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ABSTRACT: Organic materials especially those with π-electrons have attracted widespread
attention because they are promising candidates to exhibit high temperature or even room
temperature superconductivity. 2,2′-Bipyridine as a basic raw material is a simple molecule that only
contains C, N, and H atoms, and is widely used in metal chelating ligands due to its ease of
functionalization and robust redox stability. By doping sodium potassium alloy into 2,2′-bipyridine at
approximately room temperature, we successfully detected superconductivity with a critical
temperature around 7 K through both the dc and ac magnetic measurements together with the zero
resistance state by resistance measurements. Furthermore, the superconducting parameters such as
the critical fields, London penetration depth, and Ginzburg−Landau coherence length of the 7 K
superconducting phase have been obtained. This finding not only broadens the applications of 2,2′-
bipyridine, but also opens an encouraging window for the search of superconductors in photoelectric materials such as pyridine
compounds and their derivatives.

■ INTRODUCTION

Organic materials, the basis material for all living organisms,
are always composed of carbon, hydrogen, nitrogen, etc.
Organic materials are of great importance not only for
scientific research, looking for high-temperature superconduc-
tivity, but also for usual life, since organic materials are both
energy-efficient and sustainable. In most cases, organic
materials are insulators; however, there have been extensive
and intensive efforts in physics and materials science to make
them conductive, even superconducting by applying pressure
or doping atoms. For instance, the first organic superconductor
(TMTSF)2PF6 was discovered to exhibit superconductivity
with a critical temperature (Tc) of 0.9 K at the pressure of 1.2
GPa.1,2 Later, many cases of introducing charge into π-electron
networks in organic superconductors with a Meissner effect
were found, such as the alkali metals doped picene,3

phenanthrene,4 and 1,2:8,9-dibenzopentacene.5 However,
most of them lacked pivotal zero resistance measurements
because of the high doping reaction temperature required that
led to the decomposition of organic matter and formation of a
nonhomogeneous phase.6,7 To avoid this tendency, a design
principle for a low-temperature synthetic reaction process is
indispensable.
Recently, p-terphenyl (C18H14), which contains three

benzene rings connected by C−C bonds, draws much
attention due to the discovery of high temperature super-
conductivity with critical temperatures of 7.2 K,8 43 K,9 and
123 K.10 The superconducting phase was also observed in
potassium-doped biphenyl,11 p-quaterphenyl,12 and p-quinque-
phenyl.13 The discovery of superconductivity in potassium-
doped p-oligophenyls prompts us to ponder whether the π-

electrons play a major role in superconductivity due to all the
superconducting phases containing π-electrons. Simultane-
ously, the Meissner effect was also observed in potassium-
doped 2,2′-bipyridine.14 Thus, exploring the superconductivity
of alkali-metal-doped 2,2′-bipyridine in near room temperature
synthesis is worthy of further exploration.
2,2′-Bipyridine as a neutral ligand has been extensively used

in metal chelating ligands due to its ease of functionalization
and robust redox stability.15 The nitrogen atoms in 2,2′-
bipyridine can promote energy transfer with the alkali metal,
and the steric hindrance of 2,2′-bipyridine with alkali metal
coordination is small. Thus, it forms stable charged metal-2,2′-
bipyridine complexes with metal cations. Therefore, 2,2′-
bipyridine and its derivatives are widely applied in optoelec-
tronics,16 photonics,16,17 luminescent devices,18,19 precursors
for helical assembly,20 and chiral molecular recognition.21,22

They can form a more stable coordination bond with the alkali
metals, which will greatly increase the electron mobility in the
charge-transfer complex of alkali metal and 2,2′-bipyridine. If
we find a suitable method for doping the alkali metal into 2,2′-
bipyridine, the conductivity of the alkali metal doped 2,2′-
bipyridine can be greatly improved, and superconductivity may
take place. If a superconducting phase can be found in alkali
metal doped 2,2′-bipyridine at near room temperature
synthesis, it will greatly expand the applications of 2,2′-
bipyridine and provide a new avenue for the synthesis of
organic superconductors.
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In this paper, we synthesized a uniform sodium potassium
alloy doped 2,2′-bipyridine by a liquid−liquid insertion
protocol at near room temperature. The near room temper-
ature synthesis avoided the break of the C−H δ-bonds of
organic materials at high synthesized temperatures.23 When the
activity of sodium potassium alloy reduced with temperature,
the intercalation process dominated the competition between
intercalation and molecular decomposition.6 We report a
development method for doping alkali metals into organic
materials and forming a homogeneous phase together with the
experimental discoveries of superconductivity in sodium
potassium alloy doped 2,2′-bipyridine. Meanwhile, this is the
first time that superconductivity has been found in doping
alkali metal into organic materials at near room temperature,
and this low temperature synthetic reaction process is of great
significance for doping other alkali metals into organic
materials. This discovery is also quite encouraging toward
the search of new superconductors in photoelectric materials
such as pyridine compounds and their derivatives.

■ METHODS

Material Synthesis. The experimental procedure for
doping 2,2′-bipyridine with sodium potassium alloy is shown
in Figure 1. High-purity potassium (99%), sodium sticks (99%,
coated in film of protective hydrocarbon oil), and 2,2′-
bipyridine (99+%) were purchased from Alfa Aesar. Potassium
metal was cut into pieces and mixed with small sodium blocks
in a molar ratio 2:1. The sodium potassium alloy was then
added to a quartz tube. 2,2′-Bipyridine was added to the quartz
tube in a molar ratio of 3:2 with sodium−potassium alloy.
Cyclohexane as a cosolvent was put into the quartz tube in a
molar ratio that is more than 20 times that of 2,2′-bipyridine,
and we can see from Figure 1 that almost all of the 2,2′-
bipyridine was dissolved in the cyclohexane. All of these
operations were done in the glovebox which was filled with
argon (O2 less than 0.1 ppm, H2O less than 0.1 ppm) to avoid
oxidation of sodium and potassium. The mixture in the quartz
tube was sealed under vacuum (less than 5 × 10°Pa) in a solid
state at a temperature of approximately minus 25 °C. Then the
quartz tube was put into ultrasonic processor where the
temperature was set up to 60 °C. At this temperature, the
sodium−potassium alloy was gradually dispersed into small
particles under the action of severe ultrasonic waves. After
about 4 h of ultrasonic processing, the mixture in the quartz

tube turned to a uniform black suspension liquid. After the
black suspension liquid was vacuumed at a temperature of
approximately 60 °C, the cosolvent cyclohexane was removed
and we obtained a black powder sample. The black powder
was pressed into a cylinder with a pressure of approximately
0.7 GPa through a mold with a diameter of 6 mm. The
cylindrical sample was put into a quartz tube and sealed under
high vacuum (less than 5 × 10−3Pa). Then, the quartz tube was
heated up to 60 °C for 5 days to obtain a more uniform sample
phase. The final products after heat treating were black (as
shown in the bottom right of Figure 1) and also sensitive to air.

Material Characterization. We measured the zero-field-
cooling (ZFC) and field-cooling (FC) modes under 20 Oe by
a SQUID magnetometer (Quantum Design MPMS3) in the
temperature range of 1.8−300 K, and the magnetic field was
applied to the axis of pellets in the measurements. The four
copper electrodes were prearranged in a spiral shape and were
placed in the powder sample, and then the electrodes and the
sample were pressed together into a cylindrical shape in a mold
by the pressure of about 1 GPa. The resistance measurement
was made by PPMS (Quantum Design). One end of each
copper wire was connected to the cylindrical sample and the
other end was connected to the PUCK (as shown in the top
right of Figure 5). To compare the vibration modes between
pristine and sodium potassium alloy doped 2,2′-bipyridine, the
Raman scattering spectra were collected at room temperature
at a wavelength of 488 nm and power at 2 mW.

■ RESULTS AND DISCUSSION

Figure 2 shows the temperature dependence of magnetic
susceptibility measured in the zero-field-cooling (ZFC) and
field-cooling (FC) runs for (NaK2)x2,2-bipyridine under
different magnetic fields. The magnetic susceptibility for
(NaK2)x2,2-bipyridine near the step transition temperature is
shown, which clearly presents the superconducting transition
at 6.7 and 3.5 K. As can be seen from the illustration in Figure
2, the χ value of the 6.7 K superconducting phase decreases
rapidly, and the transition width between Tc

onset and Tc
end is less

than 0.4 K. However, the superconducting phase of 3.5 K
drops slowly and has a wide transition width. By analyzing the
temperature dependence of magnetic susceptibility in Figure 2,
the obvious Meissner effect can be observed. The Meissner
effect is one of the fundamental properties for defining
superconductivity. The field-cooling measurements show a

Figure 1. Experimental process diagram of sodium potassium alloy doped 2,2′-bipyridine.
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weak flux expulsion by contrast with the zero-field-cooling
results, suggesting the existence of pinning. In these systems,
the energy dissipation is caused by the motion of vortices. The
motion of vortices can be reduced or eliminated by providing
pinning centers to ”pin” the vortex lattice.24 Typically these are
just impurities, or naturally occurring crystal defects such as
grain boundaries and dislocations. When the field exceeds the
upper critical field, there is a weak paramagnetic signal.
However, the origins of this paramagnetic moment remain
unsettled.25 The reason why there is a weak upturn at low
temperature is that the products contain a positive para-
magnetic background and the shielding fraction is also small.
Supposing that the density δ of this sample is about 3 g/cm3,
we get the shielding fraction 4πχδ = 0.46% from Figure 2. The
shielding fraction of the superconducting content is not very
high because of the presence of impurities.
Figure 3 presents the temperature dependence of imaginary

part and real part of the alternating current (ac) magnetic

susceptibility of (NaK2)x2,2′-bipyridine at 5 Oe and a
frequency of 237 Hz. The susceptibility measurements of ac
as a powerful signature of the occurrence of superconductivity
in samples are widely used in magnetic studies of super-
conductors because they are nondestructive to the samples.
The complex susceptibility χ = χ′ + iχ″ has a little different
meaning from direct current (dc) magnetic susceptibility. The
real part χ′ corresponds to the differential quantity dM/dH and
is approximately equal to the ZFC magnetic susceptibility in
the dc measurement.26 Therefore, it is also a method of
measuring the shielding response of a superconductor. The
imaginary part χ″ corresponds to the energy dissipation in a
material.27,28 From the complex χ, we can deduct some
parameters of superconductivity, such as Tc, lower and upper
critical fields, London and Campbell penetration depths, the
pining potential, irreversibility line, and critical current density,
etc.29 The imaginary part χ″ arises from the formation of the
weakly linked superconducting vortex current. Thus, χ′′ can be
considered as a testification of the zero resistance because it is
a superconducting signal of this material. The real part of
Figure 2 shows two step-like transitions occurring at the
temperature of 3.5 and 6.7 K, which have almost the same
characteristics as the Tc value already determined from dc
magnetic susceptibility at Figure 2. Meanwhile, two positive
peaks appear in the imaginary part at the temperature of 3.5
and 6.7 K, indicating that the ac field penetrates the sample.
Hence, from the results of the ac measurements, it can be seen
that two superconducting phases in our sample appear at 3.5
and 6.7 K, respectively. The peak of 6.7 K appears in the
imaginary part implying zero resistivity in the superconducting
state, which is basically consistent with the results of the
following resistance measurements.
The obtained superconductivity in sodium potassium alloy

doped 2,2′-bipyridine is further supported by the evolution of
the χ−T curves with the applied magnetic fields (Figure 4).

The diamagnetic signal disappears gradually with the
increasing magnetic field since the superconducting phase is
suppressed by the applied magnetic field. In the magnetic field
above 60 Oe, the diamagnetic signal of the 3.5 K super-
conducting phase is hardly visible, but the diamagnetic signal
of the 6.7 K superconducting phase does not disappear until
800 Oe or more. The χ−T curves at various magnetic fields
demonstrate that the obtained superconductivity is intrinsic to
(NaK2)x2,2′-bipyridine. The diamagnetic signal of the 3.5 K

Figure 2. Temperature dependence of magnetic susceptibility
measured in the zero-field-cooling (ZFC) and field-cooling (FC)
runs for (NaK2)x2,2′-bipyridine at the magnetic fields of 20 Oe. The
inset shows the temperature dependence of magnetic susceptibility in
ZFC and FC runs for (NaK2)x2,2′-bipyridine from 1.8 to 15 K at the
magnetic fields of 10 Oe.

Figure 3. Temperature dependence of the imaginary part and real
part of the ac magnetic susceptibility of (NaK2)x2,2′-bipyridine. The
frequency and amplitude of applied field are 237 Hz and 5 Oe,
respectively.

Figure 4. Temperature dependence of the magnetic susceptibility of
(NaK2)x2,2′-bipyridine measured at various magnetic fields up to 800
Oe in the zero-field-cooling (ZFC) run.
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superconducting phase is quickly reduced and almost
disappears at 100 Oe due to the existence of a dominant
paramagnetic phase, which further suggests that the
diamagnetic volume shielding fraction is too small and there
is a positive paramagnetic background at low temperatures.
Obviously, as the magnetic field is increased, the paramagnetic
signal increases at a rate greater than that of the diamagnetic
signal.
Figure 5 plots the resistivity versus temperature curves from

2 to 300 K at zero field in the two modes of warming and

cooling, and the inset shows the resistivity versus temperature
curves from 2 to 10 K with varying magnetic fields. Since the
shielding fraction volume of this sample is too small, the
resistance measurements are very difficult. We built a
completely sealed environment to measure the resistance of
(NaK2)x2,2′-bipyridine by the four-probe method (as shown in
the inset of Figure 5). The resistance exhibits obvious metal
properties at the normal state, but because the sample was
pressed into a cylindrical shape in a mold with a pressure of
about 1 GPa, the metallic feature possibly comes from the
sodium potassium alloy. From the figure we can see that the
resistance exhibits a drastic drop at around 7.2 K. This
phenomenon indicates a clear superconducting transition.
However, since the measured value is close to the measure-
ment limit of the instrument, the random background noise of
the resistance data is strong near the superconducting
transition temperature. From the figure we can see that the
resistance drops sharply around 7.1 K in zero-field, which
precisely indicates the existence of a superconducting
transition. The Tc of 7.1 K is slightly higher than the dc and
ac susceptibility measurements probably due to the sample
being pressurized to 1 GPa before the resistance measurement,
but the effect of pressure on the superconducting transition
temperature requires further studies. The inset of Figure 5
shows the resistivity as a function of temperature in the dc
magnetic field from 0 to 2000 Oe. It can be clearly seen from
the inset that the superconductivity is gradually suppressed as
the magnetic field increases, and the superconducting
transition width exhibits a significant broadening at high fields.
We measured a zero-resistance effect in samples with such
small shielding fraction volume, which illustrates the
effectiveness of the method of measuring resistance. We can

measure the zero-resistance effect of this sample perhaps
because of the intercalation of sodium potassium alloy into
2,2′-bipyridine and the formation of a charge-transfer complex
inducing an appearance of 1D electron percolating networks
that regulate the conductivity30 and form a superconducting
network.
Figure 6 shows the magnetization hysteresis loop with

magnetic fields up to 800 Oe measured at various temperatures

between 1.8 and 7 K in the superconducting state after the
subtraction of the magnetic background at 7.5 K. The
paramagnetic background signal has been deducted in order
to eliminate the influence of magnetic impurities. The
hysteresis loop along the two opposite magnetic field
directions provides evidence that this superconducting phase
is a typical type-ii superconductor. The asymmetry along the
vertical H = 0 axis provides evidence for the wide-band
susceptibilities.29 The diamond-like shape expands from the
inner to the outer with the decrease of temperature, yielding a
higher upper critical field in the horizontal axis for a lower
temperature.
Figure 7 shows the temperature dependence of the lower

critical field Hc1(T) and the upper critical field Hc2(T). The
inset at the left bottom shows how Hc1 is determined by a
given temperature based on the deviation of the linear behavior
at higher field. We use the empirical law Hc1(T)/Hc1(0) = 1 −
(T/Tc)

2 to calculate the lower critical field at zero temperature
Hc1(0). Then the zero-temperature extrapolated value of
Hc1(0) is 136 ± 2 Oe. The upper critical field Hc2 is defined by
Tc at an applied field, and the Tc is determined by the linear
extrapolation intercept of the transition section below and
above, as shown in the right upper. Hc2 can be determined
from the resistivity versus temperature curves measured at
various magnetic fields and the obtained Hc2(T) as a function
of temperature is shown in Figure 7. Using the Werthamer−
Helfand−Hohenberg formula,31 the zero-temperature Hc2(0)
= 1555 ± 11 Oe is obtained. From Hc2(0) and Hc1(0), using
the expressions Hc2(0) = ϕ0/2πξ

2
GL and Hc1(0) = (ϕ0/

4πλ2L)(lnλL/ξGL)
32 with the flux quantum Φ0 = 2.0678 ×

10−15 Wb, we evaluate the zero-temperature superconducting
London penetration depth λL and Ginzburg−Landau coher-
ence length ξGL. Substituting the obtained Hc2(0) and Hc1(0),

Figure 5. Temperature dependence of the resistance of (NaK2)x2,2′-
bipyridine from 2 to 300 K. Inset shows the resistivity versus
temperature curves measurements under different magnetic fields.

Figure 6. Magnetization hysteresis loop with scanning magnetic field
up to 800 Oe measured at various temperatures in the super-
conducting state after the subtraction of the magnetic background at
7.5 K.
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we obtain ξGL = 46 ± 1 nm and λL = 78 ± 2 nm for this
superconducting phase. As discussed by Mitsuhashi et al.,3 the
London penetration depth (λL = 78 ± 2 nm) is larger than the
crystal lattice size, resulting in the small shielding fraction of
the powder sample. Thus, the Ginzburg−Landau parameter κ
= λL/ξGL = 1.69 > 1/ 2 is obtained, implying that the
(NaK2)x2,2′-bipyridine is a type-ii superconductor. For type-ii
materials perfect diamagnetism occurs only below Hc1, while
the superconducting phase between Hc1 and Hc2 is the
Abrikosov or mixed state.
Raman spectroscopy is a powerful phase-sensitive tool to

identify the molecular dynamics process and structural
transformation of organic materials.33 The Raman spectra of
the pristine and sodium potassium-alloy-doped 2,2′-bipyridine,
obtained by using a laser wavelength of 488 nm at room
temperature, are displayed in Figure 8, respectively. It is shown
that the high frequency pure C−H stretching vibrations lying
around 3078 cm−1 almost disappear after doping. When 2,2′-
bipyridine is doped by a sodium potassium alloy, a new ring
stretching mode is generated at 1497 cm−1, accompanied by
the disappearance of the ring stretching mode at 1591 cm−1

and the trans conformer band at 1449 cm−1.34 The ring
stretching mode at 1239 cm−1 and the C−H in-plane
deformation at 1304 cm−1 show blue shift to the position of
1263 and 1346 cm−1, respectively, suggesting an increase of π-
electrons polarization in 2,2′-bipyridine after sodium and
potassium alloy doping. The ring stretching mode at 1574
cm−1 and the C−H in-plane deformation at 1484 cm−1 exhibit
a red-shift to a small wide peak at 1565 cm−1 and the position
of 1467 cm−1, respectively.34,35 The ring breathing mode at
996 cm−1 also exhibits a red-shift after doping to the polaron
bands at 977 cm−1.36,37 Simultaneously, the three vibrations at
996 cm−1, 1346 cm−1, and 1467 cm−1 also suggest the
formation of bipolarons.36,38 All of the above red shifts were
attributed to the softening of Raman modes by the transferred
electrons from the sodium potassium alloy to 2,2′-bipyr-

idine.39−41 There are 17 and 19 cm−1 downshifts for the C−H
in-plane deformation at 1484 and 1046 cm−1 together with 19
cm−1 downshifts for the ring breathing mode at 996 cm−1 in
sodium potassium alloy doped 2,2′-bipyridine. The red shift of
these modes indicates that approximately three electrons have
been transferred from the sodium potassium alloy to 2,2′-
bipyridine, and this is consistent with the 6 cm−1 per electron
and 7 cm−1 per electron red shifts observed in superconducting
A3phenanthrene (A = K, Rb)4 and A3C60 (A = K, Rb).44 The
red shifts of the Raman spectrum indicate the presence of a
charge transfer complex in the sodium potassium alloy doped
2,2′-bipyridine together with the formation of polaron and
bipolarons, which greatly improves the conductivity of the
sample.30,42,43 The increase in resistivity can also be seen from
the resistivity versus temperature curves in Figure 5 that the
sample is close to the metallic state. The nitrogen element in
the 2,2′-bipyridine molecule has the largest electronegativity
and the strongest electron attracting ability. Thus, 2,2′-
bipyridine can form a more stable coordination bond with
sodium and potassium atoms, which will greatly increase the
electron mobility in the charge-transfer complex of doped
samples. This is consistent with that observed in the resistivity
versus temperature curves and the red shifts of Raman spectra
between the pristine and doped sample. So we propose that
the doped sodium and potassium atoms are at the closest
position to the nitrogen atom.

■ CONCLUSIONS
We have used an ultrasonic-assisted solvent method to disperse
the sodium potassium alloy, so that sodium and potassium
atoms can be doped into the 2,2′-bipyridine at low
temperature and avoid the decomposition of 2,2′-bipyridine
in high-temperature synthesis. Simultaneously, this method can
be used for doping alkali metal atoms into other organic
materials at low temperatures.
We have successfully observed a superconducting phase with

the critical temperature around 7 K through both the dc and ac
magnetic measurements together with the zero resistance state
by resistance measurements. The upper critical field and lower
critical field were calculated from the χ−T curve with the
applied magnetic fields and the resistivity versus temperature
curves measured at various magnetic fields, respectively. Some

Figure 7. Temperature dependence of the lower critical field Hc1(T).
The error bars represent estimated uncertainty in determining Hc1.
The solid line represents the empirical law Hc1(T)/Hc1(0) = 1 − (T/
Tc)

2. The inset at the bottom left shows the determination of Hc1 and
the magnetic field dependence of magnetization at the temperature of
1.8 K. The temperature dependence of the upper critical field Hc2(T).
The error bars represent the uncertainty in the rounding of the
transition. The line is the fitting to the Werthamer−Helfand−
Hohenberg theory.31 The inset at the upper right shows an example
used to definite Tc by the temperature dependence of magnetization
at the field of 10 Oe.

Figure 8. Raman spectra of pristine 2,2′-bipyridine and (NaK2)x2,2′-
bipyridine collected at room temperature. Upper left presents the
molecular structure of 2,2′-bipyridine. The sticks in the main panel
give the peak positions of the pristine and doped samples.
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of the superconducting parameters have been obtained, and
the Ginzburg−Landau parameter κ provides evidence for type-
ii superconductors.
The discovery of superconductivity in sodium potassium

alloy doped 2,2′-bipyridine provides unambiguous evidence
that the π-electrons play an important role in boosting
superconductivity. As compared with polycyclic aromatic
hydrocarbons and poly p-phenylene(PPP), 2,2′-bipyridine is
more likely to form a stable coordination bond with an alkali
metal due to the nitrogen atoms. Therefore, it is easy to form a
stable high conductivity charge transfer complex and finally
achieve superconductivity.
The present finding of the Meissner effect and zero

resistance state in sodium potassium alloy doped 2,2′-
bipyridine is extremely encouraging in the search of a new
superconducting phase in pyridine compounds and their
derivatives. This finding expands the applications of 2,2′-
bipyridine and provides a new avenue for searching new
superconductors in photoelectric materials. Our ongoing work
focuses on further improving the diamagnetic volume shielding
fraction through a suitable pressurized heat treatment and the
development of a synthetic method.
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