosystems low-temperature device. Data reduction was performed
with the CrysAlisPro software using an empirical absorption correction. The structure was solved
with the ShelXT structure solution program using the Intrinsic Phasing solution method and by
using Olex2 as the graphical interface. The model was refined with ShelXL using least squares
minimization.

2.3.6 Steady-State Absorption (SSA) Microscopy. Steady-state absorption spectra were
collected on the crystals using a Xenon arc lamp (Oriel Instruments, model 66902). The beam was
spatially filtered through a pinhole and polarized using a Glan-Thompson polarizer. A motorized
(ELL14K, Thorlabs) achromatic half-wave plate (SAQWP05M-700, Thorlabs) was used to rotate
the linear polarization. The beam was then sent into the back port of an upright microscope (Eclipse
Ti—-U, Nikon). In the microscope the beam was directed through an internal mirror to a 20%
reflective objective lens (LMM15X, Thorlabs) to focus on the sample. The transmitted part was
collected using a second objective lens and then sent to a home-built spectrometer (Richardson
Gratings, 52A15BK-224C) and focused onto a fast line-scan camera (OctoPlus, Teledyne e2v),
sampling at 100 000 lines/s. For absorption measurements, a reference spectrum (on bare glass)
and a transmission spectrum (through a single cocrystal) were collected for each polarization in
the range 0-360° in 10° steps. A dark spectrum, with no light on the sample, was subtracted from
all reference and transmission spectra.

2.3.7 Femtosecond Transient Absorption Microscopy (fSsTAM). The 1040 nm output from a
commercial Yb:KGW, 4 W, 100 kHz repetition rate, 300 fs, amplified laser system (Spirit-One,
Spectra-Physics) was divided into two beams. One beam was sent to an optical parametric

amplifier (OPA) (Spirit-OPA-8, Light Conversion) to generate the pump beam wavelengths. The
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pump was sent to a quarter-wave plate, which converted it to a circularly polarized beam, and then
into an electro-optic amplitude modulator (EO-AM-NR-C4, Thorlabs), which was phase-
synchronized to the laser output and a polarizer to amplitude-modulate the beam at 50 kHz. The
laser pulses passing through the EOM suffer severe time stretching of up to a few ps; thus, a lab-
built two-prism compressor was used to recompress them to ~200 fs as measured using a lab-built
autocorrelator. The other 1040 nm beam was sent to a double-pass linear delay line (Newport,
IMS600LM), and then focused into an 8 mm thick undoped Y AG crystal for white light continuum
generation. The beam was then recollimated and the fundamental was removed using a 1000 nm
short-pass filter. The pump and probe beams were coaxially combined using a 50:50 beamsplitter
and sent into the microscope system and spectrometer described above. The polarizations of the
pump and the probe beams were varied independently using two achromatic half-wave plates. The
pump and probe power on the sample were each set to 2 uW using two neutral density filters. The
pump and probe focused spot size (4 standard deviations of a Gaussian, or 95% of the beam
intensity) on the sample were 2.9 pum, giving pump and probe fluence of 0.6 mJ/cm2 and 0.3
mJ/cm2, respectively. To further mitigate systematic baseline shifts during the measurement, the
TA spectrum at each delay point was individually referenced to a fixed negative delay point (—10
ps).

2.3.8 Nanosecond Transient Absorption Microscopy (nsTAM). A nanosecond-pulsed 405 nm
laser (NPL41B, Thorlabs) was used as a pump. The laser output was combined with the same
white light continuum beam used in the fSTAM apparatus, and both beams were sent to the

microscope through the same optical path as described above. The pump—probe delay was
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electronically modified using a delay generator (DG645, Stanford Research). The pump was
electronically triggered at 50 kHz using lab-built electronics.

2.3.9 Density Functional Theory Computations. Density functional theory (DFT) calculations
using Q-Chem 5.1 were performed on all Per-(Ph)4, Per-NDI, and Per-(NDI)4 at the level of
B3LYP/6-31G* to calculate optimized geometries as well as the triplet energy level for Per-(Ph)s.
2.4 Results and Discussion

2.4.1 System Energetics

Steady-State Optical Spectroscopy. The UV-visible absorption spectra of Per-(Ph)4, Per-NDI, and
Per-(NDI)4 are shown in Figure 2.1. All solution-phase spectra were collected in 1,4-dioxane.
Per-(Ph)4 absorbs slightly red-shifted compared to perylene at Amax = 399, 422, and 450 nm due
to its increased conjugation with the phenyl extensions. The NDI moieties in Per-(NDI)4 absorb
at Amax = 340, 359, and 378 nm. Per-(Ph)4 fluoresces at Amax = 457 nm with a minor Stokes shift

0f 0.04 eV.
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Figure 2.1 (a-b) UV-Vis absorption spectra of Per-(Ph)4, Per-(NDI)4, and Per-(NDI)4. (c) Emission
spectrum of Per-(Ph)4 normalized and overlayed with its absorption spectrum.

The absorption spectra of Per-(Ph)s* and Per-(NDI)s were obtained (Figure S2.9)
following oxidation of Per-(Ph)4 using single electron oxidant, tris(4-bromophenyl)ammoniumyl
hexachloroantimonate (‘Magic Blue’), and reduction of Per-(NDI); using single electron
reductant, cobaltocene. Per-(Ph)s* has an absorptive feature at 640 nm that is slightly red-shifted
compared to unfunctionalized perylene cation, as well as an additional absorption feature at 1000
nm. Per-(NDI)4 absorbs at Amax = 471 and 607 nm, which is consistent with NDI" absorption in

the literature.!98: 109
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Electrochemistry. Cyclic voltammograms (CV) spectra for Per-(Ph)s and Per-(NDI)4 in 0.1 M
TBAPFs DCM can be seen in Figure S2.10. The oxidation potential of Per-(Ph)4 was measured to
be Eox = 1.1 eV vs SCE and the reduction potential of Per-(NDI)s was measured to be E;req = -0.38
eV vs SCE.
Electron-Transfer Energetics. The lowest singlet electronic excited-state energy can be calculated
by taking the crossing point of the normalized absorption and emission spectra of Per-(Ph)4, which
is to act as the chromophore. This yields an S; lowest electronic excited energy of 2.74 eV.

To account for coulombic interactions in the radical pair, as well as the different dielectric
constants of the solvents used for electrochemical measurements (DCM) and transient optical
measurements (1,4-dioxane), the Weller equation was applied to the redox potentials measured in
DCM.*® This yields a radical pair energy of 1.8 eV in 1,4-dioxane and a AG¢s of -0.9 eV, indicating
ET in these systems is thermodynamically favorable. The full energetic scheme of the compound

can be seen in Figure 2.2. The T, energy was calculated by DFT as 1.7 eV. See SI for details.
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Figure 2.2 Jablonski diagram of Per-(NDI)4.

2.4.2 Solution Dynamics
Transient Absorption Spectroscopy. Per-(Ph)4, Per-NDI, and Per-(NDI)4 were investigated using
pump-probe TA spectroscopy at room temperature in 1,4-dioxane.

Per-(Ph)s was first characterized to obtain the transient features attributed to the "Per-
(Ph)s and 3"Per-(Ph)s excited states. All TA spectra (Figure 2.3) show ground state bleach as
negative features at 422 nm and 451 nm. The transient "Per-(Ph)4 species, which can be seen at
early pump-probe time delays in the fsTA data (Figure 2.3a-b), shows a negative feature at 486nm
as a stimulated emission as well as positive excited state absorption features at 554, 747, 813, and

1235 nm. At long pump-probe delays, the nsTA data (Figure 2.3c-d) indicate production of the
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3Per-(Ph)s excited state with a decay rate constant of kcg-r = (4.7 £ 0.6 ns)”!, as seen most

prominently by the broad positive feature at 510 nm. This decay constant is comprised of

contributions from internal conversion ((kic) and fluorescence (ky), as well as intersystem crossing

(kisc1): k= kic + kr+ kisci.

m— 100 fs
— 1 ps
100 ps

— ] NS

%ﬁ.

T T T T T T T T T T T
400 600 800 1000 1200 1400 1600
Wavelength (nm)

-0.02

T T T T T
400 500 600 700
Wavelength (nm)

EAS (arb. units)

Q.
~—

EAS (arb. units)

o

o

S
1

o

o

(&)
L

-0.10+

1,=17+£02ns

-0.15

400 600 800 1000 1200 1400 1600

Wavelength (nm)

0.01

0.00
0.011

-0.02

—A
—B

1,=43+06ns
1,=365%£0.6 ns

-0.03
400

500 600 700
Wavelength (nm)

Figure 2.3 (a) fsSTA data and (b) Evolution-associated spectra of Per-(Ph)y4 in 1,4-dioxane with A =
414 nm. (c) nsTA data and(d) Evolution-associated spectra of Per-(Ph)4 in 1,4-dioxane with A =414

nm.

The kinetics of Per-NDI and Per-(NDI)s were analyzed next (Figures 2.4 and 2.5). Both

NDI-containing compounds show population of '*Per-(Ph)s followed by ET to form Per-(Ph)s*-
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NDI (consistent with the steady-state ionic species’ absorption at 471, 607, 640, and 1000 nm see
figures S2.9). The charge separation rate constants were measured to be kcs = (12.4 0.3 ps)! and
(3.3£0.3 ps)! for Per-NDI and Per-(NDI)4 respectively. The ratio of the rates in these compounds
is thus kanpyinor = 3.8 £ 0.4. This is the result of statistical rate enhancement due to the presence
of 4 NDI acceptors on Per-(NDI)4. After CS, charge recombination partially to the lower-lying
local ¥*Per-(Ph)4 excited state is observed with rates of kcr-s + kcr-r = (6.1 £ 0.6 ns)™! and (5.6 +
0.6 ns)! for Per-NDI and Per-(NDI)s respectively. These data show that the CR dynamics are
unchanged within error between Per-(NDI)s and Per-NDI, in contrast to the CS rates, where
statistical rate enhancement was observed. This can be explained by the localized nature of the
NDI radical anion resulting from CS. Though Per-(NDI)4 contains four pathways for CS, each
individual CS event only occurs through one of those pathways, with one of the four available NDI
moieties. This results in a Per-(Ph)4-NDI" radical pair unperturbed by the other three NDI
moieties. Following triplet formation, each system then decays back to the ground state through

intersystem crossing (kzsc2) in hundreds of nanoseconds.
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Figure 2.4. (a) fsSTA data and (b) Evolution-associated spectra of Per-NDI in 1,4-dioxane with A =
414 nm. (c) nsTA data and(d) Evolution-associated spectra of Per-NDI in 1,4-dioxane with Acx =414

nm.
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Figure 2.5 (a) fsSTA data and (b) Evolution-associated spectra of Per-(NDI)4 in 1,4-dioxane with A =
414 nm. (c) nsTA data and(d) Evolution-associated spectra of Per-(NDI)4 in 1,4-dioxane with Aex =
414 nm.

2.4.3 Solid State Characterization and Dynamics

X-Ray Diffraction. Single crystals were grown for Per-(Ph)s and Per-(NDI)4 via slow diffusion
using chloroform/MeOH (counter-solvent) and xylenes/MeOH (counter-solvent), respectively.
The Per-(Ph)4 single crystal (Figure S2.20) shows slip stacking in its packing structure along its
long axis of 3.51 A as a result of the large dihedral angle between the phenyl rings and the perylene

core (measured to be between 35-40 degrees for all four units). There is no significant slip stacking
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along the short axis. The center-to-center distance for m-m stacking between each Per-(Ph)4
molecules is 4.93 A.

For the Per-(NDI)4 single crystals (Figure 2.6), in each molecule, two NDI units opposite each
other are angled at 64.5° relative to the plane of the perylene core while the other two are angled
at 48.2°. Any two NDI units separated by the short axis of the perylene core are 19.421 A apart
while any two separated by the long axis are 15.346 A apart from center to center. This can be
explained by the obtuse 119.60 ° angle of the NDI relative to the short axis of the perylene core
fanning those constituents farther apart than the ones separated by the long axis. Each NDI is
11.320 A away from the perylene core center-to-center. The overall packing structure of the Per-
(NDI)4 single crystals can be described as consisting of two types of regions: intermolecular NDI
stacks and intermolecular NDI-Per wires. For each Per-(NDI)4 molecule, the two NDI units at an
angle of 48.2 ° relative to the perylene core contribute to the NDI stacks and the two NDI moieties
with the more severe 64.5 © twist relative to the core contribute to the NDI-per wires. The NDI
stacks consist of co-facial NDI units from neighboring Per-(NDI)4 molecules stacked on top of
each other with at a distance of 7.162 A center-to-center. In the NDI-Per wires, each perylene core
is sandwiched between two NDI moieties, each from a separate neighboring Per-(NDI)4 molecule,
one above and one below, at an angle of 62.82 ° from the plane of the perylene, forming a Z-shaped
type of pattern. Both NDI units sit at a distance of 5.646 A from the perylene center-to-center. The
distance from one perylene to the next is 22.272 A center-to-center. The nearest NDI to one of the
NDI in the NDI-Per wires belongs to a neighboring Per-(NDI)4 molecule and is part of the NDI
stacks. This intermolecular NDI-NDI distance is 9.293 A. Both the NDI stacks and the NDI-Per

wires run along the c-axis of the crystal packing structure.
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Figure 2.6 Crystal structures from XRD for Per-(NDI)4 along the a) a-axis, b) b-axis, and c) c- with
the extended perylene moieties highlighted in orange the NDI moieties highlighted in blue. The NDI
stacks are additionally shaded in blue and the NDI-Per wires in orange.

Steady-State Absorption (crystals). Steady-state absorption measurements for a Per-(NDI)4 single

crystal can be seen in Figure 2.7. This broad absorptive feature represents the CT band of Per-
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(NDI)4 formed due to the donor-acceptor stacking discussed above. Because Per-(Ph)4 absorption

occurs only at wavelengths lower than our instrument range, no signal was found for those crystals.

Abs

450 500 550 600
Wavelength (nm)

Figure 2.7 Steady-state absorption spectrum of a Per-(NDI)4 crystal at different polarizations.

Transient Absorption Microscopy Spectroscopy (crystals). Transient absorption microscopy
(TAM) was employed to probe the excited-state optical dynamics in Per-(Ph)4 and Per-(NDI)4
single crystals. For Per-(Ph)4, the fsSTAM shows a single broad absorptive feature centered at 660
nm. The signal for this species is formed within the 300 fs IRF of the instrument and survives the
entire fSTAM experiment, for several nanoseconds, and there is no observable signal in the
nsTAM. We assign this species to be the "Per-(Ph)4 singlet exciton state. The Per-(Ph)4
exciton likely relaxes to the **Per-(Ph)4 state before returning to ground state, but the TAM setup
could not capture any of its features as they likely appear at bluer wavelengths than the detection

window of the experimental probe used.



107

For Per-(NDI)4, the TAM shows a single sharp absorptive feature at 620 nm atop a broad
sloping signal, which appears within the 300 fs IRF of the fSTAM instrument and survives beyond
the 15 us lifetime of the nsTAM experiments. This feature agrees well with the absorption
spectrum collected on a chemically reduced film of NDI" (Figure S2.21d). Furthermore, a film of
chemically oxidized Per-(Ph)s* revealed significant broadening of its absorptive feature in this
region, potentially explaining the absence of a distinct absorptive feature for Per-(Ph)s* in the
TAM spectra even though it was observed in the solution TA data (Figure S2.21c¢).

We turn to the crystal structure to reconcile this kinetic data with those observed in solution.
When comparing the proximity of the Per-(Ph)4 center to its closest neighboring NDI, in solution
all four intramolecular NDI moieties are 11.320 A away, while in the single crystal the two closest
NDI units belong to neighboring molecules and are 5.646 A away. This is the origin of the CT
band and hence the much faster charge separation rate observed in the single crystal versus in
solution.

In addition to a very fast charge separation rate (<300 fs), the Per-(NDI)4 single crystals
also exhibit an extremely long-lived charge separated state. Two aspects of the crystal structure
likely contribute to this feat. Firstly, the two NDI moieties lying above and below each Perylene
core are angled 62.82° away from the plane of the perylene. This prevents the n-m interaction from
being too strong and allows the separated charges to remain separated for a more substantial
amount of time. Next, in solution, once the electron was transferred to an intramolecular NDI unit,
it was observed that the electron was localized entirely on that unit, without experiencing
stabilization through delocalization or hopping with neighboring NDI units. This is a result of NDI

being too far apart from its closest intramolecular neighbor, which lies at a distance of 15.346 A.
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This explains why the charge recombination rates for Per-(NDI)4 and Per-NDI were functionally
the same in solution. In the Per-(NDI)4 single crystal, however, each NDI is only 9.293 A from its
closest neighboring NDI unit, which belongs to a neighboring molecule. Additionally, this closest
NDI moiety is positioned in the middle of an NDI stack, where it is sandwiched co-facially
between two NDI units lying above and below it at a distance of only 7.162 A. This could explain
the very long-lived CS state, as free migration of the electron along the NDI stacks would result

in significant separation of the initially formed radical pair.
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fSTAM data of Per-(NDI)4 crystals and (c) nsTAM data of Per-(NDI)4 single crystals with Ae =420

nm.
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2.5 Conclusion
In this paper, we report the synthesis and characterization of a four-pathway donor-acceptor
system, Per-(NDI)4, with a single extended perlyene chromophore electron donor connect to four
equivalent NDI electron acceptors. Two controls, the extended perylene alone, Per-(Ph)s, and a
single acceptor analogue, Per-NDI, were made as well to be able to draw comparisons. In solution,
transient absorption measurements reveal that the charge separation rate for Per-(NDI)4 is four
fold faster than that of Per-NDI. This is in strak contrast with the charge recombination rates,
which are very similar between the two systems. These observations can be explaied by statistical
rate enhancement of the charge separation, due to the presence of four electron trasnfer pathways
in Per-(NDI)4, and lack of NDI-NDI interaction once the charge separation has occurred, resulting
in unperturbed charge recombination rates from the presence of neighboring NDI units on Per-
(NDI)4. Next, a single crystal of Per-(NDI)4 was analyzed using X-ray diffraction and transient
absorption microscopy spectroscopy. The measured crystal structure contains two alterating types
of regions, Per-NDI ADAADA wires and NDI stacks. The transient data show very fast electron
trasnfer, which can be explained by the close proximity of each perylene core to two neighboring
molecules’ NDI units in the Per-NDI stacks. Addtionally, the charge separated state lasts for a very
long time in these crystals (~15 us). This can be explained by the NDI stacks which lie between
the Per-NDI wires. Following electron transfer from a perylene core to a neighboring NDI, the
NDI radical ion can then migrate to a neighborign NDI that resides in the NDI stacks. The anion
is then free to migrate along these stacks, resulting in a long charge separated state lifetime.
2.6 Supporting Information

2.6.1 Materials, Methods, and Synthesis
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Materials. All chemicals and solvents were purchased from commercial suppliers and were used
without further purification.

Synthesis:

4,4'-dimethyl-2,2"-bipyridyl,
O O [Ir(OMe)COD],
cyclohexane, reflux
87%

Per-(BPin)4
0 N 0
0 0 0
2,5-diterbutylaniline 4-bromoaniline,
D\ﬂ-’ reflux pvndme, reflux
<4%
r

NIA

NDI-Br

Scheme S2.2 Synthetic schemes for Per-(BPin)s, and NDI-Br.

Preparation of Per-(BPin)4
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Perylene (0.5042 g, 2.0 mmol), Bopinz (3.0500 g, 12 mmol), 4,4’-dimethyl-2,2’-bipyridyl
(0.0802 g, 0.44 mmol), and [Ir(OMe]COD]; (0.1315 g, 0.020 mmol) were stirred under reflux in
cyclohexane (20 mL) overnight. The solvent was then removed from the reaction mixture and the
content was run through a silica plug in chloroform followed by chromatography on silica gel
(eluent: 5% ethyl acetate in chloroform). The crude material was washed with methanol resulting
in molecule 1 as a yellow powder (1.3 g, 87% yield). 'H NMR (500 MHz, CDCl3) 6 8.60 (s, 4H),
8.22 (s, 4H), 1.41 (s, 48H). 3C NMR (126 MHz, CDCl3) & 141.52, 132.07 (d, J = 5.7 Hz), 130.55,
126.55, 126.25, 84.32, 24.83. MALDI (m/z) calculated = 756.4, found = 756.3.
Preparation of NIA

Naphthalene dianhydride (10 g, 37 mmol) was dissolved in DMF (50mL). 2,6-
diisopropylaniline (3.06 g, 15 mmol) was dissolved in DMF (40mL) and added dropwise over two
hours to the Naphthalene dianhydride. The reaction was stirred under reflux overnight. The product
was then purified via chromatography on silica gel (eluent: DCM) (1.5190 g, 10% yield). 'H NMR
(500 MHz, CDCl;) 6 8.90 — 8.83 (m, 4H), 7.50 (t, J = 7.8 Hz, 1H), 7.34 (dd, J = 7.8, 2.3 Hz, 2H),
2.66 (dhept, J =20.5, 6.8 Hz, 2H), 1.14 (t,J = 6.3 Hz, 12H). '>*C NMR (126 MHz, CDCl3) § 145.47,
133.27, 131.81, 127.83, 124.34, 29.33, 23.97. MALDI (m/z) calculated = 427.1, found = 427.1.
Preparation of NDI-Br

NIA (0.3474 g, 0.76 mmol) and 4-bromoaniline (0.2883 g, 1.7 mmol) were stirred under
reflux in pyridine (25 mL) overnight. The solvent was then removed, and the crude material was
washed with methanol. The product was isolated by chromatography on silica gel (DCM) as a
white solid (0.3134 g, 54% yield). 'H NMR (500 MHz, CDCI3) 6 8.87 (d, J = 0.7 Hz, 4H), 7.51 (t,

J=7.8 Hz, 1H), 7.45 (s, 2H), 7.35 (d, J = 7.8 Hz, 2H), 2.65 (dhept, ] = 13.5, 6.6 Hz, 4H), 1.14 (dd,
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J =6.9, 42 Hz, 24H). 3C NMR (126 MHz, CDCl3) & 164.52, 146.12, 144.36, 133.62, 133.49,
130.97 (d, J = 5.7 Hz), 129.06 — 128.94 (m), 127.45 — 127.32 (m), 125.14, 118.63, 29.20, 28.84,
24.18, 23.43. MALDI (m/z) calculated = 664.2, found = 664.3.
Preparation of Per-(Ph)4

Per-(BPin)4 (0.5 g, 0.66 mmol), bromobenzene (1.2 g, 7.6 mmol), and Na;CO3q) (1.5 g,
14 mmol) were dissolved in toluene (30mL) and EtOH (15mL). N> gas was then bubbled into the
solution for 10 minutes. Pd(PPhs)4 (0.0750 g, 0.0065 mmol) was added to the reaction. The content
was then stirred under reflux overnight. The reaction mixture was run through a silica plug in DCM
and the product was purified by recrystallization in 1,2-dichlorobenzene as a yellow solid (0.1200
g, 32% yield). '"H NMR (500 MHz, CDCls) 6 8.50 (d, J = 1.6 Hz, 4H), 7.95 (d, J = 1.4 Hz, 4H),
7.81 —7.76 (m, 8H), 7.53 (t, J = 7.7 Hz, 8H), 7.45 — 7.41 (m, 4H). 3C NMR (126 MHz, CDCl3) 3
140.24, 132.02, 130.81, 129.72, 128.26, 127.71, 126.69, 122.09 (d, J = 3.8 Hz). MALDI (m/z)
calculated = 556.2, found = 556.2.
Preparation of Per-NDI

Per-(BPin)4 (0.1680 g, 0.22 mmol), bromobenzene (0.1291 g, 0.81 mmol), NDI-Br
(0.1486 g, 0.24 mmol), and K2CO3(aq) (0.3071 g, 2.2 mmol) were dissolved in toluene (9 mL) and
EtOH (4.5 mL). N> gas was bubbled into the solution for 10 minutes and Pd(PPh3)s (0.0200 g,
0.017 mmol) was added to the reaction. The content was stirred under reflux overnight. The
product was then purified by chromatography on silica gel as a yellow powder (0.0273 g, 11%
yield). 'H NMR (500 MHz, CDCl3) & 8.91 (s, 2H), 8.87 (d, J = 1.1 Hz, 3H), 8.57 — 8.49 (m, 2H),
8.49 — 8.43 (m, 1H), 8.00 — 7.91 (m, 2H), 7.82 (t, ] = 7.7 Hz, 5H), 7.69 (ddd, J = 16.6, 11.8, 5.4

Hz, 2H), 7.55 — 7.49 (m, 7H), 7.47 — 7.39 (m, 2H), 7.35 (t, ] = 7.0 Hz, 6H), 2.69 (d, J = 6.9 Hz,
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4H), 1.37 — 1.17 (m, 24H). 3C NMR (126 MHz, CDCl3) & 164.62 (d, J = 5.2 Hz), 164.52, 146.12,
142.29, 140.33, 140.12, 139.72, 137.60, 134.17, 133.49, 132.05, 130.97 (d, J = 5.7 Hz), 130.83 —
130.69 (m), 130.05, 129.96, 129.88, 129.80, 129.72, 129.03 — 128.91 (m), 128.42 (d, J = 5.7 Hz),
128.33,128.26,127.88, 127.45-127.32 (m), 126.81 — 126.68 (m), 125.93, 125.65, 125.14, 122.09
(d, =19 Hz), 120.81, 29.19 (d, J = 1.4 Hz), 24.18, 23.43. MALDI (m/z) calculated =1064.5,
found = 1064.5.
Preparation of Per-(NDI)4

Per-(BPin)4 (0.0613 g, 0.081 mmol), NDI-Br (0.2469 g, 0.40 mmol), and Na;CO3(aq)
(0.2000 g, 1.9 mmol) were dissolved in toluene (3.6 mL) and EtOH (1.8 mL). N> gas was bubbled
into the solution for 10 minutes and Pd(PPh3)4 (0.0102 g, 0.0088 mmol) was added to the reaction.
The content was then stirred under reflux overnight. The product was purified by chromatography
on silica gel (50% hexanes in chloroform going to 5% ethyl acetate in chloroform) followed by
size exclusion chromatography in DCM as a yellow powder (0.0422 g, 20% yield). '"H NMR (500
MHz, CDCl) 6 8.94 — 8.87 (m, 16H), 8.71 (s, 4H), 8.16 (s, 4H), 7.85 (s, 8H), 7.51 (t, J = 7.8 Hz,
4H), 7.35 (d, J = 7.9 Hz, 8H), 2.70 (h, J = 6.8 Hz, 16H), 1.16 (d, J = 7.0 Hz, 96H). *C NMR (126
MHz, CDCl3)) 6 166.58 (d, J = 3.3 Hz), 146.32, 142.49, 139.45, 135.91, 132.67, 130.78, 128.94,
127.66, 127.14, 125.07, 124.33, 124.12, 29.44, 29.33, 24.19, 23.48. MALDI (m/z) calculated
=2590.2, found = 2590.2.
2.6.2 Steady State Optical Characterization (solution)
Absorption Spectra for Per-(NDI)s Anion and Per-(Ph)s* Cation
To obtain the absorption spectrum of the reduced Per-(NDI)4, cobaltocene was added to a solution

of Per-(NDI)4 in 1,4-dioxane (Figure S2.9a). To obtain the absorption spectrum of the oxidized



115
Per-(Ph)s, tris (4-bromophenyl)ammoniumyl hexachloroantimonate was added to a solution of

Per-(Ph)4in 1,4-dioxane (Figure S2.91b).

a) b
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—— Per-(NDI),” 0.5 —— Per-(Ph),"
08. —— Per-(NDI), —— Per-(Ph),
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§ § 0.31
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Figure S2.9 Absorption spectra for (a) Per-(NDI)s and (b) Per-(Ph),".
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2.6.3 Electrochemical Analysis
Cyclic Voltammetry
Electrochemical measurements were performed on a CH Instrument 750E electrochemical
workstation. Measurements were made using a 1.0 mm diameter glassy carbon working electrode,
a platinum wire auxiliary electrode, and a silver wire reference electrode in 0.1 M solutions of n-
butylammonium hexafluorophosphate (TBAPFg) in acetonitrile purged with argon. Ferrocene was

used as an internal standard.
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Figure S2.10 Cyclic Voltammetry (CV) spectra for (a) Per-(NDI)4 and (b) Per-(Ph)s.

Weller Equation Analysis
The Weller equation® was applied to these data to correct for the different dielectric constants
between acetonitrile, the solvent electrochemical potentials were measured in, and THF and

toluene, the solvents transient experiments were performed in, as follows:

e2

1 1 1 1
AG =on—Ered -( ) +(82(E+E)(€_s_£) (qu’l. 821)

TDAEs

where E,x and E,.s are the oxidation and reduction potentials of the donor and acceptor,

respectively, in the solvent electrochemical measurements were taken with a static dielectric
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constant &sp, e is the charge of an electron, 7pa is the ion pair distance, 7p and ra are the ionic radii
(both calculated from the structures given by DFT calculations), and ¢ is the static dielectric
constant of the solvent we are comparing against.

2.6.4 Fitting Methodology for TA and TAM Data

Data Processing for TA Data

Prior to kinetic analysis, the TA data were scatter-subtracted and chirp-corrected using Surface
Xplorer 4 (Ultrafast Systems, LLC).

Kinetic Fitting Methodology

All kinetic analysis was performed using home written programs in MATLAB and was based on
a global fit to selected single-wavelength kinetics. An assumption of a uniform instrument
response of w =300 fs for fSTA (full width at half maximum, FWHM) across the frequency domain
and a fixed time-zero (#) is implicit in the global analysis. Kinetic data from the entire 320-850
nm window were fitted using the global analysis described below. The population dynamics in
toluene and THF overlap with the non-resonant solvent response, which was modeled as the decay
of a separate population with a fixed decay rate smaller than the instrument response. Each
specified wavelength was given an initial amplitude that is representative of the spectral intensity
at time #p. The rate constants and 79 were shared among the various kinetic data and varied globally
across the kinetic data to fit to the models described below. Datasets were globally fit to a specified
kinetic model and the resultant populations were used to deconvolute the dataset and reconstruct
the evolution-associated spectra. Below are the first-order kinetic models of each system with rate
matrix K and initial species population vector P:

5. fsTA of Per-(Ph)4:



10.

-k
kA—>B
nsTA of Per-(Ph)4:
-k
kA—>B
fsSTA of Per-NDI:
—-1/0.1 0
_ 0 _kA—>B
K= 0 kA—>B
0 0
nsTA of Per-NDI:
-k
kA—>B

fsTA of Per-(NDI)4:

~1/01 0
_ 0 _kA—>B
k= 0 kA—)B
0 0

nsTA of Per-(NDI)4:
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(Eqn. S2.2)
0 /1
_kB—>GS) b= (O)
(Egn. S2.3)
0 0 1
0 0 p= 1
—kg_ ¢ 0 1o (Eqn. S2.4)
kB—>C _kC—>GS 0
0 1
_kB—>GS) b= (O)
(Egn. S2.5)
0 0 1
0 0 p= 1
—kg_c 0 1o
- (Eqn. S2.6)
kB—>C _kC—>GS 0 a



_ _kA—>B 0 ) _ 1
k= < kA—>B _kB—>GS b= (O)
1. fsTAM of Per-(Ph)4:
~1/0.01 0 0
0 _kA—>B 0
K =
0 kA—)B _kB—>C
0 0 kB—>C
12. fsTAM of Per-(NDI)4:
~1/0.01 0 0
0 _kA—>B 0
K =
0 kA—)B _kB—>C
0 0 kB—>C
13. nsTAM of Per-(NDI)4:
_kA—>B 0
k=
kA—>B _kB—>GS
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(Eqn. S2.7)
0 1
0 1
0 "= 1o (Eqn. S2.8)
_kC—>GS 0 ' '
0 1
0 1
0 "= 1o (Eqn. S2.9)
_kC—>GS 0 ' '
1
) P=() (Eqn. S2.10)

The MATLAB program numerically solved the differential equations through matrix

methods and then convoluted the solutions with a fixed Gaussian instrument response function

with width w = 0.3 ps (FWHM) before utilizing

Marquardt method to find the parameters that result

a least-squares fitting using a Levenberg-

in matches to the kinetic data. Uncertainties

in reported time constants were taken as the standard deviation of the fits from multiple replicates

unless stated otherwise.
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Figure S2.11 Kinetic analysis of fsSTA data for Per-(Ph)s with (a) data at selected time delays, (b)
evolution associated spectra, and (c) traces of wavelength fits.
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Figure S2.12 Kinetic analysis of nsTA data for Per-(Ph), with (a) data at selected time delays, (b)
evolution associated spectra, and (c) traces of wavelength fits.
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Figure S2.13 Kinetic analysis of fSTA data for Per-NDI with (a) data at selected time delays, (b)
evolution associated spectra, and (c) traces of wavelength fits.



a)
0.016 -
) 0.008
e
0.000 42es m:‘.\‘“"-’m o
‘ —— 150 ps —— 22 ns
—2ns ——150ns
-0.008 4 4ns — 800 ns
: _.10 ns :
400 500 600 700 800
Wavelength (nm)
c)
— 450 nm
0.020 | —— 474 nm
0.015 -
8 0.010 -
<
= 0.005
0.000 -
-0.005
_'_V’I T T T T T
0.0000 0.001 0.01 0.1 1 10

Figure S2.14. Kinetic analysis of nsTA data for Per-NDI with (a) data at selected time delays, (b)
evolution associated spectra, and (c) traces of wavelength fits.
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Figure S2.15 Kinetic analysis of fSTA data for Per-(NDI)s with (a) data at selected time delays, (b)
evolution associated spectra, and (c) traces of wavelength fits.
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Figure S2.16 Kinetic analysis of nsTA data for (Per-NDI)4 with (a) data at selected time delays, (b)
evolution associated spectra, and (c) traces of wavelength fits.
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Figure S2.17 Kinetic analysis of fSTAM data for Per-(Ph)s with (a) data at selected time delays, (b)
evolution associated spectra, and (c) traces of wavelength fits.
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Figure S2.18. Kinetic analysis of fSTAM data for Per-(NDI)4 with (a) data at selected time delays,
(b) evolution associated spectra, (¢) traces of wavelength fits, and (d) population dynamics.
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Figure S2.19 Kinetic analysis of nsTAM data for Per-(NDI)4 with (a) data at selected time delays,
(b) evolution associated spectra, and (c) traces of wavelength fits.

2.6.5 Solid State Data

Crystal Structure for Per-(Ph)4
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Figure S2.20 Crystal structures from XRD of Per-(Ph)4 along the a) a-axis, b) b-axis, and c) c-axis of
its unit cell with the perylene core highlighted in red and the phenyl extensions highlighted in grey.

Table 1 Crystal data and structure refinement for Per-(Ph)4.
Identification code Per-4Ph
Empirical formula CaaHas
Formula weight 556.66
Temperature/K 100.0
Crystal system triclinic
Space group P-1

a/A 7.040(3)
b/A 20.011(7)
c/A 20.011(7)
a/° 94.68

pB/e 90

v/° 90
Volume/A3 2809.6(17)
4 4
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pcalcg/cm3 1.316
wmm-! 0.566
F(000) 1168.0

Crystal size/mm?

0.165 % 0.099 x 0.057

Radiation

CuKa (A = 1.54178)

20 range for data collection/°

4.43 to 119.896

Index ranges

-7<h<7,-17<k<22,-21<1<15

Reflections collected

9651

Independent reflections

6982 [Rint = 0.1232, Reigma = 0.2951]

Data/restraints/parameters

6982/0/793

Goodness-of-fit on F?

0.901

Final R indexes [[>=2c (I)]

R; =0.0956, wR, = 0.2283

Final R indexes [all data]

R; =0.2984, wR; = 0.3422

Largest diff. peak/hole / e A~

0.32/-0.42

Table 2 Crystal data and structure refinement for
Per-(NDI).

Identification code

1034-Xyl EtOH-1_auto

Empirical formula C148H108N8O16
Formula weight 2254.42
Temperature/K 225.00(10)
Crystal system monoclinic
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Space group P21/c

a/A 18.6879(9)
b/A 41.4176(13)
c/A 14.0750(7)
a/° 90

p/e 111.449(6)
v/° 90
Volume/A3 10139.7(9)
Z 7
pcalcg/cm3 2.584
wmm-1 1.355
F(000) 8260.0

Crystal size/mm3

0.28 x 0.146 x 0.072

Radiation

Cu Ko (L= 1.54184)

20 range for data collection/°

7.986 to 102.926

Index ranges

-10<h<18,-41<k<39,-14<1<8

Reflections collected

21078

Independent reflections

9756 [Rint = 0.0234, Rsigma = 0.0357]

Data/restraints/parameters

9756/1043/1042

Goodness-of-fit on F2

1.223

Final R indexes [[>=2c (I)]

R1=0.0896, wR2 = 0.2868

Final R indexes [all data]

R1=0.1122, wR2=0.3100
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Largest diff. peak/hole / e A-3 0.53/-0.33

Absorption Spectra for lon Films

The film of Per-(Ph)s* was prepared by adding ‘magic blue’ to a solution of Per-(Ph) in
Dichloromethane (DCM) and then drop casting the solution onto a glass slide. The film of Per-
(NDI)4 was prepared by adding cobaltocene to Per-(NDI)4 in DCM in the glovebox. The solution

was then drop casted onto a glass slide in the glovebox.

a) b
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0.16
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c c
.0 .0
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] S 050
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Figure S2.21. Absorption spectra of (a) neutral Per-(Ph), film, (b) neutral NDI film, (c) Per-(Ph)s"
film, and (d) NDI film. Both films were prepared via drop casting onto a glass slide following
chemical oxidation or reduction when applicable.
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2.6.6 DFT Calculations
Optimized geometry for Per-(Ph),

1.23020  -3.56665 0.00782
0.00004  -2.86495 0.00001
0.00002  -1.43328 0.00001
1.25105  -0.73850 0.00697
242522 -1.48027 0.01745
2.44050  -2.89619 0.01914
-1.23011 -3.56668  -0.00781
-2.44043  -2.89626  -0.01913
-2.42518  -1.48034  -0.01744
-1.25103  -0.73853  -0.00695
-1.25105 0.73850 0.00697
-0.00002 1.43328 0.00001
1.25102 0.73853  -0.00695
-0.00004 2.86495 0.00001
1.23011 3.56668  -0.00781
2.44043 2.89626  -0.01913
242518 1.48034  -0.01744
-2.42522 1.48027 0.01745
-2.44050 2.89619 0.01914
-1.23020 3.56665 0.00782
3.73118  -3.63177 0.03655
-3.73109  -3.63186  -0.03655
-3.73118 3.63177 0.03655
3.73109 3.63186  -0.03655
3.90086  -4.80876  -0.71169
5.10853  -5.50457  -0.68851
6.17467  -5.03697 0.08226
6.02171 -3.86757 0.82920
4.81340  -3.17265 0.80626
-3.90077  -4.80885 0.71168
-5.10842  -5.50466 0.68849
-6.17457  -5.03707  -0.08228
-6.02162  -3.86767  -0.82922
-4.81331 -3.17274  -0.80626
-4.81340 3.17265 0.80626
-6.02172 3.86757 0.82920
-6.17467 5.03697 0.08226
-5.10852 5.50457  -0.68850
-3.90086 4.80876  -0.71168
4.81331 3.17274  -0.80626

olololoNoloNooNoNoNoloRoloNoRololo oo o NNl NN No N RO O RO RO RO RO RO NO RO OO



6.02162 3.86767  -0.82922
6.17457 5.03707  -0.08228
5.10842 5.50466 0.68849
3.90077 4.80885 0.71168
1.20684  -4.65287 0.03523
3.38341 -0.97500  -0.00523
-1.20672  -4.65290  -0.03523
-3.38339  -0.97509 0.00525
1.20672 4.65290  -0.03523
3.38338 0.97509 0.00524
-3.38341 0.97500  -0.00523
-1.20684 4.65287 0.03523
3.08505  -5.16464  -1.33489
521986  -6.40857  -1.28166
7.11664  -5.57846 0.09979
6.84235  -3.49890 1.43918
4.69672  -2.27907 1.41342
-3.08495  -5.16472 1.33489
-5.21976  -6.40867 1.28164
-7.11653  -5.57857  -0.09981
-6.84225  -3.49901 -1.43919
-4.69664  -2.27915  -1.41342
-4.69672 2.27907 1.41341
-6.84235 3.49890 1.43917
-7.11664 5.57846 0.09978
-5.21986 6.40857  -1.28165
-3.08505 5.16464  -1.33489
4.69664 227915  -1.41342
6.84225 3.49901 -1.43919
7.11653 5.57857  -0.09981
5.21976 6.40867 1.28164
3.08495 5.16472 1.33489

esfiasfacfansfiasasasfasianfiarfasfasiiasiiasiarfasiasiiasiiasfasfacfasfiasfanfasfasargcr O NONON@!

Optimized geometry for Per-NDI

4.39164 0.16509 0.17290
5.19461 1.40450 0.17793
6.61480 1.31098 0.03550
7.28165 0.05017 0.07833
6.48564  -1.19178 0.00410
5.06262  -1.09787 0.12011
4.61949 2.66041 0.32207
5.37621 3.85758 0.30986

SHONGHONONONO NG
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6.74720
7.39148
8.79443
9.43795
8.65912
7.07001
6.31756
4.94028
4.28801
2.87525
2.22592
3.00435
4.70352
0.74395
7.00059
11.47210
11.77312
13.15234
13.69787
12.85159
8.10411
8.74051
8.28782
7.19287
6.55740
0.06996
-1.31850
-2.06041
-1.41322
-0.02338
3.45898
2.83211
3.43594
4.67190
5.29777
-3.50403
-4.23296
-4.07327
-5.55486
-6.32568
-5.71255
-7.73946
-8.35184
-7.57678

3.76704
2.51325
2.43766
1.22043
0.03845
-2.45149
-3.64946
-3.55721
-2.30093
-2.22261
-1.00138
0.18079
5.17291
-0.91263
-4.96824
0.18419
2.02631
1.95845
1.00167
0.11464
-5.18843
-6.42830
-7.47518
-7.27085
-6.03086
0.01550
0.09873
-0.74069
-1.66584
-1.75137
5.42405
6.66131
7.67487
7.43963
6.20197
-0.64390
-1.73787
0.54994
0.65951
-0.40127
-1.58937
-0.27018
0.91930
1.94216

0.14481
0.00976
-0.16719
-0.30488
-0.25284
-0.02515
0.04199
0.13823
0.17771
0.24879
0.25428
0.22072
0.46584
0.27999
0.00508
-1.36143
0.16488
-0.02452
-0.88262
-1.55021
-0.83604
-0.87327
-0.06832
0.77332
0.81034
-0.53026
-0.52474
0.30514
1.12243
1.10402
-0.13569
0.00468
0.75076
1.35584
1.21549
0.30760
-0.21251
0.80765
0.73996
0.20734
-0.25750
0.13620
0.59926
1.12214
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-6.17724
-8.51048
-7.88859
-6.48873
-9.82954
-10.54948
-9.99061
-11.98622
-12.84419
-14.21494
-14.70671
-13.84159
-12.32364
-14.36039
-10.39965
-10.69478
-3.66780
-3.37530
13.80307
13.26528
8.44769
9.58704
5.72389
6.83785
0.47523
-1.99335
-1.82637
0.63837
2.99101
1.87320
5.14656
6.24653
-8.50229
-5.99425
-8.07138
-5.56333
-14.91143
-11.60288
-11.82346
-13.14358
-15.39848
-13.76010
-14.33103
-12.46912

1.81218
-1.33105
-2.48748
-2.61657

1.07926

0.00921
-1.20699
0.17126
-0.32867
-0.13671
0.52414
1.02595
-1.04947
1.77404
2.07896

-2.10186
-2.74273

1.44056

2.64775

-0.62835
-4.38813
-6.57843
-5.87304
-8.07614
-2.46144
-2.31475

0.81347

0.65980

4.65114

6.83601

8.21826

6.01785
-3.28568
-3.51663

2.84243

2.60973

-0.51681

-0.43664

-1.98597

-1.29593

1.50480
1.56411
2.85961
0.83243

1.19274
-0.39720
-0.84023
-0.77081
0.52262
-0.04842
-0.49041
-0.18106
0.80801
0.60840
-0.51653
-1.49401
2.02657
-2.69946
0.92438
-0.92644
-0.60725
1.26000
0.50725
-2.22711
-1.48577
-1.53826
1.48915
1.41123
1.75735
1.77035
-1.16424
-1.19452
-0.73921
-0.47631
1.94727
1.71199
-1.24410
-1.12028
1.47094
1.59747
1.35183
2.58102
1.75196
2.70748
-2.91985
-3.59154
-2.53647
-1.30602
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-11.76092
-15.78047
8.14853
9.18510
9.36049
7.35158
3.55150
2.47418
2.30201
4.33278
10.90840
11.35826
10.81995
8.78455
14.77327
2.94660

1.20146
0.65076
-2.54534
-0.90571
3.36367
4.66890
2.75037
1.12540
-3.14598
-4.45807
1.14201
2.75496
-0.49370
-8.44125
0.94726
8.63882

-2.04350
-0.63476
-0.07216
-0.33145
-0.22348
0.09465
0.48300
0.25610
0.25636
0.15502
-0.50186
0.85585
-1.90539
-0.09563
-1.02902
0.86116

Optimized geometry for Per-(NDI)4
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-1.11726
-1.29467
-0.13882
1.18535
1.36459
0.20715
-2.54637
-2.73094
-1.61685
-0.31354
0.82017
2.09859
2.25858
2.61813
2.80573
1.68613
0.38194
-0.75384
-2.03393
-2.19330
-4.09580
-3.22353
4.16989
4.47952

-0.72417
0.74091
1.58232
1.04199

-0.42257

-1.26301
1.33292
2.73680
3.55085
3.00351
3.84717
3.32338
1.91690

-1.01440

-2.41828

-3.23018

-2.68387

-3.52795

-3.00595

-1.59905
3.30927

-3.88911

-2.99355
3.91283

0.03711
-0.01924
0.03842
0.07677
0.00441
0.02050
-0.11970
-0.13306
-0.03150
0.05812
0.15149
0.22568
0.18175
-0.07111
-0.10992
-0.05210
0.02120
0.07982
0.13867
0.10947
-0.25273
0.23751
-0.21908
-0.33211
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3.25317
4.37077
5.54447
5.59848
5.15618
6.42776
6.74059
5.77623
4.50984
-4.40841
-5.52986
-5.48561
-4.31889
-3.19920
-5.04858
-6.32733
-6.67953
-5.75120
-4.47141
6.71677
7.80189
6.68494
7.90575
9.01960
9.00133
10.17698
7.94829
9.09520
10.19704
11.29099
11.24968
10.10352
11.40097
12.47342
12.51220
13.64387
13.74189
14.84310
15.83522
15.73027
14.63432
8.04385
8.81123
8.45561

5.35030
6.16884
5.85550
4.73053
-2.37478
-2.92605
-4.11847
-4.74425
-4.18318
-3.59095
-4.40814
-5.53926
-5.85993
-5.04169
2.73201
3.26800
4.39087
4.97971
4.44376
6.68982
6.14964
7.97613
8.81082
8.31166
7.01684
9.12370
10.08078
10.88384
10.41738
8.62328
7.35239
6.54886
11.28027
10.74806
9.45790
11.58843
12.34218
13.17159
13.22073
12.46228
11.62522
-4.71221
-4.94301
-5.04703

1.16239
1.29751
0.61437
-0.20629
-1.00410
-1.13083
-0.47694
0.31546
0.44536
-0.45516
-0.34711
0.46536
1.15712
1.04015
-1.10810
-1.22672
-0.47963
0.37786
0.48498
0.76780
1.49497
0.18439
0.35033
1.06753
1.63933
1.21523
-0.20314
-0.05930
0.63995
1.93161
2.48261
2.33713
0.78027
1.52405
2.09390
1.70199
2.86850
3.09889
2.11294
0.94889
0.71229
-0.63478
0.52635
-1.96208
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9.74329
10.54412
10.11920
10.17085
11.50187
12.26103
11.82049
10.93330
12.16932
12.60724
13.56719
14.29319
13.91884
15.55304
15.59044
16.72471
18.03292
16.84205
17.95207
16.66431
14.52567
14.96710
-6.66099
-6.63170
-7.74355
-8.93998
-8.95937
-7.84968
-10.11186
-11.21909
-11.17650
-10.03633
-10.13076
-9.03309
-7.89190
-12.43088
-12.41099
-11.32544
-13.59306
-13.70714
-14.86800
-15.86568
-15.74305
-12.63042

-5.67999
-5.94564
-5.59016
-6.03840
-6.70430
-6.95909
-6.58817
-5.85491
-6.47132
-6.84042
-7.63535
-7.89153
-7.50439
-8.57867
-9.92861
-7.82940
-9.88594

-10.72719
-8.53497

-11.88172
10.81605
13.96449
-6.37165

-7.65140

-5.83852

-6.70965

-7.99975

-8.49018
-8.81773
-8.32846
-7.06236
-6.25196

-10.10905

-10.56685

-9.75704
-9.17355
-10.44039
-10.98233
-11.27059
-12.13576
-12.91100
-12.82989
-11.96262
-12.23444

-2.10552
-0.99504
0.31798
-3.49870
-3.56773
-2.47524
-1.14416
1.42306
1.26812
-0.02073
-2.65835
-1.47838
-0.16395
-1.62485
-1.45064
-1.94014
-1.90423
-1.58711
-2.07087
-2.62280
-0.55590
4.37883
0.60601
0.00822
1.34171
1.48719
0.90481
0.17518
1.05825
1.79274
2.35449
2.20083
0.47761
-0.23383
-0.38536
1.97058
1.35172
0.63359
1.49692
2.59425
2.66768
1.69665
0.60686
3.64626
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-16.82880
-8.01288
-9.08571

-10.44808

-10.62563
-9.52062
-8.14185
-9.71845

-11.01471

-12.11196

-11.93551

-11.54470

-12.84161

-13.04008

-14.41826

-14.54440

-13.47497

-15.88510

-16.42805

-17.72830

-18.45135

-17.89925

-16.59984

-15.65445

-18.66307
13.50206
11.47074

5.70379
7.74614
8.40067
7.72753
14.02778
14.67680

-13.39672

-11.37677
-5.65330
-7.68711
-8.89346
-7.16701

-15.39588

-13.67092

4.33635
6.51275
4.91746

-11.84746
4.94174
4.14529

4.73098
6.02456
6.78574
6.23455
8.05194
8.59289
7.86553
6.56891
4.00351
4.54171
5.80649
6.35984
7.64405
8.45478
8.18733
8.94969
9.43076
9.16608
8.40669
7.91893
9.23673
8.13479
9.06054
12.39066
8.36955
5.03070

-4.62412

-4.80229
-7.96646
-7.73233
-8.80403

-12.10915

-8.03768

-4.72331
3.03703
6.85786

5.74694

9.57807
7.04434
4.49566
-1.46688

-0.43735
-0.58930
-0.12579

-0.24155
-0.78745
-1.23729
-1.14726
-1.76541
-1.85589
-1.42311
-0.88268
0.19332
0.09803
-0.43255
-0.52327
-1.09236
-1.52429
-1.21479
-0.17164
-0.35335
-1.51596
-2.55247
-2.37791
1.09119
-3.82727

2.68395

0.28082
-0.42191

1.97367
1.63794
-2.92646
-3.74159
0.76565
2.61642
0.17091
-0.60699
1.82909
0.34280
-1.52969
-0.12977
-1.95594
1.93805
-0.74181
-1.55071
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7.16954
3.77996
6.02421
-2.30346
-4.29216
-6.43866
-4.44660
-4.77771
-7.05098
-6.03033
-3.76181
-11.38078
-13.70458
-11.17719
-8.85534
7.08143
9.13656
10.06295
12.11734
10.56870
12.81043
10.17183
9.41237
11.88441
-9.07274
-7.02827
-12.03806
-9.99474
-14.98961
-16.13418
-19.46244
-18.18464
16.70374
16.51622
12.94542
18.84707
16.66614
16.30286
15.97109
17.64972
17.57263
16.46208
15.82976
-12.47459

-2.44688
-4.66600
-5.65866
-5.28117
-6.74024
-4.16763
-2.71962
1.86762
2.81507
5.85175
4.89473
3.01463
3.97856
9.58482
8.61492
10.43947
11.87810
5.55310
6.99284
-5.56554
-6.68112
-5.14395
-6.67726
-7.00325
-11.56016
-10.10893
-6.71264
-5.25978
-13.59605
7.31739
9.55445
10.02104
13.85989
12.52161
12.27630
-7.96544
-6.34656
-5.85753
-6.07700
-5.93515
-12.49098
-11.47434
-12.52822
-11.27409

-1.75910
1.08852
0.84255
1.60542
1.79148
-0.88946
-1.10214
-1.70724
-1.89634
0.96004
1.17221
0.60820
0.43714
-2.26408
-2.10433
-0.74785
-0.49128
2.76563
3.02549
240313
2.11638
-4.14752
-3.98560
-4.54022
-0.66814
-0.93955
2.91329
2.63743
3.50308
-3.15436
-1.61567
0.43744
2.25637
0.19998
3.60482
-2.30773
-2.11489
-1.20063
-2.92056
-2.35560
-2.66917
-3.61723
-2.33306
4.15252
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-11.67152
-12.90168
-17.46919
-16.40853
-17.47367
-14.58340
-14.44395
-16.75240
-19.74445
-18.41984
-18.42389
-14.73304
-15.37391
-16.25330
13.99360
15.40004
15.61798
15.43178
13.67716
14.38780
3.50640
3.26591
0.67110
-1.72582
-3.43362
-3.20210
-0.60412
1.79286
3.28709
2.35119
4.52537
14.67317
17.02821
18.98862

-12.54172
-12.97191
-12.73527
-11.72539
-10.97905
-11.18404
-10.50097
-13.45304
8.17439
7.14824
8.87598
9.79254
8.31183
9.83645
14.10553
14.95433
13.45395
10.92120
11.14660
9.74926
-0.39395
1.52659
4.92345
4.63175
0.71268
-1.20968
-4.60401
-4.31041
4.20485
5.58482
3.04695
-10.45817
-11.23276
-10.39302

3.21169
4.40736
-0.44524
-1.44181
-0.24775
0.52402
-0.31004
1.78845
-3.66040
-4.23613
-4.60152
0.87932
1.60962
1.78293
4.85947
4.19636
5.10094
-1.16003
-1.16715
-0.34369
-0.08419
0.26866
0.14138
-0.05558
-0.16844
0.18417
0.05848
-0.09754
0.35011
1.71984
-0.98582
-1.20954
-0.61778
-2.01132
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Chapter 3: Co-facial Porphyrin Dimer for Coherent Multipathway Electron Trasnfer

Jeremy M. Fisher, Brian T. Phelan, Yunfan Qiu, Paige J. Brown, Ryan M. Young,* and Michael
R. Wasielewski*
Department of Chemistry and Institute for Sustainability and Energy at Northwestern (ISEN),
Northwestern University, Evanston, IL 60208-3113
3.1 Abstract

In this thesis chapter I report the successful synthesis of a co-facial porphyrin dimer where
the porphyrin units act as chromophores and electron donors. The porphyrins are covalently linked
to a triptycene bridge, locking them into the co-facial geometry, with a benzoquinone electron
acceptor on the third triptycene ring to act as an electron acceptor. This molecule is well-suited for
2DES studies, as the pump and probe parameters fit well with the instrument setup. This will allow
us to directly observe the coherent porphyrin excited state upon photoexcitation followed by
coherent multi-pathway electron transfer to the single benzoquinone acceptor in a frozen matrix at
cryogenic temperatures. This project is still ongoing. Thus far, we have conducted steady state
characterizations to build our understanding of the system energetics and elucidated room
temperature kinetics of the system using fsTA and nsTA in the visible, NIR, and IR regions.
Indeed, there is significant evidence of porphyrin-porphyrin interaction in the co-facial dimer, an
important criterion for achieving multi-pathway coherent electron transfer. Additionally, electron
transfer in this molecule occurs within 1ps, which should be fast enough for the coherent dynamics
to survive until charge separated state formation.

3.2 Introduction
As the need for sustainable energy sources rises, improving photoinduced electron transfer

(ET) to increase overall light-energy harvesting efficiency has received a great deal of attention.?®
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H0-17 One aspect of this process currently under investigation is the role of coherence.!'’-124
Indeed, there are many types of coherent interactions that have demonstrated their role in dictating

125-128 e]ectronic coherence, 2% 129

electronic and energetic dynamics such as vibrational coherence,
132 and vibronic coherence.!”-%7- 133-136 Coherent interactions impact parameters such as ET rate and
efficiency. The type of coherence we explore in this study is an electronic coherence between ET
pathways in a multi-pathway D-A system.

Theoretical and experimental work suggests coherence between multiple ET pathways
could allow for constructive interference to enhance the rate of ET.?% 137142 The mechanism of this
enhancement involves the multiple acceptor units acting as a single delocalized acceptor with
renormalized coupling to the donor and to the bath. For a single donor interacting with two

degenerate acceptors, at low temperature, assuming fast bath relaxation and weak system-bath

coupling,’® 139 the rate can be expressed as

kes (VDAZVSZB)/(AGCS)Z
(Egn. 3.1)

where Vj 4 is the donor-acceptor coupling and Vsp is the system-bath coupling. Here, the coupling
between the acceptor moieties leads to the production of bonding and anti-bonding orbitals with
normalized Vp,(bonding) = v2Vp4and Vpa(anti-bonding) = 0. Vspis similarly renormalized to
V2 Vsp. Therefore, according to this model, rate enhancement due to coherent ET could be as high
as kcs oo (V2Vpa)2(V2Vsp)* = 4Vp42Vsp? = 4 X kes.'>?

In order to achieve this type of acceptor delocalization, the energetic degeneracy of the
multiple acceptors must survive long enough for the ET to occur to the delocalized superposition

state. This can be difficult to achieve, as system-bath interactions typically dephase electronic
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coherences very quickly—within 100 femtoseconds!4® 144

—through lifting the degeneracy of the
multiple ET pathways.

Theoretical analysis has shown that using a glassy viscous bath at cryogenic temperatures
could achieve reduced bath fluctuations for prolonged electronic coherence lifetimes, as the glassy
matrix not only reduces bath fluctuations, but also extends the spatial range of those fluctuations

such that they can be correlated across locations.!#

This would aid in preserving pathway
degeneracy in multi-pathway donor-acceptor systems. There is also experimental work supporting
the validity of this concept.”® ** Our group has previously published work on a two-acceptor
system where a single donor connected to two acceptors (D-2A) was compared to a control
compound with a single acceptor (D-A) in solution at room temperature and in glassy m-THF at
cryogenic temperatures.!’® The D-2A system showed statistical rate enhancement of ET as
compared to D-A by a factor of ~2.5 in solution at room temperature but showed even further
enhancement by a factor of ~5 in glassy m-THF at cryogenic temperatures. The suggested
mechanism for this greater-than-statistical rate enhancement is that the glassy medium as well as
the cryogenic temperatures preserves the pathway degeneracy for a longer time in the D-2A
system, yielding coherent ET.!*°

To further investigate this type of electronic coherence rate enhancement, we designed and
synthesized a multi-pathway 2DA system, where two co-facial Zn-porphyrin (Por) chromophore
electron donors are connected through a triptycene bridge to a single benzoquinone (BQ) acceptor
(2DA). The analogous monomer was also synthesized for comparison (1DA). Both compounds

were also synthesized with protecting groups on the benzoquionone to prevent the ET pathway as

control references (1P and 2P). This particular system offers the advantage of being well-suited



146
for two-dimensional electronic spectroscopy (2DES) studies, as the Q-band of the Por units falls
within the bandwidth of the pump pulses achievable with this instrument. With this method, we
hope to directly launch a coherent, delocalized excitation onto the co-facial Por units in the dimer
and watch as the ET occurs to the BQ. Using 2DES, we can track the coherences and if the ET
occurs in 2DA before the electronic coherence is lost, we hope to see the coherence transfer along
with the electron. !4

This research project is still ongoing, as 2DES measurements are in the process of being
collected and analyzed. In this chapter I report the successful synthesis of the molecules for this

study (Scheme 3.1) as well as preliminary measurements, both steady-state and transient, to start

Scheme 3.1 Molecules investigated in this study.

putting together our understanding of the overall system energetics and dynamics.

3.3 Methods
3.3.1 Synthesis. The Porphyrin derivatives studied in this paper were prepared as shown in the

Supporting Information (SI).
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3.3.2 Steady-State Optical Spectroscopy. UV-visible-NIR steady-state absorption spectra were
measured at room temperature using a Shimadzu UV-1800 spectrometer. NIR emission was
measured using a HORIBA Nanolog fluorimeter.
3.3.2 Electrochemistry. Electrochemical measurements were performed on a CH Instrument
750E electrochemical workstation. Measurements were made using a 1.0 mm diameter glassy
carbon working electrode, a platinum wire auxiliary electrode, and a silver wire pseudo-reference
electrode in 0.1 M solutions of n-butylammonium hexafluorophosphate (TBAPF¢) in THF purged
with argon. Ferrocene was used as an internal standard.
3.3.3 Spectroelectrochemistry. Spectroelectrochemical measurements were performed using a
CH Instrument 750E electrochemical workstation and a Shimadzu UV-1800 spectrometer. Bulk
electrolosis and cuolometry was employed to hold a steady current at 1.5 eV for oxidation and -1
eV for reduction while UV-Vis absorption spectrum was obtained.
3.3.4 Transient Absorption Spectroscopy. Femtosecond transient absorption (TA) experiments
were performed on an apparatus that has been described previously.®? Tunable excitation pulses
were generated by using a commercial colinear optical parametric amplifier (TOPAS-Prime,
Light-Conversion, LLC). The polarization was spatially randomized to eliminate the effects of
polarization-dependent dynamics. Spectra were collected using commercial spectrometers
(customized Helios/Eos, Ultrafast Systems, LLC). The total instrument response function was
~300 fs. Transient spectra were averaged for at least 3 s per delay point. Prepared samples had an
absorbance of 0.2-0.7 at the excitation wavelength and were irradiated in 2-mm pathlength quartz

cuvettes with 0.4-0.8 puJ/pulse focused to ~0.2 mm diameter spot.
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3.3.6 Fourier Transform Infrared Spectroscopy. FTIR data were collected at room temperature
on a Bruker Tensor 37 FTIR Spectrometer equipped with a Mid IR detector and KBr beam splitter.
The spectrum was collected in attenuated total reflectance mode in the range of 4000 to 400 cm™!.
The data were averaged over 16 scans. The OPUS software was used for the data acquisition.
3.3.6 Time-Resolved Infrared Spectroscopy. Femtosecond transient infrared absorption
spectroscopy was performed using an instrument described previously.'#” Briefly, a regeneratively
amplified Ti:sapphire oscillator/amplifier (Solstice, Spectra-Physics) provided the fundamental (1
kHz, 795 nm, 100 fs) that was split to pump two commercial optical parametric amplifiers
(TOPAS-C, Light Conversion). One OPA was used to generate the excitation pulse and the other
was used to generate the mid-infrared probe pulse. The excitation pulse was centered at 632 nm
for the monomer samples and 625 nm for the dimer samples with 3 pJ/pulse at the sample for all
measurements. The pump polarization was pseudo-randomized (DPU-25A, Thorlabs) to suppress
polarization effects from molecular rotation and tumbling in solution. The measurement was
performed using a customized time-resolved mid-infrared spectrometer (HELIOS Fire, Ultrafast
Systems LLC) where the mid-infrared probe split into separate signal and reference paths, was
spectrally dispersed using an iHR-320 Horiba spectrograph with either a 50 or 150 groove/mm
grating and detected using a 64 element dual row MCT array detector (Femtosecond Pulse
Acquisition Spectrometer, Infrared Systems Development). The samples were prepared as
solutions in 1,4-dioxane or deuterated 1,4-dioxane in variable pathlength cells (Luer-DLC-M25,
Harrick Scientific) using 500 um PTFE spacers and CaF 2 windows. The samples were rastered

randomly in two dimensions to minimize local heating and sample degradation. The transient
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spectra were frequency calibrated by matching ground-state bleach features to the features
observed in the steady-state FTIR spectra.

3.3.7 Two-Dimensional Electronic Spectroscopy. 2DES experiments were conducted using an
apparatus described earlier.®3 Pump pulses were generated using a noncollinear optical parametric
amplifier (Spirit NOPA-3H, Spectra-Physics). Pump pulses with two distinct spectral profiles were
used, one with a 480-545 nm bandwidth and one with a 500-640 nm bandwidth. Both NOPA pump
beams were tuned to co-excite both the LE and CT absorption bands, but the shorter wavelength
pulse is biased towards the LE absorption transition, while the longer wavelength pulse is biased
towards the CT band.

3.3.8 Density Functional Theory Computations. Density functional theory (DFT) calculations
using Q-Chem 5.1 were performed on 1DA and 2DA at the level of B3LYP/6-31G* for
calculations on neutral ground state compounds and ®wB97X-D/6-31G* for calculations on
compounds with positive of negative charge. Absorption spectra and IR- and Raman- active modes
were calculated using time-dependent DFT (TDDFT).

3.4 Results and Discussion

3.4.1 System Energetics

Steady-State Optical Spectroscopy. The UV-visible absorption spectra of 1P, 2P, 1DA, and 2DA
in 1,4-dioxane are shown in Figure 3.1a-b. All four compounds show Soret band absorption at Amax
=420 nm and 440 nm for the dimer and monomer compounds, respectively, and Q-band absorption
at Amax = 624 nm and 632 nm for the dimer and monomer compounds, respectively. There is no
observable difference between the protected and analogous donor-acceptor systems. Between the

monomer and dimer systems, however, there is blue shifting in both Soret and Q-band absorption
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in the dimers compared to the monomers. This is often observed in H-type aggregates with face-
to-face stacking, as is the case in the dimers in this study.!48-15
Steady-state emission spectra were measured for 1P and 2P in 1,4-dioxane as well (Figure

3.1c). They exhibit emission at Amax = 645 nm and 655 nm, respectively. This red-shifted emission

from the dimer in comparison to the monomer is again a result of the H-type aggregation of the

porphyrins in 2P .30 149
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Figure 3.1 UV-Vis absorption spectra for 1P, 2P, 1DA, and 2DA normalized to a) the Soret band and
b) the Q-band of the porphyrin derivative and c¢) emission spectra for 1P and 2P.
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We used these steady-state optical measurements to calculate the approximate energy levels

for the lowest singlet excited state for the monomer and dimer compounds from the crossing point

of their normalized absorption and emission spectra. The data yield ELg = 2.0 eV and 1.9 eV in
1,4-dioxane for the monomers and dimers, respectively.

Electrochemistry. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV)

measurements on 1DA reveal a reduction potential of -0.61 eV vs SCE and an oxidation potential

of 0.67 eV vs. SCE in THF (Figure 3.2a-b). CV and DPV measurements were also collected on

2P and splitting of the porphyrin oxidation by 250 meV was observed as a result of the H-type

aggregation of the two porphyrin moieties (Figure 3.2¢c-d).!*
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Figure 3.2 (a) CV spectrum for 1P, (b) DPV spectrum for 1P, (c) CV spectrum for 2P, and (d) DPV

spectrum for 2P.

We used these redox potentials to calculate the CS state energy of the porphyrin-containing DA

systems in THF using the Weller equation, which corrects for the different dielectric constants

between THF, the solvent in which the electrochemical potentials were measured, and 1,4-dioxane,

the solvent in which the transient optical experiments were performed (see the SI for details).®®

This gives the energy of the fully charge-separated state as 1.53 eV for both 2DA and 1DA.
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Spectroelectrochemistry. Spectroelectrochemistry was employed to obtain the absorption features
of singly oxidized and reduced 1DA. These data enable identification of the radical pair in transient
absorption measurements. The spectra indicate 1DA* has absorptive features at 700 and 400 nm
and 1DA" has absorptive features at 590 and 1000 nm (Figure S3.9).
Fourier Transform Infrared Spectroscopy. Fourier transform infrared (FTIR) spectroscopy
measurements were taken in solutions of 1,4-dioxane for all four compounds (Figure S3.10). The
spectra for singly oxidized 1P and 2P were additionally measured following oxidation with magic
blue, for identification in TRIR experiments.
3.4.2 Excited-State Dynamics
Transient Absorption Spectroscopy. Transient absorption spectroscopy measurements were
performed on all four compounds.

Upon photoexcitation of the Q-band, the transient absorption spectra of 1P and 2P in the UV-
vis and NIR regions are quite similar, with the spectra for 2P generally slightly blue-shifted
compared to those for 1P (Figure 3.3). Both compounds show ground-state bleach (GSB) at 440
and 420 nm for the Soret band and 632 and 624 nm for the Q-band, respectively along with excited
state absorption (ESA) features at 390, 460, 610, 688, 1210, 1377, and 1486 nm for 1P and at 376,
440, 598, 682, and a broad feature centered at 1080 nm for 2P. In both compounds, this lowest

singlet excited state then relaxes down to a lower-lying triplet state with time constants of Tuip =

1.3 £0.03 ns and tuip = 1.6 £ 0.03 ns for 1P and 2P, respectively. This relaxation manifests as a
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slight red shift in the ESA features at ~385 and ~685 nm as well as the appearance of a new ESA

feature at ~530 nm in both compounds.
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Figure 3.3 Spectra from fsTA at selected timestamps for 1P in (a) the UV-vis region and (b) the NIR

region and 2P in (c) the UV-vis region and (d) the NIR region.

Upon photoexcitation of the Q-band, the transient absorption spectra of 1DA and 2DA in the

UV-vis and NIR regions exhibit the same initial formation of the lowest singlet stated states, but

rather than relaxing to the lower-lying triplet state, these compounds undergo CS. This is most

clearly evidenced by the ESA peak in the NIR at ~1000 nm in both compounds and occurs with

time constants of tcs =2.2 £ 0.3 ps and tcs = 0.9 + 0.3 ps for IDA and 2DA, respectively (Figure
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3.4). This twofold rate enhancement of CS in 2DA suggests delocalization of the initially formed

singlet excited state, such that both CS pathways become available.
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Figure 3.4 Spectra from fsTA at selected timestamps for 1DA in (a) the UV-vis region and (b) the
NIR region and 2DA in (c) the UV-vis region and (d) the NIR region.
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Time Resolved Infrared Spectroscopy. Time resolved IR spectroscopy was collected using two
solvents, 1,4-dioxane for probing the aromatic region (1200-2000 cm™) (Figure 3.5) and 1,4-
dioxane-d8 for probing the ethynyl region (1900-2400 cm™) (Figure 3.6). In the aromatic region
1P and 2P initially form their respective lowest-lying singlet excited state, exhibited by ESA
features at 1355 and 1475 cm! in 1P and at 1350, 1425, and 1475 cm™ for 2P. This singlet state
then undergoes relaxation to the lower-lying porphyrin triplet state with time constants of Tuip =
1.6 £0.005 ns and tuip = 1.8 £ 0.005 ns for 1P and 2P, respectively. This triplet state exhibits slight
shifting of the low-energy peaks to higher energies, as well as a new ESA feature at 1555 cm™! for
1P. For 2P, there is a similar shift in the 1350 and 1475 cm™! peaks as occurs in 1P and the new
1555 cm™! ESA feature appears as well. Additionally, the 1425 cm™ ESA feature present in the 2P
singlet excited state that was not present in the 1P singlet excited state is no longer present in the
2P triplet state. For 1DA and 2DA, the initially formed lowest-lying excited singlet state features
are largely obscured by their more intense CS state spectra. Additionally, a large amount of the
populations has already undergone CS within the 500 fs IRF of the instrument making them
additionally difficult to resolve. The CS states contain several identifying features, but are most
notably identified by the benzoquinone GSB at 1680 cm! and absorption of the benzoquinone
anion at 1510 cm’!. These CS states then return to the ground state without triplet formation with

time constants of 1gs = 11.0 = 0.5 ps and tgs = 10.2 + 0.5 ps for 1DA and 2DA, respectively.
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Figure 3.5 Selected spectra from fsIR collected in 1,4-dioxane-d8 for (a) 1P, (b) 1DA, (c) 2P, and (d)

2DA.

In the undeuterated 1,4-dioxane where the ethynyl region was probed, there was no signal

observed for 1P. The lowest-lying singlet excited state for 2P, however, exhibits very broad

absorption across the entire probe window before relaxing to the triplet state with a time constant

of Twip = 1.8 £ 0.005 ns. For 1DA and 2DA, both compounds show formation of their respective

CS states followed by returning to the ground state. The spectra for the respective CS states,

however, are very different in this region. The 1DA CS state has a sharp absorptive feature at 2155

cm! as well as a weaker broad feature at ~2275 cm™. For 2DA, the CS state, like the excited singlet
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state, exhibits very broad baseline absorption spanning the entire probe window. On top of this
wide, broad absorption there are ESA features in similar positions to those observed in the 1DA
CS state. These differences in the CS state absorption spectra indicate porphyrin-porphyrin

interaction once the cation is formed.
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Figure 3.6 Selected spectra from fsIR collected in 1,4-dioxane for (a) 1DA, (b) 2P, and (d) 2DA.

3.4.3 Calculations
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Ground State Optimizations DFT calculations were conducted to visualize the geometry and
electron density of 1DA and 2DA in its neutral ground state and singly oxidized and reduced states
according to procedures described above in the methods section (Figure 3.7). In the neutral ground
state 1DA is oriented such that the porphyrin is twisted 82° clockwise relative to the BQ acceptor.
For the neutral ground state of 2DA, both porphyrins are also rotated clockwise, but with a much
smaller angle of ~40 degrees relative to the BQ, due to the steric bulk of containing two porphyrin
moieties. The geometries for the singly reduced and oxidized states of 1DA are very similar to
each other, with the porphyrin twisted 23° and 26° counterclockwise relative to the BQ,
respectively. For 2DA, the two porphyrins are twisted by ~5° relative to the BQ in the singly
reduced state and are twisted by ~50° counterclockwise relative to the BQ in the singly oxidized
state. In both compounds, there is a clear trend of the porphyrin moieties twisting in a
counterclockwise direction relative to the BQ as either a positive or negative charge is placed on

the molecule, with a greater degree of twisting occurring in the singly oxidized compounds.
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Neutral

Singly Oxidized

Figure 3.7 Visualizations of optimized geometries for 1DA and 2DA in the neutral ground state,
singly oxidized state, and singly reduced state.

Next, TD-DFT calculations were run to visualize the HOMO and LUMO for each of these
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states (Figure 3.8). Unsurprisingly, these calculations show that in the neutral ground state, the
HOMO for both compounds resides on the porphyrin units, with delocalization across both
porphyrins in 2DA, while the LUMO resides on the BQ. This result is reaffirmed in the HOMOs
for the singly reduced and oxidized compounds, where the anion resides on the BQ and the cation

on the porphyrins, again delocalized across both for 2DA.
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Neutral: HOMO Neutral: LUMO

Figure 3.8 Visualizations of HOMO/LUMO for 1DA and 2DA in the neutral ground state, singly
oxidized state, and singly reduced state.
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3.5 Conclusion
In this chapter I have reported the successful synthesis and preliminary characterizations on a Zn-
porphyrin co-facial dimer linked through a triptycene bridge to a benzoquinone electron acceptor.
The monomer analogue as well as analogues for the monomer and dimer with protecting groups
on the benzoquinone to turn off any ET pathway were synthesized and characterized as well. These
studies reveal extensive evidence of porphyrin-porphyrin interaction manifested as shifted ground
state UV-Visible absorption features, split electrochemical oxidation potential, and statistical rate
enhancement of CS when comparing the dimer to the monomer. This evidence of strong inter-
porphyrin interaction along with the very fast electron transfer make this system very promising
for achieving coherent multi-pathway electron transfer. Next steps for this project include
collecting 2DES measurements at room temperature and at cryogenic temperatures in a frozen
matrix.
3.6 Supporting Information
3.6.1 Materials, Methods, and Synthesis
Materials. All chemicals and solvents were purchased from commercial suppliers and were used

without further purification. 'H and '3C NMR spectra were recorded on a Varian 500 MHz
spectrometer at room temperature. 'H and '*C chemical shifts are listed in parts per million (ppm)
and are referenced to residual protons or carbons of the deuterated solvents. High Resolution Mass
Spectra (HRMS) were obtained with an Agilent LCTOF 6200 series mass spectrometer using

electrospray ionization (ESI) and APPI.
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Synthesis:
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Scheme S3.1. Synthetic scheme for Zn-Por monomer and dimer donor-acceptor systems

1,8-dibromo-9,10-anthraquionone: 1,8-dichloro-9,10-anthraquionone (5 g), KBr (10 g), CuBr:
(50 mg), 85% H3PO4 (10 mL), and nitrobenzene (50 mL) were added to a 250 mL round bottom
flask equipped with a magnetic stir bar and condenser. The reaction mixture was stirred under
reflux at 200°C for three days under nitrogen. The crude mixture was purified using silica gel
chromatography (DCM/Hexanes, 1:1) yielding the desired product as bright yellow powder (2.4
g, 37% yield). 'H NMR (500 MHz, CDCI3) § 8.26 — 8.21 (m, 1H), 8.01 (dd, J = 7.9, 1.3 Hz, 1H),
7.53 (t, J=7.8 Hz, 1H). '3C NMR (126 MHz, CDCI3): § 181.82, 181.37, 141.04, 135.01, 133.46,
133.14, 126.85, 233.03. MS-MALDI (m/z) calculated = 365.9, found = 365.9

1,8-dibromoanthracene: 1,8-dibromo-9,10-anthraquionone (300 mg), NaOH (80 mg), and 1-

propanol (200 mL) were added to a 500 mL round bottom flask equipped with a magnetic stir bar.
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N2 gas was bubbled through the reagents for 15 minutes and then NaBH4 (1.5 g) was added and a
condenser placed on top of the flask. The reaction mixture was then stirred under reflux overnight
under nitrogen at 105°C. The desired product was then isolated using silica gel chromatography
(15% DCM in hexanes) yielding the desired product as a yellow powder (121 mg, 44% yield). 'H
NMR (500 MHz, CDCI3) 6 9.20 (d, J = 1.1 Hz, 1H), 8.43 (s, 1H), 7.97 (dq, J = 8.5, 0.9 Hz, 2H),
7.83 (dd, J = 7.1, 1.0 Hz, 2H), 7.33 (dd, J = 8.5, 7.1 Hz, 2H). 3C NMR (126 MHz, CDCI3) §
133.04, 131.27, 130.30, 128.47, 128.22, 126.61, 123.82. MS-MALDI (m/z) calculated = 335.9,
found = 335.8.
BQ-Br:: 1,8-dibromoanthracene (100 mg), 1,4-benzoquinone (200 mg), and toluene (70 mL) were
added to a 250 mL round bottom flask equipped with a magnetic stir bar and condenser. The
reaction mixture was stirred under reflux overnight under nitrogen at 120°C. The product was then
purified using silica gel chromatography (25% DCM in hexanes) and then leftover 1,4-
benzoquionone was removed via sublimation under vacuum at 100°C. This yielded the desired
product as a yellow powder (114 mg, 87% yield). 'H NMR (500 MHz, Acetone) 6 7.42 (d,J=7.3
Hz, 2H), 7.19 (d, J = 8.1 Hz, 2H), 6.91 (t, J = 7.7 Hz, 2H), 6.63 (d, ] = 2.7 Hz, 2H), 6.60 (s, 1H),
5.86 (s, 1H). 3C NMR (126 MHz, CDCI3) & 145.87, 142.66, 135.67, 135.25, 129.67, 127.32,
123.43,120.07, 48.17, 46.54. MS-MALDI (m/z) calculated = 441.9, found = 441.9
HQ-Br;: BQ-Br; (80 mg), zinc dust (250 mg), THF (10 mL), and AcOH (10 mL) were added to
a 250 mL round bottom flask and were sonicated for 30 minutes. The crude reaction mixture was
then added to a separation funnel and was extracted with DCM/H>O three times. The organic layer
was then dried down and subjected to silica gel chromatography (short plug, 20% hexanes in

DCM) yielding the desired product as a white solid (80 mg, quantitative conversion). 'H NMR
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(500 MHz, Acetone) 6 7.98 (d, J = 1.4 Hz, 1H), 7.89 (s, 1H), 7.33 (d, ] = 7.3 Hz, 2H), 7.12 (dt, J
=8.2, 1.3 Hz, 2H), 6.83 (td, J = 7.8, 1.6 Hz, 2H), 6.77 (d, ] = 1.7 Hz, 1H), 6.32 (t, ] = 2.0 Hz, 2H),
5.89 (d, J=1.7 Hz, IH). 3C NMR (126 MHz, Acetone) & 148.77, 144.91, 128.65, 127.00, 123.09,
118.74, 113.78, 113.35, 48.22, 46.16. MS-MALDI (m/z) calculated = 444.0, found = 444.2.
Bzn;HQ-Br:: HQ-Br: (50 mg), KoCOs3 (67 mg), benzyl bromide (0.15 mL), and acetone (10 mL)
were added to a 50 mL round bottom flask equipped with a magnetic stir bar and condenser. The
reaction mixture was then stirred under reflux overnight under nitrogen at 60°C. The desired
product was then purified using silica gel chromatography (20% DCM in hexanes) yielding the
desired product as a white solid (65 mg, 93% yield). 'H NMR (500 MHz, CDCI3) 6 7.59 (d, J =
7.6 Hz, 2H), 7.44 — 7.37 (m, 7H), 7.29 (t, J = 7.8 Hz, 3H), 7.19 (d, J = 8.1 Hz, 2H), 7.00 (s, 1H),
6.84 (t,J =7.7 Hz, 2H), 6.56 (s, 2H), 5.91 (s, 1H), 5.10 (s, 2H), 5.02 (s, 2H). '*C NMR (126 MHz,
CDCI3) 6 147.97, 144.62, 128.97, 128.63, 128.46, 127.42, 127.00, 126.72, 122.87, 48.41, 46.32.
MS-MALDI (m/z) calculated = 624.0, found = 623.9.
Dipyrromethane: pyrrole (150 mL) and paraformaldehyde (750 mg) were added to a 500 mL
round bottom flask equipped with a magnetic stir bar and were stirred un nitrogen at 55°C for
twenty minutes. InCls (480 mg) was then added and the mixture was stirred for an additional 2.5
hours at 55°C under nitrogen. The heat was then removed, NaOH (2.5 g) was added to the reaction,
and the mixture was stirred for another hour at room temperature. The pyrrole was then removed
using rotary evaporation and the desired product was purified using silica gel chromatography
(short plug, pure DCM). This yielded the desired product as a white solid (2.3 g, 44% yield). 'H

NMR (500 MHz, CDCI3)  7.79 (s, 2H), 6.68 — 6.59 (m, 2H), 6.14 (p, J = 2.9 Hz, 2H), 6.02 (dd,
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J=4.7,2.3 Hz, 2H), 3.98 — 3.93 (m, 2H). 3*C NMR (126 MHz, CDCI3)  128.73, 117.11, 107.62,
106.58. 53.41.
Rz-Por: Dipyrromethane (1.5 g), octanal (1.03 g), and DCM (1.2 L) were added to a 2 L round
bottom flask equipped with a magnetic stir bar. The reaction mixtures was bubbled with N> gas.
TFA (0.425 mL) was then added dropwise over the course of 20 minutes and the reaction was
stirred at room temperature under nitrogen for 3.5 hours. 2,3-dichloro-5,6-dicyano-1,4-
benzoquionone (3.1 g) was then added and the mixture was stirred for 1 hour. Triethylamine (12.5
mL) was then added to quench the reaction. The desired product was then purified using silica gel
chromatography (DCM/Hexanes, 1:1) yielding the desired product as a purple solid (886 mg, 17%
yield). 'H NMR (500 MHz, CDCI3) & 10.15 (s, 2H), 9.56 (d, J = 4.5 Hz, 4H), 9.39 (d, ] = 4.5 Hz,
4H), 5.03 —4.96 (m, 4H), 2.58 — 2.48 (m, 4H), 1.51 (p, J = 5.8 Hz, 7H), 1.33 (pd, J = 7.0, 4.4 Hz,
8H), 0.87 (td, J = 5.9, 4.8, 2.8 Hz, 7H), -2.94 (s, 2H). 3C NMR (126 MHz, CDCI3) § 147.49,
144.20, 131.88, 127.83, 118.86, 104.26, 38.69, 34.68, 31.95, 30.58, 29.42,22.72,14.11 (d,J=5.9
Hz). MS-MALDI (m/z) calculated = 506.3, found = 506.3.
R»-Por-Br: R>-Por (250 mg), pyridine (0.11 mL) and chloroform (100 mL) were added to a 500
mL round bottom flask equipped with a magnetic stir bar and nitrogen gas was bubbled through
for 10 minutes. N-bromosuccinimide (130 mg) was separately dissolved in chloroform (50 mL)
and was added slowly to the reaction mixture using a slow addition funnel over the course of 1
hour. After 7 minutes of stirring, acetone (15 mL) was added to quench the reaction. The mixture
was then washed with DCM/H»O, dried with sodium sulfate, and the desired product was purified
using silica gel chromatography (30 % DCM in hexanes). This yielded the desired product as a

purple solid (225 mg, 78% yield). 'H NMR (500 MHz, CDCI3) § 10.01 (s, 1H), 9.78 (d, ] = 4.8
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Hz, 2H), 9.48 (dd, J = 4.8, 1.5 Hz, 4H), 9.29 (d, ] = 4.6 Hz, 2H), 4.95 — 4.86 (m, 4H), 2.49 (p, ] =
7.5 Hz, 6H), 1.77 (p, J = 7.7 Hz, 6H), 1.52 — 1.49 (m, 6H), 1.33 (dt, J = 7.2, 3.6 Hz, 8H), -2.87 (s,
2H). 13C NMR (126 MHz, Acetone) & 164.49, 159.56, 158.43, 139.97, 139.47, 138.24, 136.53,
123.46,119.71, 114.46, 110.73, 105.45, 101.21, 31.77 (d, ] = 3.6 Hz), 29.33 (d, ] = 2.4 Hz), 28.71,
28.64, 27.60 (d, J = 6.2 Hz), 22.74 (d, J = 2.9 Hz), 14.10 (d, J = 2.1 Hz). MS-MALDI (m/z)
calculated = 584.3, found = 582.2.
R;-R’-Por: R>-Por-Br (225 mg), phenylboronic acid (400 mg), THF (100 mL),and Na,COs3 (300
mg) were added to a two-neck 250 mL round bottom flask equipped with a magnetic stir bar and
condenser. The mixture was then subjected to three cycles of freeze-pump-thaw. Ph(PPhs3)s (20
mg) was then added and the mixture was stirred under reflux overnight under nitrogen at 70°C.
The crude reaction mixture was then subjected to silica gel chromatography (30% DCM in
hexanes) yielding the desired product as a purple/blue solid (210 mg, 93% yield). '"H NMR (500
MHz, CDCI3) 6 10.15 (s, 2H), 9.56 (d, J = 4.5 Hz, 4H), 9.39 (d, ] = 4.5 Hz, 4H), 5.03 — 4.96 (m,
4H), 2.58 — 2.48 (m, 4H), 1.85 — 1.74 (m, 4H), 1.51 (p, J = 5.8 Hz, 6H), 1.37 — 1.31 (m, 8H), 0.87
(td,J=5.9,4.8, 2.8 Hz, 4H) -2.98 (s, 2H). 3C NMR (126 MHz, CDCI3) § 143.09, 135.79, 134.39,
131.79 (d, J = 32.9 Hz), 128.27, 127.60, 127.18, 126.42, 125.54, 119.35, 103.81, 38.71, 34.99,
34.25,31.93, 31.61, 30.55, 30.34, 29.41, 22.70 (d, ] = 5.5 Hz), 21.20, 14.13 (d, J = 1.6 Hz). MS-
MALDI (m/z) calculated = 582.4, found = 582.2
R2-R’-Por-Br: R>-R’-Por (200 mg), N-bromosuccinimide (60 mg), and DCM (40 mL) were added
to a 250 mL round bottom flask equipped with a magnetic stir bar. The reaction mixture was then
stirred for 3 hours at room temperature under nitrogen. The reaction mixture was then subjected

to silica gel chromatography (30% DCM in hexanes) yielding the desired product as a purple/blue
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solid (210 mg, 92% yield). '"H NMR (500 MHz, CDCI3) § 9.73 — 9.68 (m, 2H), 9.45 (dd, J = 5.0,
2.6 Hz, 2H), 9.34 (d, J = 4.8 Hz, 2H), 8.79 (d, ] = 4.7 Hz, 2H), 8.13 (dd, J = 6.7, 1.8 Hz, 2H), 7.77
—7.70 (m, 3H), 4.93 —4.85 (m, 4H), 2.47 (p, ] = 8.0 Hz, 5H), 1.78 — 1.67 (m, 7H), 1.49 (tdd, J =
7.3,4.1, 2.6 Hz, 7H), 1.16 — 0.98 (m, 7H), -2.70 (s, 2H). 1*C NMR (126 MHz, CDCI3) § 206.11,
146.11, 133.26, 127.79, 127.23 (d, J = 38.1 Hz), 125.69, 125.50, 124.95, 52.43, 40.94, 30.91,
30.79, 29.62, 28.68, 28.35, 21.71, 21.61, 13.14. MS-MALDI (m/z) calculated = 660.3, found =
660.3.
R2-R’-ZnPor-Br: R>-R’-Por-Br (200 mg), zinc acetate dihydrate (1 g), chloroform (25 mL), and
MeOH (7 mL) were added to a 100 mL round bottom flask and stirred overnight at room
temperature under nitrogen. The mixture was then subjected to silica gel chromatography (short
plug, 50% DCM in hexanes) yielding the desired product as a purple/blue solid (218 mg,
quantitative conversion). '"H NMR (500 MHz, CDCI3) § 9.57 (dd, J = 4.6, 1.1 Hz, 2H), 9.37 (d, J
=4.7 Hz, 2H), 9.32 (dd, ] = 4.8, 1.2 Hz, 2H), 8.86 (d, ] = 4.6 Hz, 2H), 8.19 — 8.13 (m, 2H), 7.77 —
7.72 (m, 3H), 4.77 — 4.71 (m, 4H), 2.48 — 2.39 (m, 2H), 1.77 (p, J = 7.7 Hz, 5H), 1.39 — 1.29 (m,
10H), 0.96 —0.83 (m, 9H). *C NMR (126 MHz, CDCI3) § 150.35, 134.30, 132.85, 132.52, 129.62,
128.94, 126.54, 121.35, 39.00, 35.57, 31.95, 30.65, 29.39, 14.15. MS-MALDI (m/z) calculated =
722.2, found = 722.2.
R2-R’-ZnPor-ethyne-TMS: Trimethylsilylacetylene (400 mg, 0.56 mL) and THF (10 mL) were
added to a two-neck round bottom flask equipped with a magnetic stir bar and condenser and the
mixture was subjected to three cycles of freeze-pump-thaw. The mixture was then cooled at -78°C
and n-buLi (2.5 M in hexanes) (212 mg, 1.56 mL) was added dropwise. The reaction mixture was

then returned back to room temperature. In a separate flask, ZnCl> (0.5M in THF) was subjected
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to three cycles of freeze-pump-thaw, after which the ZnCl, was added to the
trimethylsilylacetylene-containing flask via syringe. In a separate flask R2-R’-ZnPor-Br (200 mg)
and Ph(PPh3)s (20 mg) were subjected to three cycles of vacuum/N» gas purging. THF was then
added to the porphyrin, catalyst mixture in order to add it to the trimethylsilylacetylene-containing
flask via syringe. The reaction was then stirred at 50°C overnight under nitrogen. The reaction
mixture was then rinsed with DCM/H>0 and the organic layer was concentrated and subjected to
silica gel chromatography (30% DCM in hexanes) yielding the desired product as a blue solid (172
mg, 84% yield). 'H NMR (500 MHz, CDCI3) 6 9.74 (d, J = 4.6 Hz, 2H), 9.52 (d, ] = 4.6 Hz, 2H),
9.42 (d,J=4.7 Hz, 2H), 8.86 (d, J = 4.6 Hz, 2H), 8.17 — 8.10 (m, 2H), 7.80 — 7.68 (m, 4H), 4.94
—4.87 (m, 4H), 2.49 (q, J = 7.8 Hz, 4H), 1.83 — 1.72 (m, 5H), 1.38 — 1.27 (m, 11H), 1.26 — 1.15
(m, 3H), 0.52 (dt, J = 6.6, 4.3 Hz, 1H), 0.49 — 0.41 (m, 2H). 13C NMR (126 MHz, CDCI3) § 207.00,
174.79, 134.29, 132.52, 129.77, 128.96, 126.50, 67.79, 53.43, 34.68, 31.60, 30.93, 29.07, 22.69
(d, J=8.4 Hz), 20.37, 14.12, 11.43. MS-MALDI (m/z) calculated = 740.3, found = 740.3.
R;-R’-ZnPor-ethyne-H: R>-R’-ZnPor-ethyne-TMS (200 mg), K»CO3, THF (20 mL), and EtOH
(20 mL) were added to a 100 mL round bottom flask equipped with a magnetic stir bar and the
reaction mixture was covered with foil and stirred overnight at room temperature under air. The
mixture was then subjected to silica gel chromatography (5% THF in hexanes), careful to limit
exposure to light, yielding the desired product as a blue solid (180 mg, quantitative conversion).
The product was brought to the next step without NMR characterization to limit exposure to air
and/or light. MS-MALDI (m/z) calculated = 668.3, found = 668.4
Protected ZnPor Dimer: R>-R’-ZnPor-ethyne-H (150 mg), Bzn,HQ-Br> (30 mg), triethylamine

(1.5 mL) and THF (20 mL) were added to a two-neck round bottom flask equipped with a magnetic
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stir bar and condenser. The mixture was then subjected to three cycles of freeze-pump-thaw. When
the mixture returned to room temperature Pd(PPhs)s (15 mg) was added under positive nitrogen
pressure. The reaction was then stirred under reflux overnight under nitrogen at 70°C. The crude
reaction mixture was then subjected to silica gel chromatography (3.5% EtOAc in hexanes and
25% DCM in hexanes) yielding the desired product as a green solid (48 mg, 12% yield). '"H NMR
(500 MHz, Acetone) 6 9.66 (d, J = 4.4 Hz, 4H), 8.25 (d, J = 4.4 Hz, 4H), 8.10 — 7.96 (m, 6H), 7.79
—7.64 (m, 10H), 7.62 (d, J = 7.6 Hz, 3H), 7.54 (d, J = 7.4 Hz, 2H), 7.44 (d, J = 8.6 Hz, 1H), 7.41
—7.30 (m, 5H), 7.27 (dd, J = 8.4, 6.2 Hz, 3H), 7.19 — 7.09 (m, 2H), 6.72 — 6.56 (m, 2H), 6.34 (s,
1H), 5.40 (s, 2H), 5.22 (t, ] =4.9 Hz, 3H), 5.14 (s, 2H), 4.98 (s, 1H) 4.89 (t, ] = 8.2 Hz, 8H), 2.41
(q,J=8.0Hz, 12H), 1.70 (p, J = 7.7 Hz, 8H), 1.43 — 1.34 (m, 12H), 1.23 (m, ] = 7.4, 4.1 Hz, 20H).
13C NMR (126 MHz, Acetone) & 148.31, 147.51, 138.92, 138.77, 138.17, 137.98 — 137.86 (m),
137.80, 137.45, 136.78 (d, J = 4.5 Hz), 136.53 (d, J = 6.0 Hz), 136.20, 134.91, 133.81, 132.31,
131.48 (d, J = 1.9 Hz), 129.86, 128.71, 128.57, 128.39, 127.94, 127.78 (d, J = 3.6 Hz), 127.16,
126.20, 125.45, 120.31, 119.69 (d, J = 2.4 Hz), 118.66, 117.50, 114.26 (d, J = 4.3 Hz), 114.12,
112.93, 111.87, 111.29, 111.22, 110.71, 33.02, 31.75, 30.29, 29.15, 28.99, 26.97, 26.68, 22.65,
14.10. MS-MALDI (m/z) for C118H110NgO2Zno: calculated = 1798.73346, found = 1798.72669.
(Zn-Por);-BQ: Protected ZnPor Dimer (20 mg) and DCM (10 mL) were added to a 50 mL round
bottom flask equipped with a magnetic stir bar and N> gas was bubbled through it while the
reaction mixtures was cooled with an ice bath for 20 minutes. BBr3 (0.32 mL, 20 eq.) was then
added and the mixture was stirred under nitrogen for two hours. Next, MeOH (3 mL) was added.
The crude reaction mixture was then rinsed three times with DCM/H20 and the organic layer was

dried down. The dried down organic layer (green solid), p-chloranil (50 mg) and DCM (10 mL)
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were then added to a 50 mL round bottom flask equipped with a magnetic stir bar and the reaction
mixture was stirred overnight at room temperature. The crude reaction mixture was then subjected
to silica gel chromatography (20% DCM in hexanes) yielding the desired product as a green solid
(11 mg, 41% yield). 'H NMR (500 MHz, Acetone) 8 9.53 (d, J = 4.4 Hz, 4H), 8.28 (d, ] = 4.8 Hz,
4H), 8.14 (s, 4H), 8.06 (d, J = 6.8 Hz, 2H), 7.81 — 7.67 (m, 10H), 7.57 (d, J = 46.5 Hz, 1H), 7.36
—7.24 (m, 2H), 6.93 — 6.77 (m, 2H), 6.19 (d, J = 2.3 Hz, 1H), 4.92 (t, ] = 8.2 Hz, 8H), 2.42 (q, ] =
8.0 Hz, 12H), 1.69 (p, J = 7.7 Hz, 8H), 1.47 — 1.36 (m, 12H), 1.22 (dt, J = 7.4, 4.1 Hz, 20H). 1*C
NMR (126 MHz, Acetone) 6 185.01, 184.42, 143.84, 141.88, 138.92, 138.70, 138.43, 138.05,
137.92, 137.60, 136.53 (d, J = 6.0 Hz), 136.20, 134.91, 133.81, 133.00, 132.32, 131.47, 130.31,
129.43, 128.38, 127.92, 127.80, 127.16, 122.70, 119.65, 118.66, 118.27, 114.12, 111.87, 111.29,
111.22,93.42, 86.63, 41.32, 39.63, 33.02, 31.77, 29.15, 28.94, 26.98, 26.68, 22.66, 14.08 HRMS
(m/z) for C104HosN3gO2Zn;: calculated = 1616.62391, found 1616.62427.
1-bromo-9,10-anthraquionone: CuBr; (2.5 g), tert-butyl nitrite (1.38 g), and acetonitrile (40 mL)
were added to a 250 mL round bottom flask equipped with a magnetic stir bar and the reaction
mixture was heated to 65°C. 1-amino-9,10-anthraquinone (2.2 g) was then added over the course
of 1 hour and then the reaction was heated to 90°C and stirred under nitrogen for 3 hours. The
reaction mixture was then cooled to room temperature and added to a beaker with 1M HCI (100
mL). The precipitate was then collected via vacuum filtration and the solid was subjected to silica
gel chromatography (pure DCM) yielding the desired product as a yellow solid (1.9 g, 68% yield).
This material was brought straight to the next step without characterization.
1-bromoanthracene: 1-bromo-9,10-anthraquionone (1.9 g) and isopropanol (30 mL) were added

to a 100 mL round bottom flask and were cooled with an ice bath. Next, NaBH4 (0.8 g) was added
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and the mixture was stirred for 3 hours. H>O (10 mL) was then added and the mixture was stirred
an additional 3 hours. The organic material was then extracted using toluene. After removing the
toluene, acetic acid (90 mL) and SnCl; (4.2 g) and the organic material were added to a 250 mL
round bottom flask equipped with a magnetic stir bar and the mixture was stirred at 100°C for 2
hours. The mixture was then cooled to room temperature and washed with DCM/H>O three times.
The organic layer was then collected and subjected to silica gel chromatography (5% EtOAc in
hexanes) yielding the desired product (1.2 g, 71% yield). "H NMR (500 MHz, Acetone) & 8.72 (s,
1H), 8.50 (s, 1H), 8.12 — 8.06 (m, 1H), 8.01 (d, J = 8.4 Hz, 2H), 7.75 (d, ] = 7.1 Hz, 1H), 7.52 —
7.40 (m, 2H), 7.28 (dd, J = 8.5, 7.1 Hz, 1H). 3C NMR (126 MHz, Acetone) & 132.37, 132.18,
131.94, 130.13, 128.60, 128.24, 128.11, 127.25, 127.03, 126.61, 125.83, 125.48, 121.49. MS-
MALDI (m/z) calculated = 256.0, found = 255.9.

BQ-Br: 1-bromoanthracene (100 mg), 1,4-benzoquinone (300 mg), and toluene (100 mL) were
added to a 250 mL round bottom flask equipped with a magnetic stir bar and condenser and the
mixture was stirred under reflux overnight under nitrogen at 120°C. The product was then purified
using silica gel chromatography (25% DCM in hexanes) and then leftover 1,4-benzoquionone was
removed via sublimation under vacuum at 100°C. This yielded the desired product as a yellow
powder (110 mg, 71% yield). "H NMR (500 MHz, Acetone) § 7.43 — 7.38 (m, 3H), 7.15 (d, J =
8.1 Hz, 1H), 6.98 — 6.93 (m, 2H), 6.87 (t, ] = 7.7 Hz, 1H), 6.60 (s, 2H), 6.09 (s, 1H), 5.79 (s, 1H).
BC NMR (126 MHz, Acetone) & 183.06, 182.95, 151.73, 150.86, 146.88, 143.92, 143.45, 142.81,
135.54 (d, J = 3.8 Hz), 129.03, 127.41, 125.87, 125.77, 124.59 (d, J = 4.3 Hz), 123.69, 118.81,

47.59, 46.76. MS-MALDI (m/z) calculated = 362.0, found = 362.2.
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HQ-Br: BQ-Br (60 mg), zinc dust (200 mg), THF (5 mL), and AcOH (5 mL) were added to a 50
mL round bottom flask and were sonicated for 30 minutes. The crude reaction mixture was then
added to a separation funnel and was extracted with DCM/H;O three times. The organic layer was
then dried down and subjected to silica gel chromatography (short plug, 20% hexanes in DCM)
yielding the desired product as a white solid (60 mg, quantitative conversion). 'H NMR (500 MHz,
Acetone) 6 8.72 (s, 1H), 8.51 (s, 1H), 8.13 —8.07 (m, 1H), 8.03 — 7.97 (m, 2H), 7.88 (s, 1H), 7.76
(dd,J=7.1, 1.0 Hz, 1H), 7.50 — 7.43 (m, 2H), 7.28 (dd, J = 8.5, 7.1 Hz, 1H), 5.49 (s, 1H), 2.67 (s,
1H), 2.64 (t, J = 1.1 Hz, 1H). 3C NMR (126 MHz, Acetone) & 147.60, 146.55, 140.78, 139.28,
132.72, 130.07, 129.75, 128.80, 126.56, 125.52, 125.43, 123.02, 117.07 (d, J = 2.6 Hz), 47.15,
46.68. MS-MALDI (m/z) calculated = 364.0, found = 364.0.
Bzn;HQ-Br: HQ-Br (60 mg), KoCOs3 (67 mg), benzyl bromide (0.15 mL), and acetone (10 mL)
were added to a 50 mL round bottom flask equipped with a magnetic stir bar and condenser. The
reaction mixture was then stirred under reflux overnight under nitrogen at 60°C. The desired
product was then purified using silica gel chromatography (20% DCM in hexanes) yielding the
desired product as a white solid (82 mg, 91% yield). '"H NMR (500 MHz, Acetone) & 7.51 — 7.46
(m, 2H), 7.43 — 7.39 (m, 2H), 7.34 — 7.20 (m, 8H), 7.11 (dd, J = 8.1, 1.0 Hz, 1H), 6.91 — 6.89 (m,
2H), 6.82 (dd, J = 8.1, 7.3 Hz, 1H), 6.61 (s, 2H), 6.35 (s, 1H), 5.96 (s, 1H), 5.49 (s, 1H), 5.02 —
4.99 (m, 4H). 3C NMR (126 MHz, Acetone) & 148.13, 144.28, 141.29, 139.68, 139.51, 137.00,
136.93, 132.72, 131.78 (d, J = 1.4 Hz), 128.80, 128.59 (d, J = 6.7 Hz), 128.51, 127.70, 126.56,
126.31, 125.52, 125.43, 123.02, 113.45 (d, ] = 1.7 Hz), 71.85 (d, J = 2.6 Hz), 47.10, 46.82. MS-

MALDI (m/z) calculated = 544.1, found = 544.0.
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Protected Zn-Por Monomer: R>-R’-ZnPor-ethyne-H (30 mg), Bzn,HQ-Br (30 mg),
triethylamine (0.3 mL) and THF (10 mL) were added to a two-neck round bottom flask equipped
with a magnetic stir bar and condenser. The mixture was then subjected to three cycles of freeze-
pump-thaw. When the mixture returned to room temperature Pd(PPhs)4 (7 mg) was added under
positive nitrogen pressure. The reaction was then stirred under reflux overnight under nitrogen at
70°C. The crude reaction mixture was then subjected to silica gel chromatography (5% EtOAc in
hexanes and 40% DCM in hexanes) yielding the desired product as a green/blue solid (42 mg, 84%
yield). "H NMR (500 MHz, Acetone) & 10.01 (d, J = 4.2 Hz, 2H), 9.55 (d, J = 4.5 Hz, 2H), 9.43
(d,J=4.4 Hz, 2H), 8.69 — 8.65 (m, 2H), 8.05 (d, J = 6.8 Hz, 2H), 7.79 — 7.69 (m, 4H), 7.55 — 7.46
(m, 4H), 7.32 (dd, J = 16.6, 9.1 Hz, 3H), 7.29 — 7.22 (m, 3H), 7.17 (t, J = 7.6 Hz, 1H), 7.02 (dt, J
=22.1,7.4 Hz, 2H), 6.65 (s, 2H), 6.25 (t, J = 7.5 Hz, 2H), 6.21 — 6.11 (m, 2H), 5.18 (s, 2H), 5.07
(s, 2H),4.91 (t,J =8.2 Hz, 4H), 2.41 (q, J = 8.0 Hz, 6H), 1.73 (p, ] = 7.7 Hz, 4H), 1.46 — 1.38 (m,
6H), 1.23 (dt, J = 7.4, 4.1 Hz, 10H). 3°C NMR (126 MHz, Acetone) & 151.56, 150.75, 149.98,
148.92, 134.11, 132.01, 130.82, 130.03, 128.64, 128.52, 128.26, 127.81, 127.75, 127.52, 127.44,
126.77,126.67, 126.44, 125.43 (d, J = 11.6 Hz), 121.74, 70.99, 70.57, 47.83, 39.23, 35.24, 31.85,
30.33, 29.69, 22.49, 13.48. HRMS (m/z) for C76HssN4O2Zn: calculated = 1132.46337, found =
1132.46179.
Zn-Por-BQ: Protected Zn-Por monomer (20 mg) and DCM (10 mL) were added to a 50 mL round
bottom flask equipped with a magnetic stir bar and N> gas was bubbled through it while the
reaction mixtures was cooled with an ice bath for 20 minutes. BBr3 (0.12 mL,) was then added and
the mixture was stirred under nitrogen for two hours. Next, MeOH (0.7 mL) was added. The crude

reaction mixture was then rinsed three times with DCM/HO and the organic layer was dried down.
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The dried down organic layer (green/blue solid), p-chloranil (20 mg) and DCM (10 mL) were then
added to a 50 mL round bottom flask equipped with a magnetic stir bar and the reaction mixture
was stirred overnight at room temperature. The crude reaction mixture was then subjected to silica
gel chromatography (20% DCM in hexanes) yielding the desired product as a green/blue solid (11
mg, 66% yield). '"H NMR (500 MHz, Acetone) & 10.04 — 9.99 (m, 2H), 9.70 (d, J = 4.6 Hz, 2H),
9.45 (d, J =4.7 Hz, 2H), 8.68 (t, J = 3.0 Hz, 2H), 8.05 (d, J = 6.8 Hz, 2H), 7.79 — 7.57 (m, 3H),
7.54 (d,J = 6.9 Hz, 1H), 7.22 (t, ] = 7.4 Hz, 1H), 7.07 — 6.94 (m, 3H), 6.82 — 6.68 (m, 2H), 5.97
(s, 1H),4.91 (t,J =8.2 Hz, 4H), 2.41 (q, J = 8.0 Hz, 6H), 1.73 (p, ] = 7.7 Hz, 4H), 1.46 — 1.38 (m,
6H), 1.23 (dt, J = 7.4, 4.1 Hz, 10H). 3°C NMR (126 MHz, Acetone) & 184.68, 184.49, 143.86,
142.56, 141.47, 140.94, 139.96, 137.79, 137.40, 134.06, 131.61, 129.89, 129.53, 128.22, 127.73,
126.45, 126.03, 125.49, 124.37, 123.05, 119.66, 93.36, 86.20, 47.51, 46.29, 31.63, 31.07, 29.58,
29.12, 27.35, 27.13, 22.69, 14.09. HRMS (m/z) Cs2Hs6sN4O2Zn: calculated = 952.36947, found =

952.37011.
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3.6.2 Steady State Analysis
Weller Equation Analysis
The Weller equation®® was applied to the electrochemistry data to correct for the different dielectric
constants between THF, the solvent electrochemical potentials were measured in, and 1,4-dioxane,
the solvent transient experiments were performed in, as follows:

e? 1

2T 4

AG = Eox — Erea -(——) + (eZ(% +

TDAEs

1 1
)(g— - g—) (Eqn. S3.2)

s sp
where Eox and E,.s are the oxidation and reduction potentials of the donor and acceptor,
respectively, in the solvent electrochemical measurements were taken with a static dielectric
constant &sp, e is the charge of an electron, rpa is the ion pair distance, rp and 74 are the ionic radii
(both calculated from the structures given by DFT calculations), and &s is the static dielectric
constant of the solvent we are comparing against.

Spectroelectrochemistry.
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Figure S3.9 The absorption spectra of (a) electrochemically oxidized 1DA and (b) electrochemically
reduced 1DA after subtracting the ground statel1 DA absorption, all collected in DCM. This represents
the features expected in transient experiments upon charge separation to form the radical pair.

Fourier Transform Infrared Spectroscopy
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Figure S3.10 FTIR spectra taken in 1,4-dioxane for (a) 1P, (b) 1DA (c) 2P (d) 2DA, (e) chemically
singly oxidized 1P and (f) chemically singly oxidized 2P.
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Kinetic Fitting Methodology
All kinetic analysis was performed using home written programs in MATLAB and was based on
a global fit to selected single-wavelength kinetics. An assumption of a uniform instrument
response of w =300 fs for fSTA (full width at half maximum, FWHM) across the frequency domain
and a fixed time-zero (%) is implicit in the global analysis. Kinetic data from the entire 320-850
nm window were fitted using the global analysis described below. The population dynamics in
toluene and THF overlap with the non-resonant solvent response, which was modeled as the decay
of a separate population with a fixed decay rate smaller than the instrument response. Each
specified wavelength was given an initial amplitude that is representative of the spectral intensity
at time #p. The rate constants and 79 were shared among the various kinetic data and varied globally
across the kinetic data to fit to the models described below. Datasets were globally fit to a specified
kinetic model and the resultant populations were used to deconvolute the dataset and reconstruct
the evolution-associated spectra. Below are the first-order kinetic models of each system with rate
matrix K and initial species population vector P:
14.  {sTA of 1P (VIS):

~1/01 0 0 1
K:( 0  —kup 0 ) P = (1) (Eqn. S3.3)

0 kA—)B _kB—>GS

15.  fsTA of 2P( VIS):

-1/0.1 0 0 1
K = ( 0 —ksp 0 ) P = (1) (Eqn. S3.4)

0 kA—)B _kB—>GS

16. fsTA of 1P (NIR):
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-1/0.1 0 0 1
K = ( 0 —k4sop 0 ) P = (1) (Egn. S3.10)
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Figure S3.111 (a) TA spectra of 1P, (b) evolution-associated species spectra, and (c) selected
wavelength kinetic fits from global analysis.
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wavelength kinetic fits from global analysis.
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Figure S3.16 (a) TA spectra of 1DA, (b) evolution-associated species spectra, and (c) selected
wavelength kinetic fits from global analysis.
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Figure S3.17 (a) TA spectra of 2DA, (b) evolution-associated species spectra, and (c) selected
wavelength kinetic fits from global analysis.
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3.6.4 Density Functional Theory Computational Details and Results

Optimized Geometry Coordinates

Neutral 1DA:

-6.84205 0.40711 1.07316
-7.70542 -0.26983 0.00070
-7.20633 -1.71922 -0.07541
-5.83139 -1.80837 -0.34770
-5.16270 -0.43570 -0.49794
-5.46957 0.30688 0.80749
-7.28696 0.37330 -1.31498
-8.22643 1.03811 -2.24208
-7.63338 1.60846 -3.48503
-6.31949 1.51650 -3.74770
-5.37531 0.83733 -2.81399
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Figure S3.18 (a) TA spectra of 2DA, (b) evolution-associated species spectra, and (c) selected
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1000
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-5.96461
-5.21296
-5.97901
-7.34331
-7.96628
-7.30518
-6.37440
-5.01131
-4.52772
-9.42813
-4.18214
5.37709
5.86655
4.82240
3.68467
4.05125
2.39411
1.26201
-0.08910
-0.89985
-0.05415
1.24855
-0.52737
0.27778
-0.23683
0.82839
2.00434
1.63053
3.30250
4.41148
5.70562
6.49440
5.69578
4.43041
6.15633
2.22847
3.54466
7.58375
8.63470
9.96396
10.26572
9.22967
7.90059
-1.92786

0.28687
-3.04739
-4.20872
-4.12043
-2.86846

1.06445

1.62885

1.52383

0.85237

1.12243

0.74200
-1.17008
-2.43415
-3.30851
-2.58807
-1.29073
-3.14237
-2.41926
-2.94042
-1.92451
-0.77592
-1.09097

0.48639

1.62929

2.90490

3.74336

2.99138

1.70008

3.51315

2.80576

3.40062

2.43339

1.23105

1.48846
-0.00161
-4.60571

4.95422
-0.07407

0.00616
-0.05764

-0.20141
-0.28162
-0.21903

0.61902

-1.57406
-0.45106
-0.27742
-0.00514
0.09717
2.20541
3.08933
2.84356
1.69493
-2.01190
-3.07575
-0.66815
-1.16461
-1.12034
-0.59830
-0.31940
-0.44467
-0.03660
0.00726
0.40896
0.62133
0.35194
1.05408
1.27229
1.70754
1.80727
1.41733
1.09828
1.32305
0.80896
0.56362
0.02053
-0.04960
0.42333
-0.54986
-0.81702
1.73747
-1.00099
-0.07402
-0.49362
-1.84904
-2.78136
-2.36090
1.27778
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-3.12660
2.89965
-8.77735
-4.09934
-8.33190
-5.87311
-5.50402
-7.93011
-9.03096
-8.37127
-6.72089
-4.29398
6.87436
4.83214
-0.39672
-1.97049
-1.27862
0.80030
5.97577
7.51756
2.19491
3.06028
1.31543
2.74852
4.47656
3.62118
8.40256
10.76361
11.30080
9.45481
7.09597
-4.15012
3.35202
2.53604
3.98559

CTEOLLEEEI IR EEEE R R I I I IO ICIEEIEEEIEEEEENO

Neutral 2DA:

8.27482
8.89168
8.20666
6.81156
6.30796
6.87927
8.38869

NN NONONOKe!

0.73204
0.14548
-0.18199
-0.48332
2.09792
1.92471
-5.18269
-5.02551
-2.79847
1.14248
2.14959
1.95261
-2.62790
-4.34314
-3.94174
-1.94149
3.12004
4.78521
4.43076
2.52671
-4.74317
-5.20695
-5.03371
5.33660
5.04716
5.61947
0.11578
0.00176
-0.24970
-0.38844
-0.27379
-3.11565
-0.85874
-1.35796
-1.52043

-0.96546
0.10830
1.42074
1.36122

-0.00530

-1.02749

-0.20168

1.46317
0.66368
0.18216
-0.73079
-4.15810
-4.65026
-0.35923
0.12617
0.30592
2.40173
3.97771
3.53640
-1.50178
-1.43299
-0.25732
0.55638
1.89799
2.09137
0.74750
-0.31323
-1.90578
-0.43934
-0.40341
2.37586
2.30226
0.86734
0.98188
0.24025
-2.17670
-3.83936
-3.08897
-0.67006
2.60713
2.77850
2.28123

0.83174
-0.07224
0.32990
0.21288
-0.26946
0.72128
-1.47591
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9.27578
8.60320
7.26530
6.37333
7.04311
6.01915
6.67722
8.05932
8.84114
8.96479
8.24051
6.85751
6.14456
10.49818
5.15311
-4.24607
-5.12524
-4.33639
-2.96870
-2.94220
-1.84624
-0.51302
0.64910
1.74653
1.26873
-0.09754
2.11164
1.67337
2.56273
1.77893
0.40043
0.37292
-0.72051
-2.05292
-3.18929
-4.28763
-3.83547
-2.47202
-4.67613
-2.12609
-0.50379
-6.14098
-6.93407
-8.29850

-0.42116
-0.71086
-0.76037
-0.52326
-0.25840
2.47940
3.64821
3.68971
2.57321
-1.81193
-2.74143
-2.81870
-1.96181
-0.37148
-0.54270
-2.08510
-1.13820
-0.28408
-0.70216
-1.81265
-0.02798
-0.38473
0.37334
-0.28474
-1.45298
-1.50015
-2.40397
-3.52472
-4.46282
-5.38484
-5.01315
-3.87087
-5.68126
-5.23973
-5.84163
-5.11866
-4.08120
-4.16787
-3.12618
1.19921
-6.93472
-3.20001
-4.25116
-4.30802

-2.63686
-3.93522
-4.04186
-2.87070
-1.57985
0.51940
0.97631
1.10396
0.77394
1.68932
2.44849
2.33952
1.46786
-2.54994
-2.99228
1.04566
1.68908
2.40063
2.19999
1.38760
2.73259
2.47822
2.89816
243777
1.73962
1.77150
1.11886
0.37535
-0.26656
-0.88554
-0.63578
0.14018
-1.14931
-0.99415
-1.65333
-1.29982
-0.40198
-0.24504
0.19920
3.58278
-1.97994
-0.10710
0.37733
0.08795
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-8.89275
-8.11354
-6.74978
3.52101
4.72643
-4.19585
-4.83659
-3.84943
-2.59674
-2.83171
-1.33727
-0.11640
1.18068
2.10202
1.37870
0.04447
1.98507
1.30264
1.95208
0.98112
-0.27475
-0.04084
-1.52685
-2.75494
-4.05137
-4.98515
-4.26737
-2.91114
-4.87887
-1.34710
-1.59627
-6.37562
-7.06638
-8.46045
-9.18959
-8.51496
-7.12115
3.39640
4.60444
-1.37691
-1.29483
-1.62259
-2.19591
-2.22955

-3.31464
-2.26486
-2.20774
-2.21618
-2.07818
2.05912
1.21653
0.51178
0.92496
1.87582
0.40338
0.78063
0.22546
0.84480
1.78163
1.73345
2.61005
3.51773
4.31009
5.04328
4.70186
3.75981
5.22196
4.80769
5.23453
4.58733
3.77029
3.91533
2.93201
-0.65463
6.26158
2.94796
4.08534
4.09523
2.96711
1.82994
1.82067
2.52159
2.47256
2.99931
-3.00831
4.61325
4.13361
5.17580

-0.69248
-1.18296
-0.89234
1.24436
1.34722
-1.37640
-2.35916
-2.98082
-2.39386
-1.42955
-2.77159
-2.19549
-2.53312
-1.75099
-0.92331
-1.20659
0.05060
0.89834
1.91428
2.52150
1.88542
0.90019
2.24399
1.68078
2.15015
1.39666
0.44805
0.64433
-0.50623
-3.86115
3.34989
-0.57914
-1.02586
-1.09331
-0.71326
-0.26448
-0.19820
0.20839
0.36169
-0.45555
0.97141
-2.00383
-2.62549
-1.49279
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-1.43893
-0.74085
-2.27003
9.98036
5.22549
9.26423
6.75981
6.07866
8.53878
9.92377
10.04739
8.76392
6.30070
-6.20312
-4.66286
0.64188
2.78470
3.64177
2.11713
-3.15873
-5.30771
-2.43374
-2.92924
-1.25320
0.46566
-1.26189
-0.55757
-6.47532
-8.89741
-9.95495
-8.56494
-6.14146
-5.89850
-3.97156
1.38209
3.16949
3.01036
1.11606
-4.23821
-6.06025
-1.88027
-0.34374
-1.84849
-1.88016

-3.92660
-3.40381
-3.51761
0.14982
-0.06301
-0.87484
-0.96538
4.52194
4.60029
2.61012
-1.75684
-3.41162
-3.54478
-1.13315
0.56098
1.31012
-0.00070
-4.40631
-6.22216
-6.68798
-5.26704
2.05086
1.00636
1.50540
-7.39168
-7.69020
-6.72479
-5.02341
-5.12783
-3.35938
-1.48962
-1.39623
1.17550
-0.22200
-0.54761
0.67869
4.29191
5.73423
5.91526
4.64621
-0.30109
-0.93159
-1.56907
5.81423

3.02094
3.45123
3.31628
-0.02220
-0.36714
-4.78167
-4.98150
1.21456
1.45247
0.86110
1.76831
3.12483
2.92352
1.61435
2.98934
3.43601
2.53494
-0.24727
-1.47891
-2.32482
-1.62318
2.9639%4
4.30058
4.15829
-1.78153
-1.75673
-3.05673
0.98901
0.47620
-0.91837
-1.79708
-1.28227
-2.55321
-3.76462
-3.25968
-1.74047
2.13132
3.34101
2.96891
1.48578
-4.75057
-4.17948
-3.52172
431198
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H -0.64332 6.77121 3.49260
H -2.33632 7.03228 3.11857
H -6.50344 496468  -1.32767
H -8.97587 498439  -1.44724
H -10.27511 297474  -0.76553
H -9.07145 0.94665 0.03847
H -6.59866 0.93863 0.15998
Singly Reduced 1DA:

6.77610  -1.12695 0.36560
7.54388 0.18553 0.46639
6.97135 0.88402 1.69319
5.58362 1.06880 1.61172
4.98888 0.52986 0.31699
5.38087  -0.93717 0.28159
7.11093 1.01623  -0.73422
8.04688 1.55654  -1.69303
7.41091 230778  -2.76301
6.05806 248050  -2.85041
5.12373 1.93039  -1.88527
5.75773 1.19420  -0.81911
4.89792 1.68684 2.64335
5.60278 2.13063 3.76679
6.97865 1.94960 3.84713
7.66939 1.32072 2.80607
7.31237  -2.40222 0.34839
6.45966  -3.50753 0.24450
5.08871 -3.33046 0.15824
4.53482  -2.03533 0.17521
9.28881 1.38945  -1.60723
3.87491 2.08104  -1.97631
-5.18755 1.31293  -0.86481
-5.54592 2.58194  -1.43973
-4.38833 3.17061 -1.84056
-3.31621 2.27024  -1.50430
-3.82657 1.15254  -0.90620
-1.95349 2.53257  -1.76988
-0.90662 1.66708  -1.46048
0.49550 1.90300  -1.74623
1.18821 0.83839  -1.28736
0.21689  -0.06084  -0.71081
-1.04114 0.44858  -0.82485
0.54796  -1.29016  -0.11079
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-0.37504
0.00753
-1.13464
-2.23118
-1.72490
-3.58098
-4.63011
-6.02477
-6.73056
-5.76927
-4.50271
-6.10015
-1.65003
-3.99268
-7.54870
-8.24943
-9.59899
-10.26819
-9.57994
-8.23063
1.93538
3.12249
-2.75388
8.62755
3.91382
8.07684
5.61962
5.07217
7.52126
8.74596
8.38876
6.87582
4.42598
-6.54976
-4.28297
0.94117
2.26222
1.02476
-1.21000
-6.42494
-7.80428
-2.13020
-2.02185
-0.58342

-2.21609
-3.49077
-4.10923
-3.21455
-2.06838
-3.47485
-2.59057
-2.89222
-1.81885
-0.85256
-1.34941
0.38902
3.84958
-4.78810
0.75236
1.04243
1.37918
1.43131
1.14342
0.80613
-1.61225
-1.83869
-0.37281
0.05882
0.68980
2.73246
3.04364
2.62055
2.29938
1.18044
-2.54037
-4.51097
-4.18602
2.97360
4.13224
2.75549
0.71498
-3.84851
-5.08944
-3.81021
-1.69750
3.89780
4.69590
4.00381

0.41100
0.96427
1.34185
1.02873
0.45837
1.25686
0.92773
1.12210
0.68138
0.21973
0.37586
-0.33868
-2.45480
1.89010
-0.38769
0.78659
0.74408
-0.47570
-1.65136
-1.60675
-0.01716
0.07501
0.00997
0.49466
0.23850
-3.51151
-3.67186
4.57911
4.72163
2.86412
0.40882
0.22562
0.06872
-1.52446
-2.32296
-2.23635
-1.35536
1.03781
1.78951
1.52916
0.65541
-3.43861
-1.86665
-2.60443
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H -3.14014  -5.41058
H -4.56771  -4.61841
H -4.62306  -5.37363
H -7.72399 1.00241
H -10.12757 1.60454
H -11.32164 1.69441
H -10.09562 1.17649
H -7.69092 0.57865
H 3.82243 1.82881
O -2.42401 1.05805
H -1.49647 1.25716
H -2.91827 1.77872
Singly Oxidized 1DA:

C 6.78520  -1.14814
C 7.61785 0.13298
C 7.11218 0.92083
C 5.73568 1.16112
C 5.07227 0.58585
C 541167  -0.89987
C 7.16646 0.92278
C 8.08866 1.41353
C 7.46502 2.18133
C 6.14731 2.40539
C 5.22449 1.89700
C 5.84592 1.15461
C 5.10395 1.84674
C 5.86524 2.29895
C 7.23434 2.06203
C 7.86883 1.36709
C 7.26701  -2.44436
C 6.36406  -3.51416
C 5.00075  -3.28250
C 450511  -1.96349
O 9.28547 1.20351
O 4.01996 2.08341
C -5.21757 1.34533
C -5.59173 2.64707
C -4.43657 3.28364
C -3.36807 2.37074
N -3.85287 1.20275
C -1.99146 2.66590
C -0.93192 1.81335
C 0.45656 2.05629

2.15595
2.80690
1.21124
1.73635
1.66600
-0.51009
-2.60683
-2.52140
2.57261
1.71207
1.51491
1.29412

0.30951
0.32365
1.53301
1.48656
0.23485
0.25546
-0.88995
-1.93997
-3.05613
-3.10679
-2.05518
-0.94013
2.50892
3.59043
3.63576
2.60200
0.36368
0.36751
0.31448
0.25136
-1.89853
-2.12318
-0.78545
-1.25081
-1.59175
-1.31899
-0.82488
-1.56672
-1.27475
-1.59185
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1.15707
0.19935
-1.05074
0.54777
-0.37062
0.03548
-1.10097
-2.20174
-1.71154
-3.54893
-4.62735
-6.00203
-6.72379
-5.78289
-4.50731
-6.12714
-1.71519
-3.94393
-7.57755
-8.39089
-9.74746
-10.30756
-9.50556
-8.14575
1.91727
3.10805
-2.76731
8.69389
4.00347
8.14750
5.68144
5.38293
7.81692
8.93841
8.33617
6.73629
4.30202
-6.59744
-4.34334
0.87331
2.21965
1.05525
-1.16713
-6.38584

0.98242
0.08791
0.58685
-1.16847
-2.13794
-3.40327
-4.04239
-3.16587
-2.00496
-3.45570
-2.59949
-2.99498
-1.93662
-0.89829
-1.32877
0.36177
4.00374
-4.77854
0.66734
0.71523
0.99570
1.21518
1.16195
0.89626
-1.47295
-1.71588
-0.25822
-0.04382
0.79056
2.53934
2.95636
2.83786
241791
1.18142
-2.63013
-4.53225
-4.11240
3.03630
4.28271
2.91287
0.81918
-3.74864
-5.02518
-3.95761

-1.15822
-0.56834
-0.64558
0.00660
0.50117
1.04930
1.41350
1.08489
0.51851
1.27772
0.89832
0.92724
0.46266
0.17005
0.43441
-0.35499
-2.20562
1.88529
-0.48120
0.65620
0.53781
-0.71796
-1.85514
-1.73917
0.08945
0.17167
0.16146
0.33007
0.18016
-3.82053
-3.91775
4.39987
4.47949
2.63770
0.40547
0.40963
0.30974
-1.30621
-1.99141
2.09910
1.26092
1.13623
1.85504
1.23142
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-7.79163
-2.22282
-2.09540
-0.65619
-3.10445
-4.69545
-4.38098
-7.95424
-10.36673
-11.36818
-9.94006
-7.52168
4.03394
-2.70986
-2.40362
-3.55580

Singly Reduced 2DA:
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-8.11234
-8.82755
-8.29673
-6.89643
-6.24809
-6.71300
-8.28594
-9.12974
-8.38796
-7.02110
-6.18015
-6.91832
-6.23239
-7.00463
-8.38803
-9.04362
-8.70029
-7.88476
-6.50118
-5.89022

-10.38753  2.12645

-4.91280
4.47879
5.43417
4.72416
3.32900

0.82151
0.38246
-1.02337
-1.05603
0.31328
0.79506
1.27639
2.09276
2.87082
2.83516
2.01423
1.23868
-2.26823
-3.44766
-3.40291
-2.18721
1.22248
1.60961
1.60592
1.20409

1.98889
1.67925
0.83589
0.02686
0.36229

-1.88184 0.31187
4.07465  -3.17292
481372  -1.57481
4.18661 -2.36936
-5.30440 2.33393
-4.63241 2.66545
-5.43270 1.12219
0.54146 1.63543
1.03963 1.42797
1.42551 -0.81145
1.32259  -2.83664
0.84879  -2.62655
2.03135 2.46953
0.65483 2.09245
1.57097 2.11757
0.63102 2.55903

1.53290
0.25198
-0.03169
-0.14753
0.03290
1.40364
-0.86596
-1.71383
-2.69789
-2.80721
-1.95185
-0.98201
-0.39384
-0.52439
-0.41112
-0.16183
2.72570
3.80078
3.67588
2.46457
-1.60815
-2.04327
1.60166
2.28232
3.11687
2.95277
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3.20868
2.27262
0.91011
-0.18826
-1.34164
-0.96175
0.40276
-1.89067
-1.55379
-2.51389
-1.81193
-0.41702
-0.28754
0.64035
2.00767
3.08983
4.25357
3.89275
2.52430
4.81514
2.64985
0.31977
6.27086
7.11628
8.47502
9.01530
8.18595
6.82663
-3.27798
-4.47325
4.01952
4.65729
3.66975
2.41915
2.66037
1.16377
-0.05833
-1.34152
-2.27249
-1.56499
-0.22625
-2.17995
-1.49751
-2.15050

1.36577
-0.27166
-0.00970
-0.69753
-0.17959

0.82383

0.92260

1.54318

2.43444

3.01430

3.82790

3.74516

2.87316
4.42709
4.21098
4.88994
4.39299

3.40055

3.31655
2.64137
-1.34982

5.44519
2.85271
3.41638
3.60432
3.23049
2.66832
2.48079

1.35252

1.26451
-1.52873
-0.55358
0.24158
-0.24487
-1.32771
0.34325
-0.10976

0.53930
-0.20586
-1.32423
-1.25081
-2.34769
-3.39543
-4.35905

2.01991
3.64121
3.42431
4.07032
3.56696
2.60496
2.53871
1.81472
0.76695
-0.14228
-0.97462
-0.59300
0.47384
-1.21348
-0.93339
-1.60805
-1.10268
-0.11703
-0.02744
0.62815
4.64310
-2.29473
0.34780
1.31651
1.05991
-0.17215
-1.14498
-0.88724
2.08229
2.29859
-1.97768
-2.83229
-3.33087
-2.79662
-1.98563
-3.06553
-2.54416
-2.71843
-2.06568
-1.48681
-1.77897
-0.72536
-0.05623
0.79217
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-1.17628
0.08468
-0.14689
1.34491
2.57301
3.87004
4.80476
4.08830
2.73617
4.70176
1.16823
1.40272
6.19677
6.87449
8.26738
9.00959
8.34868
6.95595
-3.59807
-4.81229
1.26569
1.48878
-9.91577
-5.16547
-8.98470
-6.50393
-6.49681
-8.96658

-10.12706

-9.78336
-8.33907
-5.87161
6.50360
5.12200
-0.10586
-2.36040
-3.56514
-2.22472
2.98311
5.26198
3.53855
1.85299
2.86683
-0.74326

-5.16917
-4.70573
-3.62450
-5.24348
-4.72194
-5.20430
-4.44433
-3.49540
-3.67482
-2.52284
1.57126
-6.43376
-2.53702
-3.61317
-3.62332
-2.55510
-1.47911
-1.47172
-2.31878
-2.31348
-2.60693
2.29369
0.43783
0.29704
3.49919
3.43488
-4.38762
-4.31735
-2.15406
1.24391
1.92672
1.92478
0.84865
-0.74481
-1.49788
-0.46160
2.76971
4.38105
5.64601
4.67169
-1.06913
-1.52906
-2.30410
5.67942

1.29098
0.75344
-0.07707
1.06472
0.60754
1.02190
0.38574

-0.43384
-0.26991
-1.24919
-3.95944
2.00767
-1.33376
-1.92915
-2.01417
-1.50644
-0.91028
-0.82307
-0.60555
-0.51020
-1.22079

1.41196

0.31541
-0.07387
-3.35719
-3.55464
-0.72123
-0.51905

-0.07438
2.82204
4.73650
4.50170
2.12941
3.76018
4.79162
3.79267

-0.20861
-1.80573
-2.37365
-1.37265

5.21469

5.36538
4.14457
-2.33437
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0.84932
0.61955
6.69653
9.11088
10.07383
8.59692
6.18397
5.71787
3.78777
-1.53409
-3.32580
-3.21291
-1.31537
4.05706
5.87937
1.71222
0.16112
1.65280
1.57930
0.47560
2.20549
6.29727
8.77209
10.09475
8.91359
6.44517
0.55012
-0.05108
-0.01391
0.95148
0.55003
0.20205
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6.38718
5.08974
3.71028
4.04663
3.37624
2.36917
2.03069
-0.49075
1.08445
1.46944
0.02442
-4.38624
-5.98580
-6.00075
-4.50691
1.37850
1.87883
242182
-6.12425
-7.00812
-7.12251
-4.44045
-4.46435
-2.56148
-0.64068
-0.63956
-3.84323
-3.13204
-4.42421
3.87023
3.24926
4.16737

Singly oxidized 2DA:

8.25061
8.88049
8.16387
6.77368
6.30654
6.86160
8.42223
9.34350
8.70732
7.37352
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-1.10473
0.27873
1.20525
1.20509
0.28652

-1.09868
0.73138
1.14006
1.55431
1.54987

-2.11552
-3.28909
2.27454
1.82303
-0.37281
-2.10612
-1.63904
-3.02778
-3.99678
-3.23151
-1.96558
0.98835
1.98516
1.72840
0.47860
-4.89096
-4.23638
-3.46456
3.04726
1.99027
1.73214
-2.33264
-2.48382
-1.57480
-0.51070
-0.34789
-2.98901
-3.27501
-2.44978
2.96167
3.59371
2.41405

0.48807
0.27917
1.27093
1.09993
-0.03434
0.30750
-1.10196
-2.18604
-3.46920
-3.63266

201



oloNoNoRoNoRoNoRoVHoNoNoNoloAoloNoloNoHoloNoRo o oo loloNoloNoNoNoNoNoNoNo RO RO N@

6.45081
7.08305
5.95411
6.57280
7.95261
8.76260
8.92053
8.18740
6.81294
6.11978
10.55974
5.23415
-4.08406
-4.80466
-3.87454
-2.58561
-2.73583
-1.36365
-0.11621
1.12305
2.08772
1.44454
0.11481
2.12764
1.52389
2.24334
1.32048
0.03379
0.19426
-1.18862
-2.44753
-3.69126
-4.66780
-4.02503
-2.67375
-4.69753
-1.44376
-1.20003
-6.18227
-6.76814
-8.15304
-8.97198
-8.39914
-7.01378

1.12857
0.73394
2.00544
2.79951
2.78557
1.98657
-2.27422
-3.46113
-3.47165
-2.28521
1.14027
1.10984
-3.83323
-4.90696
-5.70559
-5.11547
-3.97520
-5.63201
-5.00229
-5.46985
-4.57256
-3.55891
-3.82149
-2.43927
-1.39241
-0.26149
0.53636
-0.10929
-1.29853
0.39966
-0.23186
0.29869
-0.58759
-1.65393
-1.41554
-2.77112
-6.93764
1.71691
-2.83238
-3.81231
-3.86638
-2.95097
-1.97823
-1.91571

-2.54251
-1.26647
1.91084
2.90440
3.06960
2.25018
0.82432
0.97943
0.79032
0.44096
-2.04342
-2.70589
-0.46838
0.16793
0.76475
0.50653
-0.24386
1.00481
0.86776
1.44802
1.10596
0.31098
0.18204
-0.24646
-0.99401
-1.52174
-2.12324
-1.97525
-1.28800
-2.44575
-2.26793
-2.77295
-2.43232
-1.70234
-1.61897
-1.17013
1.77181
-3.19492
-1.33954
-2.15611
-2.31517
-1.65122
-0.82931
-0.67703
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/n
/n

s

H
H
H
H
H

3.51911
4.71957
-4.10568
-4.62572
-3.55083
-2.36988
-2.73112
-1.04635
0.11007
1.47064
2.29105
1.43985
0.12749
1.92460
1.12849
1.66538
0.60525
-0.58880
-0.23608
-1.90425
-3.06533
-4.41513
-5.25092
-4.41615
-3.09307
-4.90396
-0.91092
-2.11387
-6.38994
-7.05809
-8.44284
-9.17727
-8.51992
-7.13673
3.33189
4.53774
-1.50774
-1.23855
9.96636
5.22856
9.39143
6.89855
5.95063
8.40718

-2.36018
-2.31553
3.73288
4.82791
5.52487
4.86138
3.77125
5.29626
4.66627
5.09358
4.22711
3.25872
3.53559
2.15298
1.10964
-0.05964
-0.85459
-0.16421
1.03756
-0.63869
0.07495
-0.36482
0.59353
1.61004
1.28225
2.74954
6.53680
-1.97921
2.91019
3.88526
4.03105
3.21237
2.24396
2.09090
2.07731
2.04053
2.56086
-2.77238
0.28555
0.30261
1.85554
1.84604
3.42391
3.40365

-0.01085
0.20911
0.08674

-0.69529

-1.15935

-0.66010
0.08969

-0.92461

-0.43933

-0.69066

-0.03668
0.60733
0.35984
1.35667
1.88655
2.53625
2.84568
2.40574
1.82602
2.57047
2.18983
2.45819
1.96790
1.37452
1.53841
0.70224

-1.78641
3.24913
0.60116
1.35616
1.25903
0.39915

-0.36222

-0.25889
1.55936
1.73088

1.22053
-1.02211
0.37940

-0.17957

-4.25741

-4.56368
3.53762
3.83818
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9.84175
9.99807
8.70123
6.25168
-5.87794
-4.06319
1.25554
3.13501
3.30889
1.52115
-3.81308
-5.72068
-1.88508
-2.07034
-0.46705
-0.19915
-1.72262
-1.72111
-6.13224
-8.59154
10.05059
-9.02980
-6.56748
-5.67175
-3.56831
1.77978
3.37095
2.71527
0.64733
-4.70019
-6.33000
-1.39464
0.12588
-1.39319
-2.92504
-1.22601
-2.37290
-6.48946
-8.94679
-10.25428
-9.08127
-6.62403
-1.42560
-0.84281

1.98411
-2.27202
-4.38128
-4.39468
-5.02502
-6.59617
-6.35327
-4.58675
-0.09577

1.47895

1.22114
-0.53297
-6.78756
-7.66265
-7.39811

2.08514

1.61496

2.48889
-4.52391
-4.62343

-2.99725
-1.26867
-1.16928

5.02674

6.40602

5.93929
4.22625
-0.24964
-1.81789
-1.27224

0.61490

7.39847

6.80822

6.39261
-2.53610
-2.60764
-1.85212

4.52426

4.78596

3.33077

1.60976

1.34385

3.69744

4.46480

2.37651
0.96360
1.24104
0.89555
0.17511
1.34642
2.05521
1.37030
-1.46417
-2.60906
-3.32160
-2.66627
2.76548
1.24486
1.90996
-3.40853
-4.15152
-2.61615
-2.67526
-2.95926
-1.77206
-0.30048
-0.02637
-0.87708
-1.78450
-1.28706
-0.00221
2.70764
3.33149
2.97077
2.01103
-1.31194
-1.97411
-2.75975
2.77567
3.19616
4.30863
2.02631
1.85619
0.32055
-1.04339
-0.85836
3.10037
2.97826
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H -1.01891 3.16702 3.80507
O -0.88415 -3.84092 -2.89764
H -0.02092 -3.64623 -3.29743
H -0.93426 -4.80708 -2.81826
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