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A highly conducting mixed-valence nickel bis
(dithiolene) salt [Et4N][Ni(Me-thiazSe-dt)2]2 with
selone substitution†

Hadi Hachem,a Olivier Jeannin,a Hengbo Cui,b,c Reizo Kato, b

Marc Fourmigué *a and Dominique Lorcy *a

The prototypical [Ni(dmit)2] complex (dmit: 1,3-dithiole-2-thione-4,5-dithiolate) is modified here by com-

bining the N–R substitution found in [Ni(R-thiazdt)2] complexes (R-thiazdt: N-alkyl-thiazoline-2-thione-

4,5-dithiolate) and the selone substitution found in [Ni(dmiSe)2] complex (dmiSe: 1,3-dithiole-2-selone-

4,5-dithiolate) to give a novel N-methyl substituted, radical anionic complex formulated as [Ni(Me-

thiazSe-dt)2]
1− (Me-thiazSe-dt: N-methyl-thiazoline-2-selone-4,5-dithiolate). Both this anionic complex

and its mixed-valence Et4N
+ salt crystallize with a rare cis arrangement of the two dithiolene ligands

around the Ni atom. In the 1 : 2 [Et4N][Ni(Me-thiazSe-dt)2]2 salt, the complexes organize into dimerized

chains well isolated from each other, giving the salt a strong one-dimensional character. It shows

however a high RT conductivity of 4.6 S cm−1 and small activation energy of 33 meV, indicating a possible

Mott insulator behavior, which is not suppressed under pressures up to 10 GPa.

Introduction

In the field of molecular conductors,1 the variability offered by
organic chemistry gives endless possibilities to modify at will
the electroactive molecules, be they organic donor or acceptor
molecules or metal complexes with chemical variations on the
nature and number of ligands. In that respect, square-planar
metal bis(dithiolene) complexes2,3 provide a huge playfield as
the two R1 and R2 substituents on the MS2C2R

1R2 metalla-
cycles can be engineered to control their shape and symmetry,
particularly if R1 ≠ R2,4,5 or if R is chiral,6,7 but also their
HOMO/LUMO energies and HOMO–LUMO gap8 (and associ-
ated optical properties in the NIR),9,10 the extend of inter-
molecular interactions such as the S⋯S overlap interactions
but also hydrogen11 or halogen12 bonding interactions. The
most successful complex in these series are the [M(dmit)2]
ones (Chart 1, dmit: 1,3-dithiole-2-thione-4,5-dithiolate), which
provided a large number of mixed-valence conducting (and

even superconducting) salts,2,5 when associated with closed-
shell (ammonium, phosphonium, sulfonium, …) or open-shell
(tetrathiafulvalenium, ferricenium, …) cations. The dmit
ligand itself can be chemically modified by atom substitution,
as for example replacing the coordinating sulfur atoms by sel-
enium ones in diselenolene dsit analogs,13 or replacing the
outer thione moiety by a selone one in [M(dmiSe)2] complexes
(Chart 1, dmiSe: 1,3-dithiole-2-selone-4,5-dithiolate).14

This introduction of the selone moiety in dmiSe complexes,
in place of the outer thione moiety in dmit complexes, has

Chart 1 Chemical modifications of the dmit ligand in metal bis(dithio-
lene) complexes.

†Electronic supplementary information (ESI) available: Fig. S1–S3. CCDC
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tronic format see DOI: https://doi.org/10.1039/d3dt00767g
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been investigated with the aim to increase the dimensionality
of the conducting systems by favoring direct Se⋯Se contacts,
either between face-to-face complexes within a stack or slab, or
in between conducting layers, as indeed observed first in 1991
in the mixed-valence salt [Me4N][Ni(dmiSe)2]2,

15,16 followed by
other salts such as [MexH4−xN][Ni(dmiSe)2]2 (x = 1–3) and Cs
[Pd(dmiSe)2]2.

17,18

Another modification of the dmit core is offered by the
N-alkyl-thiazoline-2-thione-4,5-dithiolate ligand, abbreviated as
R-thiazdt (Chart 1), where one of the sulfur atoms of the outer
dithiole-2-thione ring is replaced by a N–R group. This substi-
tution offers a rich palette of modifications of the dmit motif,
by allowing a variety of R substituents on the nitrogen atom.19

Also these [M(R-thiazdt)2]
1− complexes are known to systemati-

cally oxidize at lower potentials than their dmit counterparts
and in most cases the oxidation of the nickel or gold R-thiazdt
monoanionic complexes doesn’t afford mixed-valence salts
but the neutral complexes, either the closed-shell nickel
[Ni(R-thiazdt)2]

0 species20 or the open-shell [Au(R-thiazdt)2]
•

radicals,19d,e,21 known as single-component conductors. Rare
examples of mixed-valence derivatives have been recently
reported in R-thiazoline-diselenolene (R-thiazds) complexes such
as [Ph4P][Au(Me-thiazds)2]2,

22 or [Et4N][Ni(Me-thiazds)2]2.
23 In

that respect, introduction of the selone functionality in the
R-thiazdt family to give the [M(R-thiazSe-dt)2] complexes
(Chart 1), would combine the flexibility introduced by the
R substituent on the nitrogen atom of R-thiazdt complexes
with the possibility for extended intermolecular interactions
observed earlier in dmiSe complexes.15–17

Only two such [M(R-thiazSe-dt)2] complexes have been
reported earlier. The N-isopropyl gold complex24 [Au(iPr-
thiazSe-dt)2]

1− was prepared for comparison with the analo-
gous thione derivative25 [Au(iPr-thiazdt)2]

1−,•, but its electro-
chemical oxidation failed to provide any crystalline material,
neutral or mixed-valence. The N-ethyl nickel complex26 [Ni(Et-
thiazSe-dt)2]

1− was reported to oxidize to the neutral closed-
shell complex [M(R-thiazSe-dt)2]

0, a single component semi-
conductor with very low conductivity (σRT = 1.7 × 10−5 S cm−1),
a consequence of its closed-shell character.

We describe here a novel member of this R-thiazSe-dt family,
namely the N-methyl nickel complex [Ni(Me-thiazSe-dt)2]

1− and
demonstrate that its electrochemical oxidation leads to a highly
conducting, mixed-valence 2 : 1 salt [Et4N][Ni(Me-thiazSe-dt)2]2.

Results and discussion
Syntheses and properties in solution

The preparation of the N-methyl anionic complex (Scheme 1)
is analog to that described for the N-ethyl nickel complex26 or
the N-isopropyl gold complex.25 It starts with the selenation of
the N-methyl-thiazole-2-thione 1 with successively MeI and
NaHSe to provide the corresponding selone 2.27 Metalation of
2 with LDA followed by reaction with elemental sulfur and
in situ alkylation of the air-sensitive dithiolate with 3-bromo-
propionitrile provides the proligand 3 which can be easily puri-
fied and stored. Deprotection of 3 with NaOMe, reaction with
NiCl2, 6H2O and metathesis with Bu4NBr provides the dianio-
nic complex which is directly oxidized in air during the recrys-
tallization step to the monoanionic complex [Bu4N][Ni(Me-
thiazSe-dt)2]. As other monoanionic nickel complex, [Ni(Me-
thiazSe-dt)2]

1− exhibits a strong absorption in the NIR range,
observed here at 1306 nm (ε = 25 000 M−1 cm−1), identical to
that reported for the N-ethyl analog (λmax = 1308 nm, ε =
26 900 M−1 cm−1).26

Redox properties were evaluated by cyclic voltammetry
(Fig. S1 in ESI†) and results are collected in Table 1. The
N-methyl complex exhibits similar redox potentials than its
N-ethyl analog for the 2−/1− and 1−/0 redox processes, albeit
the 1−/0 process is affected here by precipitation at the elec-
trode, a phenomenon which was not observed with the N-ethyl
analog. Also, the 1+/0 redox process identified in the N-ethyl
complex at Epa/Epc = 0.76/0.63 V could not be observed here, a
probable consequence of this decreased solubility. As already

Scheme 1 Synthetic route to the anionic complex [NBu4][Ni(Me-
thiazSe-dt)2].

Table 1 Redox properties of [Ni(Me-thiazSe-dt)2]
1− and reference complexes in CH2Cl2 with Bu4NPF6 0.1 M. E in V vs. SCE with scan rate of

100 mV s−1

Complex Epa/Epc
1(2−/1−) Epa/Epc

2(1−/0) Epa/Epc
3(0/1+) ΔE1

2
Ref.

[Ni(Et-thiazdt)2]
1− a −0.30/−0.36 0.23/0.17 1.08/0.99 0.53 28

[Ni(Me-thiazdt)2]
1− a −0.30/−0.36 0.18/−0.01 — — 19c

[Ni(Et-thiazSe-dt)2]
1− b −0.25/−0.31 0.27/0.21 0.76/0.63 0.52 25

[Ni(Me-thiazSe-dt)2]
1− b −0.23/−0.29 0.27/0.03 — — This work

a As Ph4P
+ salt. b As Bu4N

+ salt.
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observed, the introduction of the outer selone moiety (rather
than the thione one in R-thiazdt complexes) leads to a higher
oxidation potential for 1−/0 redox process (cf. Table 1).
Nevertheless, electrocrystallization of the monoanionic
complex was attempted in the presence of Et4NPF6 salt as elec-
trolyte. In strong contrast with the oxidation of the N-ethyl
analog which afforded the 1e− oxidized neutral complex
[Ni(Et-thiazSe-dt)2]

0 (investigated as a single-component con-
ductor),26 the electrocrystallization of [Ni(Me-thiazSe-dt)2]

1−

leads to a 1 : 2 mixed-valence tetraethylammonium salt formu-
lated as [Et4N][Ni(Me-thiazSe-dt)2]2.

Solid-state properties

The 1 : 1 salt [Bu4N][Ni(Me-thiazSe-dt)2] crystallizes in the tri-
clinic system, space group P1̄, with both ions in general posi-
tion in the unit cell (Fig. 2a). The ligands adopt the rare cis
configuration around the nickel atom with a position disorder
refined with a 85 : 15 occupation ratio (Fig. S2 in ESI†). The
radical anions [Ni(Me-thiazSedt)2]

−• organize into dimers, sep-
arated from each other in the structure by the bulky Bu4N

+

cations (Fig. 1).
The plane-to-plane distance between anions within the

dimers amounts to 3.56 Å, smaller than twice the sulfur van
der Waals radius (3.60 Å). This lets us infer the possibility for
direct antiferromagnetic interactions between the radical
anions. This assumption is confirmed by the temperature
dependence of the magnetic susceptibility.

As shown in Fig. 2, the susceptibility exhibits indeed an
activated behavior above 100 K, together with a Curie tail at
the lower temperatures. A fit considering the sum of both con-
tributions (eqn (1)), i.e. the singlet–triplet contribution of the
two anionic complexes and a Curie tail of magnetic defects
gives a spin dimer contribution of 0.97 (close to expected S = 1
value, per dimer), with a J/kB value of −668 K. The Curie contri-
bution accounts for x = 6.4% of S = 1/2 magnetic defects.

χ ¼ 2Ng2β2

kT 3þ exp � J
kT

� �� � ð1� xÞ þ Ng2β2

2kT
x ð1Þ

The Et4N
+ 1 : 2 mixed-valence salt obtained by electrocrystal-

lization crystallizes in the triclinic system, space group P1̄,
with the partially oxidized complex in general position and the
Et4N

+ cation disordered on inversion center. As in the struc-
ture of the monoanionic salt (see above), the complex adopts
the rare cis geometry, with both methyl groups pointing on the
same side of the molecule. Evolutions of the intramolecular
bond lengths (Table 2) from the anionic species to its partially
oxidized analog are weak but doesn’t follow the usual trends,
i.e. shortening of the C–S(Ni) bonds (bonds b, b′) and
lengthening of the CvC bond (bond c).

A projection view along the a axis (Fig. 3a) show the one-
dimensional organization, with limited contacts between the
stacks in the (b,c) place. Intra- and inter-stack Se⋯Se inter-
molecular distances exceeds 4.19 Å, well above the Se⋯Se van
der Waals contact (1.90 × 2 = 3.80 Å). One single S⋯S inter-
stack contact involving the sulfur atom of the thiazole rings is
identified at 3.51 Å, close to the van der Waals contact dis-
tance. Within the stacks, the complexes form an alternated
chain (Fig. 3b), with two different overlap patterns I and II
(Fig. 3c), associated with different interplanar distances,
respectively 3.54 Å (I) and 3.60 Å (II). Calculations of the
βHOMO–HOMO interaction energies confirm this assumption,
with |βI| = 0.23 eV and |βII| = 0.19 eV. The calculated band
structure (Fig. 4) shows four bands formed out the HOMO and

Fig. 1 (a) Projection view along the a axis of the unit cell of [Bu4N][Ni
(Me-thiazSe-dt)2]; (b) organization of the dimers along the a axis.

Fig. 2 Temperature dependence of the magnetic susceptibility of
[Bu4N][Ni(Me-thiazSe-dt)2]. In insert, projection view perpendicular to
the molecular plane of the dimer showing the overlap pattern.

Dalton Transactions Paper
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LUMO orbitals of both complex orientations in the solid. The
third one is partially filled suggesting that this salt could be
metallic, albeit its limited dispersion (0.27 eV) and strong one-
dimensional character can also lead to a charge localization
and associated Mott insulator behavior.

The temperature dependence of the resistivity is shown in
Fig. 5. It exhibits an activated behavior characteristic of a semi-
conductor. At ambient pressure, the room temperature con-
ductivity amounts to σRT = 4.6 S cm−1, with a very small acti-
vation energy (Eact = 0.033 eV), in line with a Mott insulator be-
havior. Under such circumstances, it is often possible to close
the Mott gap under pressure, as observed for example in
single-component conductors derived from neutral radical
gold bis(dithiolene) complexes,19e but also from closed-shell
nickel complexes.20,29 The evolution of the resistivity has been
evaluated under pressure using a Diamond Anvil Cell (DAC)
set up and is reported in Fig. 5. The RT conductivity increases

Table 2 Comparison of averaged bond distances (Å) in the monoanio-
nic [Bu4N][Ni(Me-thiazSe-dt)2] and mixed-valence [Et4N][Ni(Me-thiazSe-
dt)2]2 salts. Both complexes are in general position, only the major com-
ponent of the disordered monoanion is reported

Monoanion Mixed-valence

Dist. (Å) Aver. dist. (Å) Dist. (Å) Aver. dist. (Å)

a 2.169(4) 2.164 2.161(2) 2.162
2.159(3) 2.162(2)

a′ 2.161(4) 2.161 2.169(2) 2.169
2.161(4) 2.168(2)

b 1.719(10) 1.670 1.682(8) 1.695
1.622(9) 1.708(7)

b′ 1.713(10) 1.717 1.726(7) 1.718
1.721(9) 1.710(8)

c 1.373(16) 1.386 1.362(11) 1.365
1.400(11) 1.368(10)

d 1.719(10) 1.750 1.747(7) 1.741
1.782(8) 1.735(7)

e 1.719(9) 1.732 1.745(9) 1.748
1.746(9) 1.751(9)

f 1.819(8) 1.829 1.812(8) 1.806
1.839(9) 1.800(8)

g 1.326(10) 1.325 1.349(9) 1.350
1.325(10) 1.351(10)

h 1.390(11) 1.383 1.394(9) 1.392
1.376(10) 1.390(9)

Fig. 3 Structure of [Et4N][Ni(Me-thiazSe-dt)2]2 with (a) a projection
view of the structure along the a axis, (b) a detail of the alternated stack
of radical anions along the a axis with intra (I) and inter (II) dimer
interactions, and (c) a detail of the I and II overlap patterns.

Fig. 4 Calculated band structure of [Et4N][Ni(Me-thiazSe-dt)2]2, with
the Fermi level represented by a dashed red line, assuming a metallic
filling of the levels. Γ, X, Y, Z, M, refer respectively to Γ = (0, 0, 0), X = (1/
2, 0, 0), Y = (0, 1/2, 0), Z = (0, 0, 1/2), M = (1/2, 1/2, 0), of the Brillouin
zone of the triclinic lattice.

Fig. 5 Temperature and pressure dependence of the resistivity of the
mixed-valence salt [NEt4][Ni(Me-thiazSe-dt)2]2.
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by one order of magnitude (up to 53 S cm−1) at 5.6 GPa, with
an activation energy divided by 2 (14 meV). At higher pressures
between 5.6 and 9.8 GPa, the conductivity slightly decreases
(Fig. S3 in ESI†).

The inability of this system to exhibit a metallic state under
high pressures despite its mixed-valence character can be
attributed here to its strong one-dimensional nature, but could
be also a consequence of the disorder brought by the Et4N

+

cation. Indeed, there are two possible routes for the occurrence
of an electron localization in such systems. In the Mott-type
mechanism, the electronic repulsions drive the localization of
electrons, as often observed in such narrow-band systems.30

On the other hand, the Anderson-type mechanism31,32 is
known to induce electronic localization in the presence of an
extrinsic disorder, as already observed in molecular conduc-
tors.33 Both mechanisms can be simultaneously operative in
this salt.

In conclusion, we have shown here that, based on the proto-
typical [M(dmit)2] complexes, the combination of both the
N–Me substitution found in [M(Me-thiazdt)2] complexes and
the selone substitution found in [M(dmiSe)2] complexes could
afford novel nickel dithiolene complexes [Ni(Me-thiazSe-dt)2]
able to crystalize, upon oxidation, into mixed-valence highly
conducting salts. A metallic state could not be reached in this
Et4N

+ salt, even under very high pressures (up to 10 GPa), a
probable consequence of its strong 1D electronic character
and possibly of the disorder introduced by the Et4N

+ cation.
We believe that the use of smaller onium salts such as Me4N

+,
Me4P

+ or Me3S
+ could favor stronger lateral interactions

between anionic stacks and hence more two-dimensional elec-
tronic structures. Also, they might suppress the disorder
problem observed here, as often, with the Et4N

+ cation. Such
systems will be investigated in a close future.

Experimental section
General

Chemicals and materials from commercial sources were used
without further purification. All the reactions were performed
under an argon atmosphere. Melting points were measured on
a Kofler hot-stage apparatus and are uncorrected. Mass spectra
were recorded by the CRMPO, Rennes. Methanol, acetonitrile
and dichloromethane were dried using an Inert pure solvent
column device.

Syntheses

N-Me-1,3-thiazoline-2-selone (2). To a solution of N-Me-1,3-
thiazoline-2-thione27 1 (2 g, 15.2 mmol) in dry acetonitrile
(50 mL), iodomethane (1.9 mL, 30.4 mmol) was slowly added.
The reaction was stirred at 50 °C for 12 hours under inert
atmosphere. The solution was then evaporated affording a
crystalline solid. The solid was added to a freshly prepared
solution of NaHSe prepared from sodium borohydride (1.3 g,
34.3 mmol) and selenium powder (2.4 g, 30.4 mmol) in
ethanol under inert atmosphere. After stirring for 1 hour, the

solution was added to a 10% acetic acid solution (100 mL).
Ethanol was evaporated and the medium was extracted with di-
chloromethane. The organic phase was washed with water (2 ×
200 mL) and dried over MgSO4. The solvent was then evapor-
ated affording 2 as white powder. Yield: 96%; mp = 70 °C
(lit.27 69–70 °C); Rf = 0.48 (SiO2, CH2Cl2);

1H NMR (300 MHz) δ:
7.19 (d, J = 4.4 Hz, 1H, CH), 6.83 (d, J = 4.4 Hz, 1H, CH), 3.80
(s, 3H, CH3);

13C NMR (75 MHz) δ: 40.6 (CH3), 116.1 (CvC),
134.9 (CvC), 180.5 (CvSe).

4,5-Bis(2-cyanoethylthio)-N-methyl-1,3-thiazoline-2-selone (3).
To a −10 °C cooled solution of 2 (1 g, 5.4 mmol) in dry THF
(60 mL) was added a freshly prepared LDA solution in THF
(8.3 mmol). After stirring for 30 min at −10 °C, sulfur (0.26 g,
8.2 mmol) was added and the solution was stirred for an
additional 30 min. To the medium, LDA (11.1 mmol) was
added, the reaction was then stirred at −10 °C for 3 h, followed
by addition of sulfur (0.35 g, 11.1 mmol). After 30 min, 3-bro-
mopropionitrile (4.5 mL, 54 mmol) was added dropwise and
the reaction mixture was stirred overnight at RT. The solvent
was evaporated in vacuo, and the residue was extracted with
CH2Cl2. The organic phase was then washed with water and
dried over MgSO4. The solvent was evaporated and the concen-
trated solution was purified by flash chromatography on silica
gel using CH2Cl2 as eluent to afford 3 as a dark brown powder
which was recrystallized from ethanol to obtain yellowish crys-
tals. Yield: 41%; mp = 124 °C; Rf = 0.23 (SiO2, CH2Cl2);

1H
NMR (300 MHz) δ 3.92 (s, 3H, CH3), 3.12 (m, 4H, CH2), 2.73
(m, 4H, CH2);

13C NMR (75 MHz) δ 182.1 (CvSe), 137.1
(CvC), 130.0 (CvC), 117.0 (CN), 39.2 (NCH3), 31.8 (SCH2),
31.6 (SCH2), 18.7 (C ̲H2̲CN), 18.6 (C ̲H2̲CN); HRMS (ESI) calcd
for C10H11N3NaS3

80Se+: 371.91725, found: 371.9172; Elem.
anal. calcd for C10H11N3S3Se: C, 34.48; H, 3.18; N, 12.06.
Found: C, 34.56; H, 2.99; N, 12.08.

[Bu4N][Ni(Me-thiazSe-dt)2]. Under inert atmosphere, a solu-
tion of sodium methanolate in MeOH (40 mg, 1.74 mmol in
MeOH: 20 mL) was added to the proligand 3 (190 mg,
0.55 mmol). After complete dissolution, the solution was
stirred at room temperature for 30 mn. Then a solution of
NiCl2,6H2O (66 mg, 0.27 mmol) in MeOH (5 mL) was added,
followed 6 hours later by the addition of Bu4NBr (180 mg,
0.56 mmol). After stirring for 15 h, the formed precipitate was
filtered and recrystallized under air from CH2Cl2/MeOH 20/80
to afford the monoanionic complex as dark red crystals. Yield:
54% (120 mg); mp = 188 °C; MS (TOF MS ES) calcd for
[C8H6N2NiS6Se2]

−: 539.65 found: 539.65; Elem. anal. calcd for
C24H42N3NiS6Se2: C, 36.88; H, 5.42; N, 5.38. Found: C, 36.32;
H, 5.18; N, 5.36.

Electrocrystallization

Under inert conditions in a U shaped electrocrystallization cell
equipped with Pt electrodes, Et4NPF6 (200 mg) and the electro
active monoanionic complex [Bu4N][Ni(Me-thiazSe-dt)2]
(10 mg) were dissolved in CH3CN/CH2Cl2 (90 : 10, 15 mL). The
current intensity was adjusted to 0.5 µA between the electro-
des, and the reaction was left during five days at room temp-
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erature. Crystals of the mixed-valence salt were collected on
the anode as black crystalline needles.

X-ray crystallography

Data collections were performed on XtaLAB AFC11 Rigaku
diffractometer for [Bu4N][Ni(Me-thiazSe-dt)2] and on an
APEXII Bruker-AXS diffractometer equipped with a CCD
camera for [Et4N][Ni(Me-thiazSe-dt)2]2. Structures were solved
by direct methods using the SIR97 program,34 and then
refined with full-matrix least-square methods based on F2

(SHELXL-97)35 with the aid of the WINGX program.36 All
non-hydrogen atoms were refined with anisotropic atomic
displacement parameters. H atoms were finally included in
their calculated positions. Details of the final refinements are
summarized in Table 3.

Band structure calculations

The tight-binding band structure calculations were of the
extended Hückel type37 and used a modified Wolfsberg–
Helmholtz formula38 to calculate the non-diagonal Hμν values.
All valence electrons were considered in the calculations and
the basis set consisted of Slater-type orbitals of double-ζ
quality for Ni, S and Se atoms, and single-ζ quality for C and H
atoms. The ionization potentials, contraction coefficients and
exponents were taken from previous work.39
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