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ABSTRACT: Organic thermoelectric materials have potential for wearable heating, Simultaneous
cooling, and energy generation devices at room temperature. For this to be increase of Gand S
technologically viable, high-conductance (G) and high-Seebeck-coefficient (S) in Blatter radical

materials are needed. For most semiconductors, the increase in S is accompanied by @ P o
a decrease in G. Here, using a combined experimental and theoretical investigation, we % §
demonstrate that a simultaneous enhancement of S and G can be achieved in single _; ° . g
organic radical molecules, thanks to their intrinsic spin state. A counterintuitive 2 3
quantum interference (QI) effect is also observed in stable Blatter radical molecules, § f . S

where constructive QI occurs for a meta-connected radical, leading to further
enhancement of thermoelectric properties. Compared to an analogous closed-shell
molecule, the power factor is enhanced by more than 1 order of magnitude in radicals.
These results open a new avenue for the development of organic thermoelectric materials operating at room temperature.

Closed-shell Open-shell

KEYWORDS: Energy harvesting, organic thermoelectricity, single radical molecules, quantum transport

hermoelectric (TE) materials enable the direct con- molecules are far from the Fermi energy (Eg) of the electrodes.

version of thermal energy to electricity and are exIpected If the energies of the frontier orbitals where transport
to play a key role in future energy-saving technologies. —TE resonances occur are moved close to Ep, simultaneous
devices can function as power generators through the Seebeck enhancement of G and S is expected. This is a consequence
effect, or as solid-state coolers through the Peltier effect. of G being proportional to the electron transmission function
Inorganic materials have been extensively studied for thermo- T(E), while S is proportional to its slope via the relation"®

electricity. However, not only is their thermoelectric efficiency

insufficient to meet the requirements of current energy needs, G = G,T(E,) S=g dIn(T(E))
but they are also toxic, are difficult to process, and have limited OO VTED 0 3E
global supply. In this regard, the ability to control and optimize
electrical, thermal, and thermoelectric transport in other
materials is a crucial stepping stone in the design, diveslop-
ment, and operatiorll of energy conversion t.echnolog.ies.‘ T.O For this reason, molecules with radical features, such as
enhance the efficiency of thermoelectric materials, their

electrical conductance (G) and Seebeck coefficient (S) should partially. filled orbitals., can b‘e Ve attractive. This is because
be increased simultaneously. =% For most semiconductors,”"” the partially filled orbital (spin orbital) has  tendency to gain
* )

. . . ) . . or lose an electron and move its energy level close to the Fermi
the increase in S is accompanied by a decrease in G, which

v 11 energy Ey of the electrodes.'”
leads to a ‘low power factor A(GS )- Ff)r ) e)fample, th? With this in mind, we have designed and synthesized the
thermoelectric efficiency of organic polymers is limited by their

| hioh th I cond thouch | ! 1,2,4-benzotriazin-4-yl (Blatter) radical molecules 1 and 2,
ow G or '8} thermal con 'uctance, though severa organic which are air-stable, neutral radicals that can be modified in a
polymers achieve values of S in the range of 0.1—1 mV/K.

modular fashion and form a single-molecule junction,'” and
In contrast, sharp transport features due to electron

transport through molecular frontier orbitals in single organic the closed-shell (non-radical) quinazoline analogue 3 with
molecules make them very attractive for enhancing G and S,
simultaneously.'” Single organic molecules also facilitate
bottom-up functionalization and atomically precise engineering
of their properties that are not accessible in other materials.
Despite over a decade of development, the value for S in single
organic molecules at room temperature is usually below +20
UV/K.'™> This is because the frontier orbitals of most

E=Eg (1)

where G, = 7.74 X 107 (Q7') is the conductance quantum
and Sy = —2.44 X 107°T (WQ/K), where T is the temperature.
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Figure 1. Molecular structure of the junctions. (a) Schematic diagram of a single-molecule junction formed by molecule 2 between gold electrodes.
(b) Blatter radicals 1 and 2 with para and meta connection points and non-radical analogue 3, tight-binding (TB) spin-up (1) and spin-down (|)
molecular orbitals for Blatter radical core with para (c) and meta (d) connectivities. (e) EPR spectra for radicals 1 and 2.

pseudo-meta (meta) and pseudo-para (para) connections to
two gold electrodes (Figure 1a,b). Our orbital analysis'®*° of
the molecular core (see the Supporting Information for detail)
indicates that destructive quantum interference (DQI) of
electrons with majority spin (spin-up) is expected for para-
connected radical molecule 1 but constructive QI (CQI) for
meta-connected radical molecule 2. This is in contrast to what
is normally expected for the meta-connected conjugated
polyaromatic hydrocarbons, e.g, DQI in meta-OPE3.”"**
From the orbital structure of the Blatter radical core, it is
clear that the highest occupied molecular orbital (HOMO) for
spin-up electrons is similar to the lowest unoccupied molecular
orbital (LUMO) of spin-down electrons (Figure lc,d and
Figure S1 in the Supporting Information). Also, the LUMO
orbital for spin-up electrons is similar to LUMO+1 of spin-
down electrons. From the simple orbital rule (eq 1 in the
Supporting Information), it is clear that QI is destructive for
spin-down but constructive for spin-up. Therefore, CQI (DQI)
is expected for spin-down (-up) electrons in the meta-
connected Blatter radical (Figure 1c), whereas DQI (CQI) is
expected for spin-down (-up) electrons in the para-connected
Blatter radical (Figure 1d), which is also confirmed by our
quantum transport calculations below. This counterintuitive
behavior is due to the localization of the spin density on
nitrogen atoms in Blatter radicals (see section L1 of the
Supporting Information for a detailed discussion).

Figure la shows a schematic diagram of the junctions
formed by a molecule with a Blatter radical core contacted to
the electrodes through meta connectivity. To test our
hypothesis that radical molecules should enhance S and G,
we first studied theoretically the transport properties of the
junctions formed by molecules 1—3 between gold electrodes
using first principle computations. For this purpose, the
material-specific mean-field Hamiltonians were obtained from
the optimized geometry of the junctions using density
functional theory (DFT).”® The resulting Hamiltonians were
then combined with the quantum transport code GOL-
LUM"** to calculate the transmission coefficient T(E) for
electrons passing from the hot electrode to the cold electrode
through Blatter radical cores. T(E) is combined with the
Landauer formula'® to obtain the electrical conductance (see
the Computational Methods).

Since Blatter radicals are spin polarized, the total trans-
mission coefficient T = (T' + T*)/2 was computed from the
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transmission coefficients of majority (1) and minority (|)
spins. Figure 2a shows the total transmission coefficient T(E)
for electrons with energy E traversing molecules 1—3. Blue and
yellow curves in Figure 2a show T for para-connected
compounds 1 and 3, whereas the red curve shows the
transmission T for meta-connected radical 2. The transmission
through the meta-connected 2 is surprisingly higher than that
through the para-connected radical 1. As discussed in the
Supporting Information, this is because the transport due to
the majority spins (blue curves in Figure S3 of the Supporting
Information) is governed by a destructive QI feature in the
para-connected molecule 1, compared to constructive QI in
the meta-connected molecule 2. The spin density localized on
nitrogen atoms (Figure 2d) is responsible for this counter-
intuitive behavior (see the Supporting Information for details).

In radical molecules 1 and 2, two new resonances are formed
within the HOMO—-LUMO gap of the closed-shell analogue 3.
These new resonances close to the Fermi energy are predicted
to increase the electrical conductance of the junctions. Our
calculations show that this is indeed the case and radical
molecules 1 and 2 show higher electrical conductance
compared to the non-radical analogue 3 close to resonance
around E = —0.5 eV (Figure 2a). However, around the DFT
Fermi energy (E 0 eV in Figure 2a), the predicted
conductance order is 2 > 3 > 1 which is due to the effect of
QI taking place in the co-tunnelling regime. Molecule 3 is a
non-radical connected to electrodes through para connectivity,
and CQI is expected. However, in its radical counterpart
(molecule 1), destructive QI of majority spins is obtained (see
section 12 of the Supporting Information), which lowers the
conductance. The crucial point is that, in the junctions with
CQI features (molecules 2 and 3), the radical is predicted to
show high G (Figure 2b). Due to the new resonance transport
through majority spins close to Eg, the room temperature S
(Figure 2c) is also enhanced in radicals.

To confirm our predictions, the radical and closed-shell
molecules in Figure 1 were synthesized and their single-
molecule conductance and Seebeck coeflicients were meas-
ured. Using a modified Naugebauer’s approach®*® of Pd/
DBU cyclization of diarylylbenzimidohydrazide derivatives,
new diiodo-Blatter radicals were targeted with isomeric para
and meta anchoring thioacetyl groups and with electron
withdrawing substituent CF; (see Scheme 1 in the Supporting
Information), to tune the system’s electronic properties. The
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Figure 2. Quantum transport through radical molecules. (a) Total transmission coefficient T(E) = T'(E)/2 + T*(E)/2, where 1 and | denote spin
up and spin down, respectively (see the Supporting Information for T'(E) and T*(E)). (b) Room temperature electrical conductance at DFT
Fermi energy (dashed line in part a). (c) Room temperature Seebeck coefficient at the DFT Fermi energy (dashed line in part a). (d) Spin density

for radical molecules 1 and 2.

isolated diiodo-Blatter radicals were functionalized with
thioacetate by Soria-Castro’s approach,”” using potassium
thioacetate under catalytic conditions, to substitute the iodo
groups with thioacetates to yield 1 and 2 as pure compounds,
as characterized by high resolution mass spectrometry (HR-
MS), elemental analysis, EPR, and UV—visible spectroscopy.
The electron withdrawing substituent (CF,;) improved the
stability of the radicals. This feature was designed to prevent
oxidation of radicals in the junctions."” Although the
thioacetate coupling reaction with the hydrogen and methoxy
substituted analogues produced detectable quantities of the
desired products, they could not be isolated as pure
compounds due to decomposition during chromatography
(see the Supporting Information). It is proposed that the
addition of the electron withdrawing group localizes the
unpaired electron (compared to H and OMe) reducing the
potential to facilitate decomposition processes.

To provide a closed-shell analogue to the Blatter radicals, 6-
iodo-2-(4-iodophenyl)-4-phenylquinazoline (prepared by Lv’s
method)”® was also coupled with thioacetate. Electron
paramagnetic resonance (EPR) measurements (Figure le)
confirm the radical nature of 1 and 2. Samples for EPR
measurements at room temperature were prepared by solvating
the Blatter radicals in dichloromethane (DCM) with a final
concentration of radicals of ca. 0.5 mM. Comparisons between
experimental and simulated EPR spectra of radical molecules 1
and 2 are shown in Figures S30—32. Magnetic parameters
obtained from the fitting of EPR spectra and the estimated spin
densities on the nitrogen atoms in the benzotriazinyl ring and,
where applicable, on the carbon atom of CF; are given in
Tables S1 and S2 of the Supporting Information, respectively.
The results indicate that the spin density in both radicals is
predominantly localized on the N atoms in the benzotriazinyl
ring (ca. 75%) in agreement with our spin density calculations
(Figure 2d).

The conductance and Seebeck coefficient measurements of
the three molecules were performed using a home-built
scanning tunnelling microscope (STM) and the STM break-
junction technique (STM—BJ)29 at room temperature and
under ambient conditions. Conductance histograms were built
from thousands of current—displacement (IZ) traces, acquired
by indenting the tip into the sample and retracting it
subsequently. IZ curves showing features of molecular junction
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formation (i.e., molecule-characteristic conductance plateaus)
were identified and separated from the rest by means of a
nonsupervised clustering technique (k-means’’”>”). The
clustering technique was also applied to the selected IZ traces
to find different conductance behaviors for each compound,
resulting in three different conductance clusters in all cases
(Figures S33 and S34 in the Supporting Information).

For each molecule, the three clusters identified have been
named as high-plateau (HP), middle-plateau (MP), and low-
plateau (LP) clusters and each of them corresponds to a
different, statistically significant junction configuration. We
attribute LP to formation of 7—z stacked molecular junctions'”
and HP to molecular conformations with more than one
connected point to each electrode. A complete discussion on
these configurations can be found in the Supporting
Information, and for the goal of the present work, we now
focus on the middle-plateau (MP) clusters. These correspond
to single-molecule junctions with the electrodes connected to
the molecules through the anchor groups, in an equivalent way
to the junctions considered in the theoretical calculations
(Figure la). Parts a—c of Figure 3 show the 1D conductance
histograms for this cluster of the three investigated
compounds. Each conductance peak is fitted with a Gaussian
distribution, with the mean value G,, being the most probable
conductance value of the corresponding compound. The
values measured (Figure 3d) show that the meta-connected
radical 2 presents the highest conductance (G,,,, = 107°G,),
while the para-connected radical 1 shows the lowest
conductance (G,,; = 107*G,) in this series, in good agreement
with our theoretical predictions (Figure 2b).

To measure the Seebeck coeflicient of the molecular
junctions, a temperature difference (AT) is applied between
the tip and the sample and the resulting thermovoltage (V)
through the junction is measured. In our STM, this
temperature difference is established by heating up the tip
with a 1 KQ surface resistor placed into the tip holder, while
keeping the substrate at room temperature. To measure the
thermovoltage of the junctions, small current—voltage (IV)
curves were performed while the molecular junction was
formed, momentarily stopping the tip displacement and
ramping the voltage between +10 mV. From these curves,
Vi and G are simultaneously obtained from its zero-current
crossing point and its slope, respectively (see details in the

https://doi.org/10.1021/acs.nanolett.1c03698
Nano Lett. 2022, 22, 948—-953


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c03698/suppl_file/nl1c03698_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c03698/suppl_file/nl1c03698_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c03698/suppl_file/nl1c03698_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c03698/suppl_file/nl1c03698_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c03698/suppl_file/nl1c03698_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c03698/suppl_file/nl1c03698_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03698?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03698?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03698?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c03698/suppl_file/nl1c03698_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03698?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c03698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

— 104 — 1035
a ---G =10 G, C ---G,=107° 6,
3
&
12
<
32
o
o

6 5 4 3 2 -1 0 6 5 4 3 2 -1 0

log G (GO) log G (GO)
3. -3.4
b G =103"G d
- m 0 ,\\
—~ -36 ’
(:V oo / \\
~ ~ , L
[2}
‘:E, (g) -3.8 //
o o
o a4l @
— 4.2
6 5 4 3 2 1 0 1 2 3
log G (GO) Molecule

Figure 3. Experimental 1D conductance histograms for single-
molecule junctions. (a—c) 1D conductance histograms for com-
pounds 1, 2, and 3, respectively (same colors as in Figure 2a). Only
the data points corresponding to the middle-plateau (MP) cluster,
identified and separated with a clustering technique, are included.
Each molecular peak is fitted with a Gaussian distribution (dashed
line), and its mean value G,, is given in the corresponding panel. (d)
Most probable conductance value for each compound investigated,
G,y obtained from the mean value of each Gaussian fit shown in parts
a—c.

Supporting Information). For consistency with the electrical
conductance characterization and the previously described
clustering technique, thermovoltage values corresponding to IZ
curves in the MP clusters (single-molecule junctions) are used
for the analysis. Additionally, several experimental runs were
performed for each AT applied, which in the experiments
varies between 0 and 30 K. A Gaussian distribution fitted to
each experimental run gives the mean thermovoltage value

(V) and the standard deviation (oy,) of each measurement,
plotted in Figures 4a—c as empty circles and error bars,
respectively. Since the Seebeck coefficient is given by S =
—V4/AT, it can be directly obtained from the slope of a linear
regression applied to all of the Vi, vs AT data points (Figure
4a—c). In particular, the S of radical 2 (25.9 uV/K) is
approximately a factor of 3 higher than that of the closed-shell
compound 3 (8.4 uV/K). Indeed, the value for the para-
connected radical 2 is, to date, one of the highest reported
experimental Seebeck coefficients for a single molecule at room
temperature.” Simultaneous enhancement of § and G in radical
2 leads to more than one order of magnitude increase of the
power factor (P = S*G) in 2 compared to the closed-shell
molecule 3 (P,/P; = (25.914/8.41)* X (1073°G,)/(10737G,) =
15.1). Furthermore, the positive sign of S for the three
molecules investigated is an indication of HOMO-dominated
transport in all cases.

For direct comparison of the three compounds, Figures 3d
and 4d collect the experimental G, and S values of each
molecule. The enhancement of both magnitudes (G and S) for
radical 2 is in good agreement with our theoretical results
(Figure 2b,c and Figure S4). Furthermore, in order to
demonstrate that the electron withdrawing CF; group
increases the stability of the radicals, we have also studied an
analogue of molecule 1 with a stronger electron withdrawing
group (NO,), as shown in Figure S39 of the Supporting
Information. The EPR spectrum of this compound (1a)
confirms its radical nature (Figure S31). The electron
withdrawing group moves the energy levels (e.g, HOMO
and LUMO) down in energy and thereby stabilizes the
molecule further. This comes with the cost of moving the
singly occupied energy level away from the Fermi energy.
Consequently, G and S are expected to decrease compared to
the CF; analogue (molecule 1). This is confirmed by our
calculated and measured G and S (see Figures S3 and S39).

To experimentally reinforce the evidence of resonances close
to the Fermi energy, we also explored the transmission curve
by means of spectroscopy experiments performed for all
compounds. Large current—voltage curves (1 V) were
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Figure 4. Experimental Seebeck coefficient S for single-molecule junctions. (a—c) Mean thermovoltage (V) and standard deviation values (oy,)
from Gaussian fits applied to each experimental run performed, i.e., to the individual thermovoltage (V) values measured for each temperature
difference (AT). V, and oy, are represented by empty circles and error bars, respectively. The Seebeck coefficient of each compound 1-3 (a—c) is
the slope of a linear regression to all of the individual Vi, vs AT data points, and the values obtained are given in the corresponding panel (same
colors as in Figure 2a). (d) Seebeck coefficient of the three compounds investigated. The values are obtained from the slope of the linear
regressions shown in parts a—c. (e) Average conductance—voltage (GV) of all current—voltage curves taken in the molecular junctions, normalized
by the G value at low bias voltage (G,,,) for each compound (see the Supporting Information and Figure S37).
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measured, while forming the molecular junctions, and were
plotted as conductance—voltage (GV) curves, where G = I/V
(see more details in the Supporting Information). Considering
only the junctions with a clear molecular plateau, 2D
histograms of all GV curves with a low-Vi;,, conductance
between 107G, and 107Gy, as well as their average traces, are
shown in Figure S37. For direct comparison of the shape of the
GV curves, the normalized average traces for each compound
are shown in Figure 4e. The GV curves of compound 3 are
flatter than those of compounds 1 and 2, which are more “V”-
shaped, especially in the case of molecule 2, which supports the
presence of a resonance closer to the Fermi energy of the
electrodes in radical compounds, in contrast to the closed-shell
quinazoline analogue.

In summary, using a combined experimental and theoretical
study, we demonstrated that both the Seebeck coefficient and
the electrical conductance can be enhanced in Blatter radicals,
compared to a closed-shell analogue, leading to a more than
one order of magnitude enhancement of the power factor in
the radical molecule. This enhancement should be a generic
feature of radicals which create resonances close to the Fermi
energy of the electrodes. This leads to the observation of a high
value of S for an organic molecule in a single-molecular
junction. This ground-breaking strategy is potentially a
versatile design route that exploits unpaired spins of neutral
or charged species for creating room temperature single-
molecule thermoelectric junctions and ultrathin film thermo-
electric materials for efficient conversion of waste heat to
electricity or for on-chip cooling of CMOS-based technology
in consumer electronic devices.

B METHODS

Computational Methods. The optimized geometries with
ground-state Hamiltonian and overlap matrix elements for gas
phase molecules and molecules between electrodes were
obtained using DFT. These results were then combined with
the Green function method to calculate the phase-coherent,
elastic-scattering properties of the system, consisting of two
gold electrodes and the molecule as the scattering region. From
the calculated transmission functions for majority and minority
spins, the electrical conductance and Seebeck coeflicient were
calculated. See the Supporting Information for details of
computational methods.

Molecular Synthesis. The Supporting Information con-
tains experimental procedures and NMR spectra.

Experimental Methods. Conductance, Seebeck coeffi-
cient, and spectroscopy measurements were carried out using a
home-built STM at room temperature and under ambient
conditions. Samples were prepared using the drop-casting
technique by immersing the previously annealed Au(111)
samples in a 1 mM DCM solution of the target compound for
40 min and then allowing them to dry. Mechanically cut Au
wires (0.25 mm diameter, 99.99% purity, Goodfellow) were
used as STM tips. Analysis of the data was done using
MATLAB, and a clustering technique was implemented using
the k-means function. More information about the exper-
imental methods is in the Supporting Information.

B ASSOCIATED CONTENT
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All information to reproduce simulation data is provided in the
manuscript. The underlying experimental and simulation data
can be accessed by contacting the corresponding authors.
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