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Introduction

Modulation of the electronic states and magnetic
properties of nickel catecholdithiolene complex
by oxidation-coupled deprotonationt

So Yokomori, 22 Shun Dekura, (2 *? Akira Ueda, <

Youichi Murakami® and Hatsumi Mori (&) *@

© Reiji Kumai,

Electronic-state modulation utilizing the electrostatic properties and dynamics of hydrogen-bonding
(H-bonding) protons is an effective strategy for realizing novel electron—proton-coupled functionalities.
However, material developments based on this strategy have been limited to a few n-electron systems;
thus, the realization of solid-state electron—proton-coupled functionalities is challenging. Here, we
successfully synthesized new crystals based on nickel catecholdithiolene complexes, which are d/r-electron
systems with H-bonds, exhibiting various deprotonation/oxidation states brought about via solution
processes. In these crystals, unique three-dimensional framework or two-dimensional sheet structures
are formed by intermolecular H-bonds between the complexes, including anionic [O—H---O]~ H-bonds
(do...o ~ 2.59 A), which were advantageous for proton transfer in solid states. Importantly, detailed analyses
revealed that the nickel complexes in the crystals were in various oxidation/deprotonation states.
Accordingly, the magnetic properties changed from paramagnetic to non-magnetic with the oxidation of
the complexes through proton-coupled electron transfer in solution processes. Density functional theory
calculations revealed that the d/m electronic states of the nickel complexes in each crystal are significantly
modulated depending on the deprotonation/oxidation states. We propose a possible mechanism for the
oxidation-coupled deprotonation of the nickel complex, where various oxidation/deprotonation states can
be obtained as crystals and controlled by recrystallization conditions, which is realized by the characteristic
d/m-conjugation property and (de)protonation/redox activity of the nickel catecholdithiolene complex. The
findings provide a further possibility to construct d/m-electron—proton-coupled collective functionalities
based on this complex, together with significant insights for exploring novel electron—proton-coupled
functionalities in the solid state.

it has been widely utilized to indirectly control functionalities
through structural regulation.®'°*® Recent studies have demon-

Hydrogen bond (H-bond) is one of the important intermolecular
interactions that control functionalities in molecular crystals.'™
Its strength is intermediate between the strengths of van der
Waals interaction and covalent/coordination bonds; therefore,
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strated that the electrostatic and dynamic properties of protons
in H-bonds can directly modulate the electronic functionalities
of molecular crystals in the solid state.'®>> A clear strategy
for controlling functionalities based on such electron-proton
coupling is crucial to significantly expand a range of material
designs for desired functionalities to pioneer novel physical
properties and functionalities. However, it is still challenging
to realize electron-proton coupling phenomena in the
solid state.

In the past, an electron-proton-coupled state has been
observed in the solid state, for example, in quinhydrone crystals
consisting of a co-crystal of p-dihydroxybenzene (Fig. 1, left) and
p-benzoquinone. Infrared spectroscopic observations revealed
that this crystal displays a charge transfer (m-electronic state
modulation) with proton transfer under high pressure.*®>®
Recently, in single-component organic conductors based on

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Chemical structures of the H-bonding m-conjugated molecules,
p-dihydroxybenzene and catechol-fused tetrathiafulvalene (left), and the

H-bonding d/n-conjugated molecule, metal catecholdithiolene complex,
[M-Hy(catdt),] (right: M is nickel in this paper).

catechol-fused tetrathiafulvalene®> %2339 (Fig. 1, left) with a
single-well (or low-barrier double-well for deuterated one)
[0---H(D)---O] (H: hydrogen; D: deuterium) H-bond, unique
electronic functionalities coupled with proton or deuteron
dynamics in the solid state have been realized, such as quantum
spin liquid states associated with a quantum fluctuation of
protons,”®*® and switching of magnetism and electrical
conductivity.’*** The key to realizing such electron-proton-
coupled phenomena is the significant modulation of the electronic
state with H-bond formation and/or proton transfer. As noted for
the aforementioned materials, the introduction of hydroxy groups
to m-conjugated molecules (e.g., catechol moiety) seems to be an
effective molecular design based on the above-mentioned key
points.””?*#4%41 However, only a few crystalline materials with
electron-proton-coupled functionalities have been reported to
date, and most of these materials have been constructed from
n-conjugated molecules, which limits the construction of the
molecular design criteria and exploring of novel electron-proton-
coupled functionalities. Therefore, the introduction of d electrons
to m electron—proton systems is a promising strategy to address this
limitation.

For this purpose, H-bonding metal dithiolene complexes
functionalized with hydroxy groups are suitable candidates as
the building blocks of new electron—-proton-coupled
materials.*>™*® Metal dithiolene complexes are d/m-electron-
conjugated systems, which exhibit a wide range of electronic
functionalities in solid states (magnetic/optical properties and
electrical conductivity) owing to their multiple redox ability,
widely delocalized frontier orbitals, and narrow HOMO-LUMO
gap.””>® The multiple redox activity and widely delocalized
frontier orbitals are advantageous for modulating their electronic
state with H-bond formation and proton transfer.>® Therefore, we
expect that metal catecholdithiolene complexes, [M(catdt),],****
have great potential for the further development of unique
d/m-electron-proton-coupled functionalities. ~Previously, we
successfully synthesized gold catecholdithiolene-based crystals
with various unique H-bonded framework structures; however,
they did not show any functionalities based on electron spin
(e.g, magnetic property) because of the closed-shell state of the
constituent molecules.** In addition, there were no characteristic
functionalities derived from H-bonding protons (e.g., proton
dynamics and proton-coupled electron transfer (PCET)).

In this study, we changed the central metal of the catechol-
dithiolene complex [M(catdt),] from gold to nickel, which has
one less valence d-electron than gold, and realized new crystals
based on nickel catecholdithiolene complexes with different

This journal is © The Royal Society of Chemistry 2021

View Article Online

Journal of Materials Chemistry C

degrees of deprotonation (Fig. 1 right). In these crystals, the
nickel complexes formed unique two- or three-dimensional
(2D or 3D) framework structures based on multiple H-bonds.
Some of them included anionic [O- - -H-O] H-bonds, which are
advantageous for proton fluctuations in the solid state.
Detailed structural analysis revealed that the deprotonated
crystals underwent one-electron oxidation coupled with
deprotonation via a solution process (i.e., PCET). Accordingly,
the magnetic properties change from paramagnetic to non-
magnetic with oxidation-coupled deprotonation. Moreover,
density functional theory (DFT) calculations demonstrated that
the d/m-molecular orbitals of the nickel complexes in each
crystal were significantly modulated depending on the
deprotonation/oxidation states, indicating that this complex
is a suitable building block for the realization of proton-
electron-coupled functionalities in the solid state.

Results and discussion

Molecular structures and arrangements

Nickel catecholdithiolene complex (Ph,P)s;[Ni-H,(catdt),]|Br,,
2-Ni (Ph,P: tetraphenylphosphonium), as in a previous
study,*” was obtained. Subsequently, 2-Ni and the green powder
prepared from 2-Ni were recrystallized under several conditions
(see the Experimental section) to produce new crystals:
(Ph,P)[Ni-H,(catdt),]-DMSO, 3-Ni-4H-DMSO; (Ph,P)[Ni-H;(catdt),]-
0.5H,0, 3-Ni-3H-0.5H,0; (Ph,P)[Ni-Hj(catdt),]-0.5THF, 3-Ni-3H-
0.5THF; and (Ph,P),[Ni-H,(catdt),]-2H,0, 3-Ni-2H-H,O (THF:
tetrahydrofuran, DMSO: dimethyl sulfoxide). The compositions
and structures of the crystals were determined by single-crystal
X-ray structural analysis. The crystallographic data for the 3-Ni-4H-
DMSO, 3-Ni-3H-0.5THF, 3-Ni-3H-0.5H,0, and 3-Ni-2H-2H,O
crystals are summarized in Table S1 and Fig. S1 (ESIt).

Non-deprotonated Ni complex crystal: 3-Ni-4H-DMSO

The crystal structure of the DMSO-containing crystal 3-Ni-4H-
DMSO is shown in Fig. 2 and Fig. S2 and S3 (ESIf). The
asymmetric unit consisted of one Ph,P" cation, two half nickel
complexes, and one molecule of DMSO; the nickel complex was
deduced to be monoanionic. In this crystal, a 3D framework
structure (Fig. 2a and Fig. S2, ESI{) based on 1D H-bonded
zigzag chains was constructed based on multiple [O-H---O]
H-bonds between the nickel complexes and those between the
nickel complex and DMSO molecule (Fig. 2b and Fig. S3, ESIf).
Owing to the construction of the 3D framework encapsulating
the bulky cations, there was no significant orbital interaction
between the nickel complexes. The construction of such a 3D
framework based on the metal dithiolene complex has been
limited to a few examples of crystals consisting of a gold
catecholdithiolene complex in our previous work** and metal
iodothiazoledithiolene complexes.>® With regard to the molecular
structures of the nickel complex in this crystal, the C-O and C-S
bond lengths are almost the same as those of the Ni complex in
2-Ni and the [Au(catdt),]” complex** (Table 1). This indicates that
the hydroxy groups of the nickel complex in this crystal are not
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2D sheets

3-Ni-3H-0.5THF 3-Ni-2H-2H,0

1D H-bonded chain

2D H-bonded sheet

[Ni(catdt),]-[Ni(catdt),] anionic H-bonds ) o >('0
do..0 = 2.590(3) A
[Ni(catdt),-[Ni(catdt),] H-bonds  [Ni(catdt),1-H,0 H-bonds
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Fig. 2 (a) Assembled structures, (b) H-bond network structures, and (c) molecular structures of the nickel complexes of 3-Ni-4H-DMSO, 3-Ni-3H-
0.5H,0, 3-Ni-3H-0.5THF, and 3-Ni-2H-2H,0 (from left to right). Blue and purple dashed lines indicate the anionic [O---H-O]~ H-bonds and common
[O---H-0] H-bonds between the nickel complexes, respectively. Orange and light-blue dashed lines show the [O---O] short contacts between nickel
complexes and [O---H-O] H-bonds between the nickel complex and crystal solvents, respectively (light green = Ni, yellow = S, gray = C, red = O, and

white = H in(b)).

deprotonated (Fig. 1 and 2c). Based on this fact and the mono-
anionic state of the nickel complex, the complex in this crystal is
determined to be a radical species (S = 1/2).

One-deprotonated Ni complex crystals: 3-Ni-3H-0.5H,0 and 3-
Ni-3H-0.5THF

The compositions of 3-Ni-3H-0.5H,0 and 3-Ni-3H-0.5THF were
determined to be (Ph,P)[Ni-Hj(catdt),]-0.5H,O and (Ph,P)
[Ni-H;(catdt),]-0.5THF, respectively, by X-ray structural analysis.
This indicates that the nickel complexes were in a monoanionic
state in both crystals. 3-Ni-3H-0.5H,0 is isostructural to the
previously reported (Ph,P)[Au(catdt),]-0.5H,0;** the complexes
are connected by multiple [O-H:--O] H-bonds to form a 3D
framework structure (Fig. 2 and Fig. S4, ESIt). In 3-Ni-3H-
0.5THF, the nickel complexes formed a 2D sheet structure,
where Ph,P" and THF molecules were sandwiched between
the 2D sheets (Fig. 2a and Fig. S5, S6, ESIf). The sheet was
constructed from 1D H-bonded chains formed by [O-H---O]
H-bonds between the nickel complexes (do...o = 2.788(2) A and
2.590(3) A, Fig. 2b and Fig. S6, ESIf). The crystal solvent
molecule, THF, has no H-bonds with the nickel complex.

The molecular structures of the nickel complexes in these
crystals were different from those in 3-Ni-4H-DMSO and
previously reported [Au(catdt),]” complex crystals.** Although
all the four C-O bond lengths of the [Au(catdt),]” complex and
the nickel complex in 3-Ni-4H-DMSO were almost the same,
one or two of the four C-O bonds of the nickel complexes in
3-Ni-3H-0.5H,0 and 3-Ni-3H-0.5THF were significantly shorter
(d. = 1.297(7) A for 3-Ni-3H-0.5H,0, and d, = 1.327(2) A and

10720 | J Mater. Chem. C, 2021, 9,10718-10726

Table 1 Molecular structures of [Ni-Hy(catdt),] complexes with bond
labels and the C-S and C—O bond lengths (in A) of the nickel dithiolene
complexes of 3-Ni-4H-DMSO, 3-Ni-3H-0.5H,0, 3-Ni-3H-0.5THF, and
3-Ni-2H-2H,0. Entries shown in bold show relatively short C-O bond
lengths

dy

3-Ni-4H-DMSO
C-O bonds d, =1.373(5) dp =1.369(4) d.=1.362(3) dq=1.369(4)
C-Sbonds d.=1.742(3) dr=1.734(3) dg=1.737(3) dy =1.746(3)

3-Ni-3H-0.5H,0
C-Obonds d,=1.358(7) dy,=1.373(7) d.=1.297(7) dq=1.347(7)
C-Sbonds d.=1.732(5) dr=1.740(6) dg=1.725(6) dy =1.708(5)

3-Ni-3H-0.5THF

C-O bonds d, =1.327(2) dp=1.357(3) d.=1.359(3) dqa=1.323(2)

C-Sbonds d.=1.736(2) dr=1.714(2) dg=1.727(2) dy=1.721(2)
3-Ni-2H-2H,0

C-Obonds d,=1.291(8) d,=1.301) d.=1.351) dq=1.364(9)
C-Sbonds d.=1.763(7) d;=1.688(8) dg=1.781(7) dy=1.674(8)

d4 = 1.323(2) A for 3-Ni-3H-0.5THF; Table 1, Fig. S7 and S8, ESI});
their lengths are intermediate between the lengths of single-bond
C-0O (~1.37 A, ¢f non-deprotonated 3-Ni-4H-DMSO) and double-
bond C=0 (~1.23 A, ¢f nickel o-benzoquinonedithiolene
complex*?). These results indicate that these hydroxy groups with

This journal is © The Royal Society of Chemistry 2021
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short C-O bond lengths are deprotonated, and the C-O bond
has a double-bond character and a semiquinone-like structure
(Fig. 2c and Fig. S7, S8, ESIt). Here, the existence of one short
C-0 bond per nickel complex in 3-Ni-3H-0.5H,0 indicates that
the nickel complex is singly deprotonated. In contrast, in 3-Ni-3H-
0.5THF, the C-O bonds of the two hydroxy groups were short. The
C-O bonds of these two hydroxy groups are slightly longer than
those in 3-Ni-3H-0.5H,0 (1.327(2) A and 1.323(2) A vs. 1.297(7) A) and
these two hydroxy groups formed anionic [O-H- - -O]~ H-bonds with
each other (do. ..o = 2.590(3) A; Fig. 2b); therefore, one deprotonation
occurred for the two hydroxy groups (Fig. 2¢c and Fig. S7, S8, ESIT).
Namely, the nickel complex in 3-Ni-3H-0.5THF is also in a one-
deprotonated state. Considering the one-deprotonation and mono-
anionic state of the nickel complex, one-electron oxidation coupled
with deprotonation of the complex occurred in these crystals.

Two-deprotonated Ni complex crystal: 3-Ni-2H-2H,0

Crystals of 3-Ni-2H-2H,0 were obtained together with 3-Ni-4H-
DMSO and 3-Ni-3H-0.5H,0 crystals under the same recrystallization
conditions (DMSO/H,0). Although the nickel complexes in 3-Ni-4H-
DMSO, 3-Ni-3H-0.5H,0, and 3-Ni-3H-0.5THF were monoanionic,
3-Ni-2H-2H,0 contained a Ph,P" cation and nickel complex in
the ratio of 2:1 (formula: (Ph,P),[Ni-H,(catdt),]-2H,0) deter-
mined by X-ray structural analysis; the nickel complex is
dianion. This crystal has a 2D H-bonded sheet structure based
on a nickel complex similar to that of 3-Ni-3H-0.5THF (Fig. 2a
and Fig. S9, ESIt). However, the 2D sheet in this crystal
consisted of the nickel complexes and water molecules with
multiple [O-H- - -O] H-bonds (do...o = 2.68-2.97 A, Fig. 2b) in
contrast to 3-Ni-3H-0.5THF, where the nickel complexes solely
formed the 2D H-bonded sheets. Although this crystal has two
equivalents of bulky cation molecules to the nickel complex, a
2D H-bonded sheet structure was constructed because of a
small water molecule with proton-accepting and -donating
abilities that help to form multiple [O-H---O] H-bonds that
connect the nickel complexes.

The C-O bond lengths of the nickel complex also show
different features from those of 3-Ni-3H-0.5H,0 and 3-Ni-3H-
0.5THF. In this crystal, the C-O bonds of the two hydroxy
groups belonging to the same ligand in the nickel complex
were short (d, = 1.291(8) A and d;, = 1.30(1) A, Table 1 and
Fig. S10, ESIf). Considering that the short C-O bond lengths
are almost the same as those of the nickel complex in 3-Ni-3H:
0.5H,0, both hydroxy groups are deprotonated. Thus, the
two-deprotonation occurred for the complex in this crystal,
which, together with the dianion state of the complex, suggests
that one-electron oxidation of the complex occurred as is the
case with the one-deprotonated nickel complex crystals.

Summarizing the results of X-ray structural analyses, we
successfully synthesized nickel-catecholdithiolene-based crystals
with peculiar H-bonded structures (2D sheets or 3D frame-
works), where nickel complexes in the obtained crystals have
different degrees of deprotonation (non-, one-, or two-deproto-
nated state). In other words, we controlled the degree of
deprotonation in catecholdithiolene-based crystals by changing
the crystallization conditions.

This journal is © The Royal Society of Chemistry 2021
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Change in magnetic properties with deprotonation

As discussed above, considering the number of protons on the
catechol ligands and the charge of the nickel complexes in
these crystals, deprotonation-coupled oxidation occurred in the
crystals 3-Ni-3H-0.5H,0, 3-Ni-3H-0.5THF, and 3-Ni-2H-2H,0
through PCET in solution processes. The monoanionic and
neutral nickel dithiolene complexes are generally in open-shell
(S =1/2)">°*>7 and closed-shell (S = 0)*>*"~>° states, respectively,
and the former assemblies exhibit magnetic properties based on
electron spins. The non-deprotonated crystal 3-Ni-4H-DMSO is
thus expected to be in an open-shell state (S = 1/2). In contrast, the
nickel complexes in both the one-deprotonated crystals (3-Ni-3H-
0.5H,0 and 3-Ni-3H:0.5THF) and the two-deprotonated crystal
(3-Ni-2H-2H,,0) involving one-electron oxidation are expected to
be in a closed-shell state (S = 0). Such differences in the electronic
configuration should be reflected in their electronic properties,
such as their magnetic properties.

To investigate the electronic (oxidation) states of the nickel
complexes and magnetic properties in each crystal, electron
spin resonance (ESR) measurements for these crystals, as well
as the magnetic susceptibility measurement for 3-Ni-4H-DMSO,
were performed. As expected, the non-deprotonated complex
crystal, 3-Ni-4H-DMSO, showed an ESR signal at approximately
3260-3310 G at room temperature (Fig. 3 and Fig. S11a, ESIT).
The g value was estimated to be 2.039-2.068 from Lorentzian
fitting analysis (Fig. S11b and c, ESIt). This value is consistent
with the values of reported nickel dithiolene complexes,** and
thus this ESR signal is attributed to the electron spins on the
nickel complexes. Furthermore, the temperature dependence of
the magnetic susceptibility of 3-Ni-4H-DMSO obeys the Curie-
Weiss law with very weak antiferromagnetic interaction (Curie
temperature T = —0.148 K, Fig. S12, ESIt). This result is
consistent with the absence of significant n-n interactions
between the nickel complexes in the 3D framework structure
(Fig. 2a and Fig. S2, ESIf). In contrast, other deprotonated
complex crystals (3-Ni-3H-0.5H,0, 3-Ni-3H-0.5THF, and
3-Ni-2H-2H,0) showed no ESR signals (Fig. 3), which revealed

3-Ni-4H-DMSO

3-Ni-3H-0.5H,0

Intensity /arb. unit

3-Ni-3H-0.5THF

3-Ni-2H-2H,0

1 L 1 L 1 L | L |
3200 3250 3300 3350 3400

BIG
Fig. 3 ESR spectra of 3-Ni-4H-DMSO, 3-Ni-3H-0.5H,0, 3-Ni-3H-0.5THF,
and 3-Ni-2H-2H,0. The black, red, blue, and green solid lines indicate the
spectra of 3-Ni-4H-DMSO, 3-Ni-3H-0.5H,0, 3-Ni-3H-0.5THF, and 3-Ni-
2H-2H,0, respectively. The ESR signals derived from the electron spins
were not observed in the crystals except for 3-Ni-4H-DMSO.
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that the nickel complexes in these crystals were in closed-shell
states. These results are consistent with the degrees of
deprotonation indicated by X-ray structural analyses; the nickel
complex is singly deprotonated in 3-Ni-3H-0.5H,0 and 3-Ni-3H-
0.5THF and is doubly deprotonated in 3-Ni-2H-2H,0. Thus, we
successfully controlled the magnetic properties of these nickel
dithiolene complex crystals from paramagnetic to non-magnetic
utilizing multiple deprotonation and oxidation (i.e., PCET) in
solution processes.

Electronic-state modulation with oxidation-coupled
deprotonation

DFT calculations based on the experimentally obtained structure
of each crystal revealed the significant influence of oxidation-
coupled deprotonation on the d/n electronic states of the nickel
complexes (Fig. 4). The singly-occupied molecular orbital
(SOMO) and the lowest unoccupied molecular orbital (LUMO)
of 3-Ni-4H-DMSO were similar to the highest occupied molecular
orbital (HOMO) and LUMO of the monoanionic gold catechol-
dithiolene complex reported in our previous paper.** The
HOMOs and LUMOs of the deprotonated complex crystals
correspond to the SOMO—1 and SOMO of the non-deprotonated
crystal 3-Ni-4H-DMSO, respectively, because of the one-electron
oxidation coupled with the deprotonations. This leads to a
significant difference in frontier orbitals. In addition, the
comparison of SOMO/SOMO—1 of 3-Ni-4H-DMSO with LUMO/
HOMO of 3-Ni-3H-0.5THF and 3-Ni-2H-2H,0 clearly shows the
impact of deprotonation on the orbital distributions (Fig. 4
middle and bottom rows). The weights of the LUMOs/HOMOs
on the deprotonated ligands significantly increased because of
enhancements in the electron-accepting ability derived from the
(semi)quinoidal structure (Fig. 2¢). In particular, the HOMOs of
the deprotonated crystals were considerably changed compared
to the SOMO—1 of 3-Ni-4H-DMSO (Fig. 4, bottom row). These
results indicate that multiple oxidation and deprotonation
efficiently modulate the d/m-electronic states of the nickel
complexes in crystalline solids, which can impact functionalities
such as transport properties; electrons migrate through drastically
different orbitals before and after the oxidation-coupled deproto-
nation(s). The results suggest that this metal catecholdithiolene

3-Ni-4H-DMSO 3-Ni-3H-0.5THF 3-Ni-2H-2H,0

IXSE XL fafix

LUumMo LUMO+1 LUMO+1

&/)*I L X V’s\r/% ﬁA P SO B & A PN
e i nalias Lons I e el %
SOMO LUumo Lumo
P R S
g % o7y ooy *: OO @ L V-V

' SOMO-1 ' HOMO HOMO

Fig. 4 Distributions of the frontier orbitals of the nickel complexes in
3-Ni-4H-DMSO, 3-Ni-3H-0.5THF, and 3-Ni-2H-2H,0. These figures were
visualized by VESTA.®°
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complex is a promising building block for pioneering novel
electron-proton-coupled functionalities, where the d/r electronic
states are significantly modulated by proton transfer on inter-
molecular H-bonds in the solid state by external stimuli.

Here, despite the moderate distance of the anionic [O-H- - -O]~
H-bond (do. .. = 2.590(3) A) between the nickel complexes in 3-Ni-
3H-0.5THF, the C-O bond lengths of the hydroxy groups on the
nickel complexes were similar (1.327(2) A and 1.323(2) A), resem-
bling a symmetric H-bond with a proton in the center.>>*”°
Thus, to determine the position of the proton in the short H-bond,
differential Fourier maps based on the XRD measurements were
drawn in Fig. S13a (ESIt). The electron density between the short
H-bonds appears to be roughly distributed in the center of the
oxygen atoms. However, the shape appears separated into two
positions (Fig. S13a, ESIt). This demonstrates that the H-bond has
a double-well potential, and the protons are disordered around
two positions rather than the middle (0.5:0.5, Fig. S13a and c,
ESIt), which shows that the electronic/molecular configuration is
similar to that of Ni-3H-0.5H,0 (Fig. S7 and S8, ESIY). In addition,
the position of the proton was not changed when the temperature
varied from 293 to 130 K. However, the formation of such
moderately short anionic H-bonds with disordered protons
suggests that the nickel complex has a high potential to
form H-bonds with disordered protons that are advantageous
for d/m-electron-proton-coupled systems, where protons can be
transferred by external stimuli in the solid state.

Possible mechanism of oxidation-coupled deprotonation on
the nickel catecholdithiolene complex

Finally, we discuss the PCET route for the obtained crystals.
As mentioned above, the three species of the nickel complexes
undergoing PCET were obtained as different crystals with
similar recrystallization conditions: non-deprotonated and
non-oxidized complex, [1—/4H]; one-deprotonated and one-
electron-oxidized complex, [1—/3H]; and two-deprotonated
and one-electron-oxidized complex, [2—/2H] (Fig. 5). In addi-
tion to these species, crystals including neutral nickel complex
without deprotonation (i.e., non-deprotonation and one-elec-
tron oxidation), [Ni-H,(catdt),]° (= [0/4H], Fig. 5),*" were also
obtained by the recrystallization of 2-Ni or the resulting green
powder from 2-Ni (see the Experimental section) with similar
recrystallization conditions (from DMF/Et,O or acetone/AcOH/
hexane (3-Ni-4H-DMF: (Ph,P"),[Ni-H,(catdt),]°(Br ),-DMF, or
3-Ni-3,4H-solv: (Ph,P"),{[Ni-H;(catdt),] },[Ni-H4(catdt),]*-solv.);
the formulas and crystal structures are shown in the ESI,{ Table
S2 and Fig. S14-516). However, reproducibility is yet to be fully
confirmed. Considering these facts, we propose that the possi-
ble PCET process in this system is one-electron oxidation
followed by one- or two-deprotonation, as shown in Fig. 5.
We consider that the preceding one-electron oxidation
promotes deprotonation(s) to gain an electrostatic potential,
i.e., Madelung energy, again with the complex being an anionic
species. Here, the degree of deprotonation is controlled by the
recrystallization conditions. The recrystallization using 2-Ni
from DMSO/H,O or DMF/Et,O yielded crystals with the
non-deprotonated species [1—/4H] or [0/4H] (3-Ni-4H-DMSO

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Possible mechanism of oxidation-coupled deprotonation and
chemical structure of the nickel complex in each state. Blue and red
arrows show redox and protonation/deprotonation processes, respectively.
[1—/4H], [0/4H], [1—/3H], and [2—/2H] show monoanionic non-deprotonated,
neutral non-deprotonated, monoanionic one-deprotonated, and dianionic
two-deprotonated states of the nickel complex, respectively. The blue boxes
with solid lines show the species obtained as crystals in this study. The blue
box with a dashed line shows the species obtained as crystals with poor
reproducibility presented in the ESIL{

or 3-Ni-4H-DMF, respectively). Here the deprotonation is likely
prevented by the existence of Br~ anions. In contrast, recrystalliza-
tion using the green powder (prepared from 2-Ni) yielded the
crystals with [1—/4H], [1—/3H], or [2—/2H] depending on the
recrystallization solvents (Fig. S1, ESI). According to our previous
work,** we consider that the green powder mainly consists of a
1:1 salt of Ph,P cation and the nickel complex in [1—/4H] state
containing the one-electron-oxidized species as minor components,
which is supported by the "H NMR measurement (Fig. $17, ESL,t see
also the Experimental section). During the recrystallization from
DMSO/H,0 using the green powder, the non-oxidized species crystal-
lizes without deprotonation as 3-Ni-4H-DMSO ([1—/4H]), whereas
the oxidized species, which would increase during the crystallization
process to some extent, crystallize with deprotonation as 3-Ni-3H-
0.5H,0 ([1—/3H]) and 3-Ni-2H-2H,0 ([2—/2H]). Such multiple depro-
tonations are because of the presence of water molecules with a
proton-accepting ability. In this context, the presence of acetic acid
will partially suppress the deprotonation, and thus the recrystalliza-
tion from acetone/AcOH/hexane and THF/AcOH/hexane using the
green powder yielded less-deprotonated crystals 3-Ni-3,4H-solv ([0/
4H] and [1—/3H]) and 3-Ni-3H-0.5THF ([1—/3H]), respectively. The
key to obtaining various PCET states [1—/4H)], [0/4H], [1—/3H], and
[2—/2H] (Fig. 5) of the nickel complex as crystals is the redox-
responsive deprotonation ability of catechol together with strong
d/mn conjugation and multi-redox activity of nickel dithiolene com-
plexes, which are not present in n-conjugated systems.

Conclusions

In conclusion, we successfully synthesized new crystals
with various oxidation/deprotonation states of the nickel

This journal is © The Royal Society of Chemistry 2021
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catecholdithiolene complex. In the crystals, the nickel
complexes formed various uncommon assembled structures
(3D framework and 2D sheet) based on intermolecular H-bond
formation. In particular, in 3-Ni-3H-0.5THF and 3-Ni-3H-
0.5H,0, the formation of anionic [O-H---O]” H-bonds (do...c =
~2.59 A) between the nickel complexes, which are advantageous
for proton transfer in the solid state, was observed. ESR
measurements revealed that the oxidation-coupled deprotonation
caused changes in magnetic property, from paramagnetic to non-
magnetic, in the nickel complexes. Thus, the magnetic properties
and deprotonation states of the crystals were successfully
controlled by recrystallization using PCET in solution processes.
In addition, DFT calculations based on experimentally
obtained structures suggest that the d/m frontier orbitals are
significantly modulated in each crystal depending on the
oxidation/deprotonation states. Furthermore, we successfully
revealed the possible PCET route for the nickel catecholdithiolene
complex through the crystallization of multiple PCET states
([1—/4H], [0/4H], [1—/3H], and [2—/2H], Fig. 5), which were
realized by the characteristic features of the nickel dithiolene
complex and catechol moiety. These findings demonstrate that
the metal catecholdithiolene complexes are suitable candidates
for exploring novel physical properties based on the coupling of
d/n electrons and protons in solid states. In addition to the
formation of anionic [O-H:--O]” H-bonds (low-barrier H-bonds)
realized in these complexes, further modifications of the
assembled structure will realize collective electronic properties in
the solid state, which could pioneer a new field of functionalities
based on d/n-electron-proton coupling.

Experimental section
Materials

Commercially available chemicals were used as received, without
further purification. The chemicals used are listed below: acetic
acid, hexane, diethyl ether, and N,N-dimethylformamide
(guaranteed reagent grade, FUJIFILM Wako Pure Chemical
Industries Ltd); methanol (super dehydrated grade, FUJIFILM
Wako Pure Chemical Co., Ltd); tetrahydrofuran (super
dehydrated, stabilizer free grade, FUJIFILM Wako Pure Chemical
Co., Ltd); tetraphenylphosphonium bromide (Tokyo Chemical
Industry Co., Ltd); and Ni(OAc),-4H,0 (guaranteed reagent
grade, Kanto Chemical Co., Inc.).

Synthesis and crystallization

Brown plate crystals of the nickel catecholdithiolene complex,
(Ph,P);[Ni-H,(catdt),|Br,, 2-Ni, were synthesized according to
the previously reported method.*?> Subsequently, 2-Ni was stirred
at room temperature overnight under an argon atmosphere in a
mixture of MeOH (4 mL) and H,O (20 mL). The resulting green
powder was filtered and washed with H,O. The 'H NMR
(300 MHz) spectrum of the green powder was recorded on a
JEOL JNM-AL300 spectrometer with DMSO-d, as a solvent and
Me,Si as an internal standard (Fig. S17, ESIt). According to our
previous work on the [Au(catdt),]” complex,** the powder
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obtained by stirring of (Ph,P);[Au-H,(catdt),|Br, in the MeOH/
H,O solution consisted of a 1:1 salt of Ph,P" cation and the
complex through the removal of Ph,PBr. Thus, the green powder
should also be composed of a 1:1 salt of Ph,P" cation and the
[Ni(catdt),]” complex. The "H NMR spectrum showed very weak
signals from the nickel complexes, indicating that the complex
in the green powder is mainly in the [1—/4H] state (NMR silent)
containing the oxidized species [0/4H], [1—/3H], and/or [2—/2H]
(NMR active) as minor species.

The green powder was then recrystallized from DMSO/H,0
under an argon atmosphere for several days to obtain green
crystals of a DMSO-containing crystal and two H,O-containing
crystals with a large portion of amorphous solid: (Ph,P)[Ni-
H,(catdt),] DMSO, 3-Ni-4H-DMSO (dark green block); (Ph,P)
[Ni-Hj(catdt),]-0.5H,0, 3-Ni-3H-0.5H,O (dark green needle);
and (Ph,P),[Ni-H,(catdt),]-2H,0, 3-Ni-2H-2H,0 (brown plate).
The crystals of 3-Ni-4H-DMSO were also obtained and isolated
by direct recrystallization of 2-Ni from DMSO/H,0 without the
significant amorphous compound. These 3-Ni-4H-DMSO
crystals prepared using the latter scheme were used for
magnetic susceptibility measurements. Recrystallization of
the green powder from THF/AcOH/hexane (ca. 10:1:30,
AcOH = acetic acid) under an argon atmosphere for several
days yielded the THF-containing crystal, (Ph,P)[Ni-H;(catdt),]-
0.5THF, 3-Ni-3H-0.5THF, in the form of dark green blocks
without a significant amorphous compound. All the obtained
materials contained good single crystals suitable for X-ray
analysis, and only 3-Ni-4H-DMSO was obtained in the order
of 1 mg.

Single-crystal X-ray diffraction (XRD) measurements

X-ray diffraction (XRD) measurements for 3-Ni-4H-DMSO and
3-Ni-3H-0.5H,0 were performed on a Rigaku Mercuryll CCD
X-ray diffractometer (Mo K,, A = 0.71073 A), and that for 3-Ni-
2H-H,0 was carried out on a Rigaku imaging plate system
(synchrotron, 4 = 0.99968 A) at the BL-8A in the Photon Factory
(PF), the High Energy Accelerator Research Organization (KEK),
Japan. The initial structures were solved by direct methods
(SHELXT version 2018/2) and refined using a full-matrix least-
squares technique (SHELXL version 2018/3) using Olex2-1.3
(OlexSys).** Anisotropic thermal parameters were applied to
non-hydrogen atoms. The positions of the hydrogen atoms on
the hydroxy groups were refined, and the other hydrogen atoms
were generated geometrically (C-H = 0.950 A).

ESR measurements

X-band continuous wave ESR measurements were carried out
using a Bruker EMXmicro spectrometer (9.435300-9.435596
GHz) at room temperature in air. Single crystals of 3-Ni-4H-
DMSO, 3-Ni-3H-0.5THF, 3-Ni-3H-0.5H,0, and 3-Ni-2H-2H,0
attached to a Teflon® rod in a quartz tube (¢ = 5 mm) were
used for the measurements. For 3-Ni-4H-DMSO, the ESR
spectra were collected by rotating the crystal around the a-axis
of the crystal (0°: magnetic field perpendicular to the c-axis, and
90°: perpendicular to the b-axis). The ESR data were fitted by a
differentiated Lorentz function, and the g value was estimated
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based on the fitting according to the following formula
(eqn (1)).
161/ (By — B)/ (ABpp /2
I(B) — m( 0 )/( PP/ )2 5
3+ {8~ B/ (8B/2) ]

where I,,/, AB,;,, and B, show maximum intensity, peak-to-peak
width, and resonance center, respectively.

Magnetic susceptibility measurements

Magnetic susceptibility measurements of polycrystalline 3-Ni-
4H-DMSO were performed using a Quantum Design SQUID
magnetometer MPMS-XL in the temperature range of 2-300 K at
a static magnetic field of 10 000 Oe. The magnetic susceptibility
was corrected by considering the background data without
the sample obtained separately, together with the diamagnetic
contribution. The diamagnetic contribution of the compound
was estimated to be —4.75 x 10! emu mol " from Pascal’s
constants.®® The temperature dependence of the susceptibility
was fitted by the Curie-Weiss law (eqn (2)).

(2)

where the y, C, T, and T; are magnetic susceptibility, Curie
constant, absolute temperature, and Curie temperature, respectively.
In addition, the g value was calculated from the result of the
fitting using the Curie constant (Fig. S12, ESIt).

First-principles calculations

All DFT calculations were performed using OpenMX software
(Ver. 3.9) based on optimized localized basis functions
and pseudopotentials (PPs). The basis functions used were
H6.0-s2p1, C6.0-s2p2d1, 06.0-s2p2d1, S7.0-s2p2difi, and
Ni6.0H-s3p2d1 for hydrogen, carbon, oxygen, sulfur, and nickel,
respectively; in the abbreviation of basis functions such as
C6.0-s2p2d1, C is the atomic symbol, 6.0 represents the cutoff
radius (bohr) in the generation by the confinement scheme, and
s2p2d1 indicates the employment of two, two, and one optimized
radial functions for the s-, p-, and d-orbitals, respectively. The
radial functions were optimized by a variational optimization
method.*"®® As valence electrons in the PPs, we included 1s for
hydrogen; 2s and 2p for carbon and oxygen; 3s and 3p for sulfur;
3s, 3p, 3d, and 4s for Ni. All the PPs and pseudo-atomic orbitals
used in this study were taken from the database (2019) on the
OpenMX website, which was benchmarked by the delta gauge
method.®® Realspace grid techniques were used for the numerical
integrations and the solution of the Poisson equation using fast
Fourier transform with an energy cutoff of 220 Ryd.®” We used a
generalized gradient approximation (GGA) proposed by Perdew,
Burke, and Ernzerhof to the exchange-correlation functional.®®
An electronic temperature of 300 K was used to count the number
of electrons by the Fermi-Dirac function for all the systems
considered. For k-point sampling, we used a regular mesh of
1x1x1.

Molecular orbital calculations were carried out based on the
crystal structure obtained by single-crystal XRD measurements.
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For the calculations, three periodic hypothetical structures of
3-Ni-4H-DMSO, 3-Ni-3H-0.5THF and 3-Ni-2H-2H,0 were used
for these calculations, in which both Ph,P" cations and crystal
solvents were removed for 3-Ni-4H-DMSO and 3-Ni-3H-0.5THF,
or only the Ph,P" cations were removed for 3-Ni-4H-DMSO and
3-Ni-2H-2H,0, where intermolecular H-bonds exist between
the nickel complex and the crystal solvent. We adopted the
structure refined by X-ray structural analysis with H atoms on
the water molecules in 3-Ni-2H-2H,0; based on this, we confirmed
that the atomic coordinates were almost the same between the
cases with and without the H atoms on the water molecules (ESIt
CIF for 3-Ni-2H-2H,0). In the calculation for 3-Ni-3H-0.5THF, the
occupancy of one of the disordered hydrogen atoms was assumed
to be 1.00, and the other hydrogen atom was removed. Structural
optimization was applied only to H atoms on the O atoms of the
above-mentioned anionic H-bond in 3-Ni-3H-0.5THF, and on the
O atoms of water molecules in 3-Ni-2H-2H,O.
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