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Abstract

Halogen-bridged linear chain metal complexes (MX-Chains) are fascinating compounds that have a
quasi-one-dimensional (1D) electronic system. Herein, this study synthesized the first Ni-based MX-
Chain compound having hydroxy groups, i.e., [Ni(dabdOH),Br]Br;-[Ni(dabdOHy)2Br]o.s5(2-
PrOH)o.25:(MeOH)o.25 (1-solvent, x = ~0.6, dabdOH = (25,35)-2,3-diaminobutane-1,4-diol). Single-
crystal X-ray diffraction revealed that the MX-Chains in 1-solvent formed sheets and single-chain
structures in the superlattice. It suggested a MH-like state, whereas the polarized reflection and
Raman spectra suggested a CDW-like state. Magnetic and electron spin resonance measurements
revealed that both high-spin Ni(Il) (~15%) and low-spin Ni(III) (~85%) sites are present in the chain
structures, i.e., that the metal sites show mixed-valency. Therefore, we concluded that 1-solvent
adopts an intermediate state between the MH and CDW states. Moreover, a single crystal of 1-solvent
exhibited semiconductive characteristics along the chain direction. This finding represents a new

structural and electronic state for 1D-electronic systems as well as MX-Chains.



Introduction
One-dimensional (1D) electronic systems are a fascinating research topic in both the materials
chemistry and theoretical physics fields. Various types of (quasi-) 1D compounds and materials, e.g.,
fulvalenes,'? metal dithiolene complexes,** single-walled carbon nanotubes>”’ and others,?® have been
synthesized to date and found to exhibit unique conductive, optical, and magnetic properties.®~'? In
this context, halogen-bridged metal complexes (MX-Chains, [M(A)X]Y2) are highly designable
compounds with great flexibility in the choice of metal (M), in-plane ligand (A), bridging halide (X),
and counter anions (Y).'? An alternating linear structure composed of the d,? orbitals on M and the p,
orbitals on X forms the 1D electronic system. Pd- and Pt-based MX-Chains have been reported to
typically adopt the charge-density-wave (CDW) state or the mixed-valence state.'*!> The mixed-
valence states are diamagnetic M(I1)/M(IV) or M(I1I-p)/M(I11+p) states, which represent a type of
disproportionation'® and are caused by Peierls instability, which is characteristic of 1D electronic
systems. On the other hand, Ni-based MX-Chains have been reported to adopt the Mott—Hubbard
(MH) state with an average Ni(Ill) valence state.!” According to the extended Peierls—Hubbard
model,'® the electron—electron interaction energy at the Ni sites, which exhibit strong electron-
correlation, suppresses the electron—phonon interaction energy, resulting in the stabilization of the
Ni(III) MH state.

However, the first example of a CDW state in an Ni-based MX-Chain, [Ni2(BPCE)X>]X3
(BPCE = 1,2-bis(1,4,6,8,11-pentaazacyclotetradecane-6-yl)ethane; X = Cl, Br), was recently reported
by Kitagawa et al.'® This CDW state is a mixed-valence Ni(II)/Ni(IIl) state, and is different from
those of Pd- and Pt-based MX-Chains. The Ni sites are half reduced, and thus, this system does not
exhibit disproportionation. Both Ni sites were reported to be low-spin states. As there has only been

one report of this type of system so far, and further studies are desired in this field. Additionally, we



have previously reported Pd- and Pt-based MX-Chains having (25,3S)-2,3-diaminobutane-1,4-diol
(dabdOH) ligands.?-23 [Pd(dabdOH),Br]Br, was revealed to have the Pd(IIT) MH state and to exhibit
the highest electrical conductivity (3—38 S cm™') among all reported MX-Chains.?° On the other hand,
[Pt(dabdOH)>Br|Br> was revealed to have the Pt(II)/Pt(IV) CDW state and to show the smallest
optical gap (1.19 eV) among the reported Pt-Br-type MX-Chains.?! These particular structures and
characteristics are afforded by the chemical pressure along the chain direction as a result of the
multiply hydrogen-bonded networks between the hydroxy groups on the ligands and the counter
anions. Compared to these 4d/5d-transition metal MX-Chains, the achievement of such chemical
pressure in 3d-transition metal Ni MX-Chains was originally considered to be more challenging due
to the shorter Ni---Ni distance.'? Such structural mismatch may create an unusual structure and
electronic state.

In this work, we synthesized the first example of an electrical conductive Ni-based MX-
Chain compound with hydroxy groups by using dabdOH ligands. Interestingly, X-ray diffraction,
spectroscopic, and magnetic measurements revealed that the MX-Chain adopted an intermediate state
between the MH and CDW states, as well as mixed-valence high-spin Ni(II) and low-spin Ni(III).
The partial deprotonation of the hydroxy groups on the ligands (represented as dabdOHy, where x is
the fraction of protonated —OH, x = ~0.6), together with the partial lack of counter anions, was
suggested to play an important role in achieving this peculiar structure and electronic state. This
intermediate electronic state is a new state of the MX-Chains, which is different from neither the
conventional Ni(IIT) MH state, phase transition state of Pd(I1)/Pd(IV) CDW to Pd(III) MH in the Pd-
type MX-Chains,?*? nor the boundary state between Pt(II1) MH and Pt(II)/Pt(IV) CDW in the Pt-

type MX-Chains.?¢



Results and Discussion

Synthesis and Crystal Structures

Refluxing the starting materials NiBr, and dabdOH in MeOH afforded a blue solution (Scheme 1),
indicating the in-situ generation of the bis-type Ni(Il) complex with diamine ligands.?” After
electrochemical oxidation in the presence of an excess of Br~ ions, brown plate single crystals of
1-solvent were obtained on the anode.

Figures 1 and S1 show the crystal structure of 1-solvent. Crystallographic data and selected
bond lengths are listed in Tables S1 and S2, respectively. The crystal structure contains two
crystallographically independent Ni atoms. The Ni centers are coordinated by two dabdOH chelating
ligands in the equatorial positions to form a bis-type complex (Figure 1a). The Br ions coordinate to
the axial positions to form 1D Ni—Br chains. The bridging Br ions are located at the exact midpoint
between Ni atoms, suggesting a MH-like state. The Ni---Ni distance was 5.2115(3) A at 120 K and
5.2406(3) A at room temperature; these values correspond to the length of the shortest axis. In
addition, the Ni(1) chains have two Br counter ions per Ni complex moiety, forming a 2D-sheet
structure [Ni(dabdOH),Br|Br, via the triple hydrogen-bonding network of NH---Br (N---Br =
3.519(8) and 3.560(8) A) and OH---Br (O---Br = 3.266(6) A), as shown in Figure 1b. Such 2D-sheet
structures are typical among MX-chains, e.g., [Ni(bn);Br]Br. (bn: 25 3S-diaminobutane),?
[Ni(chxn):Br]Br,'” and [Pd(dabdOH)>X]X> (X = Br, Cl).20-23

The chains of Ni(1) and Ni(2) are parallel, and the Ni---Ni distance is crystallographically
equivalent, but the coordinating orientations of ligands in two chains are perpendicular to each other.
The Ni(2) chains are isolated between the sheets of Ni(1) chains and have no counter anions (Figure
Ic). It is noted that the hydroxy groups of the dabdOH ligands were partially deprotonated, i.e.,

[Ni(dabdOHy):Br] (x < 1), which was confirmed from the IR spectra and the quantum chemical



calculations (vide infra). The deprotonation of the amino groups was negligible, because the Ni-N
bond lengths of Ni(2) (2.072(5) A) were not shorter than those of Ni(1) (1.990(4) and 1.994(4) A)
(Table S2). The Ni-N bond length of the amido group (1.801(3) A) has been reported to be shorter
than that of the amino group (1.945(3) A).?° The slight elongation of the Ni-N bonds of Ni(2) was
attributed to the lack of hydrogen bonding with counter anions. In addition, 1-solvent contained both
Ni(IT) and Ni(III), as revealed by magnetic measurements (vide infra). These measurements suggested
that the fraction of protonated hydroxy groups (x) can be estimated to be ~0.6, although the exact
number is uncertain. As the diffraction spot pattern featured weak spots with double periodicity along
the a and b axes on the (hk0) plain (Figure 2), the crystal structure was solved as the superlattice. This
superlattice indicates a structure in which single chains of Ni(2) are accompanied by adjacent pores
(Figure 1¢). The phase information is lost on the screen in the X-ray diffraction measurements, which
is known as the phase problem.>® Direct methods are known as a powerful tool for estimating the
phases; however, the phase information is lost once on the screen. In other words, three-dimensional
wave information involving phase is reduced to location and intensity as diffraction spots on the two-
dimensional screen. On the other hand, phases A and B shown in Figure 1c are identical in terms of
crystal structure and orientation and differ only in their phase. Structures of phases A and B are
identical in crystallography; however, the locations of the Ni(2) chains and pores are replaced each
other. Therefore, as a real substance, two possible structures can be considered, i.e., a single-domain
structure or a multi-domain structure. The former is single-phase and is composed of the complete
structure throughout the whole single crystal, i.e., the Ni(1) sheets, Ni1(2) chains, and pores. In contrast,
the latter is composed of two phases, i.e., phases A and B. In this multi-domain structure, the Ni(2)
chains in phase A grow perpendicular to the plane of the page in the figure, and the phase changes to

phase B at the boundary of the domain. The Ni(2) chains are disconnected at the boundary, forming



closed pore spaces. The rigid frameworks of the Ni(1) hydrogen-bonded sheets do not change
between these phases, which is necessary for growth of a single crystal. However, single chains of
Ni(2) are not rigid and can be disorder. When the domain size is enough large to afford spots rather
than diffuse scattering, superlattice reflection can be observed. Therefore, even if a single crystal has
a multi-domain structure containing phases A and B, the phase difference is lost on the screen, and
then these are treated as identical in crystallography. Two possible structures, i.e., a single-domain
structure or a multi-domain structure, cannot be distinguished in the X-ray diffraction measurements.

In addition, weak electron density derived from solvents retained in the pore spaces was
detected. As these electron densities were located at special positions in the lattice, they were treated
using the SQUEEZE method in the software Olex2 to facilitate solving the structure.' Additionally,
the superlattice reflections along the c axis of the chain direction did not appear on the (0kl) and (hOI)
planes (Figure S2). If 1-solvent had a CDW state, the corresponding superlattice would be observed.
MX-Chains of the CDW state can be represented as ---X-M!V-X---M"---X— (M = Pd or Pt)'*!5 or
~ X-Ni""-X---Ni'l---X—' The CDW state is 1:1 mixed-valence state, i.e., M'V:M'"=1:1 or
Ni'™:Ni''=1:1. On the other hand, 1-solvent is Ni"":Ni!'=~85:~15 (vide infra), which is inclined to the
Ni'l side. Major components would be —Br-Ni'"-Br-Ni""-Br—, but —Br---Ni'!:--Br— parts would be
randomly contained in some places. Crystal structure would be averaged to the major component side.
Since 1-solvent is not a complete CDW state, it would not be expected to show the reflections of the
CDW state. Additionally, as —Br—Ni'"-Br-Ni'"'-Br— components are Raman forbidden, the signals of
—Br---Ni'l---Br— parts can be detected even minor components (vide infra). Therefore, 1-solvent is
not a CDW state but an intermediate state between the MH and CDW states.

If closed pore spaces were present in the crystal, solvent molecules could be trapped in

these spaces. The '"H NMR spectrum of 1-solvent in D>O contains almost equal amounts of 2-PrOH



and MeOH (Figure S3). Elemental analyses revealed that 1-solvent retained these solvent molecules
after drying in vacuo at room temperature (Figure 3). Moreover, these solvent molecules were not
evacuated after drying in vacuo at 373 K overnight. Additionally, TG-DTA of 1-solvent indicated a
small weight loss (—4.8 wt%) at 435 K under an N; atmosphere (Figure S4). A similar small weight
loss has been reported in MX-Chains with the dabdOH ligands, i.e., [Pd(dabdOH),Br]Br;?° and
[Pd(dabdOH),Cl1]Cl,,> at same temperature region. These MX-Chain compounds have no solvent
molecule. Therefore, the small weight loss of 1-solvent can be decomposition of the dabdOH ligands
rather than evacuation of solvent molecules. The solvent molecules would be evacuated during the
subsequent decomposition processes. The 'H NMR and elemental analyses strongly support the
existence of trapped solvent molecules in the pore spaces. However, the single-domain structure can

also be considered, as the solvent molecules could be caught in the constricted pores (Figure 1d).
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Scheme 1. Synthetic scheme of 1-solvent.



Figure 1. Crystal structure of 1-solvent. (a) Molecular structures with atomic displacement
parameters at 50% probability. (b) Hydrogen bonding network of OH:--Br (red dotted lines) and
NH---Br (blue dotted lines). (¢) Packing structures as phases A and B shown as ball-and-stick models.
Color code: Ni = green, Br = yellow, N = light blue, O = red, C = grey, and H = white. Selected
hydrogen atoms have been omitted for clarity, and only selected atoms are labeled. (d) Solvent-
accessible void space (yellow) occupied by solvent molecules calculated by Mercury*? using a probe
radius of 1.8 A (MeOH) and grid spacing of 0.1 A. The contact surface void volume is ca. 206 A3

(7.6% of the unit cell volume), which was calculated using the same probe radius and grid spacing.
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Figure 2. Single-crystal X-ray diffraction spot pattern on the (hkO) plain for 1-solvent.

21.5 c] 58 ) 118 N
21.0 5.5 11.54
2
§ 2059 1.s0lvent | 521 1.2
20.0- 494 __— 1] 1091
1
19.5—T—7 4.6-—T—T 10.6——T—T
T 2 Ts i 2 Ts T T2 Ts

Drying temperature
Figure 3. Plots of the elemental analysis data (C, H, N) for 1-solvent after being dried in vacuo for
12 h at r.t. (T1), 333 K (72), and 373 K (73), together with the experimental error bars (0.3%). The
horizontal lines represent the calculated elemental wt% for the compositions
[Ni(dabdOH)>Br]Br2-[Ni(dabdOHx)>Br]o.5-(2-PrOH)o.25:(MeOH)o25 (1-solvent, blue lines) and
[Ni(dabdOH)>Br]Br2-[Ni(dabdOH.)>Br]os (1, red lines) with x = 0.5.
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Spectral and Conductive Properties

Figure 4a shows the polarized reflection spectra for a single crystal of 1-solvent. The spectrum
measured from an electric vector parallel to the chain showed a relatively high intensity band at
around 0.8 eV after the Kramers—Kronig transform. This band can be assigned as a charge-transfer
(CT) transition from the occupied Br band to the empty d,? band or the upper-Hubbard band of the

chains. 2833

In contrast, this CT band disappeared entirely in the spectrum measured from a
perpendicular electric vector. This anisotropy strongly indicates the 1D electronic structure of the
single crystal of 1-solvent. In comparison, previously reported Ni-based MX-Chains showed CT
bands at 1.3 eV ([Ni(chxn),Br]Br: and [Ni(bn),Br]Br2)?® and 1.5 eV ([Ni(chxn):Br](NO3),).3* In
comparison with these absorption bands, that of 1-solvent (0.8 eV) appeared at lower energy. It was
reported that the CDW state of [Pd(chxn).Br|Br2 showed an absorption band at 0.75 eV derived from
the transition from the Pd(Il) d,> band to the Pd(IV) d,> band.** In the CDW state, the absorption
energy has been revealed to decrease with decreasing difference between the M(II)-X and M(IV)---X
bond lengths.?* In the case of 1-solvent, the Ni-Br bond lengths were crystallographically equivalent,
1.e., any small difference between them could not be distinguished using X-ray diffraction (Figure 1),
even if 1-solvent contains CDW components. Therefore, 1-solvent may exhibit a modulated Ni(III)
MH state rather than an absolute one; an intermediate state between the MH and the CDW states can
be considered. The polarized Raman spectrum for a single crystal of 1-solvent showed a peak at 145
cm™! (Figure 4b). This peak can be assigned as a symmetric stretching mode of Br-Ni-Br, which is a
forbidden mode in the MH state.?%233%37 Thus, 1-solvent appeared to be in a MH-like state based on
X-ray diffraction; however, it also contained a CDW-like state, as revealed by these spectra.

Figure 5 shows the IR spectra for simulated [Ni"(dabdOH),]*" and [Ni'(dabdOH),Br»]"

obtained using density functional theory (DFT) calculations (Figure 6 and Tables S3-S6),3%%
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polycrystals of [Pd(dabdOH),]Br2, polycrystals of 1-solvent, and a single crystal of 1-solvent
obtained from the polarized reflection IR spectra after the Kramers—Kronig transform, respectively.
Polycrystals of [Pd(dabdOH)]Br», which adopts a square planar geometry (Figure S5), showed four
peaks at 953, 1011, 1055, and 1092 cm™!. These peaks were assigned as vibration modes, including
C-0 and C—N stretching (i), C—O and C—C (CH—CHy) stretching (ii), C—C (CH—CH) stretching (iii),
and O-H bending (iv) via comparison with the results of DFT calculations for square planar
[Ni''(dabdOH),]*" optimized at the B3LYP/LanL2DZ level of theory (Figure 5). Additionally,
polycrystals of 1-solvent showed four corresponding peaks at 949, 1009, 1058, and 1090 cm™;
furthermore, an additional peak appeared at 1033 cm™!. Measurement of a single crystal of 1-solvent
using a polarizer separated the C—O and C—C stretching vibration modes of the dabdOH ligands, as
the direction of the C—O bond is nearly parallel to the chain direction and nearly perpendicular to the
ligand plane. As the directions of the C—N bonds include vertical components toward the reflection
plane (a—c plane), the intensity of the C—N stretching would become weak. The spectrum parallel to
the chain direction showed peaks at 949, 1015, and 1092 cm™!, which were assigned as the C-O
stretching derived from (1), the C—O stretching derived from (ii), and the O—H bending derived from
(iv), respectively. The parallel spectrum also showed an additional peak at 1033 ¢cm™', which was
assigned as C—O stretching because of the parallel component. This additional C—O stretching can be
considered to be derived from the vibration modes of #52 and/or #53 for [Ni'((dabdOH),]** and #55
and/or #58 for [Ni'''(dabdOH),Br,]" (Figure 6). These vibration modes are originally forbidden or
weak in intensity, as the dipole moment is almost unchanged. However, partial deprotonation of the
hydroxy group, i.e., of the dabdOH, ligands, would afford asymmetric —-OH and —O~ maoieties,
increasing the intensity of the vibration modes of #52 and/or #53 for [Ni'(dabdOH),]*" and #55 and/or

#58 for [Ni'''(dabdOH),Br,]". Therefore, the additional peak was assigned as C—O stretching of the
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deprotonated form, which provides evidence of the partial deprotonation of the hydroxy groups on
the dabdOH ligands in 1-solvent. It is noteworthy that both polycrystals of 1-solvent and a single
crystal of 1-solvent showed this additional peak, as this clearly refutes the concern that 1-solvent is a
mixture of crystals with a protonated form and a deprotonated form.

In addition, the electrical conductivity for a single crystal of 1-solvent was measured using
the two-point probe method (Figure 7a). The probes were attached at opposite sides of the chain
direction using carbon paste.*® The conductivity of 1-solvent at 300 K (o300x = 3.1£2.1 x 10# S cm™
1) was estimated using the crystal size and the differential resistance at 0 V to avoid the Joule heating
effect (Figure S6) and was measured using several single crystals. The conductivity decreased with
decreasing temperature, indicating a semiconductor characteristic. The Arrhenius plot afforded an
activation energy (E.) of 233+4 meV. In comparison to the previously reported bromide-bridged MX-
Chains, i.e., [Ni(bn):Br]Br2,?® [Ni(chxn),Br]Br2,*° and [Ni(chxn):Br](NO3). (Figure S7), 1-solvent
had lower conductivity (Figure 7b). The log-scale conductivity shows a roughly negative correlation
with the Ni---Ni distance of the chain; thus, one reason for the low conductivity for 1-solvent is its
longer Ni---Ni distance. The elongation of the Ni---Ni distance weakens the orbital overlap between

d,? and p,. Furthermore, mixing of the CDW-like state with the MH state may also favor insulation.
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Magnetic Properties

Ni-based MX-Chain compounds have been reported to exhibit strong antiferromagnetism between
the low-spin Ni(III) (S = 1/2) sites on the chain, in accordance with the Bonner—Fisher model for a
Heisenberg-type antiferromagnet.!”?%33 Their exchange interactions (J) were reported to be
approximately —1000 to —3000 K, indicating that the chains showed negligible magnetization near
room temperature. On the other hand, 1-solvent exhibited weak antiferromagnetism (Figures 8 and

S8). The ymT value increased to 0.46 cm® K molni™

at approximately 380 K, which significantly
exceeds the ymT value for the spin-only case with S = 1/2 (0.375 c¢cm?® K mol™). This weak
antiferromagnetism is abnormal among the Ni-based MX-Chains.!”?%33 Additionally, the previously
reported Ni(IIT) MH state of [Ni(en)2Br](ClO4); (en: ethylenediamine) had a longer Ni---Ni distance
(5.28 A) than 1-solvent (5.24 A) but showed stronger antiferromagnetism (J = ca. —1700 K).*! The
large ymT value for 1-solvent cannot be explained without the existence of high-spin Ni(Il) (S = 1).
Hence, mixed-valence Ni(II) and Ni(III) sites with an intermediate state between the MH and CDW
states were considered for 1-solvent. As the spin-only ym7 value for pure Ni(Il) is 1.0, the ratio of
Ni(II) in 1-solvent was estimated to be at least ~15%. The Ni(Il) site should be in a high-spin state,
because the Ni-Br bond length (2.62 A at 300 K) is sufficiently short and comparable to those of
reported high-spin Ni(II) sites, e.g., [Ni2(L)Br2](ClOs)> (L = a,a-bis-{(5,7-dimethyl-1,4,8,11-
tetraazacyclotetradeca-6-yl)-o-xylene}; Ni(II)-Br = 2.62 and 2.71 A).*?> In contrast, the bond length
for low-spin Ni(II)-Br is longer, and has been reported to be 2.88-3.32 A *?> with values of 2.98 and
3.04 A in the Ni(II)/Ni(Il) CDW state of the MX-Chain [Ni2(BPCE)Br2]Br3.!” On the other hand,

the Ni(III)-Br bond lengths of the low-spin states were reported to be 2.58 A in [Ni(chxn).Br]Br,"”

and 2.63 and 2.67 A in [Ni2(BPCE)Br;]Br3.!” The Ni-Br bond length (2.62 A) in 1-solvent falls within
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this range, indicating low-spin Ni(III) sites. The crystallographically obtained Ni—Br bond length is
thus consistent with both high-spin Ni(IT) and low-spin Ni(III) states.

The strong antiferromagnetism (ca. —1000 K) is generally found in Mott insulators.*’ In the
case of MX-Chains, superexchange interactions between d,> and p, orbitals can also contribute
antiferromagnetism. It is represented as —1—|1—|—1/—7— in the Ni(IIl) MH state. On the other hand,
the reported Ni(II)/Ni(III) MX-Chain compound [Ni2(BPCE)Br;|Br3; with both low-spin states shows
a weak antiferromagnetism (J =—178 K) which can be represented as —1—| 1| 1—|1—|—.'° Therefore,
being the MH state is critical for the strong antiferromagnetism of MX-Chains. Superexchange
interactions would be only a minor impact. As 1-solvent is not the MH state but an intermediate state
between the MH and CDW states, the strong antiferromagnetism characterized in Mott insulator
would not express.

Figure 9 shows the ESR spectra of polycrystals of 1-solvent at various temperatures. The
main signal appeared at ~3140 G at each temperature, indicating a g value of 2.184. This main signal
was assigned as a permitted transition with AMs = =£1 derived from the S = 1/2 low-spin Ni(II) sites.
On the other hand, at around ~1500 G, a weak signal with g = 4.157 appeared. This weak signal was
assigned as a forbidden transition with AMs=+2 derived from the high-spin Ni(Il) (§ = 1) sites. This
forbidden transition was considered to be the half-field transition of the triplet system,***¢ which
strongly indicates the existence of high-spin Ni(II). This is the first evidence for high-spin Ni(Il) in
Ni-based MX-Chains. The peak-to-peak line width (AH,p) was 85 G at 4 K, whereas that at 150 K
was broadened to 127 G. Above 150 K, the signal was extremely broadened and difficult to detect.
This broadening has been reported to be a common property of the MH state of MX-Chains.?0:233447
Therefore, the magnetic properties exhibited both mixed-valence and MH-like nature, indicating the

coexistence of the MH-like state and the mixed-valence state.
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The mixed-valence state of the Ni-based MX-Chain of 1-solvent is different from the
mixed-valence states of Pd- and Pt-based MX-Chains, since the former has II/IIIl mixed valency, while
the latter have II/IV mixed valency. Figure 10 shows a plot of the Ni(II)/Ni(III) ratio and the Ni---Ni
distance in the bromide-bridged Ni-based MX-Chains. A longer Ni---Ni distance tends to afford the
CDW state, while a shorter distance tends to afford the MH state. The behavior of 1-solvent is
exceptional, since it would be expected to exhibit the MH state based on its Ni---Ni distance. The
partial lack of counter anions for Ni(2) chains could be a reason for the occurrence of the intermediate
state, as the typical chemical formula of MX-Chains is [M(A)X]Y>. If all hydroxy groups on the
ligands were protonated, i.e., x = 1 in [Ni(dabdOH,),Br] for Ni(2), 1-solvent would have a
Ni(II)/Ni(III) ratio of 2/1 based on the charge valance. If the x value were 0.5, the all-Ni(III) MH state
would be afforded. However, as the magnetic measurements suggested that Ni(II)/Ni(IIl) was at least
~0.18, x should be approximately ~0.6. The Ni(II) sites may be randomly distributed in the Ni(1) and
Ni(2) chains, as the Ni-Br bond lengths are crystallographically equivalent (Figure 1). Additionally,
the CT band (0.8 eV) also suggests a random distribution (Figure 4a). If the Ni(I) sites were localized
in the [Ni(dabdOH,),Br] chains, a CT band derived from the Ni(III) sites in the [Ni(dabdOH),Br]|Br>
chains would appear at ca. 1.3—1.5 eV; however, this CT band was not observed. Although they could
not be distinguished in the X-ray diffraction measurements, the positions of the bridging Br ions at
the Ni(Il) sites should be slightly shifted from the midpoints of Ni-:-Ni, since the symmetric
stretching mode of Br—Ni—Br was permitted in the Raman spectrum (Figure 4b). It is noted that the
previously reported [Ni2(BPCE)X:]X3 (X = Cl, Br) adopts a ghost-leg sheet structure and can be
classified as an extrema state of the Ni(II)/Ni(Ill) CDW.!” In contrast, 1-solvent forms a multi-
hydrogen-bond sheet structure as well as partially deprotonated single chains. The intermediate state

of 1-solvent between MH and CDW involves a high-spin Ni(II) and a low-spin Ni(II) state, which is

20



quite different from the case of [Ni2(BPCE)X>]X3, in which the Ni(II)/Ni(III) states are both low-spin.
In addition, the previously reported [Pt(chxn).I]l> is the boundary between the Pt(III) MH and

Pt(IT)/Pt(IV) CDW states,?® and is not a reduced state like those of 1-solvent and [Ni»(BPCE)X,]X.
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Conclusions

This work demonstrated an intermediate state between the Mott—Hubbard and charge-density-wave
states in an Ni-based MX-Chain for the first time. The novel Ni-based MX-Chain, 1-solvent, formed
sheet and single-chain structures in the superlattice and performed as a semiconductor. The Ni sites
were mixed-valence, with high-spin Ni(II) and low-spin Ni(III) sites. This finding represents a new

structural and electronic state of one-dimensional electronic systems.

Methods

Materials. NiBr;, methanol (MeOH), and 2-propanol (2-PrOH) were purchased from Fujifilm Wako
Pure Chemical Corp. n-Tetrabutylammonium bromide ([#BusN]Br), n-tetrabutylammonium nitrate
([nBusN]NO3), and 1R,2R-diaminocyclohexane (chxn) were purchased from Sigma-Aldrich. The
dabdOH was prepared according to previously reported procedures.?’ Single crystals of

[Ni(chxn):Br](NOs3), were prepared via electrochemical oxidation at 40 pA for 3—4 days in MeOH
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with [nBusN]NO; according to previously reported procedures.?

Synthesis of [Ni(dabdOH):Br|Br::[Ni(dabdOHx):Br]o.s:(2-PrOH)¢.2s:(MeOH)o.25s (1-solvent).
Refluxing dabdOH (200 mg, 1.66 mmol) and NiBr; (218 mg, 1.00 mmol) in MeOH (27 mL) for 1 h
afforded a blue solution. After the solution was cooled to room temperature, a 1.5 mL batch of the
solution was transferred into a 20 mL vial. 2-PrOH (3.0 mL) and [#BusN]Br (170 mg, 0.12 M) were
added as an electrolyte, and the solution was then electrolyzed at 10 pA for 1-2 days with Pt
electrodes (¢ 0.3 mm) under the ambient atmosphere and temperature using a direct current
multisource system (YAZAWA CS-12Z7). The electrodes were submerged 4-5 mm into the solution.
Brown platelet single crystals were generated on the anode. After rinsing the electrodes with 2-PrOH
and removing the crystals from the anode, the crystals were immediately dried in vacuo overnight.
Crystals of 1-solvent were obtained in ~40% yield per batch. These crystals were unstable under high-
humidity conditions, but could be handled under a relatively dry air atmosphere with no difficulty.
Elemental analysis calcd (%) for C13H38NgBr3 sNi1.506.5 (1-solvent, x =0.5): C20.81, H5.11, N 11.20,
Br 37.28; for C13H332NsB13.5N11.506.5 (1-solvent, x =0.6): C 20.81, H 5.13, N 11.20, Br 37.27; found:

C21.03,H5.26,N 11.12, Br 37.09.

Measurements. The elemental analyses were performed by using J-Science Lab Co. Ltd. JM11 and
Yanaco YHS-11 at the Research and Analytical Center for Giant Molecules (Tohoku Univ.). The
polarized reflection spectra and Raman spectra were measured on a JASCO MSV-5300YMT (U V-
Vis-NIR) and IRT-7200 (IR) spectrometers and a HORIBA LabRAM HR-800 with He—Ne laser (633
nm) at ambient temperature and pressure in micro spectroscopy using a single crystal of the sample.

The IR spectra of polycrystal samples were measured by JASCO FT/IR-4200 spectrometer using KBr
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plates. The electrical conducting measurements were recorded in the liquid He cryostat of a Quantum
Design PPMS (Physical Property Measuring System) MODEL 6000 using a two-contact probe
method with Au wires (¢ = 50 um). The wires were attached using carbon paste (Dotite XC-12).
Magnetic measurements were performed using a magnetic property measurement system (MPMS3,
Quantum Design) in direct current mode. The sample was filled into a thermally stable plastic tube
which was fixed in a brass straw for measurements below 400 K. Electron spin resonance (ESR)
spectra were measured at X-band (9.608 GHz) using a Bruker E-500 spectrometer equipped with a
gas-flow type cryostat Oxford ESR 900. Thermogravimetry-differential thermal analysis (TG-DTA)

was performed on a Shimadzu DTG-60H.

Collection of crystallographic data and structure refinements. Suitable single crystals of
1-solvent and [Pd(dabdOH),]|Br; were selected and mounted onto a MicroMount (MiTeGen) in an
XtaLAB AFCI10 diffractometer with a HyPix-6000HE hybrid pixel array detector. The crystal was
kept at 296 or 120 K using a N> flow-type temperature controller during data collection. Using
Olex2,%'? the structure was solved with the SHELXT?'® structure solution program using intrinsic
phasing, and refined with the SHELXL?'® refinement package using least-squares minimization. A
summary of the crystallographic data for 1-solvent and [Pd(dabdOH);]Br; is shown in Table S1. The
X-ray crystallographic coordinates used for the structure determination reported in this article have
been deposited at the Cambridge Crystallographic Data Centre (CCDC) under deposition numbers
CCDC-2105069 (1-solvent at 120 K) and -2132517 ([Pd(dabdOH),]Br> at 120 K). The data can be
obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.
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Quantum chemical calculations. Geometry optimization and frequency for [Ni'(dabdOH),]*" and
[Ni'''(dabdOH),Br»]" in the electronic ground state were carried out in DFT B3LYP/LanL2DZ and
UB3LYP/LanL2DZ, respectively. The spin multiplicities were set to singlet and doublet, respectively.
All calculations were performed using the Gaussian 16W package.*® The optimized structure, the
Cartesian coordinates, and the vibration energies are given in Figure 6 and Tables S3-S6. The

vibration energies were calibrated using the reported scaling factor (0.961).%°

Supporting information. Crystal structure and crystallographic data, X-ray diffraction images, 'H

NMR, TG-DTA, quantum chemical calculation data, /-V curves, Magnetic susceptibility. (PDF)
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