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Abstract: The development of potential magnetic materials in metal-doped polycyclic aromatic
hydrocarbons has been a research hotspot in recent years. Here we have successfully synthesized
stable potassium-doped 2,3-dimethylnaphthalene samples. The combination of first-principles
calculations and XRD results identifies that doping of potassium into 2,3-dimethylnaphthalene forms
a monoclinic structure with a molar ratio of 1:2 between potassium and molecule. The red shifts
in the Raman spectra indicate that potassium 4s electrons are transferred to the organic molecules.
The magnetic measurements show that the doped materials exhibit a temperature-independent
magnetization in the temperature region of 1.8-300 K, which is consistent with the Pauli paramagnetic
behavior. This is distinct from the diamagnetism of pristine material. Compared to the previous
focus on benzene ring structure, our study of aromatic hydrocarbon derivatives of benzene ring
opens a new route for the development of this field.

Keywords: metal-doped; 2,3-dimethylnaphthalene; magnetism; first-principle calculation

1. Introduction

Charge injection into fullerene and graphitic compounds will lead to the emergence
of unique properties in these carbon-based structures, including superconductivity [1-4],
antiferromagnetism [5,6], and paramagnetism [7]. The delocalization of electrons on 7
molecular orbitals is believed to play an important role in these materials. In the last decade,
significant progress has been made in a variety of metal-doped polycyclic aromatic hydro-
carbons (PAHs). For example, superconductivity in potassium doped picene [8], phenan-
threne [9], phenacene [10], dibenzopentacene [11], coronene [12], p-oligophenyls [13-16],
2,2-bipyridine [17], and triphenylbismuth [18-20] have been successfully exploited with
the highest superconducting transition temperature (Tc) record of 123 K, exceeding the 38 K
of Cs3Cg [6]. Furthermore, some other properties have also been discovered in PAHs with
metal insertion [21-26]. Potassium-doped 9-phenylanthracene (K3Cp0H14) exhibited ferro-
magnetism in the low temperature zone [21]. Caesium-doped phenanthrene (Cs;Cy4Hyg) is
a Heisenberg antiferromagnet [22]. Crystalline Kpentacene and K;picene exhibited weak,
temperature-dependent paramagnetic signals [25]. The diversity of magnetism enriches
their application prospects in different situations.

In addition to the exploration of more magnetic PAHs, attention has been focused
in recent years on the structural and electronic properties of PAHs in order to explain
various magnetic properties discovered [27]. The antiferromagnetic coupling in phase-pure
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crystal of [K(222)];[p-terphenyls] that occurs in all three crystallographic directions was
described by experimental results and density functional theory calculations [26]. The
band structures of optimized Nastriphenylene crystal showed that the insertion of sodium
atoms causes the material to change into metal [28].

Potassium naphthate was used earlier for free-radical generation [29] and has shown
antiferromagnetism [30]. It has also recently been reported that potassium doped naph-
thalene exhibits compensating ferromagnetism and semi-metallic properties using first-
principles calculations [31]. Here, we investigate 2,3-dimethylnaphthalene (2,3-DMN)
molecule in order to obtain stable potassium doped crystal structure through prepara-
tion process. We hope to modify the electronic structure and molecular interaction of
naphthalene by means of methyl modification, so as to realize the modulation of its mag-
netic properties.

2. Materials and Methods

Potassium metal (purity 99%) and pristine 2,3-DMN (purity > 97%) purchased from
Sinopharm Chemical Reagent (Sinopharm Chemical Reagent Co.,Ltd., Shanghai, China)
and Tokyo Chemical Industry (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) respec-
tively were mixed adequately according to stoichiometric ratios of 1:1 or 2:1 in a well-
conditioned glove box with H,O and O, concentrations less than 0.1 ppm. The mixture
was loaded into a special quartz tube and sealed to a high vacuum about 10~# Pa. The
sealed tubes were placed in a high-power ultrasound device for 10 h, and during this
process the temperature of the tube was kept at 90 °C. After ultrasound treatment, the
sealed tubes were annealed at 130 °C for 3 days. Finally, the tubes were slowly cooled
down to room temperature at a rate of —2 °C/h. The ultrasound and anneal temperature
depend on the melting point and other properties of the materials. The samples obtained
after synthetic procedure were quickly stored in the glove box away from light.

Before measurement, the quartz tubes were carefully opened in the glove box. The
evenly black doped samples were taken out and placed in the corresponding glass carrier,
sealing membrane, capillary or capsule. The samples must be sealed during measurement
because they may contain unreacted alkali metal which is prone to spontaneous combustion
once exposed to air.

The crystal structures of samples were characterized with XRD on a Bruker D8 A25
X-ray diffractometer (Bruker, Billerica, MA, USA) (with Cu Ka radiation (A = 1.54 A). Mag-
netization measurements were characterized in a SQUID magnetometer from Quantum
Design. The Raman spectra were performed on an in-house system with LabRAM HR
Evolution from HORIBA Scientific (Horiba, Kyoto, Japan) of less than 1 mW power in
633 nm wavelength.

The plane-wave pseudopotential method as performed in the Vienna ab initio sim-
ulation package [32] was employed for the crystal information and electronic structures
of potassium doped 2,3-DMN. The electron interaction was modeled by the generalized
gradient approximation with Perdew-Burke-Ernzerhof formula [33]. 6 X 5 x 3 Monkhorst-
Pack k-points mesh were used for optimizing geometry structure. A 17 x 14 x 10 k-point
sampling scheme was adopted for calculating partial density of states. The convergence
criterion for the max force is 0.02 eV/A, and that of energy is 105 eV.

3. Results and Discussions
3.1. Crystal Structures of Potassium Doped 2,3-DMN

The molecular structure of 2,3-DMN is shown in Figure 1a, in which white and gray
spheres represent hydrogen and carbon atoms respectively. Figure 1b shows the appearance
of the potassium doped 2,3-DMN samples during preparation. It can be seen that the
organic powder which was originally white became grey and condensed at the bottom
of the quartz tube after 90 °C and 10 h of ultrasonic treatment. Following the annealing
process, the sample becomes dark black. The ratio of potassium to 2,3-DMN was set as
described in previous report [25]. When the sample was removed from the quartz tube
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for measurement, it was found that there were still lumpy potassium residues in the tube,
possibly because the potassium blocks were too large to react completely with the organic
material. These potassium blocks were discarded to avoid measurement influence.
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Figure 1. (a) Molecular structure of 2,3-DMN. (b) Appearance of the potassium doped 2,3-DMN
samples during preparation.

Stable insertion crystal structure is the cornerstone for analyzing the properties of
doped PAHs. The failure of synthetic products is usually manifested in either no diffraction
peak, or only the original peak of pristine organics, or even only the peak of K or KH
impurities [34]. Figure 2 exhibited XRD of pristine and potassium-doped 2,3-DMN (K2,3-
DMN, x = 1 or 2). Pristine 2,3-DMN samples exhibit obvious peaks at 9.1° and 18.3°, which
represent the planes of (001) and (002), respectively. It can be obviously found that the
pristine material has a [001] preferred orientation growth, which was often observed in
many purchased pristine PAHs [20]. After doping process, good crystallinity was observed
in both two doped samples. The original (001) peak has a 0.2° shift and some new peaks
like 23.7° appear, which suggests that potassium was inserted into the crystal of 2,3-DMN
to form a new stable crystal structure.

In the K;2,3-DMN sample, peaks of 9.3° and 9.1° were observed simultaneously, as
showed in illustration of Figure 2, indicating the presence of unreacted pristine organics
in the sample, which demonstrates that the new peak of 9.3° could not be caused by the
deviation of the instrument. The peaks of the K;2,3-DMN and K;2,3-DMN samples were
basically consistent, and no obvious K or KH impurity peak appeared, indicating that no
significant amount of impurities KH existed in the samples after preparation. It is shown
that the potassium doped 2,3-DMN samples with good crystallinity can be synthesized by
our process.

Pristine 2,3-DMN has the P21/a space group and its lattice constant [35] area = 7.916 A,
b=6.052A,c=10.017 A, x = 90°, B = 105.43°, 7 = 90°, and the cell volume is 462.6 A3.
The potassium atoms were inserted into the structure of 2,3-DMN according to different
stoichiometric ratios, and the atomic position was sufficiently relaxed. Finally, we found
that an optimized crystal having a stoichiometric ratio of 1:2 is consistent with the experi-
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mental data. The corresponding XRD spectrum was marked as “Calculated” in Figure 2.
The recrystallized samples may have lower crystallinity than the pristine sample. This is a
common feature of most of doped PAHs materials [16,25,28]. Our analysis is mainly based
on the position and relative strength of the major peaks. As can be seen from Figure 2, most
of peaks in the experimental data can be found in the calculation results, and the relative
strength is basically the same. The calculation peaks that do not appear in the experimental
data may be caused by the preferred orientation of the synthetic sample, which is similar
to other reported results of doped PAHs. In fact, the parameter space of stoichiometry and
placement of the alkali atoms is huge, and any small change may lead to great fluctuations
in the XRD data. For example, XRD data of a theoretical structure with a stoichiometric
ratio of 1:1 is shown in Figure A1 of Appendix B. It can be seen that this result is very
different from the measured pattern.
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Figure 2. XRD of pristine and potassium-doped 2,3-DMN. “Calculated” represents the calculated

XRD of theoretical structure in Section 3.4. “*” represents the calculated peak position consistent with

the peak of the experimental curve. The illustration showed the K;2,3-DMN sample data information
between 8.7° and 9.7°.
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3.2. Raman Spectra of Pristine and Potassium-Doped 2,3-DMN

Raman spectra of pristine and potassium-doped 2,3-DMN were collected to further
analyze the changes of electronic structure before and after doping. For Raman measure-
ments of doped samples placed in a capillary tube, we selected uniform black region rather
than the white region corresponding to the unreacted organic material. Different regions
can be identified from the enlarged image on the light microscope attached to the Raman
instrument. The Raman modes of pristine 2,3-DMN include the lattice region, C-C-C
bending region, C-H bending region, and C-C stretching region [36]. The mode at 101 cm ™!
is associated with the skeletal deformation of naphthalene. The two modes at 417 and
451 cm~! correspond to the C-C-C out-plane bending. The corresponding C-H out-plane
bending for methyl groups are observed at 740 and 817 cm~!. The mode at 1020 cm !
belong to the in-plane bending. The frequencies observed at 1386, 1471, and 1577 cm ™!
belong to C=C stretching [36].

As can be seen from the Figure 3, when potassium is inserted into 2,3-DNM, some
modes like 1020 and 1471 cm™! stay the same, some like 110 and 740 cm™! disappear, and
some new modes appear, such as 612, 1310, and 1520 cm . It is worth noting that all of
the vibrational modes of the two doped samples are basically the same, indicating that the
doping structure is relatively stable. In addition, the rest of modes in the pristine sample
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shift down by 7, 15,7, 24, and 20 cm~1in sequence. The red shift phenomenon observed
in the Raman spectra is similar to the result of potassium doped 2,2’-Bipyridine [17],
triphenylbismuth [18], and picene [37], due to the softening effect of Raman model. This
charge transfer indicates that metal atoms are inserted into organic molecular structures.
The width of spectral modes increased obviously in the doped samples, which was caused
by electron—-phonon interactions. Similar behavior was observed in potassium-doped
fullerenes [38].
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Figure 3. Raman scattering spectra of pristine and potassium-doped 2,3-DMN.

3.3. Magnetic Property of Potassium-Doped 2,3-DMN

XRD and Raman measurement indicated that the structures of K;2,3-DMN sample
and K;2,3-DMN sample were consistent, so only K;2,3-DMN sample was examined for
magnetism. Figure 4 shows the magnetic measurement results of pristine and K;2,3-DMN
sample. The temperature dependence of the magnetic susceptibility x was exhibited
in Figure 4a. It is seen that pristine 2,3-DMN has weak diamagnetism and negative
susceptibility over the entire temperature range.
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Figure 4. (a) The temperature dependence of the magnetic susceptibility x for pristine and potassium-doped 2,3-DMN
sample in the temperature range of 1.8 K to 300 K. (b) The magnetization loops for potassium-doped 2,3-DMN sample at

temperature of 1.8 K.

As shown in Figure 4a, the magnetic susceptibility of K;2,3-DMN sample became
positive and did not change with temperature basically in both ZFC and FC condition after
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doping. Very low magnetic susceptibility of 107 emu-g~!-Oe~! indicates that K;2,3-DMN
sample has a weak temperature-dependent Pauli-like behavior, which is similar to the
partially low-proportion doped samples of potassium-doped picene [8]. This kind of phe-
nomenon cannot be attributed to potassium metal which has a paramagnetic susceptibility
of 4.6 x 1077 emu-g~!-Oe~!. The x-T curve does not conform to the Curie-Weiss Law,
revealing that there is no magnetic moment in the samples. Further evidence for the
exclusion of magnetic impurities is shown on the magnetization loops for K;2,3-DMN
sample at 1.8 K in Figure 4b. As shown in Figure 4b, with the increase of external magnetic
field, the magnetization intensity of the sample increased almost linearly. No obvious
hysteresis or bending is observed, indicating that there are no ferromagnetic impurities
in the K;2,3-DMN sample. ESR measurements for potassium doped and pristine samples
were also performed, and no magnetic impurities were detected in the pristine sample.
The signal of doped material exhibits a behavior similar to potassium doped fullerene
conductive polymer composites in the Pauli-like range [39]. Therefore, this Pauli-like weak
magnetization reflects the nature of potassium doped 2,3-DMN materials.

3.4. Theoretical Calculation of Potassium Doped 2,3-DMN

The searched crystal structure is shown in Figure 5a. The theoretical structure belongs
to the P1 space group, and two 2,3-DMN molecules and one potassium atom occupy in a
unit cell. The lattice parameters are that a = 8.042 A, b=6211A,c=9.799 A, a = 89.212°,
B =105.515°, ¥ =91.395°, and the cell volume is 471.5 A3. The positions of each K, H, and C
atom are listed in Appendix C. The nominal ratios of potassium and 2,3-DMN are 1:1 and
2:1, while the theoretically calculated structure has a ratio of 1:2. This indicates that only
partial potassium does react with 2,3-DMN. According to previous studies, the stoichiomet-
ric ratio of the stable structural phase formed after doping is not necessarily equal to the
nominal doping ratio, like potassium doped triphenylbismuth [18] and potassium doped
pentacene [25]. Generally speaking, in order to ensure the full reaction between alkali
metals and organic material, researchers may select appropriate stoichiometric ratio to
conduct synthesis in the experimental process. It is an important research topic in this field
to determine the doped crystal structure by improving the crystal quality of doped samples.
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Figure 5. (a) The theoretical potassium-doped 2,3-DMN crystal structureina 2 x 1 x 1 supercell. The
brown and purple balls represent C and K atoms, respectively. (b) The band structure of theoretical
potassium-doped 2,3-DMN. (c,d) Partial density of states (PDOS) of theoretical potassium-doped
2,3-DMN. (c) PDOS of C 2s (black lines) and C 2p (red lines) orbitals, (d) PDOS of K 3p (red lines)
and K 4s (black lines) orbitals, respectively.
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Compared with the pristine structure, the lattice constants a and b of the theoretical
structure expand, whereas the c shrinks with intercalating potassium, suggesting the
intercalation of potassium atoms into the a-b plane. The shrink of the c is caused by the
strong interaction between the layers of benzene ring due to potassium doping. We also
prepared potassium doped 2,3-DMN samples with a stoichiometric ratio of 1:2, and their
XRD, Raman, and magnetic measurement were not significantly different from K;2,3-DMN
and K52,3-DMN samples.

Based on the theoretical potassium-doped 2,3-DMN structure, the energies in the three
configurations of non-magnetic, antiferromagnetic, and ferromagnetic were calculated,
as listed in Appendix A. The obtained results showed that the energy of non-magnetic
configuration is much lower than these of the other two configurations, indicating that the
doping does not form local magnetic moment in organic structures. This result is consistent
with the experiment.

The band structure of theoretical potassium-doped 2,3-DMN is presented in Figure 5b,
and the partial density of states (PDOS) of C and K are presented in Figure 5c,d, respectively.
The Fermi level marked by black lines crossing two bands shown in Figure 5b suggests the
doped structure becomes metallic. The PDOS shown in Figure 5¢,d indicate that the C 2p
orbitals contribute the most to the state around the Fermi level, while the K 4s and C 2s
orbitals contribute very little. Therefore, this confirms the transfer of electrons from K 4s to
the C 2p orbital.

Temperature-independent Pauli susceptibility has been found in multi-shell nano-
graphite which is responsible by the propagation of conductive 7-carriers [7]. Theoretical
calculations show that potassium-doped 2,3-DMN with similar n-electron structure also
exhibits a metallic state, which should be the cause of temperature-independent mag-
netic behavior. According to previous reports, doping concentration and crystal structure
play an important role in the physical properties of alkaline metal-doped PAHs, such as
rubidium-doped phenanthrene [9] and potassium-doped pentacene [25]. If the doping con-
centration could be changed or the intermolecular distance is modulated by compression,
localized magnetic moment may be formed on the 2,3-DMN molecule structure, leading to
novel magnetism.

4. Conclusions

Potassium-doped 2,3-dimethylnaphthalene molecular crystals are successfully syn-
thesized. XRD and Raman measurements confirm that potassium atoms are inserted into
organic molecules to form new stable structures. The magnetic measurements indicate
that the synthesized materials have a temperature-independent paramagnetic behavior in
the whole temperature range. First-principles calculation reveals that the doped crystal
structure changes from P21/a to the P1 space group, as well as the expansion of the lattice
parameters. The calculated electronic structure shows that the K 4s electrons transfer to the
C 2p orbital, and the sample has a metallic state. This study is of great significance for the
synthesis of alkali metal doped organic molecular crystals and the understanding of their
physical properties.
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Appendix A

Table Al. The energy in the three configurations of potassium doped 2,3-dimethylnaphthalene
theoretical structure.

Configuration Energy
intralayer AFM, interlayer FM —612.84848322
intralayer FM, interlayer AFM —612.84859219
FM —612.85092251
NM —613.07384680
Appendix B
L l L J\__| k23DMN
28790939699 )
= K 2,3-DMN
CS' okt - |
=
= Calculated-1
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= -
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I , KH#03-0454
11
K#01-0500
I [ 1 1

5 10 15 20 25 30 35 40 45 50 55 60
2-Theta

Figure A1. XRD of experimental samples and a theoretically predicted structure with stoichiometric
ratio of 1:1. “Calculated-1” represents XRD data of the theoretical structure.

Appendix C
data_VESTA_phase_1

_chemical_name_common 41006’
_cell_length_a 8.042
_cell_length_b 6.21106
_cell_length_c 9.79917
_cell_angle_alpha 89.21175
_cell_angle_beta 105.5153
_cell_angle_gamma 91.3946
_space_group_name_H-M_alt P1
_space_group_IT_number 1

loop_

_space_group_symop_operation_xyz
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loop_

_atom_site_label
_atom_site_occupancy
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_adp_type
_atom_site_B_iso_or_equiv
_atom_site_type_symbol

C1 1.0 0.114196  0.151056  0.955084  Biso 1.000000 C
C2 1.0 0.088656  0.067549  0.083604  Biso 1.000000 C
C3 1.0 0.200723  0.112914  0.220531  Biso 1.000000 C
C4 1.0 0.162878  0.035729  0.344154  Biso 1.000000 C
C5 1.0 0.014221  0.909059  0.335237  Biso 1.000000 C
Cé 1.0 0.905212  0.853901  0.202767  Biso 1.000000 C
c7 1.0 0.406677  0.701949  0.940478  Biso 1.000000 C
C8 1.0 0.407115  0.600886  0.814374  Biso 1.000000 C
C9 1.0 0.494479  0.403442  0.820114  Biso 1.000000 C
C10 1.0 0.486328  0.611038  0.074947  Biso 1.000000 C
C11 1.0 0.319007  0.705281  0.675387  Biso 1.000000 C
C12 1.0 0.505051  0.290604  0.68797 Biso 1.000000 C
C13 1.0 0.849642  0.848233  0.939907  Biso 1.000000 C
Cl14 1.0 0.88373 0.92397 0.814587  Biso 1.000000 C
C15 1.0 0.009763  0.088633  0.821767  Biso 1.000000 C
C16 1.0 0.94171 0.925793  0.075084  Biso 1.000000 C
Cc17 1.0 0.790756  0.824074  0.675707  Biso 1.000000 C
C18 1.0 0.033521  0.19521 0.689696  Biso 1.000000 C
C19 1.0 0.571196  0.30993 0.951347  Biso 1.000000 C
C20 1.0 0.568179  0.406515  0.080511  Biso 1.000000 C
C21 1.0 0.644021  0.31107 0.215124  Biso 1.000000 C
Cc22 1.0 0.638142  0.412428  0.339016  Biso 1.000000 C
C23 1.0 0.559893  0.613891  0.333997  Biso 1.000000 C
C24 1.0 0.488316  0.713596  0.204325  Biso 1.000000 C
H1 1.0 0.223673  0.261205  0.958412  Biso 1.000000 H
H2 1.0 0.322198  0.201667  0.228884  Biso 1.000000 H
H3 1.0 0.250535  0.074133  0.447204  Biso 1.000000 H
H4 1.0 —0.017223  0.85067 0.431069  Biso 1.000000 H
H5 1.0 0.79334 0.748512  0.19647 Biso 1.000000 H
Hé6 1.0 0.343391  0.856707  0.936103  Biso 1.0000000 H
H7 1.0 0.225582  0.595793  0.605182  Biso 1.000000 H
H8 1.0 0.474723  0.395308  0.593875  Biso 1.000000 H
H9 1.0 0.747785  0.726156  0.93348 Biso 1.000000 H
H10 1.0 0.704658  0.692244  0.692182  Biso 1.000000 H
H11 1.0 0920881  0.292603  0.637318  Biso 1.000000 H
H12 1.0 0.636715  0.157033  0.955037  Biso 1.000000 H
H13 1.0 0.70774 0.157 0.219115  Biso 1.000000 H
H14 1.0 0.695668  0.33595 0.441159  Biso 1.000000 H
H15 1.0 0.559654  0.6954 0.431776  Biso 1.000000 H
Hie6 1.0 0.432267  0.872538  0.200467  Biso 1.000000 H
H17 1.0 0.411482  0.758277  0.615964  Biso 1.000000 H
H18 1.0 0.24926 0.847339  0.693349  Biso 1.000000 H
H19 1.0 0.414581  0.151399  0.665431  Biso 1.000000 H
H20 1.0 0.63504 0.226898  0.701993  Biso 1.000000 H
H21 1.0 0.047344  0.079713  0.609602  Biso 1.000000 H
H22 1.0 0.147166  0.30322 0.71364 Biso 1.000000 H
H23 1.0 0.881972  0.755462  0.622526  Biso 1.000000 H
H24 1.0 0.71348 0.940499  0.600251  Biso 1.0000000 H
K1 1.0 0.129492  0.546597  0.139255  Biso 1.000000 K
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