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ABSTRACT: Nonconjugated radical polymers (i.e., macromolecules with
aliphatic backbones that have stable open-shell sites along their pendant
groups) have arisen as an intriguing complement to π-conjugated polymers
in organic electronic devices and may prove to have superior properties in
magneto-responsive applications. To date, however, the design of
nonconjugated radical polymers has primarily focused on linear
homopolymer, copolymer, and block polymer motifs even though
conjugated dendritic macromolecules (i.e., polyradicals) have shown
significant promise in terms of their response under applied magnetic
fields. Here, we address this gap in creating a nonconjugated, three-arm
radical macromolecule with nitroxide open-shell sites using a straightfor-
ward, single-step reaction, and we evaluated the electronic and magnetic
properties of this material using a combined computational and
experimental approach. The synthetic approach employed resulted in a high-purity macromolecule with a well-defined molecular
weight and narrow molecular weight distribution. Moreover, epoxide-based units were implemented in the three-arm radical
macromolecule design, and this resulted in a nonlinear radical macromolecule with a low (i.e., below room temperature) glass
transition temperature and one that was an amorphous material in the solid state. These properties allowed thin films of the three-
arm radical macromolecule to have electrical conductivity values on par with many linear radical polymers previously reported, and
our computational efforts suggest the potential of higher generation open-shell dendrimers to achieve advanced electronic and
magnetic properties. Importantly, the three-arm radical macromolecule also demonstrated antiferromagnetic exchange coupling
between spins at temperatures < 10 K. In this way, this effort puts forward key structure−property relationships in nonlinear radical
macromolecules and presents a clear path for the creation of next-generation macromolecules of this type.

KEYWORDS: Open-shell macromolecules, Nitroxide-containing macromolecules, Conducting dendrimers, Radical dendrimers,
Magnetic macromolecules

■ INTRODUCTION

Since their initial discovery, the development of organic
electronic molecules has led to materials with impressive
optoelectronic, thermoelectric, and bioelectronic perform-
ance.1−6 Moreover, the ability to tune the properties of
electronic polymers using straightforward organic chemistry
design strategies has allowed for the refinement of both their
mechanical properties and their end-use device performance in
a ready manner.7−10 As such, the polymer electronics
community has made impressive strides in applications ranging
from energy conversion and storage systems to materials that
are used in health monitoring devices.11−14 In most of these
applications, π-conjugated polymers have been implemented as
their molecular architecture can facilitate charge delocalization
(i.e., through conjugation) and relatively ordered packing (i.e.,
in driving crystallization of the macromolecules), which
typically improves charge transport across macroscopic
distances.15,16 However, these conjugated polymers have not

shown as much success in magnetic-field-dependent applica-
tions relative to electronic applications due to the singlet
ground state of their electronic configurations and their
diamagnetic nature.17−19 As a result, researchers have
transitioned to molecules containing stable open-shell entities
to push this important area forward.20,21 That is, these open-
shell molecules contain robust spin sites and offer more
promise for magnetic field-dependent applications. In fact,
several classes of molecules containing one or more radicals
have been reported.22−25 One material group, polyradicals, has
shown strong magnetic properties due to the large number of
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open-shell sites within a single repeat unit.26,27 This
architecture facilitates interactions between the unpaired
electrons, resulting in strong antiferromagnetic or ferromag-
netic behavior. While these polyradicals show strong magnetic
properties, their syntheses are often quite complicated, which
limits their translational potential. Therefore, other alternative
polymeric designs that offer more straightforward synthetic
handles while retaining the open-shell character have been
developed.28−31

For instance, linear radical polymers are composed of a
nonconjugated backbone with stable open-shell pendant
groups, and they have shown great promise in electronic and
electrochemical applications due to their tunable molecular
design and relatively simple syntheses.32,33 As a result, they
have been widely used in several emerging applications (e.g.,
flexible batteries).34−41 However, early work on the magnetic
properties of these radical polymers showed weak magnetic
interactions between the open-shell sites.42−44 Unlike poly-
radicals, radical polymers have only a single unpaired electron
per repeat unit and they are usually completely amorphous in
the solid state, which can limit spin ordering. Additionally,
while radical polymers contain a large number of open-shell
sites as a whole, the distance between these sites is much larger
than that in polyradicals. This prevents the spins from
interacting in a coherent manner, and this, in turn, inhibits
strong magnetic interactions. Therefore, it is imperative to
expand the field of radical-containing polymers to evaluate
macromolecular architectures that are nonlinear in nature.45−49

As a starting point for these next-generation designs, it is
useful to recall that the tailored design of a specific radical
polymer, poly(4-glycidyloxy-2,2,6,6-tetramethylpiperidine-1-
oxyl) (PTEO), led to a pristine (i.e., not doped) linear radical
polymer that exhibited high solid-state electronic conductivity
values (∼10 S m−1) due to the local ordering of the pendant
radical groups along the polymer when thin films of PTEO
were annealed above the glass transition temperature (Tg) and
below the degradation temperature (Td) of the radical
polymer.50 Here, we extend this line of thinking to move
beyond linear radical polymers and instead determine how the
local order of open-shell entities along a three-arm radical
macromolecule allows for control of both its electronic and
magnetic environment. That is, we will continue to utilize the
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) open-shell
chemistry within the polymer design due to its previous
success in the linear radical polymer regime.51−54 The shift to a
dendritic macromolecular architecture was implemented
because dendrimers allow for ready control over their
macromolecular structure and impart a natural means by
which to synthesize macromolecules with nearly uniform
molecular weight distributions. This feature is anticipated to be
important in controlling the magnetic order within the
materials.55 In fact, inorganic magnetically active dendrimers
have been reported previously, and they have shown
impressive electronic and magnetic performance.56−58 More-
over, many polyradical species have a dendrimer-like structure
as well; however, their units are intentionally designed to be
conjugated to one another such that there is inherent
intramolecular communication between the open-shell sites.
Here, we couple these paradigms with our own “low-Tg”
approach from the PTEO linear radical polymer work to
establish the electronic and magnetic behavior nonconjugated
radical dendrimers.

In this way, this work takes advantage of these structure−
property patterns to develop a new open-shell dendritic
macromolecule, a trinitroxide version of 4,4′-((((2-ethyl-2-((2-
hydroxy-3-((1-hydroxy-2,2,6,6-tetramethylpiperidin-4-yl)-
amino)propoxy)methyl)propane-1,3-diyl)bis(oxy))bis(2-hy-
droxypropane-3,1-diyl))bis(azanediyl))bis(2,2,6,6-tetramethyl-
piperidin-1-ol) (E1-TEMPO). E1-TEMPO is a three-arm
nonconjugated open-shell macromolecule synthesized through
a straightforward amine−epoxy reaction without the use of a
catalyst.59−62 Furthermore, the low glass transition temper-
ature (i.e., Tg = −20 °C) led to ordering in thin films of E1-
TEMPO. These thin films exhibited relatively high electronic
conductivity values that were independent of temperature and
in agreement with previous reports for linear radical polymers
with similar chemical design motifs.63−65 Although the current
conductivity values of E1-TEMPO are approximately the same
compared to many of their linear radical polymer analogues,
the key computational results indicate the potential for higher
generation open-shell dendrimers to have advanced electronic
and magnetic properties relative to the current state-of-the-art
linear polymers. Computational studies of E1-TEMPO showed
this nonlinear construct allowed for radical localization while
still supporting intra- and intermolecular open-shell inter-
actions. Through these interactions, E1-TEMPO demonstrated
clear antiferromagnetic interactions, which has not been
reported for dendritic nonconjugated radical macromolecular
materials. Furthermore, the simulation results suggest that,
when translated to higher-generation dendrimers, the intra-
chain spin interactions will be promoted while maintaining the
interchain interactions. Therefore, this work serves as a
template for developing structure−property relationships of
open-shell dendritic macromolecules and expanding the field
of organic magnetic materials in a straightforward manner.

■ EXPERIMENTAL SECTION

Materials

Trimethylolpropane triglycidyl ether (E1) and 4-amino-2,2,6,6-
tetramethylpiperidine-1-oxyl (4-amino-TEMPO) were purchased
from Sigma-Aldrich. All chemicals were used as they were received.
Tin-doped indium oxide-coated (ITO-coated) glass substrates were
purchased from Delta Technologies, Inc.

General Methods

Proton (1H) and carbon (13C) nuclear magnetic resonance (NMR)
spectra were collected using a Bruker Avance III HD 400-MHz NMR
spectrometer. Chemical shifts of the signals were reported relative to a
tetramethylsilane (TMS) standard. To allow for proper data
collection, the radical sites of the E1-TEMPO macromolecule were
quenched using a 5% (by weight) HCl in methanol solution prior to
the spectra being acquired. In these measurements, E1 and E1-
TEMPO were dissolved in deuterated dimethyl sulfoxide (DMSO) at
a concentration of 1 mg mL−1. High resolution mass spectroscopy
data of E1-TEMPO were collected using an Advion mass
spectrometer in an anhydrous chloroform solution at a concentration
of 1 mg mL−1. Fourier transform infrared (FTIR) spectra were
obtained using a Thermo Nicolet Nexus 670 Fourier transform
infrared spectrophotometer. Electron paramagnetic resonance (EPR)
spectra were acquired at room temperature using a Bruker EMXEPR
spectrometer. To make the solutions for EPR spectroscopy measure-
ments, 4-amino-TEMPO and E1-TEMPO were dissolved in
anhydrous chloroform at a concentration of 1 mg mL−1. The
molecular weight and dispersity of the E1-TEMPO macromolecule
was characterized by size exclusion chromatography (SEC) using a
Hewlett-Packard 1260 Infinity series instrument. Polystyrene stand-
ards (Agilent Easi Cal) of molecular weight values ranging from 1 to
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200 kg mol−1 were utilized to calibrate the SEC. The mobile phase
was tetrahydrofuran (THF) at a temperature of 35 °C and a flow rate
of 1 mL min−1. Differential scanning calorimetry (DSC) data were
collected using a TA Instruments Q20 Series differential scanning
calorimeter, and these experiments were performed under a nitrogen
environment at a gas flow rate of 50 mL min−1. E1-TEMPO was
initially heated to 75 °C, held isothermally for 30 min, then cooled to
−50 °C, and then held isothermally for 5 min. Then, the sample was
heated again, and the glass transition temperature was acquired from
this scan. All heating and cooling ramps occurred at the rate of 10 °C
min−1. Thermogravimetric analysis (TGA) data were collected using a
TA Instruments Q600 SDT Series simultaneous thermal analyzer, and
the experiments were performed under a helium environment at a gas
flow rate of 100 mL min−1. E1-TEMPO was initially held isothermal
for 30 min at 20 °C, then heated to 800 °C at a rate of 10 °C min−1.

Synthesis of E1-TEMPO

In this reaction, 1.2 g (7.01 mmol) of 4-amino-TEMPO was added to
0.59 g (1.95 mmol) of E1 dissolved in 5 mL of tetrahydrofuran. Then,
the mixture was stirred at 50 °C for 24 h in ambient conditions. The
residual THF was evaporated, and the crude product was purified by
silica gel column chromatography with an eluent of dichloromethane
and methanol at a volumetric ratio of 95:5. The organic solvents were
removed under reduced pressure, and the product, E1-TEMPO, was
dried overnight in a vacuum oven. This yielded 1.4 g (yield = 88%) of
E1-TEMPO, and the molecule was obtained in the form of viscous
orange-red liquid at room temperature. 1H NMR (400 MHz, DMSO-
d6) δ 11.49 (s, 3H), 8.39 (s, 6H), 3.80 (s, 15H), 3.46−3.23 (m, 6H),
2.92−2.81 (m, 3H), 2.35−1.99 (m, 12H), 1.56−1.13 (m, 38H), 0.81
(dd, J = 9.8, 5.5 Hz, 3H). 13C NMR (400 MHz, DMSO-d6) δ 67.12,
41.06, 27.38, 21.56, 20.14, 7.72. HRMS (APCI+) m/z calculated for
C42H84O9N6 [M]+: 816.62943, observed: 816.62991. Mn (SEC vs PS
standards) = 618 g mol−1; Đ = 1.04.

Computational Methods

Molecular dynamics (MD) simulations were used to characterize and
compare the radical distributions in the first-generation and second-
generation radical dendrimers, E1-TEMPO and E2-TEMPO,
respectively. Due to the relatively slow time scale of conformational
equilibration in macromolecules, a preliminary conformational
relaxation was performed prior to initializing the MD simulations.
The simulation procedure was composed of an initial geometry
optimization, CREST conformer search,66,67 and GFN-FF based
molecular dynamics simulations.68 The initial geometry optimizations
were preliminarily optimized via the universal force field (UFF)69 in
Avogadro,70 followed by optimization at the semiempirical GFN2-
xTB level.71 Based on the initially optimized geometry, CREST was
applied for 10 ps to identify the lowest energy conformer. For MD
simulations, the lowest energy conformer of E1-TEMPO was
duplicated 8 times and randomly oriented (total atom number of
1120 and 24 radical sites) and then placed at each corner of the cubic
simulation cell with a box length of 3.7 nm while avoiding atomic
overlaps. The lowest energy conformer of E2-TEMPO was duplicated
3 times with 1320 atoms and 27 radical sites in total. MD simulations
were performed using GFN-FF force field as implemented in the xtb
package. A single NVT trajectory was simulated for each system at
each temperature, with a total run time of 500 ps per trajectory and an
integration time step of 2 fs. The system was confined using a logfermi
spherical potential. Configuration snapshots were sampled every 0.5
ps. To avoid a kinetically trapped, nonequilibrium simulation from the
unequilibrated initial geometry, two different temperatures (i.e., one
above and one below the experimentally measured glass transition
temperature) were simulated (i.e., T = 233 and 273 K) to ensure the
system reaches thermal equilibrium above the glass transition
temperature. The last 50 snapshots generated by MD simulations
have a number of density (radical monomer unit) of 1.05 × 1021

cm−3. The atomic positions taken from these snapshots were further
characterized by interchain, intrachain and total atom-type based
radial distribution functions (RDFs) with a cutoff of 2 nm.

Device Fabrication and Electronic Conductivity
Measurements

ITO-coated glass substrates were cleaned in acetone, chloroform, and
isopropyl alcohol by sonication for 10 min each in a sequential order.
E1-TEMPO was dissolved in chloroform at a concentration of 100 mg
mL−1. In air, the solutions were spin-coated on the ITO substrates at a
rate of 2000 rpm for 60 s to form a layer that was ∼90 nm thick, as
measured using a Bruker Dektak XT stylus profilometer. The films
were annealed at 70 °C for 30 min to remove the residual solvent.
The films were then placed in a thermal evaporator installed in inert
atmosphere glovebox. Then, 20 nm of gold was deposited on top of
the films at a reduced pressure of ∼10−6 bar to yield a device active
area of 0.06 cm2. Conductivity values were calculated by using a
PS100 Lakeshore probe station with a Keithley 2400 source meter to
control the voltage values in the range of −1 V ≤ V ≤ +1 V, by
measuring the resistance values in vacuum from 20 to 80 °C in
intervals of 10 °C.

Magnetism Measurements

The magnetic susceptibility of E1-TEMPO was measured using a
superconducting quantum interference device (SQUID) magneto-
meter. The sample was zero-field cooled to 2 K. Afterward, a field of
0.5 T was applied and the magnetic susceptibility was measured from
2 to 300 K in intervals of 0.03 K. The magnetization of E1-TEMPO
was measured using the same SQUID magnetometer. A field of −7 T
≤ B ≤ + 7 T was applied to the sample and the moment was
measured at T = 2, 3, 5, 10, and 20 K.

■ RESULTS AND DISCUSSION

The nitroxide radical functionality was selected for the three-
arm macromolecule synthesis due to its known solid-state
magnetic properties with distinct magnetic ordering at low
temperature and its ability to conduct charge in the solid
state.31,72 Additionally, the TEMPO radical is relatively stable
with respect to elevated temperatures, air exposure, and
humidity conditions, which provided an advantage in terms of
materials stability during this initial foray into nonconjugated
three-arm radical macromolecules.73 During the reaction to
form E1-TEMPO (Figure 1a), the epoxide rings of a three-
armed core, trimethylolpropane triglycidyl ether (E1), were
opened by a three equivalent molar ratio of 4-amino-2,2,6,6-
tetramethylpiperidine-1-oxyl (4-amino-TEMPO) with no addi-
tional reagents (Figure S1). This β-hydroxyl-amine bond
formation allowed for the successful synthesis of the radical-
containing macromolecule with the targeted molecule weight
and a nearly uniform molecular weight distribution (Đ = 1.04).
In the epoxy precursor, E1, the stretches associated with the
epoxide bonds at 839, 906, and 1093 cm−1 were observed
using FTIR spectroscopy (Figure 1b). After the ring-opening
reaction occurred, these signals were no longer present in the
E1-TEMPO spectrum. Also, the N−H stretch at 3359 cm−1

was suppressed, and the N−H bend signals that appear
exclusively in primary amines at 1598 cm−1 disappeared in the
E1-TEMPO spectrum. Furthermore, an increase of the O−H
stretch in the region around 3400 cm−1, which belongs to the
newly formed hydroxyl groups, was observed only in the E1-
TEMPO spectrum.
Moreover, the ring-opening reaction of E1 was evaluated

using 1H NMR spectroscopy, which highlighted that the
resonance signals from methylene groups adjacent to the
nitrogen atoms were present at the expected chemical shifts of
at 2.88 and 3.25 ppm relative to TMS (Figure 2). Also, the
formation of newly formed β-hydroxyl-amine bonds could be
quantified by the integration of signals of the protons from the
amine group at a chemical shift of 11.49 ppm and the hydroxyl
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group at a chemical shift of 8.39 ppm. Finally, the elimination
of the signature signals associated with the protons of the

epoxide groups at chemical shifts of 3.06, 2.69, and 2.52 ppm
was observed, and this confirmed that all the epoxide rings
opened during the reaction. Additionally, the 13C NMR
spectrum of the final product was consistent with the predicted
signal (Figure S2), and the high-resolution mass spectrometry
data agreed with the formation of the desired product as well.
Thus, E1-TEMPO was synthesized successfully in a simple,
single step with no side reactions, which provided a simple
pathway for the evaluation of the structure−property relation-
ships to be developed in this new type of magneto-responsive
nonlinear radical macromolecule.
In addition to the molecular characteristics associated with

the spectroscopic results shown above, the radical content of
the E1-TEMPO macromolecule was found to be relatively high
and the exchange interactions of these spin sites were evaluated
using EPR spectroscopy. Specifically, the spectrum of E1-
TEMPO showed an identical shape of 4-amino-TEMPO; that
is, three maxima, with relative intensities of 1:1:1 from the
coupling of the 14N atoms (Figure 3a), were observed. The
radical content of E1-TEMPO was 85% of all of the potential
radical sites relative to 4-amino-TEMPO, which was used as
the standard (Figure S3). The drop in radical content (i.e.,
relative to the 4-amino-TEMPO standard) is likely due to
quenching of radicals during the reaction and not due to
incomplete coupling between the amine and epoxy groups.
While not reaching 100% radical density, the synthesized
macromolecules possessed a high density of radical sites, which
was similar to the starting material. Again, these data highlight
that the amine−epoxy reaction is a suitable path to create
bonds in these, and future, nonlinear radical macromolecules.
In turn, this reaction system presents itself as a clear means by
which to synthesize future dendrimers with higher generation
levels and, thus, elevated radical content.
To better elucidate the nanoscale structure−property

relationships of these three-armed radical macromolecules in
terms of their spin and charge transport potential, simulations
focusing on the radical distribution of E1-TEMPO were
completed. These simulations included comparisons of the
radical dendrimer at temperatures below and above the glass
transition temperature to investigate whether a significant
configurational change accompanies heating above Tg, as has
been hypothesized to occur within PTEO. The conformations
and packing of radical dendrimers were evaluated by a
combination of the conformer ensemble search tool
(CREST)66,67 and GFN-FF based molecular dynamics
simulations.74 The spin-density isosurface (Figure 3b) of the
lowest energy conformer discovered by CREST points toward
the idea that the nitroxide groups are distributed around the
outer surface of E1-TEMPO without sufficient conformational
freedom with which to closely associate. This suggests that spin
transport and charge transport would be dominated by
peripheral transfer paths around the macromolecule core (at
least at 0 K in this minimum energy structure). The radical
configurations at finite temperatures were subsequently
evaluated by performing MD simulations at temperatures 20
K greater than and less than the experimentally established
glass transition temperature (i.e., the simulations were
performed at temperatures of 233 and 273 K). The
nitrogen−oxygen radial distribution function (RDF) maxima
of the radical-containing macromolecules occurs at approx-
imately 5 and 7.5 Å (Figure 3c), which is similar to the case of
an earlier MD study of the linear radical polymer poly(2,2,6,6-
tetramethylpiperidinyloxy methacrylate) (PTMA).75 A subtle

Figure 1. (a) Molecular structure of E1-TEMPO. (b) FTIR spectra of
E1 (black), 4-amino-TEMPO (red), and E1-TEMPO (blue)
highlighting the conversion of the precursor E1 to the desired E1-
TEMPO product.

Figure 2. Comparison of the 1H NMR spectra of the starting material,
E1, and E1-TEMPO where the open-shell entities have been
intentionally quenched using a methanol solution containing
hydrochloric acid. The asterisk (*) notes the signal that occurs due
to the presence of the deuterated DMSO solvent (δ ∼ 2.5 ppm) and
residual water (δ ∼ 3.3 ppm).
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change of configurational energy and a shorter RDF at the
temperature below Tg were observed, which indicates that the
nonlinear radical macromolecule is packed in a slightly denser
configuration as it enters the glassy state. There is a double
peak signature (6 and 8 Å) at both temperatures, which
corresponds to nitroxide groups in head-to-head vs methyl-
spacing slipped configurations, respectively. Interestingly, this
distribution shifts with respect to temperature, although we
cannot comment at this stage on its potential impact on the
macroscopic conductivity.
After confirming that E1-TEMPO was successfully synthe-

sized as a well-defined molecule with high radical content, and
with the support of computational results showing radicals
facing the outside of the surface of the macromolecule, we
anticipated that the material would have unique electronic and
magnetic properties. Consistent with our previous observation
regarding high-conductivity linear radical polymers, we aimed
for this nonlinear radical macromolecule to have a relatively
low (i.e., below room temperature) glass transition temper-
ature. This was achieved as the Tg of E1-TEMPO is −20 °C
(Figure 4a), which is >100 °C removed from its onset
degradation temperature of ∼96 °C (Figure 4b). This large
window offers a clear path to optimize the processing of the
material, and it affords a means by which to evaluate any
thermally activated transport properties of the macromolecule.
In fact, the conductivity value of pristine E1-TEMPO was
∼10−4 S m−1, temperature independent across the temper-
atures evaluated here, and approximately the same as that of

many linear nonconjugated radical polymers (Figure 4c). This
corresponds to the similar peak positions of the simulated
nitrogen−oxygen RDF near the experimentally measured glass
transition temperature. Additionally, to observe the difference
when dopants were added, we also measured the conductivity
of E1-TEMPO thin films containing 5% 4-amino-TEMPO,
which was added to decrease the average radical−radical
spacing within the thin film. Counterintuitively, the con-
ductivity values did not change (or slightly decreased) when 4-
amino-TEMPO was added, suggesting that the addition of the
small molecule radical species did not increase radical−radical
interactions. Unfortunately, we were unable to add larger
loadings of the small molecule to the radical dendrimer thin
film as larger loadings significantly decreased the quality of the
thin film. Moreover, in a manner that is distinct from its low-Tg
linear polymer analogue (PTEO), the radical−radical coupling
in the solid state is not as large as that of the corresponding
linear radical polymer. This highlights the need to have
significant nitroxide−nitroxide interactions when thin films are
cast if high electrical conductivity values are to be had in
radical macromolecule systems, and it suggests that increasing
the number of generations in nonlinear radical macromolecules
could play a key role in increasing radical−radical interactions.
In terms of the magnetic properties of the radical dendrimer,

the high-temperature interactions between the unpaired
electrons of E1-TEMPO demonstrated typical paramagnetic
behavior. For paramagnetic materials, the thermal energy of
the system prevents the spins from ordering with the applied

Figure 3. (a) Linear EPR spectrum of E1-TEMPO (red) showing the typical triplet signals in same shape as those seen in the EPR spectrum of 4-
amino-TEMPO (black). These data highlight that the intramolecular spin interactions do not occur in the nonlinear radical macromolecule. (b)
Spin density visualization of E1-TEMPO at the lowest energy state as observed by CREST where the atoms are represented by the following colors:
C, gray; O, red; N, blue; H, white. (c) RDF plot of the nitrogen−oxygen atom within E1-TEMPO were based on GFN-FF molecular dynamics
simulations calculated at temperatures of 273 and 233 K.

Figure 4. (a) The glass transition temperature of E1-TEMPO is about −20 °C, as determined by DSC. (b) The onset degradation temperature of
E1-TEMPO is ∼96 °C. (c) Electrical conductivity tests were performed in the temperature range of 20−80 °C in intervals of 10 °C for the pristine
(i.e., not doped) E1-TEMPO thin films (black squares) and E1-TEMPO thin films that included small molecule additives at 5% (by weight) as well
(red circles).
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magnetic field. Therefore, decreasing the temperature allows
for the spins to align to the applied magnetic field and the
magnetic susceptibility of the system increases (Figure 5a).

The magnetic susceptibility of E1-TEMPO was corrected for
the contribution of the diamagnetic susceptibility. Using
Pascal’s constants,76 the diamagnetic susceptibility of E1-
TEMPO was −5.7 × 10−4 emu mol−1. The molar magnetic

susceptibility was then fit to the Curie−Weiss law, as described
by eq 1.

χ
θ

=
−
C

Tm (1)

Here, C is the Curie constant and θ is the Curie temperature.
The Curie constant was about 0.19, θ was −1.38 K, and the
molar magnetic susceptibility, χm, was 5.85 × 10−2 emu mol−1

at 2 K and 9.35 × 10−4 emu mol−1 at 300 K. This value is less
than expected, as theoretically, χm at 300 K for an unpaired
electron is 1.25 × 10−3 emu mol−1.8 This disparity between the
measured and theoretical magnetic susceptibility is due to the
85% radical content of E1-TEMPO, consistent with the EPR
data shown above.
This behavior can be furthered explained by measuring the

effective magnetic moment, μeff, according to eq 2.

χμ = T2.828( )eff m
1/2

(2)

For a paramagnetic material with a single unpaired electron
(e.g., the nitroxide radical), μeff is expected to be 1.73 μb, where
μb is the Bohr magneton (5.8 × 10−4 eV T−1), and
independent of temperature. However, at 300 K, the μeff of
E1-TEMPO is 1.49 μb, and at 2 K it decreases to 0.97μb
(Figure S4). Comparing the room temperature μeff of E1-
TEMPO to the theoretical value of 1.73μb yields a radical
content of 85%, again consistent with the EPR measurements.
Furthermore, this sharp decrease in the magnitude of μeff
indicated antiferromagnetic interactions between the unpaired
electrons. The idea that these were antiferromagnetic
interactions was further supported based on the results of
magnetization measurements. When a high field is applied to a
paramagnet, all the spins of the system align to the field and
the measured magnetization asymptotes to a value of Msat. For
E1-TEMPO, Msat was 2172 emu mol−1. The magnetization
behavior of the paramagnetic system can then be modeled
using a Brillouin function, Bs(x), where the following equations
hold.

=M M B x( )sat s (3)

Here,

Figure 5. (a) Magnetic susceptibility tests were performed using an
applied field of 0.5 T with a temperature ranging from 2 to 300 K on
E1-TEMPO. E1-TEMPO displayed typical paramagnetic behavior
which was fit to a Curie−Weiss model. (b) Magnetization curves were
fit to a Brillouin curve for S = 0.5. As the temperature decreased, the
magnetization curves for E1-TEMPO diverged from the curve,
indicating weak antiferromagnetic interactions between the unpaired
electrons.

Figure 6. (a) Chemical structure of a second-generation dendrimer, E2-TEMPO. (b) Spin density visualization of the lowest energy CREST
conformer where the atoms are represented by the following colors: C, gray; O, red; N, blue; H, white. (c) Interchain and intrachain RDFs of E1-
TEMPO (upper) and E2-TEMPO (lower). Nitrogen−oxygen atoms were computed in GFN-FF based molecular dynamics simulations at 273 K.
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where g is the g-factor and S is the electron spin quantum
number. The magnetization behavior of E1-TEMPO was then
fit to eq 3 using Msat as the fitting parameter while keeping the
value of S fixed for all of the temperatures evaluated.
The Brillouin function models the behavior of a paramagnet

without any interactions between the spins.77 Because the
nitroxide radical has a single unpaired electron, the measured
magnetization curves should fit the Brillouin curve for an S
value of 0.5 (Figure 5b). However, as the temperature
decreased to less than 10 K, the curves diverged downward
from the expected values. This deviation from the predicted
behavior is consistent with the presence of antiferromagnetic
interactions.78−80 This antiferromagnetic behavior has pre-
viously been seen in similar amorphous materials containing
nitroxide radicals.42,44,81 In this way, E1-TEMPO shows great
promise as a magnetically active radical dendrimer, and further
work on its structure−property relationships will further
strengthen these spin interactions.
Although the focus to this point has been on the first

generation radical dendrimer, E1-TEMPO, the natural next
step is to investigate the impact of pursuing higher-generation
synthetic targets. Even though steric hindrance of the
functional groups will increase with increasing dendrimer
generations, prior efforts that have focused on dendrimer
syntheses using this particular series of reactions demonstrated
that the creation of third- or fourth-generation dendrimers is
possible.82,83 To establish the potential utility of synthesizing
higher generation dendrimers in the future, we performed
conformational sampling and MD simulations of the second-
generation dendrimer species E2-TEMPO (Figure 6a) that
were analogous to those reported for E1-TEMPO. Based on
the lowest energy conformer discovered by CREST (Figure
6b), the nitroxide groups are distributed at the outside surface
of the second-generation dendrimer similar to what was
observed in the case of E1-TEMPO. In comparing the RDF
between two generations of dendrimers, a slight shift to lower
distances with respect to the total nitrogen−nitrogen, nitro-
gen−oxygen, and oxygen−oxygen RDF was observed for the
higher generation dendrimer (Figure S5). These lower distance
values would directly imply a higher density of open-shell
units, leading to more spin−spin interaction pathways. To
distinguish between radical−radical interactions between
dendrimers (inter) and within the same dendrimer (intra),
the corresponding radical RDFs were analyzed separately
(Figure 6c). The reduction of the peak intrachain separation
within the higher generation dendrimer indicates an increased
surface density of nitroxides when the dendritic structure
grows higher and suggests that charge transport shifts from
interchain to intrachain. Due to the shorter distance of
intramolecular interactions compared to intermolecular inter-
action, denser packing and stronger spin−spin coupling
characteristics are also expected for multiple-generation radical
dendrimers. Although the current conductivity values of E1-
TEMPO are not significantly enhanced compared to earlier
reported open-shell linear polymers, computational results
point toward the idea that higher generation open-shell

dendrimers could be advantageous in terms of combining
linear radical polymer and dendritic closed-shell macro-
molecule designs.

■ CONCLUSIONS
A three-arm nonconjugated radical macromolecule, E1-
TEMPO, was synthesized through a one-step amine−epoxy
ring-opening reaction to yield a macromolecule with a well-
defined molecular weight and arrow molecular weight
distribution. Importantly, the metal-free reaction scheme
utilized had no noticeable side reactions such that a well-
defined macromolecule with a relatively high radical content
was generated. Moreover, the design of the backbone arms of
the macromolecule resulted in a material with a low glass
transition temperature that was amorphous in the solid state.
In turn, this afforded a material with a reasonable electronic
conductivity and magnetic properties that displayed a para-
magnetic-to-antiferromagnetic transition at <10 K. This
antiferromagnetic behavior arose because of spin−spin
interactions in the locally ordered neighbor radicals within
the nonlinear radical macromolecule sample, which computa-
tional simulations suggest could be increased by increasing the
number of generations associated with the dendritic open-shell
structure. Through this polymeric design and demonstration of
its magnetoelectronic properties, this effort provides a clear
first step toward future designs of advanced nonlinear
nonconjugated radical macromolecules.
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