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Abstract: The structures of two new hybrid organic-inorganic manganese halide compounds
[IMiHIMnCl3(H,0O) and [4MiH]MnCl3(H,O) ([IMiH] = 1-methylimidazolium, [4MiH] = 4-
methylimidazolium) have been determined by single crystal X-ray diffraction. Both are composed of
one dimensional [MnCl3(H,O)]»~ edge-sharing octahedral chains. The structures are compared to
the previously reported isomeric analogue [2MiH]MnCl3(H,O) ([2MiH] = 2-methylimidazolium),
and three closely related compounds. The variations in packing of the inorganic chains are shown
to be influenced by hydrogen bonding abilities of the imidazolium or related moieties. Both new
compounds show intense red luminescence at ambient temperature under UV irradiation.

Keywords: crystal structure; manganese halides; one dimensional; red luminescence

1. Introduction

The past decade has witnessed much progress in the exploratory study of hybrid inorganic—organic
compounds, many of which are related to the perovskite family [1,2]. Such compounds are of interest
due to their versatile chemical and physical properties, such as photoluminescence, electronic and
photophysical properties [3-5]. In particular, hybrid manganese halide perovskite-related materials
have been developed [6,7] because they show significant magnetic, ferroelectric or luminescent
properties [8-10]. Conventional perovskites have a general formula ABX3 and the first classical
perovskite, CaTiO3 consists of a unique framework of corner-sharing TiOg octahedra with interstitial
Ca?* cations [11]. There are many types of perovskite-related materials, for example two-dimensional
layered perovskites, which can be regarded as being derived from “slicing’ the perovskite ABX3 through
vertices of the BX¢ octahedra and inserting additional species between these layers [12,13]. Examples
amongst manganese halides are (CH3NH3),MnCly [14] and (NH3;CH,CH>;NH;3)MnCly [15]. Recently,
our group has reported the first layered fluoroperovskite compound, (enHy)MnF, (en = ethylenediamine
(C,HgNNy)) [16], containing an interlayer organic cation.

Up to now, Xiong’s group reported a series of one-dimensional (1D) organic-inorganic hybrid
Mn?* hexagonal perovskite compounds, where the cations occupy the free cavities enclosed
by the face-sharing octahedral chains. These compounds exhibit interesting phase transitions,
for example, (pyrrolidinium)MnCl; [17] and (R)- and (S)-3-(fluoropyrrolidinium)MnClj [18], which
have ferroelectric and fluorescence properties. Interestingly, (2-methylimidazolium)MnCl;(H,0O)
([2MiH]MnCl3(H,0)) [19,20] (2-aminopyridinium)MnCl3(H,O) [21], (pyrazolium)MnCl;(H,O) [22],
and (pyridinium)MnCls(H,O) [23] also adopt a 1D chain structure type, but the octahedra are
edge-sharing and, consequently, the structure cannot be regarded as perovskite-like. According to
these studies, the luminescence of manganese (II) halide hybrids can be assigned to the 4T1g(G) —
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6Alg(S) electronic transition of Mn?*. Both edge-sharing and face-sharing octahedral Mn?* ions tend
to emit red luminescence [17,18,20,23], whereas, the corner-sharing octahedral Mn?2* ions tend to a
somewhat higher energy orange emission (581 nm) [10]. However, if a Mn atom is surrounded by four
ligands to form an independent MnX,?~ tetrahedral unit, then the weak field strength of tetrahedral
coordinated Mn?* exhibits typically green emission (=520 nm) [24,25]. The different interactions of the
Mn?* ions can affect luminescence and leads to the 1D organic-inorganic hybrid Mn?* compounds
having potential applications not only in optical devices but also in luminescent thermometers and
resistance sensors, and so on [17,18,26].

As part of our exploratory search for novel perovskite-related hybrids we have discovered several
new compounds which adopt chain structures, structurally unrelated to perovskite, but with similar
ABXj3-type compositions [27,28]. Compared with the various studies of manganese halide materials
based on the hexagonal perovskite and layered perovskite structures, the present work focusses on the
much less common 1D edge-sharing octahedral chain structure type. Here, we present two new 1D
edge-sharing octahedral chain structure compounds, [IMiH]MnCl;(H,O) and [4MiH]MnCl;(H,0O)
([IMiH] = 1-methylimidazolium, [4MiH] = 4-methylimidazolium).

2. Experimental Section

2.1. Chemicals

Manganese chloride tetrahydrate (MnCly-4H,O, 98%), hydrochloric acid (HCl, 36%, w/w
aqueous solution), ethanol absolute (C;H50H, 99.99%), 1-methylimidazole (C4NyHg, 99%), and
4-methylimidazole (C4N;Hg, 98%) were purchased from Alfa Aesar, Lancashire, UK. All chemicals
were directly used without further purification.

2.2. Synthesis

For [IMiH]MnCl;3(H,0), (C4No,H;MnCl3(H,0)), 1-methylimidazole (246.3 mg, 3 mmol) and
manganese chloride tetrahydrate (MnCl,-4H,0) (197.9 mg, 1 mmol) were dissolved in concentrated
HCl (1 mL) and ethanol (1 mL). With slow evaporation of the solution, pale pink prismatic crystals
were obtained after several days. The powder X-ray diffraction is given in Figure S1.

For [4MiH]MnCl3(H,0), (C4NoH;MnCl3(H,0)), 4-methylimidazole (164.2 mg, 2 mmol) and
manganese chloride tetrahydrate (MnCl,-4H,0O) (197.9 mg, 1 mmol) were dissolved in concentrated
HCI (1 mL) and ethanol (1 mL). With slow evaporation of the solution, pale pink block-shaped crystals
were obtained after 1 week. The powder X-ray diffraction is given in Figure S2.

2.3. Characterisation

Single crystal X-ray diffraction data were collected at 173 and 298 K on a Rigaku SCXMini
diffractometer using Mo-Ka radiation. The same [IMiH]MnCl3(H,O) crystal was run at both 173 and
298 K. The [4MiH]MnCl3(H,O) crystal used for the 173 K structure was found to be twinned, but the

-1 0 -0.209
data were processed to account for the twin law | 0.001 -1.001 0 . The refined twin fraction
0 0 1

was 0.21 (2). The [4AMiH]MnCl3(H;O) crystal used for the 298 K structure achieved good refinements.
The data were collected using Rigaku CrystalClear software [29]. Data processed (including correction
for Lorentz, polarisation and absorption) using either CrystalClear or CrysAlisPro [30]. Structures
were solved by dual-space methods using SHELXT [31] and refined by full-matrix least-squares on F?
using SHELXL-2018/3 [32] incorporated in the WINGX package [33]. All the hydrogen atoms were
treated as riding atoms and all non-H atoms were refined anisotropically. CrystalMaker [34] was used
in preparing Figures 1-3.

Crystalline powders of the two samples were measured on a PANalytical EMPYREAN X-ray
diffractometer using Cu Ko (A = 1.5406 A) radiation in the range of 3-70°. Excitation and steady-state
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emission spectra were recorded at 298 K using an Edinburgh Instruments F980 fluorimeter. All the
samples for the steady-state measurements were excited at 352 nm using a Xenon lamp.
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Figure 1. The nature of the distortions within the [MnCl3(H,O)] chains in (a) [IMiH]MnCl3(H,O) and
(b) [4AMiH]MnCl3(H,O) at 173 K. In each case, CI(3) is a terminal ligand, and the other Cl ligands are
bridging, along the chain direction. Symmetry transformations used to generate equivalent atoms: #1

—x—1, y+1/2, —=z—3/2; #2 —x-1, y—=1/2, —z—3/2 ([IMiH]MnCl3(H,0)). #1 x, —y+1/2, z+1/2; #2 x, —y+1/2,
z—1/2 ([4MiH]MnCl3(H,O)).
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Figure 2. Unit cell packing and hydrogen bonding interactions along the chain direction

for (a) [IMiH]MnCl3(H,O) along the b-axis, (b) [4MiH]MnCl3(H,O) along the c-axis and
(c) [2MiH]MnCl3(H,O) along the c-axis at 173 K [20].
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Figure 3. Unit cell packing and hydrogen bonding interactions perpendicular to the chain
direction for (a) [IMiH]MnCl3(H,O) along the a-axis, (b) [4dMiH]MnCl3(H;O) along the b-axis and
(c) [2MiH]MnCl3(H,O) along the b-axis at 173 K [20].

3. Results and Discussion

The single-crystal X-ray structures suggest no phase transitions in the regime 173 < T <298 K,
with only slight changes in molecular geometry between the two temperatures, so the crystallographic
details for the two new compounds will be discussed based on the structures at 173 K. Crystallographic
details of the structures at 298 K are provided in the Supplementary Materials. Crystallographic
parameters for the two compounds at 173 K are given in Table 1. Both structures are composed of
one dimensional [MnCl3(H;O)],,~ edge-sharing octahedral chains, separated by the imidazolium
moieties. In each case there is one crystallographically unique Mn site and one imidazolium moiety.
The significant distortions of the MnCls(H,O) octahedra are shown in Figure 1. For [IMiH]MnCl;(H,O)
and [4MiH]MnCl3(H,0), respectively, the Mn-CI bond lengths are in the ranges of 2.5109(9)—2.5784(9)
and 2.5278(5)-2.5633(5) A, the Mn-O bond lengths are 2.240(2) and 2.1993(12) A. The Cl-Mn-Cl bond
angles are in the ranges of 87.41(3)-94.46(3) and 87.319(15)-92.635(16)°, the O-Mn-Cl bond angles are
in the ranges of 85.64(6)—87.03(6) and 85.58(4)—91.72(4)°, the Mn-Cl-Mn bond angles are in the ranges
of 90.73(2)-92.90(2) and 92.032(16)—92.145(16)° at 173 K.

The same type of [MnCl3(H;O)],,~ edge-sharing octahedral chain is also seen in the related
structure containing an isomeric cation, [2MiH]MnCl;(H,O). Moreover, that analogue also crystallises
in space group P2;/c, and has unit cell metrics at 293 K, a = 8.9890(18) A, b = 14.612(3) A, c = 7.2748(15) A,
B =93.86(3)°, which are clearly similar to those of [4MiH]MnCl3(H,O) at 173 K (Table 1). However, in the
case of [2MiH]MnCl5(H;O) the crystal structure was determined at both 293 and 173 K, and found to
display a structural phase transition of order—disorder type around 220 K; ordering of the imidazolium
moieties at low temperature leads to a tripling of the a-axis. In each of the present cases there is no unit
cell tripling at 173 K. Given that each of the three members of this methylimidazolium-based family is
based on the same type of inorganic chain, it is of interest to compare both the intra-chain distortions
and the nature of the crystal packing of these chains, which is evidently mediated by the shape and
hydrogen bonding propensities of the different imidazolium isomers. A comparison of the intra-chain
distortions is provided in Table 2. We also include here the three further analogues, which contain the
same type of [MnCl3(H,O)],,~ chain, but different cyclic amines; these are discussed briefly at the end
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of this section. Each of the structures show a similar level of octahedral distortion, and a significant
underbonding of the apical Cl ligand. This is compensated in each case by strong H-honding from the
water ligand of a neighbouring chain to the apical CI (Table 3).

First, comparing the three methylimidazolium compounds, each structure has one unit cell axis of
~7.3 A, which describes the chain repeat distance of two edge-shared octahedra. The other unit cell
metrics differ significantly between the [IMiH] and [2MiH]/[4MiH] compounds reflecting the different
packing of inorganic chains between the two unit cell types. Packing of each structure along the chain
direction, and perpendicular to this, is shown in Figures 2 and 3. It can be seen from Figures 2 and 3
that in the case of the [IMiH] compound there is no opportunity for inter-chain H-bonding mediated
by the imidazole moiety; the single available N-H donor only forms a single N-H—Cl and N-H—O
interaction to one neighbouring chain. In contrast, both [2MiH] and [4MiH] analogues do take the
opportunity to pack in a similar fashion, due to the availability of additional N-H—Cl interactions to
bridge neighbouring chains. The packing of neighbouring chains along the c-axis in the latter two
compounds (Figure 2) therefore occurs in a ‘parallel” arrangement, whereas the corresponding chains
in [IMiH] exhibit a ‘tilt” around the chain direction (b-axis) relative to each other.

Asmentioned above, there are three further closely related compounds reported, which contain the
same inorganic chains but different cyclic amine cations, viz., (2-aminopyridinium)MnCl;(H,O) [21],
(pyrazolium)MnCl;(H,0O) [22] and (pyridinium)MnCl3(H,O) [23]. Again, each of these crystal
structures has a unit cell axis of ~7.3 A, describing the chain repeat distance of two edge-shared
octahedra. The details of the unit cell metrics, crystal symmetry, and comparative crystal structure plots
for these three analogues are given in Table S1 and Figure S3. Interestingly, the pyridinium analogue
has essentially the same structural architecture as the [IMiH] compound introduced here: there is
hydrogen bonding to only one inorganic chain. The pyrazolium and 2-aminopyridinium analogues
have enhanced H-bonding opportunities, which lead to expanded unit cells (effectively doubled unit
cell volumes) caused by ‘out-of-phase’ tilting of adjacent octahedral chains along the chain axis.

Table 1. Crystal structure data for [IMiH]MnCl3(H,0O) and [4MiH]MnCl3(H,O) at 173 K.

Compound [IMiH]MnCl3;(H,0) [4MiH]MnCl5(H,0)
Formula C4N2H7MIIC13(H20) C4N2H7MDC13(H20)
Formula weight 262.42 262.42
Crystal system Monoclinic Monoclinic
Space group P2,/c P2y/c
a/A 11.6861 (6) 8.6344 (6)
b/A 7.2891 (4) 15.1238 (6)
c/A 14.7870 (9) 7.3164 (3)
Bl° 130.932 (3) 95.069(5)
V/A3 951.59 (10) 951.68 (9)
VA 4 4
Measured ref 11543 9328
3115 2565
Independent ref [R(int) = 0.053] [R(int) = 0.0315]
GOOF 1.059 1.028
Final R indices (I > 20(I)) §§2_=06?591533 51%2_:06(.)361581
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Table 2. Calculated bond length distortions, bond angle variance and bond valence sums for
[IMiH]MnCl3(H,0O) and [4MiH]MnCl3(H,O) at 173 K, and previously reported [2MiH]MnCl3(H,O)
(173 K) [20], (2-aminopyridinium)MnCl3(H,O) (298 K) [21], (pyrazolium)MnCl3(H,O) (100 K) [22] and
(pyridinium)MnCl3(H,O) (153 K) [23].

Compound Ad (x10%) o2 Yo(Mn) Yo(Cll) Yo(Cl2) Yv(Cl3) Yo (O1)
[1IMiH]MnCl3(H,O) 20.92 12.24 1.93 0.61 0.69 0.36 0.27
[4MiH]MnCl3(H,0) 27.15 6.52 1.93 0.66 0.66 0.31 0.30
[2MiH]MnCl3(H,O) 21.46 16.53 1.98 0.61 0.74 0.36 0.27

(2-aminopyridinium)MnCl;3; (H,0) 33.85 9.22 1.93 0.64 0.60 0.36 0.32
(pyrazolium)MnCl3(H,O) 24.72 7.22 1.99 0.72 0.63 0.34 0.29
(pyridinium)MnCl3(HO) 22.77 10.69 1.95 0.60 0.70 0.37 0.27

2
Note: Thebond length distortion was calculated using equation Ad = (%) Y [d"d—_d] [35], where d is the average Mn-Cl
and Mn-O bond distance and dj, are the six individual bond distances. The bond angle variance of each octahedron
2
from the ideal 90° of an undistorted structure was calculated using equation o2 = 2,21 @ [36], where o; is
the individual CI-Mn-Cl and O-Mn-Cl angle. The bond valence was calculated using equatio v;; = exp(RoTﬂj) [371,

where d is the individual bond length, Ry is a constant for a particular bond type, here Ry = 2.133 A for the Mn-Cl
bond and Ry = 1.753 A for the Mn-O bond, and b = 0.37 A, a universal constant. The bond valence sum Y. ;s the
summation of the individual bond valences.

Table 3. Hydrogen bonds for [IMiH]MnCl3(H;0O) and [4MiH]MnCl3(H,O) at 173 K, and previously
reported [2MiH]MnCl3(H,O) at 173 K (A and °) [20].

Compound D-H...A dD-H) dH...A) dD...A)  /DHA)
N2-H2 ... Cli#1 0.88 254 3.256(3) 139.1
. N2-H2... 01 0.88 238 3.018(4) 129.9
[IMiHIMnCl3(H0) Ol1-HIB... CI3#2 0.95 2.56 3.171(2) 1226
O1-H1A ... CI3#3 0.95 2.32 3.201(2) 154.0
O1-H1A ... CI3#3 0.95 241 3.227(2) 144.0
O1-H1B... Cl3#2 0.95 2.54 3.177(2) 124.2
. N1-H1... Cli#1 0.88 2.82 3.363(2) 121.8
[4MiH]MnCl5(H,0) NI-HI ... CI3 0.88 247 3.263(2) 149.9
N2-H2 ... Clo#4 0.88 2.65 3.279(2) 129.1
N2-H2 ... CI3#5 0.88 2.63 3.349(2) 140.0
N1-H1B--02 0.88 2.25 2.959(11) 138
N1-H1B--CI5 0.88 2.66 3.362(9) 137
N2-H2B--CI8 0.88 2.30 3.125(9) 157
N2-H2B---Cl9 0.88 298 3.496(8) 119
N3-H3A--O3#7 0.88 2.25 2.831(10) 137
N3-H3A.--CI9#7 0.88 2.80 3.417(8) 143
[2MiH]MnCls (H,0) N4-H4D--Cl4 0.88 2.36 3.168(8) 154
N4-H4D--Cl5 0.88 2.9 3.518(9) 120
O1—HI1C--Cl1#1 0.85 2.67 3.180(6) 128
O1—H1D--CI8 0.85 2.70 3.152(6) 122
02—H2C-Cla#1 0.85 2.60 3.174(7) 126
02—H2D--Cl4#5 0.85 2.59 3.143(6) 124
03—H3B--Cl8#2 0.85 2.64 3.160(7) 129
03—H3C--Cl1#6 0.85 2.73 3.185(6) 122

Note: Symmetry transformations used to generate equivalent atoms: #1 —x-1, y—1/2, —z-3/2; #2 —x-1, y+1/2,
-z=-3/2; #3 x, —y+1/2, z-1/2 ([IMiH]MnCl3(H;O)). #1 x, =y+1/2, z+1/2; #2 x, =y+1/2, z=1/2; #4 x-1, =y+1/2, z-1/2;
#5 x—1,y, z ((4AMiH]MnCl3(H,,0)) #7 x, y—1, z; #1 x, =y+1/2, z=1/2; #5 —x+1, y+1/2, —z+1/2; #2 x, =y+3/2, z+1/2; #6 x,
y+1, z; ([2MiH]MnCl;(H,O)).

A previous study of the [2MiH] compound [20] highlighted an unusual property of a reversible
optoelectronic phase transition, accompanied by both dielectric and photoluminescent switching effects.
Although the present compounds do not display any structural phase transitions in the temperature
regime studied here, both compounds do show intense red luminescence at ambient temperature under
UV irradiation, similar to that observed in (CHgN3)>,MnCly [38] and (CH3)4NMnClj [39]. Both of those
compounds feature face-sharing, rather than edge-sharing, units of MnClg octahedra. The excitation
and emission spectra of the two compounds were investigated (Figure 4). As can be seen, both
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compounds display similar excitation spectra monitored at 620 nm. All the excitation spectra of the
two compounds contain six sharp peaks, at around 527, 447, 418, 367, 352, 331 nm, and are comparable
to the excitation spectra of [2MiH]MnCl3(H,0O) [20], in which the most intense band at 352 nm
serves as an excitation wavelength. Emission spectra were recorded at this excitation wavelength.
The emission spectra revealed that all two compounds featured similar peaks at 630 and 632 nm
for [IMiH]MnCl;(H,0O) and [4MiH]MnCl3(H,O), respectively. Such interesting red luminescence is
produced by the 4T1g(G) - 6A1g(S) transition (i.e., (tzg)3(eg)2 - (’cgg)‘l(eg)1 electronic transition [17,40])
and similar emission energies have been reported in complexes of octahedrally coordinated Mn?* ions
in both edge-sharing and face-sharing environments [41]. In the case of corner-sharing octahedral Mn?*
ions, this tends to a somewhat higher energy orange emission (581 nm) [10], while those compounds
with Mn?* ions in the tetrahedral environment usually display green emissions (=520 nm) [42-44].

(@ 12 I (b) 1.2 1
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=] :0-8 0.8 ’3
= 2 @
S 0.6 = »
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Wavelength (nm)

Figure 4. The excitation and emission spectra at room temperature of (a) [IMiH]MnCl3(H,O), and (b)
[4MiH]MnCl3(H;O). The insets of both (a,b) show pale pink crystals under ambient light and a bright
pink glow under UV.

4. Conclusions

In conclusion, we prepared two new compounds composed of one dimensional [MnCl3(H,O)]n~
edge-sharing octahedral chains. Each of the structures was discussed in detail in terms of octahedral
distortions, crystal packing and H-bonding environments. These new examples were also compared,
structurally, to the previously reported analogue [2MiH]MnCl3(H,O) and three further related
compounds containing the same type of inorganic chain but different molecular cations. It can be seen
that subtle changes in H-bonding opportunities, caused by key changes in the chemical nature of the
molecular cations, leads to variations in the nature of packing of the inorganic chains. The preliminary
photophysical properties were studied by their excitation and emission spectra: both new compounds
exhibit intense red luminescence under a UV excitation. Further studies of related compounds
are therefore merited in order to ascertain more specific structural details that may govern their
luminescence properties and may also be exploited for triggering phase transitions, and consequent
switchable physical properties, in this family of materials.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/10/930/s1,
Figure S1. Raw and calculated PXRD data for [IMiH]MnCl3(H,O) at room temperature; Figure S2. Raw and
calculated PXRD data for [4AMiH]MnCl3(H,O) at room temperature Figure S3. Unit cell packing and hydrogen
bonding interactions along the chain direction for (a) (2-aminopyridinium)MnCl;(H,O) (298 K) along the c-axis,
(b) (pyrazolium)MnCl;(H,0O) (100 K) along the a-axis and (c) (pyridinium)MnCl;(H,O) (153 K) along the b-axis;
Table S1. Unit cell parameters for (2-aminopyridinium)MnCl;(H,O) (298 K), (pyrazolium)MnCl;(H,O) (100 K)
and (pyridinium)MnClz(H,O) (153 K); Table S2: Crystallographic data for the two compounds at 298 K; Table S3:
Hydrogen bonds for the two compounds at 298 K; Table S4. Selected bond lengths (A) and bond angles (°) versus
temperature for [IMiH]MnCl;(H,O); Table S5: Selected bond lengths (A) and bond angles (°) versus temperature
for [AMiH]MnCl3(H,0).
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