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ABSTRACT: Donor−acceptor (DA) conjugated polymers (CPs) with narrow
bandgaps and open-shell electronic structures offer a fundamentally new
paradigm for integrating the spin degree of freedom within emerging functional
devices. Recent advancements have demonstrated that control of long-range
electronic correlations enables low-spin (S = 0) and high-spin (S = 1) DA CPs, in
which extended π-conjugation overcomes the intrinsic instability of these
electronic configurations in light-element materials. While design strategies that
articulate mechanisms of spin alignment, topology control, and quantum
mechanical exchange are emerging, dedicated studies of the magnetic behavior
of these materials remain rare. Here, we utilize sensitive magnetometry techniques
to analyze the magnetic properties of open-shell DA CPs with low- and high-spin
ground states. We demonstrate improved measurement accuracy through combining vibrating sample magnetometry and
superconducting quantum interference device magnetometry. This serves to overcome challenges associated with the inherently
weak magnetic moments of these materials and a measurement environment in which the background signal is always significant and
must be carefully removed. Analyzing the results following established models for paramagnetic materials enables precise
quantification of the spin quantum number and temperature-dependent spin alignment. These studies articulate approaches that
enable precise characterization of the bulk magnetic features of these heterogeneous and disordered materials systems, providing a
path for rational property elucidation that will enable the integration of these materials within emerging technologies.

■ INTRODUCTION
Semiconducting donor−acceptor (DA) conjugated polymers
(CPs) enable myriad opportunities for the development of
devices that interact with light and transport charge. These
materials form the basis for high-performance photodetectors,1

efficient photovoltaics,2,3 organic field-effect transistors,4,5 and
many other emerging technologies. In open-shell organic
semiconductors (OSCs) such as polycyclic aromatic hydro-
carbons,6,8 nanographenes,9,10 graphene nanoribbons,6,11,12

oligothiophenes,13 and DA CPs,14−18 the presence of weakly
paired or unpaired electrons within the π-conjugated backbone
gives rise to properties not available from their closed-shell
counterparts. The capability to tailor the electronic structure
and spin−spin interactions within these materials has enabled
novel optical, electronic, and magnetic functionalities that can
be tuned for a wide range of applications in molecular
electronics,6,19 nonlinear optics,20 and energy conversion and
storage.21,22 Moreover, open-shell OSCs enable other advanta-
geous properties that reflect their light atom composition such
as weaker spin−orbit coupling and long spin lifetimes that are
critical to the realization of emerging spintronic23 and quantum
technologies.24

Well-defined Kekule ́ and non-Kekule ́ materials form the
basis for detailed studies of open-shell materials.6−8,13,24−27

These molecular systems enable connections that link
chemical, electronic, and topological structures with spin−

spin coupling, exchange, physicochemical properties, and
(opto)electronic functionality.7,17,28 In contrast, the structural
and energetic heterogeneities that define open-shell DA CPs
complicate an articulation of how chemical, electronic, and
spin structure gives rise to their properties and performance.
However, these materials offer several advantages including
high synthetic modularity that stems from diverse monomeric
building blocks, ease of synthesis derived from the polymer-
ization process, and unprecedented chemical stability.
Furthermore, these open-shell macromolecules offer novel
properties and stabilize high-spin ground states on account of
their extended π-delocalization and stronger electronic
correlations when compared to small molecular materials.14

These attributes have enabled their application as high-
performance conductors16 and in supercapacitors,22 thermo-
electric devices,29 solution-processed infrared detectors,30 and
other solid-state electronic devices. Further exploiting the spin
degree of freedom within DA CPs promises completely new
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properties for these materials, which will enable their
utilization within emerging (opto)electronic, spintronic,
magnetic, and quantum device platforms.
It is well-established that weakly paired or unpaired spins

significantly impact the properties of both inorganic and
organic materials systems.17,18,28,31 Owing to the recent
development of open-shell DA CPs and their weak magnetic
features and inherent disorder, reliable protocols to accurately
measure and understand how magnetic properties depend on
the electronic and spin structure have yet to be developed. In
this class of materials, a narrowing of the bandgap gives rise to
strong configurational admixing, which results in mutual
repulsion of π-electrons in the highest occupied molecular
orbital.32 This serves to stabilize a splitting of the electrons into
nearly degenerate singly occupied molecular orbitals
(SOMOs), endowing “diradical” character to the π-system.13,14

This open-shell ground-state electronic configuration can be
further described by the spin pairing of the two electrons
relative to one another. An antiparallel (or antiferromagnetic)
alignment of spins (S = 0, low spin) describes an open-shell
singlet, and a parallel (or ferromagnetic) alignment of spins (S
= 1, high spin) describes a triplet. Significant SOMO overlap
stabilizes the singlet as the antiparallel spin alignment allows
the electrons to occupy the same region of the chain.25,33,34

However, as the bandgap is further narrowed and SOMO
orthogonality increases, the triplet can drop in energy to
become the ground state.
The magnetic response of open-shell CPs is largely

dependent on the energy gap (ΔEST) between the singlet
and triplet configuration. Closed-shell singlets typically possess
a large ΔEST, leaving them with unremarkable and largely
diamagnetic magnetometry signatures. However, narrow-

bandgap open-shell CPs often have a ΔEST small enough to
thermally populate the first spin excited state, which can be
observed by measuring the moment as a function of
temperature. Thus, a singlet diradical with a thermally
accessible triplet excited state will have an observable
diamagnetic-to-paramagnetic transition as temperature is
increased and the triplet manifold is populated. In contrast,
triplet diradicals have a paramagnetic signal at low temper-
atures. The magnetic properties are quantified by fitting to
traditional equations for ideal paramagnets such as the Curie or
Curie−Weiss law and Brillouin function. The modified Curie−
Weiss law is defined as

χ
θ

χ=
−

+C
T 0 (1)

where χ defines the magnetic susceptibility, C is the material-
dependent Curie constant, θ is the Weiss constant, and χ0 is a
vertical offset that accounts for any observable diamagnetism.
The Brillouin function for paramagnetism is
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where M0 is the saturation magnetization, g is the electron g-
factor, μB is the Bohr magneton, k is the Boltzmann constant, T
is the temperature, H is the applied field, and J, the fit
parameter of the Brillouin function, is the total angular
momentum, which includes contributions from both the
orbital and spin angular momenta, J = L + S. When θ = 0,

Figure 1. Molecular, electronic, and topological structure of P1 and P2. Electronic structure of high-spin P1, with a high-to-low spin energy gap
(ΔEST) of 7.10 × 10−3 kcal mol−1 and (b) P2 with a low-spin ground state and thermally populated triplet state with ΔEST of −5.24 kcal mol−1. (c)
Spin density distribution of triplet P1 with only the most probable locations for the unpaired electrons highlighted with open circles (red: up spin).
(d) Spin density distribution of singlet P2 with the most probable locations for the unpaired electrons highlighted with open circles (red: up spin
and blue: down spin).
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there is no interaction between spins, and the Curie−Weiss law
reduces to the original Curie law.35

The copolymers considered in this study are poly(4-(4,4-
dimethyl-4H-cyclopenta[2,1-b:3,4-b′]dithiophen-2-yl)-6,7-bis-
(5-hexadecylthiophen-2-yl)-[1,2,5]thiadiazolo[3,4-g]-
quinoxaline) (P1, Figure 1a) and poly(4-(dithieno[3,2-b:2′,3′-
d]thiophen-2-yl)-6,7-bis(5-hexadecylthiophen-2-yl)-[1,2,5]-
thiadiazolo[3,4-g]quinoxaline) (P2, Figure 1b). These DA CPs
are composed of the same solubilizing thiadiazoloquinoxaline
acceptor with ancillary hexadecylthiophene (−C16H33) sub-
stituents and 4,4-dimethyl-4H-cyclopenta[2,1-b:3,4-b’]-
dithiophene (Figure 1a) or dithieno[3,2-b:2′,3′-d]thiophene
donors (Figure 1b). Substitution of C(CH3)2 at the donor
bridgehead position with a S atom provides a means of
controlling the bandgap and ground-state spin multiplicity.33

As depicted in Figure 1a, P1 shows a high-spin ground state
with ΔEST = 7.10 × 10−3 kcal mol−1, while P2 shows a low-
spin ground state with ΔEST = −5.24 kcal mol−1. In these
materials, this atom-specific substitution modulates the local
aromatic character within the donor, which upon extension of
the π-system gives rise to dramatic differences in structural,
chemical, electronic, and spin-pairing properties of the
polymers.33 Figure 1c,d shows the spin-density distribution
of n = 8 oligomers modeled using density functional theory
calculations at the unrestricted (U)B3LYP/6-31G** level of
theory for P1 and P2, respectively.36,37 For the singlet
diradical, there is significant overlap between α- and β-
SOMOs, whereas the triplet minimizes the overlap, with spins
occupying separate spaces. Thus, the topological structures of
P1 (Figure 1c) and P2 (Figure 1d) manifest from long-range
π-interactions along the conjugated backbone, which facilitates
control between low-spin aromatic and high-spin quinoidal
forms. These materials represent some of the first examples of
open-shell DA CPs with different spin states that enable the
opportunity for careful and comparative studies of the
magnetic properties.
Here, we report the results of the sensitive magnetic

characterization of P1 and P2 using superconducting quantum
interference device (SQUID) magnetometry. While continu-
ous-wave (CW) and pulsed electron paramagnetic resonance
(EPR) spectroscopy provide a wealth of information about
materials with unpaired electrons and their spin dynamics and
electronic structure, direct-current (DC) magnetometry
provides information that is not available using EPR. This
includes the bulk magnetic response, including temperature-
dependent majority spin alignment, magnetic phase transitions,
diamagnetic susceptibility, morphological dependencies, and
their relative contribution to the magnetic features. These
observables are fundamentally and critically important in the
study of emerging semiconductor devices. Thus, we character-
ize the ground-state behavior and thermal activation of the spin
transitions through temperature-dependent measurements
from 2 to 400 K. Through these studies, we overcome
difficulties in accurately measuring small magnetic moments
with comparatively large background signals such as those that
are ubiquitous in open-shell diradicals. We further enhance the
measurement sensitivity by utilizing vibrating sample magneto-
metry (VSM) and critically compare and contrast the VSM
and standard DC measurement modes for weakly magnetic
organic material systems.

■ RESULTS AND DISCUSSION
Magnetic Characterization of Open-Shell CPs. Meas-

urements reported here were carried out using the MPMS3
from Quantum Design. While SQUID magnetometry presents
a robust and sensitive means of detecting small magnetic fields
of weakly magnetic samples on the order of 5 × 10−8 emu,
combining this technique with VSM enhances the sensitivity at
least 5-fold to less than 1 × 10−8 emu (Figure S1). This
produces higher-quality data for small magnetic moments.
While commonly used to measure magnetic properties of
inorganic materials, this technique has also been applied to
carbon thin films,38 nanofibers,39 and nanotubes40 and offers
significant utility when measuring these low-moment materials.
The nature of the sample holder must also be considered as
this can be a major contributor to the background signal and
can dramatically overshadow signals that arise from weak
magnetic moments. While VSM offers greater sensitivity, the
DC scan offers more versatility in the choice of the sample
holder. Thus, straws are widely utilized due to their low
intrinsic magnetic moment; however, defect-induced magnetic
responses can occur from bending or creasing (Figure S2).
While numerous reports review limits and considerations
concerning these techniques, these typically detail the
measurement and detection of coercivity or apparent coercivity
in inorganic materials.41−43 However, detailed magnetic studies
and procedures for measurements of low-moment OSC
materials have not been clearly articulated for open-shell
organic diradicals.
We begin by measuring P1 using the DC scan mode (or DC

scan). As shown in Figure 2, the sample was packed in a

powder sample holder from Quantum Design, which was fixed

within the brass half-tube sample holder. Figure 2 shows the

measurement diagram for the DC scan and the path the sample

travels through the gradiometer, inducing a voltage as it moves.

This is related to its magnetization by the applied field H and is

recorded as a function of the sample position. This voltage is

output as a magnetic signal by fitting to a voltage waveform

Figure 2. Schematic depiction of magnetometry measurement of a
DA CP sample within a powder sample capsule (sample holder not
shown). The sample traverses through the gradiometer, which is
coupled to the SQUID. In the DC mode (right), the sample moves
through the length of the gradiometer, producing a voltage waveform
in response to an applied magnetic field H. In the VSM mode (left),
the sample oscillates within a much smaller region of the gradiometer,
producing a simpler response.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c10020
J. Phys. Chem. C 2022, 126, 5701−5710

5703

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10020/suppl_file/jp1c10020_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10020/suppl_file/jp1c10020_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10020?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10020?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10020?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10020?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c10020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


= + [ + − ]

− [ + + − ]

− [ + − + − ]

−

−

−

V z S A R x C

R L x C

R L x C

( ) (2 ( )

( )

( ) )

2 2 3/2

2 2 3/2

2 2 3/2 (3)

where S is an offset, A is the amplitude, C is the center
position, R is the gradiometer radius, L is the length, and the
raw position x is the independent variable.
The temperature dependence of the magnetic moment was

recorded for P1 in a constant magnetic field of 1 T from 2 to
400 K. Figure 3a shows the processed voltage signal as a
function of the sample position within the gradiometer, while
Figure 3b shows the associated magnetic moment. The largest
voltage amplitude in Figure 3a corresponds to the 2 K
measurement, which has the largest magnetic moment. As the
temperature is increased, the magnetic moment decreases
rapidly, following a Curie-like trend. This sharp reduction in
the magnetic moment is observed in the MPMS3 output in
Figure 3b. Following this, the field dependence of the magnetic
moment was measured in the DC mode for −7 ≤ H ≤ 7 T at a
constant temperature of 2 K. Figure 3c shows the position
dependence of the processed voltage, and the associated
magnetic moment output is shown in Figure 3d.
A difficulty of DC scans arises when the sample holder

assembly represents a significant part of the measured
magnetic signal, as this will affect the shape of the voltage
versus position curve. In the DC scan of P1, the background is
significant, and this is reflected in Figure 3a,c, where one local
maximum was found to be as high as 80% of the absolute
maximum. It is well-established that background subtraction is
not straightforward for the DC scan, and improper handling
can significantly impact the reported moment. Point-by-point
background subtraction is not valid for DC measurements.

Thus, manual background subtraction was accomplished by
subtracting the processed voltage of the background from that
of original data and fitting the result to the voltage waveform of
eq 3,44 where S, A, and C are the fitting parameters and R and
L are fixed. The amplitude is then multiplied by the calibration
factor, specific to each system and determined using a Pd
standard. This factor relates the voltage amplitude to the
magnetic moment. If the voltage waveform function fails to
properly fit the measured waveform, then the reported
magnetic moment is unreliable.
In contrast, VSM measurements offer enhanced sensitivity

and a lower noise floor (Figure S1), with differences in
magnetic moment detection between the two measurement
modes of approximately 0.5 μemu. Rather than traversing the
length of the gradiometer coil, as in the DC scan, the sample is
vibrated at a set amplitude in the center of the coil (Figure 2),
allowing for the utilization of only a small portion of the
voltage waveform. Noise is largely reduced due to the
frequency-dependent voltage variation differing from the
mechanical frequency, which is beneficial for low-moment
samples (on the order of 10−7 emu). Background subtractions
are significantly less involved and are accomplished using a
simple point-by-point subtraction.

Characterization of Temperature-Dependent Sus-
ceptibility. The temperature-dependent magnetic suscepti-
bility (χ) has been widely used to determine the magnetic
phase and thermally induced changes.16,45 In the case of open-
shell diradicals, a magnetic transition may appear, indicating a
change in the majority electron spin alignment.46 Recently, this
type of measurement was applied to CPs to study the
delocalization of polarons through analysis of both Curie and
temperature-independent Pauli paramagnetism and draw
relationships between magnetic properties and conductiv-

Figure 3. Field-dependent DC scans of P1. (a) Processed voltage versus raw sample position within the MPMS3 gradiometer with varying
temperature and a constant magnetic field H of 1 T. (b) Magnetic moment versus T, generated automatically from voltage measurements shown in
part (a). (c) Processed voltage versus raw sample position with a varying magnetic field and a constant temperature of 2 K (d) Magnetic moment
versus H, generated automatically from voltage measurements shown in part (b).
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ity.47,48 The magnetic moment of P1 was recorded as a
function of temperature from 2 to 400 K with a field of 1 T in
both the VSM and DC measurement modes. Figure 4a shows
the measured magnetic moment for both detection modes,
with clear differences between the two uncorrected measure-
ments. For the VSM measurement, point-by-point subtraction
was utilized to obtain the sample magnetic moment, which was
then converted to mass susceptibility (χm). The range of χm
was found to be on the order of 10−6 emu/g Oe over the entire
temperature range, from 2 to 400 K, with χm trending around 5
× 10−7 emu/g Oe from approximately 50−400 K. In the DC
scan, manual background subtraction was performed first by
subtracting the background waveform from the sample
waveform and applying eq 3 along with the calibration factor
to determine the magnetic moment. Figure 4b shows an
example of the initial, background, and subtracted waveforms
at 2 K, with the subtracted waveform fitted to eq 3, which is
necessary for manual determination of the magnetic moment.
A comparison of these background subtractions is shown in
Figure 4c, where the two measurement modes are found to be
in closer agreement after this correction.
An automated DC background subtraction was also

performed for comparison using SquidLab,49 which offers
options for signal processing and dipole fitting algorithms, with
both options attempted here (Figure 4c,d). Before attempting
the background subtraction and fitting, the smoothing option
was used on the raw background data, which was found to be
noisy. After performing the automated background subtraction,
the Levenberg−Marquardt (LM)50,51 dipole-fitting option was
selected. This is the same algorithm implemented by the
MPMS3 for dipole fitting and is widely used for curve fitting.
The routine begins with parameter initialization, with high

accuracy possible with appropriate initial values.52 The result
of the background subtraction and LM fitting option for P1 is
included in Figure 4c and is also found to be in agreement with
the VSM result. A second automated fitting was attempted on
the data following background subtraction using a singular
value decomposition (SVD),53 which does not rely on an
estimate of starting points and is reported to extract useable
dipole forms from noisy data or weak signals with high
accuracy.49 Figure 4d shows a comparison of the background-
subtracted χ determined through VSM data to the suscepti-
bility determined from the automated SVD fitting to the
waveforms. Although the form of the temperature-dependent
signal is consistent in the 2−50 K range, the susceptibilities
quickly diverge, with a trendline forming in the SVD-fit data
that was not observed in the other three analyses of the
temperature-dependent susceptibility of P1. The upward trend
indicates that χm increases from −0.4 to 0 μemu/g Oe, which
would imply a thermal population of a triplet state. This gives
the erroneous appearance of approaching a paramagnetic phase
within the measured temperature range.
P1 is paramagnetic in the ground state, with an apparent

diamagnetic transition occurring at 17 K. A fit of the P1 VSM
data to the Curie−Weiss law (eq 1) is shown in Figure 4c. The
fit gives a small Weiss constant of θ = −0.5 K. This indicates
weak, short-range antiferromagnetic interactions among
populations of nearest-neighbor spins. A small but clear
difference is observed between fitting with θ = 0 and θ = −0.5
K (Figure S3), indicating that the low-temperature behavior of
P1 differs from that of a classical paramagnet, in which spins
are completely noninteracting. Interactions between local
moments in P1 serve to reduce the overall χ at the lowest
temperatures, as indicated by the negative Weiss constant,35

Figure 4. Temperature-dependent magnetic characterization of P1. (a) Magnetic moment versus T measured via DC and VSM scans. (b)
Measured sample, background, and subtracted voltage waveforms fit to the voltage waveform of eq 3 at 2 K. (c) Mass susceptibility χm versus T for
VSM and DC measurements after point-by-point VSM, manual DC, and SquidLab LM-fit background subtractions, with the Curie−Weiss fit to the
VSM data. (d) Mass susceptibility χm versus T for VSM and DC measurements after point-by-point VSM, manual DC, and SquidLab SVD-fit
background subtractions.
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while spin−spin interactions are less important at higher
temperatures.
When performing a background subtraction, regardless of

the measurement mode, there are several considerations to
keep in mind.44 First, it is important to run the original and
background measurements using the same sequence and
allowing the system to stabilize at each field or temperature
point in which the magnetic moment will be recorded, both to
ensure consistency between the sample and background
measurements and to ensure the equilibrium between the
sample and environment during the measurement. It is also
recommended to make sure that the sample rod is in the same
rotational position for each measurement to ensure that there
will be no radial offset between the two measurements. Finally,
it is necessary to ensure consistency between the sample holder
for the original measurement and the background. This
includes checking the size of the capsule chosen to hold the
sample. In the case of the brass sample holder and VSM
capsule, a gap must be left between the top and bottom capsule
pieces that is equal to the size of the sample space. The easiest
way to do this is to measure the total length of the capsule
using a caliper (Figure S4). Note that, in the case of the DC
scan, the raw data file must also be saved, which is not saved by
default.
SQUID-VSM was used to measure the magnetic moment of

P2 over the same temperature range with H = 1 T. Figure 5a
shows the temperature-dependent χm after a background
correction, where there are several notable features. The first is
that χm is negative over the whole temperature range, including
the low-temperature region, where there is an upturn following
a general Curie-like trend, which indicates that diamagnetic
behavior is dominant in this sample. Another feature is the
thermal enhancement of the paramagnetic moment indicated

by a sharp upturn in χm, diverging from the typical Curie-like
behavior starting from approximately 200 K. This represents
the beginning of the thermal population of the triplet state and
is distinct from P1 (Figure 5b), which has a positive low-
temperature χm that levels off as temperature is increased, with
no enhancement at high temperatures. To properly identify the
upturn as a thermal population of the paramagnetic state, care
must be taken when handling the data to ensure that this is not
an artifact of the background subtraction. For example,
measurements of certain sample holders, particularly the
brass half-tube with a blank VSM capsule, may tend to have
a magnetic moment that trends significantly toward negative
values in the high-temperature range, usually beginning around
room temperature (Figure S5). For sample moments on the
order of 10−6 emu, as is the case for our samples (Figure 4c),
this downward trend between 300 and 400 K is often observed
in the measurement of the sample as well, and the subtraction
offsets this trend. Here, the upturn begins around 200 K and is
found to be reproducible across sample batches and measure-
ment modes.33 The upward trend is the clearest in the
representation of χmT versus T shown in Figure 5a after
correcting for the diamagnetic moment. The magnitude of χm
of P2 is an order of magnitude smaller than that of P1,
consistent with weak diamagnetism of the singlet state.
In many materials, the weak intrinsic diamagnetism is

essentially negligible relative to other magnetic phases present
and can often be disregarded. However, in low-moment
organic materials with unpaired electrons, the diamagnetic
contribution is often observable or even dominant. The
intrinsic diamagnetism of these materials can be accounted for
using Pascal’s constants, diamagnetic correction factors
tabulated from a collection of previous studies54 that provide
a net diamagnetic correction factor to the susceptibility in

Figure 5. Temperature-dependent magnetic properties of P1 and P2. (a) Mass susceptibility, χm, versus T from 2 to 400 K of P2. Inset: Observed
χmT versus T dependence. (b) χm versus T from 2 to 400 K of P1, with associated ΔEST. (c) Molar susceptibility (χmol) versus T from 2 to 400 K of
P2, with the Curie-like region fit to the Curie−Weiss law (eq 1). The divergence from the Curie-like behavior with increased temperature is
apparent with the smaller scale of the χmol axis. (d) χmol versus T from 2 to 400 K of P1, with fitting to the Curie−Weiss law.
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order to theoretically remove the intrinsic diamagnetic
contribution.
Pascal’s corrections were applied to the data for P1 and P2

to correct for diamagnetism of the individual components.
This strategy is broadly applied to small-molecule materials54

and was compared to the CPs here to understand the utility
and validity of this approach for removal of the intrinsic
diamagnetic susceptibility from these macromolecular materi-
als systems. We note, however, that these corrections were
previously applied to materials with well-defined electronic
structures and that our materials possess highly delocalized
wavefunctions.55,56 Thus, their chemical constituents may exist
in more hybridized electronic configurations, between aromatic
and quinoidal forms, with variations in the topological location
of spin density along the polymer chain. Furthermore, P1 and
P2 are composed of macromolecules of different sizes, defined
by the dispersity (D̵) of the sample. These attributes may
contribute to and alter the actual susceptibility and complicate
the diamagnetic correction.57

To apply these constants, which are reported in emu/mol,
the data must be converted to molar susceptibility (χmol). In
the linear region of paramagnetic magnetization, χ is
approximately field-independent.58 The assumption of field
independence at the measurement field of 1 T is then valid in
this case, and the correction factor based on Pascal’s constants
can be applied to the χmol versus T data. When comparing the
data using Pascal’s corrections to uncorrected data, the
diamagnetic susceptibility of P2 is reduced but not eliminated
(Figure 5c). In contrast, P1 is found to follow a Curie−Weiss
trend with a negligible vertical offset χ0 (Figure 5d). This
differs from the diamagnetic transition previously observed at
low temperature, which was dominant over the majority of the
temperature range, from 100 to 400 K (Figure 5d).

The variation in χmol of P2 over the entire temperature range
is 0.002 emu/mol, an order of magnitude smaller than that of
P1, which has a variation of 0.03 emu/mol. Fitting χmol versus
T for P2 to eq 1 (Figure 5c) in the Curie-like region before the
upturn gives a Curie constant of 0.018 emu/mol, only 24% of
that of P1, which had a Curie constant 0.074 emu/mol. Thus,
P1 will have larger χ over the temperature range. The fit also
gives θ = −1.3 K for P2, implying that the low-temperature
antiferromagnetic interactions are more significant in P2 than
in P1. These results suggest a more complicated diamagnetic
contribution to both P1 and P2 than can be calculated from
closed-shell components alone, which likely emanates from the
macromolecular nature of these materials.

Determination of the Ground-State Spin Quantum
Number. An important figure of merit for characterizing
open-shell conjugated materials with the potential for a high-
spin ground state is the spin quantum number. The spin
quantum number can be evaluated by measuring the field-
dependent magnetization isotherm, where the lowest temper-
ature available is used for characterizing the ground state.59

SQUID-VSM was used to measure the magnetization versus
field for P1 as well as for the sample holder in order to perform
a background subtraction (Figure 6a). A common, though
sometimes subtle, feature of the magnetization curve in dilute
spin samples is the prevalence of the diamagnetic contribution
at high magnetic fields,42 when the paramagnetic phase is
saturated and therefore unchanged. A linear fit to the negative-
slope portion of the magnetization versus field curve allows for
the modeling and subtraction of the diamagnetic contribu-
tion,60 as shown in Figure 6b. This is particularly important for
quantifying the spin quantum number in organic diradicals,
where the paramagnetic moment of the conjugated backbone
is weak, and the intrinsic diamagnetic moment due to closed-

Figure 6. Field-dependent magnetic moment isotherms at 2 K for P1. (a) Magnetic moment versus H compared to the magnetic background
contribution of the brass sample holder. (b) Background-subtracted magnetic moment with a linear fit to the high-field portion of the curve to
calculate the field-dependent diamagnetic moment. (c) Magnetic moment versus H corrected for both background and diamagnetism, fit to the
paramagnetic Brillouin function (eq 2) to show a high-spin ground state. (d) Normalized magnetization versus H/T of P1 over the full field range,
7 ≤ H ≤ −7 T, with multiple spin values compared. The best representation of the data is achieved with S = 1.
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shell components, such as solubilizing long alkyl chain
additions that enable practical processing methods, impacts
the shape of the curve.
It is important to note that the magnetic field of the MPMS

is supplied using a superconducting coil, a niobium−titanium
solenoid, with a transition temperature of around 10 K. The
coil temperature is independent of the measurement temper-
ature, allowing for the coil to be perpetually maintained in a
superconducting state. The advantage of using a super-
conducting coil is that once charged, the current will persist
indefinitely, as long as the coil remains in a superconducting
state. Thus, the current of the power supply can be ramped to
zero while the magnet remains charged. A standard problem
encountered with the use of a superconducting coil is the
occurrence of remanence, manifesting as an offset or a field
error. At first inspection, the residual field offset can create the
illusion of coercivity. However, for a magnetically reversible
material, or a sample with a small hysteresis, the hysteresis is
inverted. This effect can be accounted for by measuring a pure
paramagnetic sample of known mass and susceptibility, such as
a Pd standard, as a field correction sample. The measured
moment can then be converted to a true field (Figure S6).61

Significant remanence can be introduced from set fields of
around 1000 Oe,62 so it is important to perform the field
correction on any measurement from above or near this field
value. Since the superconducting coil is always kept at the same
temperature, regardless of the measurement temperature, the
observed remanence is temperature-independent. The amount
of remanence is specific to each coil, so there are no standard
field correction values, and the corrected fields must be
determined for each instrument and measurement. It is also
dependent on the charging history of the magnet, including
field magnitude, direction, and ramp rate, so the field
correction sample must be run using the same measurement
sequence for field values and ramp rates. Remanence can be
reduced by returning the field to zero in oscillate mode from a
field greater than 1 T. In this mode, the controller will
overshoot the target field by 70% of the field change. If the
target field is zero, this mode gives the nearest true value of 0
Oe.62

After correcting for the background, diamagnetic contribu-
tion, and field offset, the resultant moment is the paramagnetic
contribution of the unpaired electrons in the diradical sample.
The spin quantum number was then determined using the
Brillouin function (eq 2). An often valid assumption in the case
of solid materials is the quenching of the orbital moment.35

EPR studies of P1 give a sharp Lorentzian line shape centered
around g = 2.0039 (see Figure 5a in ref 33). The Lande ́
equation63 gives a g-factor of 2 when L = 0 and J = S, which
supports this assumption and allows for the substitution of J =
S in the Brillouin function. Fitting the magnetometry result for
P1 at the lowest temperature after correcting for the remanent
field gives S = 0.92, consistent with a triplet ground state
(Figure 6c). Figure 6d shows the measurement over the full
sweep range, 7 ≤ H ≤ −7 T, after background and diamagnetic
correction and normalized to the saturation magnetization M0.
For comparison, the Brillouin function with S = 1/2, 1, and 3/
2 is shown, with the best representation of the data achieved
with S = 1.

■ CONCLUSIONS
CPs with controlled diradical character represent an important
class of materials for a variety of emerging applications.

Sensitive magnetometry measurements of two structurally
related but electronically distinct DA CPs were carried out
using different measurement modes, and the useable signals
were carefully extracted by separating them from extrinsic and
less relevant contributions. Experimental techniques and
characterization paradigms were reviewed for their merit, and
detailed procedures for handling data and applying models
were covered. As the spin properties are thought to impact
physical properties and (opto)electronic functionality in this
class of materials, accurate determination of the spin properties
will lead the way to new technologies based on open-shell
OSCs. The copolymers studied here reveal a shift form a low-
spin structure with thermal activation of the paramagnetic
moments in P2 to a high-spin structure with robust low-
temperature spin properties in P1, which give near-perfect fits
to the model functions for an ideal paramagnet. χmol for P2
showed a much smaller Curie constant and a larger θ than P1,
which indicate weaker susceptibility and stronger antiferro-
magnetic interactions, respectively. These results are consistent
with a triplet ground state for P1 and a singlet ground state for
P2.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10020.

Additional experimental details and methods, including
additional plots, background measurements, and a
photograph of the sample preparation (PDF)

■ AUTHOR INFORMATION

Corresponding Author
Jason D. Azoulay − Center for Optoelectronic Materials and
Devices, School of Polymer Science and Engineering, The
University of Southern Mississippi, Hattiesburg, Mississippi
39406, United States; orcid.org/0000-0003-0138-5961;
Email: jason.azoulay@usm.edu

Authors
Daniel J. Adams − Center for Optoelectronic Materials and
Devices, School of Polymer Science and Engineering, The
University of Southern Mississippi, Hattiesburg, Mississippi
39406, United States

Kevin S. Mayer − Center for Optoelectronic Materials and
Devices, School of Polymer Science and Engineering, The
University of Southern Mississippi, Hattiesburg, Mississippi
39406, United States

Michael Steelman − Center for Optoelectronic Materials and
Devices, School of Polymer Science and Engineering, The
University of Southern Mississippi, Hattiesburg, Mississippi
39406, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.1c10020

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes
The authors declare no competing financial interest.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c10020
J. Phys. Chem. C 2022, 126, 5701−5710

5708

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10020/suppl_file/jp1c10020_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10020?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10020/suppl_file/jp1c10020_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jason+D.+Azoulay"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0138-5961
mailto:jason.azoulay@usm.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+J.+Adams"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kevin+S.+Mayer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Steelman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10020?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c10020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ ACKNOWLEDGMENTS

The work performed at The University of Southern Mississippi
was made possible through the National Science Foundation
(OIA-1757220) and the Air Force Office of Scientific Research
(AFOSR) under support provided by the Organic Materials
Chemistry Program (Grant FA9550-20-1-0353, Program
Manager: Dr. Kenneth Caster).

■ REFERENCES
(1) Li, N.; Mahalingavelar, P.; Vella, J. H.; Leem, D.-S.; Azoulay, J.
D.; Ng, T. N. Solution-Processable Infrared Photodetectors:
Materials, Device Physics, and Applications. Mater. Sci. Eng., R
2021, 146, 100643.
(2) Holliday, S.; Li, Y.; Luscombe, C. K. Recent Advances in High
Performance Donor-Acceptor Polymers for Organic Photovoltaics.
Prog. Polym. Sci. 2017, 70, 34−51.
(3) Armin, A.; Li, W.; Sandberg, O. J.; Xiao, Z.; Ding, L.; Nelson, J.;
Neher, D.; Vandewal, K.; Shoaee, S.; Wang, T.; et al. A History and
Perspective of Non-Fullerene Electron Acceptors for Organic Solar
Cells. Adv. Energy Mater. 2021, 11, 2003570.
(4) Wang, C.; Dong, H.; Hu, W.; Liu, Y.; Zhu, D. Semiconducting π-
Conjugated Systems in Field-Effect Transistors: A Material Odyssey
of Organic Electronics. Chem. Rev. 2012, 112, 2208−2267.
(5) Kim, M.; Ryu, S. U.; Park, S. A.; Choi, K.; Kim, T.; Chung, D.;
Park, T. Donor−Acceptor-Conjugated Polymer for High-Performance
Organic Field-Effect Transistors: A Progress Report. Adv. Funct.
Mater. 2020, 30, 1904545.
(6) Gopalakrishna, T. Y.; Zeng, W.; Lu, X.; Wu, J. From Open-Shell
Singlet Diradicaloids to Polyradicaloids. Chem. Commun. 2018, 54,
2186−2199.
(7) Sun, Z.; Ye, Q.; Chi, C.; Wu, J. Low Band Gap Polycyclic
Hydrocarbons: From Closed-Shell Near Infrared Dyes and Semi-
conductors to Open-Shell Radicals. Chem. Soc. Rev. 2012, 41, 7857−
7889.
(8) Sun, Z.; Zeng, Z.; Wu, J. Zethrenes, Extended p-Quinodi-
methanes, and Periacenes with a Singlet Biradical Ground State. Acc.
Chem. Res. 2014, 47, 2582−2591.
(9) Song, S.; Su, J.; Telychko, M.; Li, J.; Li, G.; Li, Y.; Su, C.; Wu, J.;
Lu, J. On-Surface Synthesis of Graphene Nanostructures with π-
Magnetism. Chem. Soc. Rev. 2021, 50, 3238−3262.
(10) Morita, Y.; Suzuki, S.; Sato, K.; Takui, T. Synthetic Organic
Spin Chemistry for Structurally Well-Defined Open-Shell Graphene
Fragments. Nat. Chem. 2011, 3, 197−204.
(11) Magda, G. Z.; Jin, X.; Hagymási, I.; Vancsó, P.; Osváth, Z.;
Nemes-Incze, P.; Hwang, C.; Biró, L. P.; Tapasztó, L. Room-
Temperature Magnetic Order on Zigzag Edges of Narrow Graphene
Nanoribbons. Nature 2014, 514, 608−611.
(12) Ruffieux, P.; Wang, S.; Yang, B.; Sánchez-Sánchez, C.; Liu, J.;
Dienel, T.; Talirz, L.; Shinde, P.; Pignedoli, C. A.; Passerone, D.; et al.
On-Surface Synthesis of Graphene Nanoribbons with Zigzag Edge
Topology. Nature 2016, 531, 489−492.
(13) Casado, J.; Ponce Ortiz, R.; López Navarrete, J. T. Quinoidal
Oligothiophenes: New Properties Behind an Unconventional
Electronic Structure. Chem. Soc. Rev. 2012, 41, 5672−5686.
(14) London, A. E.; Chen, H.; Sabuj, M. A.; Tropp, J.; Saghayezhian,
M.; Eedugurala, N.; Zhang, B. A.; Liu, Y.; Gu, X.; Wong, B. M.; et al.
A High-Spin Ground-State Donor-Acceptor Conjugated Polymer. Sci.
Adv. 2019, 5, No. eaav2336.
(15) Yuen, J. D.; Wang, M.; Fan, J.; Sheberla, D.; Kemei, M.; Banerji,
N.; Scarongella, M.; Valouch, S.; Pho, T.; Kumar, R.; et al. Importance
of Unpaired Electrons in Organic Electronics. J. Polym. Sci., Part A:
Gen. Pap. 2015, 53, 287−293.
(16) Huang, L.; Eedugurala, N.; Benasco, A.; Zhang, S.; Mayer, K.
S.; Adams, D. J.; Fowler, B.; Lockart, M. M.; Saghayezhian, M.; Tahir,
H.; et al. Open-Shell Donor−Acceptor Conjugated Polymers with
High Electrical Conductivity. Adv. Funct. Mater. 2020, 30, 1909805.

(17) Chen, Z. X.; Li, Y.; Huang, F. Persistent and Stable Organic
Radicals: Design, Synthesis, and Applications. Chem 2021, 7, 288−
332.
(18) Ji, X.; Fang, L. Quinoidal Conjugated Polymers with Open-
Shell Character. Polym. Chem. 2021, 12, 1347−1361.
(19) Huang, Y.; Egap, E. Open-Shell Organic Semiconductors: An
Emerging Class of Materials with Novel Properties. Polym. J. 2018, 50,
603−614.
(20) Nakano, M. Open-Shell-Character-Based Molecular Design
Principles: Applications to Nonlinear Optics and Singlet Fission.
Chem. Rec. 2017, 17, 27−62.
(21) Morita, Y.; Nishida, S.; Murata, T.; Moriguchi, M.; Ueda, A.;
Satoh, M.; Arifuku, K.; Sato, K.; Takui, T. Organic Tailored Batteries
Materials Using Stable Open-Shell Molecules with Degenerate
Frontier Orbitals. Nat. Mater. 2011, 10, 947−951.
(22) Wang, K.; Huang, L.; Eedugurala, N.; Zhang, S.; Sabuj, M. A.;
Rai, N.; Gu, X.; Azoulay, J. D.; Ng, T. N. Wide Potential Window
Supercapacitors Using Open-Shell Donor−Acceptor Conjugated
Polymers with Stable N-Doped States. Adv. Energy Mater. 2019, 9,
1902806.
(23) Li, D.; Yu, G. Innovation of Materials, Devices, and
Functionalized Interfaces in Organic Spintronics. Adv. Funct. Mater.
2021, 31, 2100550.
(24) Lombardi, F.; Lodi, A.; Ma, J.; Liu, J.; Slota, M.; Narita, A.;
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