Chapter V

Time-Resolved Electron Paramagnetic Resonance Spectroscopy on HDPP-Pent, Li>(DPP-

Pent),, and KDPP-Pent
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Introduction

Singlet fission is a multiexciton generating process by which two triplets may be generated
from one singlet exciton.! This process proceeds through a correlated triplet pair state M(TT).
Although the singlet character of the M(TT) state provides a spin-allowed pathway between singlet
and triplet manifolds, the coupling of two triplets gives rise to nine states of different spin
multiplicities.> In the high-field limit, these sublevels will approach the eigenstates of the $% and
S, operators and represent states of singlet, triplet, and quintet multiplicity. Recent reports using
time-resolved electron paramagnetic resonance (TREPR) spectroscopy have elucidated the
formation of quintet states via singlet fission in material and molecular systems. The features of
these TREPR spectra often suggest that the quintet is generated in a strongly exchange coupled

triplet pair (J >> D), such that the eigenstates are roughly of pure spin multiplicity.> 3

The triplet pair states play a vital role in the singlet fission conversion process from singlet
to free triplets that might be harvested in a solar energy device. Additionally, recent interest has
been given to the triplet pair state for quantum information science because the triplet pair
represents a maximally entangled state.>'#!° Ideally, in quantum information science, one can
initialize the system with a high degree of polarization, which is possible for the triplet pair states.
Recent investigations have demonstrated that the spin polarization of the quintet observed by
TREPR is highly dependent on the relative orientation of the chromophores and their relative
orientation with the applied magnetic field. Strict alignment of the molecular axes with each other

and with the field produces maximal spin polarization, largely in the Ms = 0 sublevel .®

As this example shows, it is critically important to be able to understand the structural and
electronic properties of singlet fission systems that give rise to different properties of the triplet

pair states if we are to rationally design and apply them. To that end, molecular bipentacenes can
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be very useful to study and compare with respect to their TREPR data to trace polarization and
time evolution of the quintet triplet pair states and uncorrelated triplet features. In this chapter we
present results and preliminary analysis regarding the TREPR spectra collected on HDPP-Pent,
Lio(DPP-Pent),, and KDPP-Pent. Appendix C contains the theoretical framework in the

construction of triplet pair spin operators and spin Hamiltonians.

Time-Resolved EPR Spectroscopy

In time-resolved EPR (TREPR), a laser flash is applied to the sample and an EPR signal
can be collected at certain time delays after the flash (DAFs). As a result, high-spin excited states
may be probe by EPR even if the system is diamagnetic in its ground state. TREPR can be done
in continuous wave (CW) mode or in pulsed mode. In CW mode, the laser flash is applied to the
sample while the microwave radiation is continuously applied to the cavity, and the EPR spectrum
can be read at a particular time by sweeping the magnetic field. This mode of collection has certain
drawbacks, as the continuously applied microwave field can induce spin relaxation within the
sample, decreasing the lifetime of the signal. In pulsed mode, the EPR signal intensity at a given

time after the laser flash is read out by a Hahn echo sequence.

The pulsed detection has certain advantages over the CW detection scheme. As the
microwave radiation is not applied continuously, the pulsed detection reduces microwave-driven
spin relaxation. Additionally, pulsed detection makes possible the selective detection of transitions
arising from specific spin states. The Hahn echo sequence reads out the net magnetization in the
transverse plane of the rotating reference frame. The magnetic moments of the spin, initially
aligned with the externally applied field along the z-axis, are rotated into the transverse plane by
the pulsed application of the B, field. As the magnetic moment of a spin system is proportional to

its total spin angular momentum, systems with higher total spin angular momentum S will
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generally exhibit greater magnitude magnetic moments u. The perpendicularly applied B4 field
imposes a torque on the magnetic moment of the spin system. The greater the magnitude of the
magnetic moment of the spin system, the greater the torque and thus the greater the angular
velocity with which the magnetic moment rotates. As such, the Rabi nutation frequency of a given
spin packet will be dependent on the spin angular momentum guantum number S and the magnetic
sublevel quantum number M. This is given in the expression below in which 2,,_, 1, represents
the nutation frequency of a given spin packet and w; is the B; magnetic field strength in angular

frequency units.®

Dy mgr1 = (‘)1\/5(5 +1) - M;(Ms; £ 1) Eq.5.1

In standard EPR spectroscopy, the spin sublevels follow a Boltzmann distribution of the
populations. As such, the population of the lower energy sublevel of a given transition (P;) is
greater than the population of the upper energy sublevel (B,), which results in a net absorptive
signal for each transition. In TREPR, the laser flash generates a nonequilibrium population
distribution among the spin states. As a result, TREPR spectra can feature both net absorptive and

net emissive signals.

As written out explicitly in Appendix C, we derive the spin Hamiltonian for the triplet pair
state from the individual triplet spin operators. We follow in the vein of past triplet pair
descriptions including recent work such as the JDE model.}**" We consider only intratriplet
dipolar interactions and intertriplet exchange when including the zero-field splitting and exchange
Hamiltonians, respectively. We include only the isotropic component of the exchange as this is
generally the dominant exchange interaction in molecular organic electron spin systems.!® This

gives a spin Hamiltonian A of the form below:
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H= Hyee + Hzfs + Hey
ij — A ijB
Hzee - Hzee ® 13 + 13 ® Hzee
R = upBT - g*P - 577
i — gA 7B
Hzfs - Hzfs ® 13 + 13 029 Hzfs

7AB _ cABT . nAB . cAB
A5 = sAB". pAB . §

Hex = J (53 ®@ S% + 55 @ 55 + 52 ® §7) Eq.52A—F
Hyee and H,:2 represent the Zeeman and zero-field splitting Hamiltonians for individual

triplets A or B and H,, represents the exchange interaction between triplets A and B.%1417.19-2

In collaboration with Drs. Jens Niklas and Oleg Poluektov, we collected TREPR data on
Li»(DPP-Pent)., HDPP-Pent, and KDPP-Pent. The compounds were synthesized at Caltech. The
data collection was performed at Argonne National Laboratory. EPR simulations were run using
the EasySpin package developed for MATLAB.? Simulation of the 5(TT) spectra using
polarization in the spin basis was performed using an additional script for EasySpin developed by

Dr. Matthew Krzyaniak.
Results
Li2(DPP-Pent)

TREPR data was collected on 2 mM frozen glass solution samples of Li.(DPP-Pent),. We
collected EDFS spectra at microwave power attenuations of 17 and 12 dB to measure quintet- and
triplet-selective spectra, respectively shown in Figure 5.1. As can be seen, the EDFS spectra
collected at 17 dB, although predominately featuring quintet transitions, does have some intensity
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coming from triplet transitions on the wings. The absolute signal intensity rises going from 300 ns
to 5 us and then is largely decayed by 70 us. When normalized, the spectral features at 300 ns and
5 us are consistent with each other. However, by 70 us, the quintet features have largely decayed

while the triplet features persist.
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Figure 5.1 EDFS of Lix(DPP-Pent), at 17 dB microwave power attenuation (quintet-selective)
collected at 300 ns, 5 ps, and 70 ps at absolute (A) and normalized (B) intensity. EDFS at 12 dB
microwave power attenuation (triplet-selective) collected at 300 ns, 5 us, and 70 ps at absolute (C)

and normalized (D) intensity.

The triplet-selective EDFS collected at 12 dB microwave attenuation is dominated by the

triplet features. These also rise going from 300 ns to 5 ps before decaying slightly in intensity
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toward 70 pus as seen in Figure 5.1C. The polarization pattern of the triplet begins in a eeaa pattern
where a stands for absorptive and e for emissive and the four positions correspond to parallel,
perpendicular, perpendicular, parallel orientations of the spin packets involved in the two
transitions observed in this region. At long DAFs, the polarization pattern changes to aaee,

suggesting a redistribution of the population density among the magnetic sublevels of the triplet.

The quintet spectrum could be simulated using the triplet pair Hamiltonian above as shown
in Figure 5.2. The eigenenergies and states are solved in the uncoupled basis, so the initial
population is set to be the }(TT) projected into the uncoupled basis. This gives rise to quintet
features via the off-diagonal elements of the spin Hamiltonian arising from the dipolar interactions.
The spectrum was simulated using a g value of 2.0023, D value of 1250 MHz, E value of 10 MHz,
and J value of 20 GHz (as per the convention used in EasySpin, the positive exchange coupling

constant places the low spin multiplicity states lowest in energy).
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Figure 5.2 Simulated >(TT) TREPR spectrum (red lines in lower plots) overlaid on the EDFS

spectrum of Li2(DPP-Pent). collected at 300 ns DAF and at 20 K, 9.68 GHz microwave frequency.
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The levelsplot at each canonical orientation is shown above — the system is largely axial, so the x
and y orientations are nearly identical (the rhombicity parameter is not well distinguished from

linewidth effects).

The triplet spectrum could be well simulated with the inclusion of the Zeeman and zero-
field splitting Hamiltonians in the spin Hamiltonian using a g value of 2.0023, D value of 1250
MHz, and an E value of 10 MHz. The simulated results are overlayed on the triplet spectrum at 5

us in Figure 5.3.
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Figure 5.3 Simulated triplet TREPR spectrum (red and blue lines in lower plots) overlaid on the
EDFS spectrum of Lix(DPP-Pent). collected at 5 ps DAF and at 20 K, 9.68 GHz microwave
frequency. The top levelsplot shows the perpendicular orientations (x and y) and the middle

levelsplot shows the parallel orientations (z) of the spin system with respect to the magnetic field.
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The time traces of the quintet features at 338.0 and 350.4 mT are shown in Figure 5.4.
These traces could be fit with a biexponential function which is shown overlaid over the data in
Figure 6.4C. At 338.0 mT, we obtain time constants 11 = 1.84 ps and 12 = 19.4 ps reflecting the
rise and decay times of the signal, respectively. At 350.4 mT, we obtain time constants t1 = 1.43

us and 12 = 19.3 ps reflecting the rise and decay times of the signal, respectively.
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Figure 5.4 (A) Quintet spectrum at 5 ps of Liz(DPP-Pent)2 with field positions 338.0 mT and 350.4
mT highlighted. (B) The kinetic traces of the amplitude observed at 338.0 and 350.4 mT in purple
and teal, respectively, where the time axis represents the DAF time. (C) The time traces overlaid

with the results of a biexponential fit.
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As previously mentioned, the polarization pattern of the triplet features changes over the

times observed. This is shown more explicitly in the time traces collected at 322.2 and 366.0 mT

in Figure 5.5.
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Figure 5.5 (A) Triplet spectrum at 300 ns of Li2(DPP-Pent). with field positions 322.2 and 366.0
mT highlighted. (B) The kinetic traces of the amplitude observed at 322.2 and 366.0 mT in red
and blue, respectively, where the time axis represents the DAF time. (C) The time traces overlaid

with the results of a triexponential fit.

The kinetic traces could be fit with a triexponential function, yielding time constants at
322.2 mT of 11 = 2.87 us, 12 = 52.49 s, 13 = 60.73 ps and time constants at 366.0 mT of 11 = 2.224

us, ©2=40.52 us, 13 = 131.2 ps. The change in polarization pattern has been observed in correlated
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radical pairs as well and arises due to spin-selective intersystem crossing back to the ground state

from the triplet sublevels.®

A radical standard was added to the sample containing Li>(DPP-Pent), and used to
reference the phasing of the data — the radical, which is not affected by the laser flash and exhibits
Boltzmann population of its magnetic sublevels, should exhibit a net absorptive feature around the
free electron g value ~2.0023. The radical also acts as a reference for Rabi nutation experiments
at fixed microwave drive power and varied field position. Observing the ratio of the obtained

nutation frequencies can corroborate the assignment of transitions within the S =1 and S = 2

manifolds.
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Figure 5.6 Rabi nutation experiments collected on the Lix(DPP-Pent), sample with added
reference radical species at 14 dB microwave attenuation at 20 K observed at 350.4 mT (Quintet

~Ms= 0 < +1, perpendicular, 5 us DAF), 327.3 mT (Quintet ~Ms = -2 <> -1, perpendicular, 5 ps
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DAF), 322.4 mT (Triplet ~ Ms = -1 « 0, perpendicular, 90 us DAF), and 344.6 mT (Doublet ~ M

=-1/2 & +1/2, 90 ps DAF).

As shown in Figure 5.6, Rabi nutation experiments were collected at 350.4, 327.3, 322.4,
and 344.6 mT which correspond to quintet (~Ms = 0 < +1, perpendicular), quintet (~Ms = -2 <> -
1, perpendicular), triplet (~Ms = -1 <> 0, perpendicular), and the stable radical (Ms =-1/2 <> +1/2)
transitions, respectively. The fast Fourier transform of the data provides nutation frequencies of
32.2 GHz (at 350.4 mT), 26.6 GHz (at 327.3 mT), 19.5 GHz (at 322.4 mT), and 13.1 GHz (at

344.6 mT). We can determine the expected ratios of the Rabi nutation frequencies for each given

.- 29(0e 3 2g0o 290o
transition from Eq. 6.1. We expect —20=*0. — \F ~ 1.22,2202%) — /3~ 1,73, 202D
2g(-z0-1) 2 f1(-100) p-1/,041/,)

V6 ~ 2.45. Taking the ratio of the experimentally derived nutation frequencies we get Ze@ern

29(-20-1)
1.21, 20020 _ 1 65, and —220=*D  _ 2 47, which is consistent with our expectations.
T(-1<0) D(-1/y0+1/5)
HDPP-Pent

TREPR was collected on 2 mM glassed solutions of HDPP-Pent. The EDFS collected at
17 dB are shown in Figures 6.7A and 6.7B from 5 to 70 ps. The contribution of the triplet features
is significantly reduced compared to the data acquired on Lix(DPP-Pent),. In fact, the EDFS
collected at 12 dB, which should be dominated by pure triplet features, is largely noise as shown
in Figures 6.7C and 6.7D. This as well stands in stark contrast to the evident triplet features that
dominate the EDFS at this drive power in Li2(DPP-Pent)z. There is a small radical impurity

observed in the EDFS centered at 345.2 mT.
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Figure 5.7 EDFS of HDPP-Pent at 17 dB microwave power attenuation (quintet-selective)
collected at 5 and 70 ps at absolute (A) and normalized (B) intensity. EDFS at 12 dB microwave
power attenuation (triplet-selective) collected at 5 and 70 us at absolute (C) and normalized (D)

intensity.

The quintet features from the EDFS of HDPP-Pent could be simulated with our spin
Hamiltonian. The spectrum was reasonably simulated using a g value of 2.0023, D value of 1050
MHz, E value of 10 MHz, and J value of 20 GHz. The simulations are overlaid on the data in
Figure 5.8 with accompanying levelsplots at perpendicular (only x-direction shown) and parallel

(2) orientations.
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Figure 5.8 Simulated °(TT) TREPR spectrum (red lines in lower plots) overlaid on the EDFS
spectrum of HDPP-Pent collected at 5 us DAF and at 20 K, 9.68 GHz microwave frequency. The

levelsplot at each perpendicular (x) and parallel (z) orientations are shown above.

The Kinetic traces acquired on the quintet spectrum are shown in Figure 5.9. Following the
kinetics at 338.0 and 350.8 mT, which correspond to ~Ms = -1 «»0 and ~Ms = 0 <> +1 transitions,
respectively, we can fit the evolution of these features to a biexponential. At 338.0 mT, we obtain
time constants of 11 = 7.28 pus and 12 = 32.5 ps corresponding to rise and decay of the signal,
respectively. At 350.8 mT, we obtain time constants of t1 =5.15 ps and 12 =37.1 ps corresponding

to rise and decay of the signal, respectively. These fits are overlaid on the kinetic traces in Figure

5.9C.
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Figure 5.9 (A) Quintet spectrum at 5 pus of HDPP-Pent with field positions 338.0 mT and 350.8
mT highlighted. (B) The kinetic traces of the amplitude observed at 338.0 and 350.8 mT in purple

and light blue, respectively, where the time axis represents the DAF time. (C) The time traces

overlaid with the results of a biexponential fit.

Rabi nutation experiments were carried out at 5 us DAF at field positions 350.4, 327.3, and
345.2 mT, which correspond to quintet ~Ms= 0 « +1 transitions at perpendicular orientations,
quintet ~Ms = -2 < -1 transitions at perpendicular orientations, and radical impurity Ms=-1/2 «

+1/2 transitions. The data is summarized in Figure 5.10. The ratio of the nutation frequencies are
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Figure 5.10 Rabi nutation experiments collected on the HDPP-Pent sample at 14 dB microwave

attenuation at 20 K observed at 350.8 mT (Quintet ~Ms= 0 <> +1, perpendicular, 5 us DAF), 327.3

mT (Quintet ~Ms = -2 <> -1, perpendicular, 5 us DAF), and 354.2 mT (Doublet impurity ~ Ms = -

1/2 & +1/2, 5 ps DAF).

KDPP-Pent

TREPR was collected on 2 mM glassed solutions of KDPP-Pent. The EDFS collected at

20 dB are shown in Figures 5.11A and 5.11B from 5 to 100 ps. The contribution of the triplet

features is substantial at this power attenuation. The triplet optimized EDFS collected at 14 dB are

shown in shown in Figures 5.11C and 5.11D. The triplet spectrum, even at early times,

demonstrates the opposite polarization pattern than that observed for Li.(DPP-Pent). at early times
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and is rather similar to the long-time triplet spectra observed for Li2(DPP-Pent),. The polarization

pattern is similar to that observed for intersystem crossing-populated triplets.
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Figure 5.11 EDFS of KDPP-Pent at 20 dB microwave power attenuation (quintet-selective)
collected at 5 and 100 ps at absolute (A) and normalized (B) intensity. EDFS at 14 dB microwave
power attenuation (triplet-selective) collected at 5 and 100 ps at absolute (C) and normalized (D)

intensity.

The quintet features from the EDFS of KDPP-Pent could be reasonably simulated using a
g value of 2.0023, D value of 1050 MHz, E value of 10 MHz, and J value of 20 GHz. The
simulations are overlaid on the data in Figure 5.12 with accompanying levelsplots at perpendicular

(only x-direction shown) and parallel (z) orientations.
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Figure 5.12 Simulated >(TT) TREPR spectrum (red lines in lower plots) overlaid on the EDFS
spectrum of KDPP-Pent collected at 5 pus DAF and at 20 K, 9.68 GHz microwave frequency. The

levelsplot at each perpendicular (x) and parallel (z) orientations re shown above.

The kinetic traces acquired at 327.3, 337.8, 350.9, and 356.0 mT are shown in Figure
5.13B. We fit the traces at 337.8 and 350.9 mT to a biexponential function. At 337.8 mT, we obtain
time constants of 11 = 9.82 us and 12 = 26.3 us corresponding to rise and decay of the signal,
respectively. At 350.9 mT, we obtain time constants of t1 = 3.93 ps and 12 = 31.0 ps corresponding
to rise and decay of the signal, respectively. These fits are overlaid on the kinetic traces in Figure

5.13C.
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Figure 5.13 (A) Quintet spectrum at 5 ps of KDPP-Pent with field positions 337.8 mT and 350.9

mT highlighted. (B) The kinetic traces of the amplitude observed at 337.8 and 350.9 mT in purple

and light blue, respectively, where the time axis represents the DAF time. (C) The time traces

overlaid with the results of a biexponential fit.

The kinetic traces of the triplet optimized TREPR spectrum of KDPP-Pent at 321.9 and
366.0 mT, corresponding to the perpendicular extrema of the -1 < 0 and 0 <> +1 transitions
respectively, are shown in Figure 5.14. Notably, the triplet features appear within the instrument
response time. This is unlike Lio(DPP-Pent), where they grow in roughly on the same timescale

as the quintet features (several microseconds).
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Figure 5.15 Rabi nutation experiments collected on the KDPP-Pent sample at 14 dB microwave
attenuation at 20 K observed at 350.8 mT (Quintet ~Ms= 0 < +1, perpendicular, 5 us DAF) and

321.9 mT (Triplet ~Ms = -1 < 0, perpendicular, 5 us DAF).
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Rabi nutation experiments were carried out at 350.9 mT (quintet, ~Ms = 0 < +1,
perpendicular) and 321.9 mT (triplet, ~Ms = -1 < 0) and are shown in Figure 5.15. The nutation

frequencies obtained from fast Fourier transform were 34.4 GHz (350.9 mT) and 20.5 GHz (321.9

mT). The ratio of these two gives % = 1.68 which is consistent with the expected ratio of
T(—1<0)

v/3 = 1.73 and corroborates our assignment of these features.
Discussion and Summary

In summary, we have examined the TREPR data for Li2(DPP-Pent),, HDPP-Pent, and
KDPP-Pent. Discussion in the literature has suggested that the quintet states may play a role in the
dephasing of the triplet pair state, giving rise to free triplets. Alternatively, they may help
ultimately populate overall S = 1 pair states that can undergo triplet-triplet annihilation to provide
a sole triplet state. Li>(DPP-Pent)> exhibits a dataset most in line with expectations from other
TREPR studies on singlet fission systems wherein the quintet and triplet features rise within the
microsecond timescale. HDPP-Pent, however, features no substantial signal arising from free
triplets in the timescales observed here. KDPP-Pent as well strays from the pack by exhibiting
strong triplet features that rise within the instrument response, preceding the rise of the quintet
features. KDPP-Pent also exhibits a polarization pattern that is most consistent with a triplet
populated by intersystem crossing, or the polarization pattern observed in the triplet spectra at long
DAFs in Li2(DPP-Pent),. The investigation into the origin of these differences between the DPP-

Pent series is ongoing.
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