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ABSTRACT: Optically generated molecular spin centers offer an
attractive platform for room-temperature spintronic and quantum
applications. The linear acene family of molecules are especially
good candidates due to their eflicient generation of highly
polarized triplet excitons via singlet fission. However, the direct
detection and manipulation of these spin centers in thin films via
the electrical means desirable for ultimate microelectronic devices
has proven challenging. In particular, highly oriented triplet
features have previously been detected in crystalline anthracene
but longer acenes reveal only doublet features in Electrically-
Detected Magnetic Resonance (EDMR). In this work we present
EDMR spectra of highly oriented triplet excitons in pentacene for
the first time, using a host—guest style device made of tetracene
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To
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300

325 350
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375

and pentacene. The guest acts as an energetic trap site, permitting the isolation and detection of molecular triplets at room
temperature. Modeling of these results shows that the observed resonance features correspond to triplet sublevel transitions on
isolated pentacene guest molecules. Rotation of the applied field confirms the tendency of the linear acenes to self-orient with the
longest molecular axis perpendicular to the device substrate. Lastly, we find the disappearance of resonant triplet features in the neat
acenes is not primarily due to the effects of exciton delocalization, but a broader mechanism of spin relaxation primarily influenced

by exciton diffusivity.

B INTRODUCTION

Molecular semiconductors are promising candidates for many
modern electronic technologies like spintronics, novel photo-
voltaics, quantum computing, and quantum sensing."”” The
ease of synthesis, low cost, and tailorability of these materials
makes them generally appealing, and their inherent low spin—
orbit coupling is highly attractive for applications that require
long-lived room temperature spin centers or efficient spin
transport.” Recent advances in molecular coherence times and
gate operation speeds utilize the coupling between excited
electronic states and nearby magnetic nuclei, and promise the
ability for individual molecules to act as hybrid qubit
systems.4_6 Electronic states excel at pure state preparation
at room temperature due to strong coupling to electromagnetic
fields, while substituent magnetic nuclei boast sufficiently long
spin coherence times to act as quantum memory.7 These
impressive systems motivate the need for electrical readout, as
optical schemes require bulky setups that prevent the
realization of miniature devices that will ultimately be desired
either for sensing or computing applications.”® Similar to
quantum dot systems that incorporate the Pauli blockade
principle, a single molecular photoexcited state could in
principle prevent or facilitate charge transfer based solely on
spin polarization.””"" Such a system would offer a straightfor-
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ward pathway to the realization of practical electrical readout 47
with single molecule sensitivity at reasonable temperatures. 48

This approach can find utility in the near-term in quantum 49
sensing applications where molecular ensembles are appro- so
priate, and in the long run there is potential for computing if s1
the limit of single-molecule measurements is reached.'”'* For s»
practical sensing, all that is required is a method of s3
hyperpolarizing a spin system, and a simple sensitive method, s4
like electric current, for reading out its coherence time, as this ss
provides extremely sensitive measurements of the local s6
magnetic environment."* Computing applications are much s7
more challenging, requiring an electrical interface with a single ss
molecule,'”"” and ultimately remote entanglement of multiple so
molecular spin centers.' 60

Toward this goal, we propose a system where the long-lived 61
triplet exciton serves the role of the excited electronic state, 62
facilitating readout and initialization, and the phenomenon of 63
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Singlet Fission (SF) serves as the initialization mecha-
nism.”'®"** The purpose of this paper is to discover how
and if electrical readout of the triplet excitons is possible in
such systems. We focus here on the linear acene family of
molecules, because they are sufficiently conductive to support
large current densities, and excel at generating well-ordered
room temperature triplet species from SE.”>~*’

Singlet Fission, as shown in Figure 1, is a process in which
an initial excitation in the first excited singlet state partitions its

Detectable EDMR,
Triplet Spin «—ODMR_,
Resonances EPR

Ac Tc Pc

e mm——————— <

/ SingletFission\‘ O Q
YR,
W,

Sl—

PO
N

3.13 eV
S1 —
Tl-_ — 2.32 eV
I
1. \V/
2 Tl 83 e

A 199999

Figure 1. Bottom left: Singlet fission process, whereby one
chromophore is excited into the first excited singlet state and
proceeds to fission to a neighboring molecule to produce two first
excited triplets. Ri§ht: Single crystal excited-state energies for
anthracene (Ac),”**” tetracene (Tc),*® and pentacene (Pc)*"** and
which molecules display triplet features based on magnetic resonance
scheme.

energy into two neighboring first excited triplet states.”””

The kinetics of SF can be modified based on the first excited
state energies of the acene involved, and the resulting triplet
spins can even be purposefully localized via chemical synthesis,
for example in bridged dimer configurations'®*”*°~*" that
confer control over the initially generated spin population via
their orientation within an applied magnetic field.'****” The
process is also spin-conserving, producing two spin-polarized
triplet pairs that could then be manipulated and read out in an
ensemble electrically detected measurement scheme we test
here 354041

Electrical readout of triplet states in linear acenes might be
achieved via a magnetoconductance (MC) measurement,
whereby photoexcited triplet states are 4probed through their
interaction with mobile charges.*”™** The triplet-charge
interaction is only one of many mechanisms that explains
Organic Magnetoresistance (OMAR) commonly observed in
organic semiconductors, but forms the basis for the present
measurement scheme.*~*’ As seen in Figure 2, mobile charges
approaching an occupied trap site can either pass by or
undergo a triplet-charge interaction with two outcomes. Based
on the total spin of the complex, a spin-allowed (doublet
character) configuration results in quenching to the molecular
ground state, whereas a spin-forbidden configuration (quartet
character) eventually sees the two constituent particles scatter
apart. The triplet-charge complex forms a set of mixed
quantum states, and the ratio of scattering to quenching

Figure 2. A mobile charge g can avoid interaction through a triplet T
trap-blocking mechanism or undergo a triplet-charge interaction. The
total spin of the triplet-charge complex is field-dependent and
determines if the complex eventually scatters apart or the triplet is
quenched to the ground state.

events becomes magnetic field-dependent, as the probability of 1
forming doublet configuration complexes decreases at high 1
magnetic field.* This in turn leads to a field (and spin) 1
dependence of the conductance, as the change in quenching 1
probability modulates the ratio of trapping to scattering 1
events.”” While intrinsic trap sites are not required for the 1
interaction to occur, modeling of the triplet-charge interaction
has revealed that both trap density and triplet-trapping can 1
profoundly amplify the resulting MC.>">' 1

Because of the apparent benefit of energetic trap sites in 1
studying the triplet-charge interaction, we investigate a host— 1
guest system in this work, where the guest material acts as an 1
intentionally engineered trap site to isolate and probe 1
molecular triplets. We chose pentacene (Pc) as the guest
and tetracene (Tc) as the host molecule due to their identical
crystal packing and energetic alignment. Pc is an optimal 1
choice as guest material, as it is very well studied, boasts 1
sufficient conductivity, and exhibits a notably low ionization
potential and triplet state energy.”” Tetracene as a host 1
material facilitates triplet generation through SF, and its 1
excitonic state energies and ionization potential promote both 1
exciton and charge transfer to the guest Pc molecule. It also 1
possesses a crystal structure identical to that of Pc, making 1
clean substitutional doping of Tc crystals with Pc guests 1
possible.”®>° In this host—guest architecture, the Tc host is
directly optically excited to induce SF, while the Pc acts as a 1
triplet acceptor and trap site. The singlet-fission dynamics of 1
Tc/Pc blends have been studied, and it was observed that both
acenes undergo homofission with a small contribution from 1
heterofission between each species.’"***” It was reported that
even at low Pc guest concentrations, the triplet exciton 1
population was dominated by those localized on Pc on a time 1
scale of 10—100 ps.” 1

Detection of triplet spins can be accomplished by driving 1
triplet sublevel transitions with microwaves through a variety 1
of magnetic resonance techniques. There are however 1
unanswered questions that have arisen from the different 1
experimental spectra obtained for the linear acenes based on 1
detection scheme. As seen at the top of Figure 1, not all 1
magnetic resonance techniques have been able to observe 1
triplet sublevel transitions within the series. Anthracene is well- 1
studied and displays strong triplet and doublet features via 1
Electrically Detected Magnetic Resonance (EDMR), but 1
similar studies of Tc and Pc reveal only doublet 1
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features.”*** "> The Optically Detected Magnetic Resonance
(ODMR) scheme measures the change in optical emission or
absorption of a specific state under resonant conditions, and
has been used to observe oriented triplet features in Tc.*"%
Electron Paramagnetic Resonance Spectroscopy (EPR)
typically involves modulation of the applied field and measures
the resulting change in reflected microwave intensity.”**® EPR
experiments are often conducted with dilute solid state samples
under cryogenic conditions to limit spin—lattice relaxation
effects, and have successfully revealed triplet features in all
three acenes.'®'?>%

In this work, we investigate the electrical readout mechanism
of triplet spin states described above using both pure and
host—guest systems of linear acenes and resolve the reported
differences in magnetic resonance detection schemes.”® We
find that the exciton-charge interaction can indeed be used to
detect the exciton spin state electrically, and present EDMR
spectra that evince highly oriented triplet features of guest Pc
in host Tc. The orientation-dependence of the sublevel
transitions we observe is consistent with triplet spin transitions
on isolated pentacene molecules with their tertiary magnetic
axis (X) oriented 11.9° from the surface normal. Varying the
guest loading shows that the triplet EDMR features disappear
as the concentration increases, consistent with the falling
probability that guest molecules randomly distributed in a host
matrix are completely isolated from each other. These results
provide a coherent explanation for the counterintuitive absence
of triplet features observed in previous EDMR experiments on
pure Tc and Pc: spin—lattice relaxation caused by hopping
events destroys the spin polarization needed to observe them.

B METHODS

All measurements reported in this work were performed at
room temperature using devices fabricated on 10 X 30 mm®
glass/ITO substrates, either held within a rectangular wave-
guide microwave resonator or mounted on a coplanar
waveguide loop antenna for cryogenic measurements. The
ITO on glass substrates were etched as previously described.”
Device layers were deposited in a bottom-up fashion starting
with a thin hole transport layer of spin-coated PEDOT:PSS,
followed by a thermally evaporated polycrystalline acene layer,
followed by a Gold—Silver top electrode. Al 4083 Ossila
PEDOT:PSS, 99.9% sublimed grade pentacene, and 99.99%
sublimed grade benz[bJanthracene (tetracene) were used as
supplied. Both PEDOT:PSS and gold were chosen to promote
hole injection and extraction for the primarily hole-only device
architecture.”*~""!

MC measurements were performed via electrical modulation
of the input current and subsequent detection of the lockin R-
channel as a function of applied field. EDMR measurements
were taken in a similar fashion, where the RF microwave signal
was instead modulated and the resulting current change was
amplified and detected in both in-phase and out-of-phase
channels. A Pyramid Hall Probe was used to determine the real
magnetic field strength with +0.6 mT accuracy. Samples were
rotated with respect to the applied field by rotation of the
whole microwave cavity and waveguide apparatus to =+1°
accuracy. All EDMR curves reported in this work were
measured for a minimum of 4 h and repeated with several
devices to ensure reproducibility.

B RESULTS AND DISCUSSION

Acene-based devices were fabricated to enforce hole-only
transport as a way to suppress other commonly seen organic
magnetoresistance mechanisms, namely bipolaron formation
and electron—hole pair interconversion. The hole transport
layer of PEDOT:PSS and direct gold electrode contact provide
an alignment of the molecular conduction bands and metallic
Fermi level such that electron transport is discouraged by a

203

204

210

high injection barrier.>® As seen in Figure 3, all three types of 2113

60 -
< Acene
€40 * PEDOT:PSS
= 151¢)
>
S 30
=4
] Neat Pentacene
g ZL ——Neat Tetracene
@ 10 =——Host-Guest Te-Pe_¢
=] o0 9 944
o a6 6 8 S.8a%
O T T T T
0.0 0.5 1.0 15 2.0
Voltage (V)

Figure 3. Current—voltage characteristics of neat acene devices and a
(99%Tc/1%Pc) host—guest device. Inset: Device stack.

acene layers exhibit very similar current densities around the
standard 1 V operating conditions. Pentacene was introduced
as a guest between 0.1 and 20% loading via simultaneous
codeposition. In this scheme, pentacene acts as a mobile
charge and exciton trap site because of its lower ionization
potential and first excited state energies compared to the host
tetracene.

Trap density and the effectiveness of trapping has been
shown to be critical in the observance of triplet-charge
magnetoresistance effects.’”>' We analyze the current—voltage
relationship of all three devices using the Mark-Helfrich
equation, which is derived under the assumption of ideal space-
charg% limited conduction influenced by characteristic trap
sites:

RS l{ 20+ 1 }PrI v

J=4 #N N(+1) 1+1 s (1)

Here, ] is the current density, q is the elementary charge, 4,
is the carrier mobility, N, is the effective density of states at the
relevant transport band, €, and €, are the vacuum and relative
permittivity respectively, N, is the effective trap density, V is
the bias voltage, and L is the length of the active layer. [ is a
representation of the trapping frequency, with higher values
representing either deeper trap sites and/or more effective
molecular trapping mechanisms. From the fitting, | was found
to be lowest with neat Pc (2.58), moderate with neat Tc
(3.49), and highest with the host—guest system (4.08). While
the fitting does not provide explicit details on the trapping
mechanism, it does imply the conduction pathways for the
codeposited layer are more energetically disordered compared
to either neat material.

The magnetoresistance mechanisms and underlying theory
for neat Pc devices were thoroughly explored in our previous
work.”® We developed a quantum kinetic model based on the
Hamiltonian of the weakly coupled triplet-charge interaction
that explained the observed effects via a triplet-trap filling
model. This explains the little to no observed MC of neat Pc
devices in the dark, but the consistent large positive MC under
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illumination and subsequent triplet generation via SF. Not all
photoresponsive SF materials exhibit this same effect though,
as the thermodynamics of the phenomenon are field
dependent.

Figure 4 shows typical MC measurements gathered by
sweeping the applied field and measuring the resulting change

0.3

0.2 —
Neat Pentacene x 0.33
—— Neat Tetracene

01 —— Host-Guest Tc-Pc

Magnetoconductance (%)

0.0

T T T T T
0 100 200 300 400
B Field (mT)

Figure 4. Magnetoconductance of photoexcited acene devices. Pc
illuminated with 660 nm red light and Tc and (99%Tc/1%Pc) host—
guest device illuminated with 505 nm green light. Solid lines represent
fits to separate kinetic models based on the highest-concentration
acene present. Pc data scaled down to one-third to increase visibility.

in conductance under illumination. The magnetoconductance

is defined by

= 1) - 1(0) X 100%
1(0) ()

As seen in Figure 4, the strong positive MC effect commonly
seen in Pc is not matched by the other device types. Here, Pc is
illuminated with 660 nm red light, while the primarily Tc
devices are illuminated with 505 nm green light. This most
strongly aligns the absorption of the materials with their
respective band gaps to produce similar exciton densities, as
shown in the Supporting Information via absorption spectros-
copy and photocurrent measurements. A key difference
between the acenes is that the SF efficiency in neat Pc
remains relatively unchanged during the field sweep, whereas
the SF efficiency of Tc is reduced at high field. The initial
increase in conductivity in neat Tc is attributed to the triplet
trap-filling mechanism, whereby triplet spins generated via SF
fill unoccupied lower energy states in the conduction band,
blocking the site for mobile charges and increasing the effective
mobility. At high field, Tc exhibits a well characterized
reduction in the SF efliciency, causing the overall triplet
density to fall.**>* As such, the MC characteristics of Tc follow
a dual Lorentzian behavior, and the best fit to the experimental
curve in Figure 4 reveals a low-field positive Lorentzian
centered around 8 mT, and a high-field negative Lorentzian
centered around 80 mT.

Interestingly, the host—guest system behaves unlike either
neat film, instead displaying a primarily negative MC. It is not
uncommon in OMAR studies to observe systems that retain
the same fundamental curve shape, but flip sign in response to
a change in bias voltage, film thickness, temperature, or even
choice of electrode.””~"” The host—guest system displays a
similar dual Lorentzian behavior to that of the neat Tc film,
implying a retention of the change in SF efficiency as a
function of applied field. The sign change and overall reduction
in magnitude could indicate a saturation of the trap-filling
effect, implying that at low field the triplet density that is able

MC

to affect mobile charges is already maximized, and any
additional change has little to no effect on conduction
pathways. The slight positive high field MC is not statistically
significant, but if this were a real effect, could suggest that the
guest Pc is still providing some improvement in conduction
through the triplet-charge mechanism, even in low concen-
tration.

Figure 5 shows field-swept room temperature EDMR
measurements taken on the acene devices with the current
1.2
—— Host-Guest Tc-Pc
1.0 Neat Pentacene
h Neat Tetracene
€ 08+ A Simulated Powder
a H
£ 06 ¢
2
2 04—
0.2+
0.0 7R
[ I [ I I [ [ 1
310 320 330 340 350 360 370 380
B Field (mT)

Figure 5. In-plane EDMR spectra of neat acene devices and a (95%
Tc/5%Pc) host—guest device at a carrier frequency of 9.625 GHz.
Also shown is the simulated powder spectrum from the subsequent
analysis revealing one heavily broadened feature.

vector parallel to the static magnetic field vector. In these
experiments, the device is put under the same conditions as the

290
291
292
293
294
295
296
297 £5
298

299
300

MC measurements, where illumination drives the generation of 301

triplet spins through SF and a constant DC bias promotes
triplet-charge interactions. An amplitude-modulated micro-
wave-magnetic field is then applied perpendicular to the static
magnetic field in order to drive spin transitions when the
Zeeman splitting of a given transition matches the fixed
microwave drive frequency (9.625 GHz at 20 dbm power).
The conductance is then constantly measured via lockin
detection at the microwave modulation frequency (1.243
kHz), and the field is swept back and forth to detect spin
transitions that alter the baseline conductance.

From Figure S, all three devices exhibit a clear center-field
spectral feature, which can be attributed to the symmetric
doublet electron transition. But only the host—guest device
exhibits wing features (displaced from center-field) that are
attributed to oriented triplet sublevel spin transitions. The
distinct orientation is evident when compared to the simulated
powder spectrum, whereby the triplet contributions from
different molecular orientations result in a significantly
broadened centralized component. The fact that the neat
acene spectra reveal no triplet features while undergoing strong
SF is counterintuitive, but this is consistent with previous
studies.’”****°"%% The neat acene films measured through
EDMR produce only one center-field peak that fits well to a
sum of Gaussian and Lorentzian line shapes, shown in the
cryogenic EDMR section of the Supporting Information This
center-field peak is commonly attributed not to the high triplet
density from the SF process, but to mobile and trapped charges
that undergo a symmetric spin flip, placing them directly at the
center-field of the chosen resonant frequency. Here the 9.625
GHz frequency corresponds to a g = 2 center-field line of 344.1
mT.

The wing features seen in the host—guest device in Figure 5
are the first evidence of triplet spin transitions in Pc detected
through EDMR. The peak positions correspond to specifically
oriented molecular Pc triplets with respect to the applied field
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337 orientation. These features have already been observed
338 electrically in anthracene and optically in tetracene, and also
339 agree with previous literature on the preferred growth
340 orientation of acene crystals in thermally evaporated thin
341 films.'®3%9%5%78 Iy order to elaborate on why these features
342 only appear in a codeposited film and to conclusively define
343 the molecular orientation bias in the film, we detail a theory
344 based on the underlying Hamiltonian of the doublet-triplet
345 system. The total spin Hamiltonian governing the triplet-

oo

un

346 charge system is given by
H= HZ,T + HZ,D + th,T + th,D + Hzfs,T + H,
_ 8
HZ,i - YBapp'Si
8Hp
th,i = 7Bhf,i'si
szs 2 Ezfs 2 2
Hzfs,T = ?ST,Z + ?(ST,QC - ST,y )
Hex = Z ]ijSDiSTj
347 b 3)

348 where Hy;, Hy,, Hyp, and H,, represent the contributions
349 from the Zeeman splitting, hyperfine interactions, zero field
3s0 splitting of the triplet state, and doublet-triplet exchange
coupling, respectively. D, and E, are experimentally
352 determined parameters, and the tensor J; represents the total
353 isotropic, symmetric, and antisymmetric exchange interaction
354 between the doublet and triplet.””

3ss  The Zeeman and Hyperfine terms of the Hamiltonian are
356 initially represented in what are termed the high field basis
357 states, having an explicit representation in terms of positive and
358 negative contributions with respect to the applied field. The
359 zero field splitting term in the Hamiltonian is initially
360 represented in what is termed the zero field basis states,
having an explicit representation with respect to the primary X,
362 Y, and Z molecular axes. The zero field splitting term is first
363 transformed and represented in the high field basis states and
364 combined with the Zeeman and Hyperfine terms to produce
365 six uncoupled states made up of the combinations of the
366 triplets (T,, T,, T_) and doublets (a, ). First, the zero field
367 splitting component is given by

w
[
=

w
o))
—

Hyp=
Dy 1 ) 1
g, By + - ﬁgﬂb(Bx + ’BY) E(Dx - DY)
1 i 1
ﬁgﬂb(Bx - ’By) Dy + Dy fgﬂh(Bx
+ iBy)
l(DX - Dy) %gﬂb(Bx —iBy) — gw,B, + &
368 2 2 4)

369 where g is the electron g-factor, yj is the Bohr magneton, and

0 By = B, sin 6y cos ¢, (3)

51 By = By sin Oy sin @, (6)

. B, = B,,, cos Oy (7)
D. = _szs E

3 X 3 zfs (8)

Dy= 2% 4 p
Y 3 2fs (9) 14
where B, represents the strength of the applied magnetic 375
field, and ), and ¢, represent the orientation of this applied 376
field with respect to the conventional polar and azimuthal 377
angles in the molecular frame. Next, the zero field basis states 378
in the molecular frame can be transformed to compatible high 379
field basis states by applying the high field unitary trans- 380

formation matrix 381
Hy = UpH, Uy (10) 35,
where 383
U=
—cos Oy cos b, + i sin Oy cos b, — i cos Oy sin Oy sin Oy,
V2 cos @y sin Oy ix/2'sin 6y sin by V2 cos by,
cos Oy cos b, + i sin ¢y, cos b, + i cos Oy sin h,, —sin Oy
(11) 384
where rows represent | + 1), 10), | — 1) high field states and 3ss

columns represent 1X), [Y), IZ) zero field states. Lastly, the six 3s6
state doublet triplet Hamiltonian is formed via the tensor 3s7
product 388

Hyp = Hy ® Hp=

H, H, H; lg,ubBaPP 0
2
H,, H), Hy|® 1
Hy, Hy, Hi; 0 - zgﬂbBaPp

(12) 359

The hyperfine interaction is included in relevant inner 3%
product matrix positions and averaged over many random 391
directions. The effect is quite small and results in a negligible 392
contribution at high field in resonance experiments but is 393
detailed in the Supporting Information. The final exchange 394
coupling term in the Hamiltonian is represented with an 395
explicit form in eq 3, but it is more intuitive to view the 396
interaction as a change from uncoupled basis to a coupled one. 397
Instead of representing the coupling term in the molecular or 398
Zeeman frame, we follow the common approach of 399
formulating the Hamiltonian first in the uncoupled basis and 400
then rotating the eigenbasis to the coupled mixed states based 401
on the strength of the exchange and dipolar coupling.*’ In this 402
scheme, we can define a direct relation between the uncoupled 403
basis states on the left, the weakly coupled ¥ basis states in the 404
middle, and the strongly coupled doublet/quartet states on the 4os
right: 406

== |Q+3/2>

T,y ~ ¥, = —sin (JDTIQH/Z) + cos OpyID,, ) = 1D, )5)
Too ® ¥ = cos OprlQ ., ,) + sinOprlDyy)0) ~ 1Q )
Top = ¥, = cos (/)DT|Q71/2> + sin ¢ ID_, /) ® |Q71/2>
T_,~ Y= =sing,1Q_, ,) + cos ¢y ID_;,,) % ID_y )

T,/; =¥ = |Q__3/2> (13) 407

In these basis representations, a lack of exchange coupling 408
would result in retention of the high field states on the left and 409
infinitely strong coupling would produce the fully coupled 410
doublet-quartet basis states on the right. The canonical 411
eigenbasis rotation angles 05 and ¢ represent the strength 412
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of the coupling, and thus the extent of the rotation of the
eigenbasis. In studies of the magnetoresistance of the neat
linear acenes, the weakly coupled ¥ or strongly coupled
doublet-quartet states are invoked to explain the root cause of
the magnetic field effects.*>**°%°!

It is clear from these studies that thin films of neat acenes
provide an environment that fosters triplet-charge interactions.
But it is not apparent whether the triplet and charge are
required to be weakly or strongly coupled in this scheme, or
perhaps fleeting interactions with no exchange coupling
dominate the mechanism. In particular, in the following
EDMR results we find little to no evidence of doublet-triplet
exchange coupling in the host—guest matrix, but instead
isolated doublets and triplets. In the following modeling we
choose the ¥ basis convention to describe the 6 doublet-triplet
states, but with no exchange coupling these are synonymous
with the high field (T,, T, T_) and (q, j3) states. Explicit forms
of the coupled basis states, eigenenergies, and exchange
coupled EDMR simulation are provided in the Supporting
Information

In order to simulate the EDMR, special care must be taken
to clarify the molecular orientation with respect to the applied
field. Figure 6a depicts the fixed magnet pole in the lab frame

b)

substrate dM7 U Zyo s
Figure 6. Relevant experimental orientations. a) Laboratory frame
consisting of a magnetic pole and device, where the static field By is
fixed parallel to Z;. Physical rotation of the device in the X;Z; plane
rotates the current vector and the microwave-magnetic field By. b)
Molecular frame of tetracene, highlighting the tendency of evaporated
films to align with respect to the substrate surface.

with the static field B, always pointing in the Z; direction. A
device substrate is allowed to rotate within the applied field
along the angle 6, in the X;Z; plane. Devices are fabricated in
such a way where the active area is defined by the overlap
between the underlying ITO (blue) and vertical metal finger
electrode (yellow). The initial configuration when 6, is equal
to O requires the current vector J and static field B, to point
along Z;, while the microwave-magnetic field B; points
perpendicular along the X; direction. When the device is
rotated a full 90°, the current vector now points along the X;
direction and both the static and microwave-magnetic field B,
and B, point along the Z; direction.

The molecular frames for both acenes are defined based on
the conventional X;;, Y), and Z,, molecular axes.'® Figure 6b
shows the orientation of these axes with Tc as an example, and
highlights the propensity of acene molecules to align
themselves standing up on the device substrate, as is typical

in thermally deposited films.”>>> Both Pc and Tc tend to align
with the X,-axis mostly normal to the plane of the substrate in
a herringbone fashion.'® The orientations in the Yy, and Z,
directions tend to be isotropically distributed, and it is believed
this stacking motif maximizes the beneficial pi-pi stacking along
the X,-axis of the acenes.”® Due to the similarities in structural
conformation and crystal dimensions, Tc and Pc blends from
thermal codeposition form solid solutions, and lattice sites are
presumed to be occupied randomly.” The tilt angle of the
acenes standing on the substrate surface is represented here as
7, but is really a more complex combination of angles a and
of the unit cell parameters. We will approximate the EDMR
simulations using this singular tilt angle #, but the full unit cell
parameters for both acenes are included in the Supporting
Information

Figure 7 depicts the Pc EDMR simulation procedure from
initial construction of the full doublet-triplet Hamiltonian to
the resulting EDMR plot as a function of molecular
orientation. In Figure 7a, the energy levels of the separated
doublet and triplet species and the six combined ¥ states are
graphically represented. The spin up @ to spin down p

a) Separated Basis Uncoupled Basis

T+a
T+ / \
w2 W

Q

- = /m
- \
T-p
b) 10
P
g
9 W1
& W2
é‘i 0 w3
& w4
@ ws
Yo w6
10
0 100 200 300 400
B Field (mT)

C)M

Lebedev Angles 7»14/\

Powder Spectrum

Simulated EDMR (AJ/J)

275 300 325 350 375 400

B Field (mT)

Figure 7. Theoretical EDMR simulation. a) Basis states of the doublet
and triplet species and possible transitions. b) Zeeman splitting of the
resulting six state Hamiltonian of Pc. ¢) Simulated Pc EDMR based
on orientation of the applied field with respect to the molecular axes.
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Figure 8. Waterfall plots of a) simulated and b) experimental in-phase and c) out-of-phase EDMR of a (99%Tc/1%Pc) host—guest device with
respect to device rotation angle @, within the X;Z; plane of the laboratory frame. The data shown was rephased in post to minimize signal

amplitude in the out-of-phase channel.

N

474 transition is symmetric while the two triplet transitions are
475 asymmetric due to the zero field splitting of the acene. In the
476 uncoupled basis states, there are now 7 possible state
477 transitions, 3 represent a pure doublet spin flip, and 4
478 represent a pure triplet sublevel transition. With no exchange
479 coupling, the transitions are degenerate, still producing only 3
480 unique resonances, and the system is still treated effectively as
481 pairs of isolated spins. Figure 7b shows the state energies
482 resulting from the doublet-triplet Hamiltonian as a function of
483 applied field. This depiction changes slightly based on the
484 choice of molecular orientation with respect to the applied
485 field. When the applied field is oriented parallel to the shortest
486 Zy-axis of the molecule, the asymmetry becomes the most
487 pronounced, and the eigenenergies of the T, to T transition
488 and T_ to T, transition are separated by the largest possible
489 splitting.

490 The simulated spectra in Figure 7c are produced by first
491 calculating the W state energies assuming a fixed microwave
492 resonance of 9.625 GHz. The splitting of the state energies is
493 converted into corresponding applied field units via the
494 following relation

[C N BN

S =

o

[

495 AEif = hwii = g’ubBii (14)
496 where Planck’s constant h is used to convert the difference in
497 energies between W states i and j into a transition frequency.
498 The applied field strength that corresponds to the 9.625 GHz
499 transition is found and a Gaussian broadening is applied to
s00 each transition line in Figure 7c. The width of the Gaussian
s01 broadening is chosen to most closely match experimental data,
502 and is attributed to the combination of hyperfine interactions
s03 of nearby hydrogen nuclei and the precision of the
504 experimental apparatus.

sos  EDMR simulations are shown in Figure 7c¢ for four different
506 molecular orientations with respect to the applied field, and an
507 isotropic powder. When the principle magnetic axes of the
s08 molecule are aligned with the applied field, a single peak due to
509 the doublet transitions appears at center-field, while two
s1o distinct wing peaks appear to the left and right of center-field
si1 due to the triplet transitions. The zero field splitting
s12 parameters determine the separation of the wing peaks, with
513 the shortest primary Zy-axis displaying the largest splitting of
514 2D g, between the triplet peaks. To simulate the nonprimary

®

—

crystal axes, we generate a series of angles based on the sis
Lebedev quadratures, which to a certain degree of accuracy are si6
able to simulate an averaging of spherical systems without s17
biasing the primary axis directions.”’ Lebedev angles 7—14 at s1s
precision 5 all produce the same simulated EDMR spectrum, s19
as the triplet eigenenergies are no longer steeply split by any of s20
the primary crystal axes. This results in the triplet and doublet s21
transitions all contributing to one large central peak. The s2
simulated powder spectrum was generated via averaging over 523
10,000 random angles, and produces a heavily pronounced s24
center-field feature due to the doublet transitions and many of s2s
the triplet transitions. From these predictive spectra, it is clear s26
that the wing peaks observed in the host—guest EDMR in s27
Figure 5 must be due to triplets on molecules oriented with s2s
one of their principal magnetic axes parallel to the applied field. s29

The triplet wing features observed in the host—guest device s30
in Figure S align quite well with the simulated spectrum of s31
doublet and triplet transitions of Pc oriented with their X, -axis 532
parallel to the static magnetic field. This could either be due to s33
a preferred molecular orientation from thermal deposition as s34
expected or an effect wherein orientation selects from a specific s3s
spin polarization that contributes more strongly to the EDMR s36
signal than others. To disambiguate these two effects we s37
measure the EDMR response of the device as it is physically s3s
rotated within the applied field. 539

Figure 8 shows the simulated and experimental effects of s40 s
rotating the host—guest device within the applied field as a s41
function of @;. For the simulated spectra at 0° rotation, all s4
molecules are chosen to be oriented with an 11.9° tilt away s43
from the X,-axis with respect to the applied field. The initial s44
tilt is based on the short tilt axis of the Pc unit cell and as a s4s
first-order approximation shows good agreement with experi- s46
ment. The molecular orientation is only initially constrained at s47
an angle from the Xj-axis, and is otherwise isotropically s4s
distributed in the Y, and Z,; directions. 549

As the rotation angle increases, the triplet wing features sso
begin to shrink toward the center, as they lose the effect of ss1
strong zero field splitting from being oriented along a primary ss2
axis. With steeper angles of rotation, the triplet wing peaks ss3
begin to not only lose character from the Xj-axis orientation, ss4
but begin to gain character in the Y, and Z,, axes. This causes sss
the wing peaks to rapidly broaden as they lose their primary ss6
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axis identity, until at steep angles the peaks broaden so
substantially they are essentially no longer detectable.

The data acquired via lock-in detection was initially
collected with no phase offset, and rephased in post at each
angle to minimize the signal amplitude of the out-of-phase
component. The raw data set and rephasing procedure is
described in the Supporting Information Rephasing of the
lock-in data provides a clearer view of processes that may be
occurring at different time scales than the primary signal of
interest. Here, even when the out-of-phase signal is minimized,
the center-field feature remains, meaning the resonant
transitions at center-field correspond to kinetic processes
occurring at a longer time scale than the outer peaks. This
provides strong evidence that at least some fraction of the
center-field contribution originates from a process that is
fundamentally different from that governing the wing peaks.
This is not too surprising, as our analysis before shows that in a
highly oriented system all doublet transitions appear within the
center-field range, while all triplet transitions appear outside of
it. Additionally, a noticeable asymmetry also exists between the
left T, and right T__, peak amplitudes in all scans. This
could potentially be due to a consequence of the experimental
design, an imbalance in the plus and minus sublevel
occupations, or some kind of self-polarizing triplet spin effect
originating from the asymmetry of the Hamiltonian.

The triplet wing features in both the raw and rephased lock-
in data present only positive contributions to the EDMR. This
can now be more accurately described with respect to the
triplet-charge interaction. A positive phase EDMR feature
corresponds to an increase in conductance, so the triplet
sublevel transition must result in a reduction in triplet-charge
quenching. We can start with the most commonly proposed
mechanism in acene ODMR literature, where the m, = 0
sublevel is presumed to be populated preferentially compared
to the m, = + 1 sublevels.””~*" The triplet charge interactions
formed in this case are more likely to quench as all m; = 0
interactions result in a spin-allowed quenching. Now when the
sublevels are driven under resonance, we provide more m; = +
1 character to the triplet-charge interactions, and thus an
increase in the spin-forbidden scattering pathway. This then
aligns well with the increase of conductance seen in experiment
here, as the triplet trap-site occupation lifetime is increased,
allowing mobile charges to pass by via triplet trap-filling.*’

It is also worth mentioning one caveat to the observed peak
amplitudes due to experimental design. Rotation of the device
in these experiments is achieved via simultaneous rotation of
the microwave cavity. In the 0° angle EDMR, the microwave
cavity configuration applies a microwave-magnetic field B; in
the positive Z; -axis, perpendicular to B,. The microwave cavity
and device then rotate in the X;Z; plane along 6; to orient the
device at an angle to the applied field direction. This also
rotates the microwave-magnetic field B, toward aligning with
the static field By, which has the downside of reducing the
allowedness of transitions with a total spin change of +1. Thus,
in the present experimental setup, this will reduce the
amplitude of all of the observed doublet and triplet transitions
as a function of rotation angle 6;. This also explains the
apparently increasing baseline noise in the measurements
conducted at high rotation angles, as each spectrum is
normalized for visibility.

The position of these peaks along the applied field axis also
strongly implies the existence of the observed triplet spins
localized on the guest Pc as opposed to the host Tc. For triplet

spins primarily oriented along the X,-axis with respect to the
substrate, one would expect the positive and negative triplet
wing peaks to be split by the elongated zero field splitting
parameter D_;. The separation of the host—guest wing peaks in
the standard EDMR configuration is observed to be about
1420 MHz, whereas the previously measured D splitting for
Pc is 1395 MHz, and for Tc is 1205 MHz.”’ This is consistent
with previous research into these blends that has shown strong
evidence of preferential triplet generation and migration onto
the lower energy Pc.*' Both the host tetracene homofission
and the heterofission pathway between two unlike acene
molecules lead to long-lived isolated triplet spin population
among the guest Pc across a wide range of Pc loading.”

Based on these arguments, it appears that the dilution of Pc
is required to detect isolated triplet spins. In fact, host—guest
systems are commonly employed in EPR experiments in order
to isolate single molecules in the solid state.””**™*® More
specifically, neat polycrystalline Pc produces little to no
resonant features in low temperature EPR experiments, but
does reveal a distinct triplet spectrum when diluted in p-
terphenyl."®'”**~” The two most commonly mentioned
mechanisms in EPR literature that could cause peak
attenuation are exciton delocalization and spin—Ilattice
relaxation,”*~**

Delocalization of excitonic species varies dramatically based
on material, with some polymeric species exhibiting exciton
delocalization upward of 50 nm, while most organics host an
exciton on just one or two molecules.”””~'%* Triplet exciton
species tend to be more tightly bound and more localized than
their singlet counterparts, and in the linear acenes tend to be
constrained to one molecule at most.”>'*%'%>1%>1% [n high
concentration, neighboring molecules would tend to delocalize
more, resulting in triplet transitions that are less constrained to
the molecular axes and an overall reduction in the effective
zero field splitting. On the other hand, spin—lattice relaxation
effects are caused primarily via exciton hopping in the high
concentration limit.”””® Triplet excitons are significantly less
mobile than singlets in the linear acenes, but are still able to
travel long distances due to considerable lifetimes,*>7*17 7110
In the dilute regime, excitons would tend to be isolated and
trapped, drastically reducing the spin—Ilattice relaxation and
increasing the initial polarization caused by SF.

Figure 9 shows the theoretical changes to the Pc EDMR
triplet wing peaks as either effect is amplified. Exciton
delocalization was simulated by calculating the effective

2 .
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Figure 9. Triplet-only Pc EDMR simulation of two common quantum
effects that result in the alteration and eventual disappearance of wing
features in high concentrations of the guest molecule.
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665 reduction in D, and E,4 zero field splitting parameters caused
666 by incorporation of the exciton into 2 and then 4 Pc molecules
667 based on the crystal unit cell. As the triplet exciton is allowed
668 to delocalize, it incorporates neighboring molecules in a way
669 that increases the spherical symmetry of the space it is confined
670 to. This causes the triplet features to collapse toward center-
671 field and become narrower as the similarity of surrounding
672 molecules increases.

673  Spin—Ilattice relaxation is a more general term that
674 encompasses the loss of spin polarization from several
675 mechanisms. We argue that the dominant cause of triplet
676 spin—lattice relaxation in high guest concentration is due to
677 exciton hopping via nearest neighbor proximity. Accounting
678 for triplet relaxation, triplet—triplet annihilation, and doublet-
679 triplet quenching, the triplet lifetime in organics ranges from
680 tens of nanoseconds to microseconds. Given a Pc triplet
681 exciton diffusion coefficient of 0.0023 c¢m’s™' and a hopping
682 distance of ~0.7 nm, this gives the average triplet exciton in Pc
683 the opportunity to undergo thousands to millions of hopping
684 events during its lifetime, at a hoPIping frequency of ky,, =
685 1.8x10'%7" in two dimensions.''' Figure 10 shows the
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Figure 10. Experimental in-phase EDMR signal of Tc-Pc host—guest
devices as a function of % Pc loading. Spectra were taken at the 0°
rotational angle and are normalized to the center-field doublet feature.

(=}

686 experimental reduction in triplet EDMR wing peak amplitude
687 as a function of increasing guest Pc concentration. In all
688 spectra, the wing peak positions vary at most by 2 mT,
689 implying that the spin—lattice relaxation effect is the dominant
690 mechanism with increasing guest concentration and not
691 exciton delocalization. The lack of exciton delocalization in
692 the linear acenes is also reflected in the host—guest absorption
693 spectra presented in the Supporting Information This
694 experiment serves as a confirmation of the exciton localization
695 in this system, which is not always observed in resonance
696 experiments of other organic semiconductors.

697  From these results we can expand further on the reduction
698 in spin polarization and model the spin—lattice relaxation in
699 terms of the ratio of isolated to mobile triplets. In the acenes,
700 even one hopping event can result in a spin reorientation, due

O oo

—_

=R el

to the alternating herringbone structure of the crystal lattice. 701
Not all hopping events result in a reorientation, but the 702
diffusion coeflicients are known to be highest in the a-b plane 703
of the crystal lattice where these herringbone hops 704
occur.”*"'"!"? As an approximation, we choose to model the 70s
spin—lattice relaxation effect by calculating the amount of 706
guest molecules that are considered fully isolated and cannot 707
undergo even one hopping event as a function of guest loading. 708
The Poisson distribution can be used to model the random 709
distribution of guest molecules in a host matrix, and is given by 710

P(k; N) = (N ™) /k! (15) 71y

which calculates the probability P of observing k distinct events 712
given an average number of total events N. The probability 713
that a guest molecule is isolated can then be calculated when k 714
is set to 0, where N represents the available neighbors: 715

3
P(k=0; N) = ¢ N = /43¢ (16) 716

Here, p is the point density of acene molecules and the 717
search radius for the nearest molecule is defined by a sphere of 718
radius e. Figure 11 shows a comparison of the simulated 719 f11
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Figure 11. Simulation of isolated guest Pc molecules randomly
distributed in a host Tc matrix as a function of guest loading.
Molecules are considered to be isolated when the only nearest
neighbors are host molecules. The first nearest neighbor is considered
to be the closest molecule on the short axis of the triclinic unit cell,
where the third nearest neighbor would be across the full diagonal of
one unit cell.

number of isolated Pc guest molecules as € is increased to 720
allow further nearest neighbors. As a comparison, we also show 721
the normalized sum of the integrated wing peaks from Figure 722
10 as a function of Pc loading. The experimental data set does 723
not align perfectly with simulation, but the overall trend aligns 724
remarkably well just with the predicted isolation of randomly 725
distributed guest molecules. Of course there remains a sizable 726
uncertainty in the acene deposition rates of the thin films, and 727
there could be several experimental factors that would account 728
for the discrepancy. It is possible that hopping events can occur 729
between guest molecules separated by multiple hosts, as the 730
tunneling barrier between non-nearest neighbor Pc molecules 731
is not very large compared with a p-terphenyl or phenacene 732
host. It is also possible that exciton and charge dynamics are 733
altered as the Tc lattice and associated crystallites are distorted 734
as the Pc fraction increases.”” And last, triplet—triplet 73s
annihilation effects could bridge this gap between theory and 736
experiment, as we do not account for guest triplet annihilation 737
as the interaction frequency is predicted to be several orders of 738
magnitude lower than that of the triplet-charge interactions. 739

From these key discoveries, we can draw several conclusions 740
about the observation of triplet features among the different 741
linear acenes as a function of detection scheme. In optically 742
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detected measurements, triplet features arise from the kinetic
balance between the correlated triplet pair state and the first
excited singlet state. Triplet spins born via singlet fission are
initially spin-polarized, and in the correlated triplet pair
configuration can either separate or undergo triplet fusion
back to a ground state and first excited singlet. In photo-
luminescence-detected ODMR measurements (PLDMR), the
radiative transition from the singlet is the transition being
monitored, and so there must be a sufficient balance between
singlet fission and triplet fusion for the triplet spins to affect the
measurement. Therefore, the cutoff point to observe triplet
PLDMR in the linear acenes occurs between tetracene, where
the SF reaction is endothermic (0.18 eV), and Ipentacene,
where the SF reaction is exothermic (—0.11 eV).""*"'* The
correlated triplet pair in tetracene boasts a sufficiently short
lifetime around 1 ns, compared to the spin—lattice relaxation
time of around 10—100 ns, meaning driving triplet sublevel
transitions within the pair modulates the singlet occupation,
and thus produces an ODMR signal.>* On the other hand, the
SF in pentacene is so energetically downhill that nearly all
exciton species favor the triplet configuration and no change in
the singlet occupation is detected via PLDMR.*>'""

In electrically detected schemes, the triplet features arise
from a separate mechanism and no longer rely on the excited
singlet state to be detectable. Here, triplet species affect the
conduction by occupying trap sites, so interactions that affect
the average trapped triplet occupation, like triplet-charge
interactions are detectable. Resonant transitions will now only
appear in systems where the triplet-charge interaction rate
occurs on a faster time scale than other triplet relaxation
pathways like triplet—triplet annihilation or exciton hopping.
While it is still not abundantly clear why triplet species in
crystalline anthracene are electrically detectable compared to
the longer acenes, some contributing factors stand out. Singlet
fission in crystalline anthracene is much less favored due to the
endothermic nature of the reaction (0.53 eV), and thus triplet
density at equilibrium remains low. Lifetimes of triplet-doublet
interactions in crystalline anthracene (2 ns), are reportedly
lower than those observed in crystalline tetracene (7 ns).”**® It
is possible the faster triplet-doublet interaction rate in
anthracene out-competes the other triplet relaxation pathways,
and in the longer acenes the high triplet density and hopping
mobility contributes to triplet quenching and triplet relaxation
on shorter time scales. Resulting in the cutoff point where
triplet features are electrically detectable in the linear acene
series to occur between anthracene and tetracene.

The host—guest system presented herein provides an
opportunity to bypass the triplet detection limitations in
magnetic resonance experiments observed in the neat acenes.
Unlike Pc, the host Tc loses SF efficiency as a function of
applied field due to its endothermic nature. The host—guest
system necessarily possesses a lower triplet density compared
to neat Pc, and triplets that are generated under photo-
excitation are primarily harbored on the guest Pc. The decrease
in exciton mobility now allows the triplet spins to retain their
original polarization from the SF process. These effects explain
the minimal MC observed in the host—guest system, as triplet-
charge interactions are drastically reduced in the high-field
limit. The interactions that remain are however now electrically
detectable, thanks to the SF process preferentially populating
the m, = 0 triplet sublevel. Under resonant conditions, the m, =
+ 1 sublevels are now in relatively higher concentration, and so
triplet-charge interactions produce more scattering states and

result in a reduction of quenched triplets. The higher average
trapped triplet lifetime results in more efficient trap-blocking,
an increase in conductance, and a positive phase EDMR signal.

B CONCLUSIONS

809

We report electrically detected magnetic resonance studies of 810

both neat acene and codeposited host—guest acene systems
aimed at discovering whether electrical detection of the exciton
spin state in these systems can be a useful platform for
molecular quantum information applications. The host—guest
architecture of pentacene in tetracene shows the first reported
EDMR spectrum of a triplet-state on pentacene, confirming
the value of electrical detection. The sign of the triplet
transitions are consistent with our previously reported trap-
filling model of organic magnetoconductance, and the spectra
show a high degree of molecular orientation. By rotating the
device with respect to the applied field, we were able to
confirm the crystallographic orientation bias in the thin film
through EDMR, and separate the contributions from doublet
and triplet transitions. However, it remains unclear whether an
observed asymmetry in the intensity of the plus and minus

811

825

triplet transitions is due to an experimental complication or if 826

this is a self-polarizing effect caused by the asymmetry of the
underlying Hamiltonian. Future work on the nature of this
apparent self-polarization could provide valuable direction
toward the initialization of molecular quantum systems.

We find the triplet sublevel transitions diminish and
ultimately vanish as the concentration of pentacene guest
molecules increases, without any apparent shift in their field
positions. This behavior explains the absence of triplet
transitions in previous EDMR studies of tetracene and
pentacene and shows that spin—lattice relaxation is the

827
828
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831
832
833
834
83§
836

primary driver. From this experiment we find no evidence of 837

exciton delocalization, which has been used to explain the
disappearance of features in other organic semiconductor
resonance experiments. We propose that exciton hopping
events are the primary cause of this efficient relaxation, and
provide a model based on the declining probability of finding
fully isolated guest molecules in the film as their concentration
increases. This ensemble host—guest system displays the
primary requirements needed for quantum information
applications and could feasibly be incorporated in a room
temperature quantum sensing protocol. We propose future
work focused on using the singlet fission phenomenon to
accomplish the spin initialization and a pulsed-EDMR scheme
to realize the electrical manipulation and readout of these spins
in a simple useful quantum protocol. Computing applications
would ultimately require scaling to single molecule tunnel
junctions,'”'” and implementing a mechanism of establishing
remote entanglement.15 Overall, we believe the results
presented here resolve the discrepancy in previously reported
magnetic resonance spectra of the different acenes as a
function of detection scheme, and pave the way for electrical
readout of future molecular systems by means of enhanced
triplet exciton detection in solid state host—guest systems.
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