Communication

' { ; ‘ , S & Cite This: J. Am. Chem. Soc. XXXX, XXX, XXX=XXX

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Isotropic Effective Spin-Orbit Coupling in a Conjugated Polymer
Gajadhar Joshi,” Mandefro Y. Teferi,” Richards Miller,” Shirin Jamali," Douglas Baird,” Johan van Tol,*

Hans Malissa,” John M. Luptom*ﬁyl

and Christoph Boehme*'"

TDepartment of Physics and Astronomy, University of Utah, 115 S, 1400 E, Salt Lake City, Utah 84112, United States
*National High Magnetic Field Laboratory, Florida State University, Tallahassee, Florida 32310, United States
Institut fiir Experimentelle und Angewandte Physik, Universitit Regensburg, Universititsstrasse 31, 93040 Regensburg, Germany

© Supporting Information

ABSTRACT: Conjugated polymers are anisotropic in
shape and with regard to electronic properties. Little is
known as to how electronic anisotropy impacts the
underlying characteristics of the electron spin, such as
the coupling to orbital magnetic moments. Using multi-
frequency electrically detected magnetic resonance spec-
troscopy extending over 12 octaves in frequency, we
explore the effect of spin-orbit coupling by examining the
pronounced broadening of resonance spectra with
increasing magnetic field. Whereas in three commonly
used materials, the high-field spectra show asymmetric
broadening, as would be expected from anisotropic g-strain
effects associated with the molecular structure, in the
conducting polymer poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) the spectra broaden
isotropically, providing a direct measure of the microscopic
distribution in g-factors. This observation implies that
effective charge-carrier g-tensors are isotropic, which likely
originates from motional narrowing in this high-mobility
material.

IT-conjugated polymers are highly anisotropic. The most
extreme cases of polydiacetylene can form almost perfectly
one-dimensional structures extending over micrometers." But
even in less-ordered polymers, anisotropy can have dramatic
effects on electronic properties, for example in organic light-
emitting diodes (OLEDs), where oriented polymer films
generate polarized light.” Little is known about how molecular
anisotropy impacts the spin degree of freedom of charge-
carriers. Spin plays a crucial role in the recombination of
oppositely charged carriers in an OLED, but can also control
transport properties, for example if doubly charged species such
as bipolarons arise.” The spin of an electron on a molecule is
influenced by two fundamental interactions: the coupling to
nuclear magnetic moments, the hyperfine interaction, and the
coupling to the orbital angular momentum of the electron wave
function, spin-orbit coupling (SOC). In recent years, interest
focused on exploiting hyperfine coupling in magnetic-field
sensors,”” exploring these magnetic field-dependent processes
in detail by resolving hyperfine field-induced spin precession in
time-resolved electron spin resonance (ESR) experiments® and
controlling the interactions by changing molecular conforma-
tion and isotopic composition.”® Assessing the influence of
SOC in such materials has proven much more challenging,’
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even though the effect is crucial to device performance. In an
OLED, for example, enhancing SOC by adding heavy nuclei
mixes singlet and triplet spin states and allows radiative
recombination to occur from the triplet as phosphorescence. As
a result, OLEDs incorporating materials with strong SOC are
more efficient than devices with pure singlet emitters.” But
what role, if any, does SOC play in pure organic materials
without heavy atoms?” Addressing this question is challenging,
and previous work has focused primarily on photoinduced
absorption studies of triplet exciton formation by excited-state
intersystem crossing,10 or on intrinsic phosphorescence.”
However, there is no reason to assume that isolated charge
carriers experience the same level of SOC as molecular
excitons, which couple strongly to the molecular framework;
in addition, assigning spectral features in photoinduced
absorption can be challenging. The inverse spin-Hall effect,
which measures a voltage build-up due to the separation of spin
and charge, has emerged as an additional possibility of
exploring SOC,'” a relativistic effect controlling interconversion
of electric and magnetic fields. The effect of SOC can be
visualized by determining the correction to the magnetic
moment of a free electron experienced under the influence of
the orbital moment."” This perturbation is expressed by the
electron g-factor, measured in ESR."® To do this necessitates
operating at high resonance frequencies, where the distributions
in local Zeeman splittings of the electron spin due to the SOC-
induced variation in microscopic g-factors exceeds the local
scatter in Zeeman splitting due to the hyperfine fields
experienced by the spin.'® Using a high-frequency ESR
approach,'® we compare resonance spectra of four commonly
used 7z-conjugated polymers. The spectra broaden with
increasing magnetic field, because the microscopic distribution
in electronic g-factors broadens the range of possible energies
for the Zeeman-split transitions as sketched in the inset of
Figure 1la.

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) is a widely used doped conducting polymer
with a range of interesting morphological and electronic
properties.'® Ordering of the polymer chains can arise in the
ensemble, so that different domains with a high degree of
electronic delocalization emerge.'” Because of the thiophene
units on the polymer chain, somewhat stronger SOC than in
pure organic compounds containing only hydrogen, carbon and
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Figure 1. Frequency-dependent electrically detected magnetic
resonance (EDMR) of PEDOT:PSS films. (a) EDMR spectra
spanning over almost 12 octaves in radiation frequency. The three
high-field spectra were measured under modulation of the radiation
amplitude, whereas the low-field spectra were obtained by modulating
the static magnetic field By, resulting in a derivative line shape. Green
spectra were obtained with coils as RF source, red spectra used
coplanar waveguides, the blue spectrum a commercial X-band
resonator, and black spectra free-space millimeter-wave irradiation.
The inset sketches the anticipated broadening of Zeeman sublevels
due to the distribution of microscopic g-factors arising from SOC. (b)
Spectral broadening with increasing frequency. The red curves show
global double-Gaussian fits using the same parameter set for all
frequencies. The inset plots the high-field spectrum on a logarithmic
scale, demonstrating an isotropically broadened Gaussian (parabolic)
line shape. A single Gaussian is superimposed. (c) Resonance spectral
line widths of the two carriers of the pair extracted from global fits. (d)
Corresponding distribution of g-factors for the two carrier species.

oxygen may be anticipated. This control of SOC has indeed
been explored with conventional ESR,"**" which, however,
necessitates chemical doping of the material to form para-
magnetic species and is usually carried out in solution.'® In a
doped polymer, this approach is feasible and reasonable, %"
but the spins observed may not be related to the current-

carrying charge in a device. An alternative approach allows
direct detection of charges’ magnetic resonance signatures in an
active device by recordin§ current changes due to spin-
dependent recombination.”” When positive and negative
charges annihilate by recombining, the device current changes.
Owing to Pauli’s principle, this recombination is inherently spin
dependent so that changes in spin orientation of either electron
or hole by magnetic resonance are mapped directly onto the
current. This electrically detected magnetic resonance (EDMR)
has proven both versatile and sensitive to probing spin
interactions in operating devices based on molecular materials.
Interestingly, even though PEDOT:PSS is p-doped and used as
a hole-injection layer in OLEDs, the underlying polythiophene
material still supports an electron minority-charge current so
that spin-dependent recombination shows up both in EDMR*’
and in magnetoresistance.”’ We previously demonstrated that
EDMR spectra are primarily broadened by hyperfine fields at
low resonance frequencies, an effect that can be tested by
replacing hydrogen with deuterium.’® To conclusively establish
the influence of SOC therefore requires measuring at different
Zeeman splittings, ie, at different external magnetic field
strengths and resonance frequencies.””

Figure la shows continuous wave (c.w.) EDMR spectra
measured on a PEDOT:PSS film at 5 K in an OLED geometry,
ie., with indium-tin oxide (ITO) and aluminum contacts.””**
The experimental spectra extend over almost 12 octaves in
frequency. To span such a range requires a combination of
different approaches. For frequencies up to 1 GHz, the radio
frequency (RF) radiation can be delivered to the device using
RF coils (green spectra).23 For frequencies up to 20 GHz,
coplanar waveguide resonators are used as the source of RF
radiation (red).”” The spectrum at 9.74 GHz was obtained in a
commercial X-band microwave resonator (blue).”® Spectra
above 100 GHz were acquired in a high-field setup'® under
free-space irradiation with millimeter waves (black). The
spectra up to 17.4 GHz were recorded by modulating Zeeman
splitting, i.e., the By field, which gives the resonance a derivative
line shape. At high flelds, it is easier to modulate radiation
amplitude rather than magnetic field, so that the resonances
acquire integral form. To compare the two types of spectra, we
integrate the low-frequency derivative spectra and plot these in
panel b. As the frequency increases, the spectra broaden 25-fold
from 0.32 mT width to 7.96 mT. At low fields, the spectra are
described accurately by a superposition of two Gaussians, one
for the hyperfine distribution experienced by the hole, the other
for the electron.'***** At the highest field of 12 T, however,
the spectrum resembles a single Gaussian, a perfect parabola on
the semilogarithmic scale in the inset (green). This observation
implies that at the highest fields, when the spectral shape is
dominated solely by SOC and the resulting distribution of
microscopic g-factors, the effective SOC must be isotropic.
Because the other spectra can only be described by the sum of
two Gaussians, a multidimensional fit with statistical analysis
must be employed in order to obtain the parameters of line
broadening with field.**

Following the earlier procedure for analyzing multifrequency
EDMR spectra,14’22b the red lines in Figure 1b show global fits
for all data sets simultaneously using the same constant
Gaussian distribution of hyperfine fields for the two spins, along
with an additional field-dependent spectral broadening
mechanism. This fit reveals a narrow and a broad field-
independent hyperfine distribution, AB,,,; and ABy,,, which
contribute to the overall field-dependent line width. For each of
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the two spins, this line width is 6,(B,) = 1/ABhyp,i?' + a’B,’,

where a is a constant for each spin describing the influence of
field-dependent spectral broadening due to the g-strain, i.e., the
distribution of g-factors. No assignment is made of the two
resonance constituents to electron or hole, which is
unnecessary for the discussion.

The results of the global fit** are plotted in panel b (red
lines) and the resulting field-dependent line widths are shown
in panel c, with the corresponding parameters listed in Table S1
of the Supporting Information.”* Spectral broadening due to g-
strain becomes discernible above 100 mT and appears to be
stronger for one of the two resonant species. The distributions
of microscopic g-factors for both spins are plotted in Figure 1d
on the basis of this global fit result. Note that these plots
represent normalized probability distributions and do not show
the intensity of the two resonances.

SOC in PEDOT:PSS induces symmetric spectral broadening
at high magnetic fields, giving rise to a single dominant
Gaussian line shape emerging from the double-Gaussian
structure of the spectrum. Such behavior is not intuitively
reconciled with structural anisotropy. We compare PE-
DOT:PSS with three other common conjugated polymer
materials, poly[9,9-dioctylfluorenyl-2,7-diyl] (PFO) in its glassy
morphology, poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenyle-
nevinylene] (MEH-PPV),"> and the commercial proprietary
“super-yellow” PPV (SYPPV). Figure 2 shows EDMR spectra
for the four materials at 4 and 8 T. Note that because EDMR
signals are detectable in PEDOT:PSS at low temperatures only,
we recorded these spectra at 5 K; the remainder were measured
at room temperature. The red lines show the results of the
same global fitting procedure discussed in Figure 1. The
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Figure 2. Comparison of high-field EDMR spectra for different
conjugated polymers at 4 T (a) and 8 T (b). The red lines show the
results of double-Gaussian global fits to the spectra measured at all
frequencies, using a common parameter set, ie, a fixed hyperfine
distribution for the two spins of the pair (see Supporting Information
for complete data sets). As discussed in Ref 14, these double-Gaussian
fits are clearly inappropriate. Only PEDOT:PSS shows symmetric
resonances, implying that the effective SOC is anisotropic in the other
materials.

complete frequency-dependent data sets are given in the
Supporting Information.”* At the two frequencies shown, only
the PEDOT:PSS spectra can be fitted by a common set of
parameters. The other spectra exhibit a varying degree of
asymmetry, which can be directly related to the anisotropy in
SOC and the resulting anisotropic g-tensor. In a recent
comparison of g-tensor calculations from density-functional
theory, we were able to replicate the anisotropic line shape of
MEH-PPV."

PEDOT:PSS shows much stronger spectral broadening with
increasing field than other conjugated polymers, implying that
the effective SOC must be substantially larger. This increased
SOC likely arises from the thiophenes in PEDOT:PSS."*
However, at low fields, the PEDOT:PSS spectra are narrower
than those of the other three materials because random
hyperfine fields are weak owing to the comparative sparsity of
hydrogen nuclei; at higher fields, the effect of SOC dominates
so that the PEDOT:PSS spectra become much broader than
those of the other materials. We conclude by hypothesizing on
the possible origins of the apparent isotropic SOC effect in
PEDOT:PSS. Because EDMR probes spin-dependent tran-
sitions, motion of the carriers within the molecular framework
may change the effective spin interaction, both hyperfine
coupling and SOC, a phenomenon known as motional
narrowing. Evidence relating to resonance line widths and
spin coherence times exists that this effect occurs in conjugated
polymers, reducing effective hyperfine-coupling strengths.***°
In PEDOT:PSS, where microcrystalline domains with a high
degree of interchain mobility exist,'” the charges may move
so swiftly between the anisotropic molecular building blocks
that the anisotropic influence of the SOC is averaged out. Such
microstructure formation is particularly prevalent in the
capacitive device geometries studied here, where two phases
of either PEDOT-rich or PSS-rich domains are thought to
arise.”” The fact that the spectral complexity decreases with
increasing magnetic field strength, leading to the single
dominating Gaussian line shape, could be a result of the high
mobility of charge carriers in PEDOT-rich domains of this
material. Combined measurements of spin coherence times by
spin-echo spectroscopy”*”® with SOC-induced spectral broad-
ening could therefore offer a route to probing nanoscale
ballistic transport, because spectral broadening should relate to
the transport time scales. Future work should be directed at
correlating SOC-broadening with carrier mobility, which can be
controlled by doping and manipulation of chain morphology.*®
Finally, we note that in most conjugated-polymer materials,
SOC appears to have a non-negligible contribution to
resonance line shape even at X-band frequencies, an effect
that has previously been mostly overlooked. Caution is
therefore called for when inferring the delocalization of polaron
wave 2gunctions from hyperfine motional-narrowing effects
alone.
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