
Selective Crystallization of Linkage Isomers,
[Rh＾III(NCS)(SCN)_5]＾3– and
[Rh＾III(SCN)_6]＾3–, to Investigate Structural
Trans Influence and Thermal Stability

言語: English

出版者: American Chemical Society

公開日: 2024-10-30

キーワード (Ja): 

キーワード (En): 

作成者: Mukai, Miki, Hagiwara, Seiya, Tanaka, Rika,

Tabe, Hiroyasu, Nakazono, Takashi, Yamada, Yusuke

メールアドレス: 

所属: 

メタデータ

http://hdl.handle.net/10466/0002001361URL



1 Selective Crystallization of Linkage Isomers, [RhIII(NCS)(SCN)5]3− and
2 [RhIII(SCN)6]3−, to Investigate Structural Trans Influence and Thermal
3 Stability
4 Miki Mukai, Seiya Hagiwara, Rika Tanaka, Hiroyasu Tabe, Takashi Nakazono, and Yusuke Yamada*

Cite This: https://doi.org/10.1021/acs.inorgchem.3c02292 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

5 ABSTRACT: Linkage isomers of homoleptic complexes,
6 [RhIII(SCN)6]3− and [RhIII(NCS)(SCN)5]3−, formed in aqueous
7 solution were successfully separated by employing methyltriphe-
8 nylphosphonium (MePPh3+) and 1-ethylquinolinium (EtQu+) ions
9 as countercations, respectively. The single-crystal X-ray analysis of
10 (MePPh3)3[RhIII(SCN)6] (1) indicated that all of the SCN−

11 ligands coordinate to the RhIII ion by S atoms with an octahedral
12 symmetry, where the average bond length of Rh−S is 2.374(7) Å.
13 On the other hand, the RhIII ion of (EtQu)3[RhIII(NCS)(SCN)5]·
14 H2O (2) is coordinated by five S atoms and one N atom of the
15 SCN− ligands with a C4v symmetry. Structural trans influence
16 observed in the bond length of Rh−S at the trans position of Rh−
17 N is 2.3398(13) Å, significantly shorter than those of 1 by ca. 0.04
18 Å, although DFT calculations based on the crystal structures indicated that the effective bond order of Rh−N is higher than those of
19 Rh−S. Thermal stability examination by thermogravimetric and differential thermal analyses (TG/DTA) and IR spectroscopy
20 indicated that the linkage isomerization of [RhIII(NCS)(SCN)5]3− proceeded after melting around 174 °C. These results clearly
21 indicate that [RhIII(NCS)(SCN)5]3− is thermodynamically more stable than [RhIII(SCN)6]3− in solid states, although further linkage
22 isomerization hardly occurs.

23 ■ INTRODUCTION
24 Mononuclear metal complexes with multiple bridging ligands
25 are potential candidates for critical building units of functional
26 coordination polymers.1−3 Among the bridging ligands,
27 ambidentate ligands, which are bidentate but not chelate
28 ligands, attract much attention because they enable the
29 alignment of different metal ions alternatively.4−6 Thiocyanate
30 (SCN−) is the most useful ambidentate ligand that can
31 coordinate to a metal ion by an S and/or N atom.7−11 S and N
32 atoms of the SCN− ligand are expected to coordinate to soft
33 and hard metal ions, respectively.12 In fact, the first raw
34 transition metal ions, CrIII,13 MnII,14 FeIII,15 and CoIII,16

35 classified as hard Lewis acid, tend to form N-bound complexes,
36 so-called isothiocyanate complexes, [M(NCS)6]n−. Also, metal
37 ions such as PdII,17 PtII,18 and AuIII19 ions, classified as soft
38 Lewis acid, are coordinated by soft S atoms to form
39 thiocyanate complexes, [M(SCN)4]n−. On the other hand,
40 the formation of various linkage isomers has been reported for
41 borderline Lewis acids including RuIII,20 OsIII,21 RhIII,22 and
42 I r I I I . 2 3 T h e s e c o o r d i n a t i o n i s o m e r s o f
43 [MIII(NCS)n(SCN)6−n]3− (n = 1−5 for M = Ru;20 n = 0−6
44 for Os;21 n = 0−4 for Rh;22 n = 0−5 for Ir23) were separately
45 isolated by column chromatography. The isolated coordination
46 isomers were well-characterized by several spectroscopic

47techniques including IR, Raman, and NMR.20−24 However,
48very limited information on X-ray crystal structures of linkage
49isomers is currently available, although structural information
50including structural trans influence is important to discuss the
51difference in various chemical properties of each linkage isomer
52including isomerization behaviors.25

53Single-crystal X−ray structure analyses of (isothiocyanato)-
54(thiocyanato) complexes have been reported for
55[ReIV(NCS)5(SCN)]2− and [IrIII(NCS)(SCN)5]3− together
56with the corresponding hexa(thiocyanato) complexes.26,27

57Obvious structural trans influence was observed for the ReIV
58(d3) complex of [ReIV(NCS)5(SCN)]2−, in which the bond
59length of Re−N at the trans position of Re−S was significantly
60longer than those at the cis positions.26 On the other hand, no
61obvious structural trans influence was reported for the
62complexes containing d6 metal ions, IrIII and CoIII.27,28 The
63single crystal of (n-Bu4N)3[IrIII(NCS)(SCN)5] involves two
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64 crystallographically independent [IrIII(NCS)(SCN)5]3− moi-
65 eties in a unit cell.27 One [IrIII(NCS)(SCN)5]3− moiety clearly
66 shows the structural trans influence where the Ir−S bond
67 length at the trans position of the Ir−N is slightly shorter than
68 those at cis positions; however, the other [IrIII(NCS)-
69 (SCN)5]3− moiety has longer Ir−S at the trans position of
70 Ir−N.27 Similarly, no structural trans influence was observed
71 for the single crystals of CoIII complexes, [CoIII(SCN)-
72 (NH3)5]Cl2 and [CoIII(NCS)(NH3)5]Cl2, both of which
73 possess virtually the same Co−N(H3) bond lengths at the
74 trans positions of Co−SCN and Co−NCS.28 However, the
75 structural trans influence of the N- or S-bound SCN− ligand
76 for the RhIII (d6) complex has yet to be clarified for homoleptic
77 (iso)thiocyanate complexes.
78 The complexes with d6 metal ions usually tend to form
79 thermodynamically stable octahedral complexes because of the
80 maximum ligand field stabilization energy at the low spin state.
81 We report herein the single-crystal X-ray structures of linkage
82 isomers of thiocyanato mononuclear Rh(III) complexes,
83 [RhIII(SCN)6]3− and [RhIII(NCS)(SCN)5]3−, with counter-
84 cations chosen from methyltriphenylphosphonium (MePPh3+)
85 and 1-ethylquinolinium (EtQu+), respectively. IR and Raman
86 s p e c t r a l m e a s u r em e n t s w e r e p e r f o rm e d f o r
87 (MePPh3)3[RhIII(SCN)6] (1) and (EtQu)3[RhIII(NCS)-
88 (SCN)5]·H2O (2) together with theoretical DFT calculations

f1 89 to discuss the bond characters of Rh−S and Rh−N (Figure 1).
90 Additionally, the thermal stability and electrochemical proper-
91 ties of [RhIII(SCN)6]3− and [RhIII(NCS)(SCN)5]3− were
92 investigated by thermogravimetric and differential thermal
93 analyses (TG/DTA) and IR spectroscopy. The SCN− ligand
94 can be a crucial component of coordination polymers (CPs)
95 including metal−organic frameworks.29−35 The information on
96 structural trans influence and thermal stability in monomeric
97 complexes with the SCN− ligand benefits the rational design of
98 topologies of CPs with high thermal stability.

99 ■ EXPERIMENTAL SECTION
100 Materials. All chemicals were used as supplied without further
101 purification. Potassium thiocyanate, rhodium(III) chloride trihydrate,
102 methyltriphenylphosphonium chloride (MePPh3Cl), acetonitrile, and
103 absolute ethanol were purchased from FUJIFILM-Wako Pure
104 Chemical Industries Corporation. 1-Ethylquinolinium iodide
105 (EtQuI) was obtained from Tokyo Chemical Industry Co., Ltd.
106 Aqueous solutions were prepared with ultrapure water provided by a
107 Barnstead Smart2Pure water purification system (Thermo Scientific)
108 where the electronic conductance was 18.2 MΩ cm.
109 Preparation of the Stock Solution of K3[RhIII(SCN)6]. The
110 stock solution of K3[RhIII(SCN)6] was prepared according to the
111 literature procedure with some modifications.31 An aqueous solution
112 of potassium thiocyanate (1.0 M, 30 mL) was heated to 100 °C and
113 magnetically stirred, followed by the slow addition of an aqueous
114 solution of rhodium(III) chloride trihydrate (0.57 M, 10 mL) for 2 h.
115 After the reaction solution was cooled to room temperature, distilled

116water (25 mL) was slowly added to the obtained slurry and then
117evaporated under reduced pressure. After this procedure was repeated
118two times, absolute ethanol was added to the residue to extract the
119crude products. The insoluble residue was removed by filtration and
120the filtrate was evaporated to dryness under reduced pressure to
121obtain K[RhIII(SCN)4]. The formation of K[RhIII(SCN)4] was
122confirmed by a characteristic CN stretching band appearing at 2109
123cm−1 in the IR spectrum (Figure S1).31 Then, K[RhIII(SCN)4] thus
124obtained was dissolved in an aqueous solution containing KSCN (1.5
125M, 105 mL) with stirring for 6 h at 60 °C. The obtained aqueous
126solution was used as the stock solution of K3[RhIII(SCN)6] (54 mM).
127Synthesis of (MePPh3)3[RhIII(SCN)6] (1). The stock solution of
128K3[RhIII(SCN)6] (54 mM, 10 mL) was added to an aqueous solution
129containing MePPh3Cl (1.0 M, 2.0 mL) with vigorous stirring at room
130temperature. The obtained orange crystalline powder was collected by
131centrifugation, washed with distilled water and acetone several times,
132and dried in vacuo at room temperature. Needle crystals of
133(MePPh3)3[RhIII(SCN)6] suitable for single-crystal X-ray analysis
134were obtained by recrystallization from acetonitrile. Anal. Calcd for
135C63H54N6P3RhS6: C, 58.96; H, 4.24; N, 6.55. Found C, 59.18; H,
1364.34; N, 6.32. Yield: 520 mg (81%).
137Synthesis of (EtQu)3[Rh(NCS)(SCN)5]·H2O (2). The stock solution
138of K3[RhIII(SCN)6] (54 mM, 9.2 mL) was added to an aqueous
139solution containing EtQuI (1.0 M, 2.0 mL) with vigorous stirring at
140room temperature, resulting in orange supernatant with a small
141portion of reddish oil. Orange crystals suitable for single-crystal X-ray
142analysis formed in the supernatant separated from the oil after cooling
143at 4 °C for ∼3 months. Anal. Calcd for C39H38N9ORhS6: C, 49.61; H,
1444.06; N, 13.36. Found C, 49.62; H, 3.99; N, 13.46. Yield: 72 mg
145(15%).
146Single-Crystal X-ray Structural Analysis. Single-crystal X-ray
147structural analyses were carried out using a Rigaku AFC/Mercury
148CCD diffractometer with Mo Kα radiation (λ = 0.71073 Å)
149monochromated by graphite. The crystal structures were solved by
150a direct method using SIR92 and refined by the full-matrix least-
151squares method on F2 with anisotropic displacement parameters for
152non-hydrogen atoms using SHELXL-2014.
153DFT Calculations. All quantum chemical calculations were carried
154out with DFT calculation using the Gaussian 16W program package
155(Gaussian Inc.).36 Calculations were conducted using the B3LYP/
156LANAL2DZ method.37−39 Single-point calculations were performed
157only for the anions parts of 1 and 2 based on single-crystal X-ray
158structure analyses.
159Physical Measurements. Infrared (IR) absorption spectra were
160obtained on a JASCO FT/IR-6700 spectrometer for the samples
161pelletized with potassium bromide (KBr). Raman spectra were taken
162on a JASCO NRS-4500 Raman spectrometer with a 532 nm
163excitation laser. Thermogravimetric and differential thermal analyses
164(TG/DTA) were carried out using a Rigaku Thermo plus EVO2
165instrument equipped with an optical microscope. A weighed sample
166(∼5 mg) in a platinum pan was heated from room temperature to 500
167°C in an Ar flow (50 mL min−1) with a ramp rate of 5 or 1 °C min−1.

168■ RESULTS AND DISCUSSION
169Synthesis and Isolation of [RhIII(SCN)6]3− and
170[RhIII(NCS)(SCN)5]3−. The canonical structures of the

Figure 1. Chemical structures of (a) (MePPh3)3[RhIII(SCN)6] (1) and (b) (EtQu)3[RhIII(NCS)(SCN)5]·H2O (2).
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171 ambidentate SCN− ligand can be expressed as follows (eq
172 1).40,41 Both S and N atoms are

[ ]S C N S C N173 (1)

174 negatively charged to readily coordinate with a metal ion. The
175 hard−soft acid−base theory known as the HSAB theory
176 predicts that the coordination of the softer S atom to the RhIII
177 ion seems to be more favorable than that of the harder N
178 atom.22 However, simple mixing of aqueous solutions of RhIII
179 ion and SCN− ligand has been previously reported to provide a
180 mixture of [RhIII(NCS)n(SCN)6−n]3− (n = 0−1).42 The
181 isolated product yields of [RhIII(SCN)6]3− and [RhIII(NCS)-
182 (SCN)5]3− were 52 and 41%, respectively, with small amounts
183 of other isomers in an aqueous solution at 60 °C, and
184 negligible linkage isomerization proceeded under room
185 temperature.22 The linkage isomerization at elevated temper-
186 ature has been also reported for [RhIII(NH3)5(SCN)]2+ and
187 [RhIII(NH3)5(NCS)]2+, where the isomerization from
188 [RhIII(NH3)5(SCN)]2+ to [RhIII(NH3)5(NCS)]2+ proceeded
189 irreversibly by heating at 78 °C for 3 h, although no
190 isomerization proceeded at 40 °C for 48 h.42
191 [RhIII(SCN)6]3− and [RhIII(NCS)(SCN)5]3− synthesized by
192 the reaction of [RhIII(SCN)4]− with a large excess amount of
193 KSCN were separated by crystallization with MePPh3+ or
194 EtQu+ ion. The addition of the reaction solution to an aqueous
195 solution containing MePPh3+ immediately formed a crystalline
196 powder. The obtained powder was collected by filtration and
197 recrystallized as (MePPh3)3[RhIII(SCN)6] (1) from MeCN in

198high yield (81%). Instead, the addition to an aqueous solution
199containing EtQu+ ion provided an oily compound but no solid
200precipitate for a while. The crystals of (EtQu)3[RhIII(NCS)-
201(SCN)5]·H2O (2) including one water molecule appeared in
202the separated supernatant after cooling at 4 °C for a couple of
203months with an isolation yield of 15%. The selective
204crystallization of 1 and 2 was evidenced by the powder X-ray
205diffraction patterns as shown in Figure S2. The patterns were
206virtually the same as those simulated from the single-crystal X-
207ray structure analysis of 1 and 2. A reason for the selective
208crystallization can be ascribed to the symmetry of each
209countercation. MePPh3+ belongs to the C3v point group with
210the symmetry element of the C3 axis, which is also included in
211the Oh point group of [RhIII(SCN)6]3− but not the C4v point
212group of [RhIII(NCS)(SCN)5]3−. Thus, crystals containing
213MePPh3+ and [RhIII(SCN)6]3−, not [RhIII(NCS)(SCN)5]3−,
214are selectively formed. On the other hand, the addition of
215nonsymmetric EtQu+ to the reaction solution provided oily
216products as the first crop. Crystals of 2 are formed in the
217separated supernatant involving a crystallizing water molecule,
218which forms hydrogen bonds with N and S atoms of SCN−

219ligands.
220Crystal Structures of (MePPh3)3[RhIII(SCN)6] (1) and
221(EtQu)3[RhIII(NCS)(SCN)5]·H2O (2). The crystal structures of
222(MePPh3)3[RhIII(SCN)6] (1) and (EtQu)3[RhIII(NCS)-
223(SCN)5]·H2O (2) were solved to determine the coordination
224modes of the six SCN− ligands by single-crystal X-ray structure
225 f2t1t2analyses (Figure 2). Crystallographic parameters and selected

Figure 2. Crystal structures of crystallographically independent components and packing diagrams in unit cells. [(a, b) (MePPh3)3[RhIII(SCN)6]
(1) and (c, d) (EtQu)3[RhIII(NCS)(SCN)5]·H2O (2)]. Atoms are color coded as follows: Rh, green; C, gray; N, light blue; S, yellow; P, orange;
and O, red. A unit cell is represented by a square. a-axis is a red line; b-axis is a green line; c-axis is a blue line.
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t1t2 226 atomic distances and angles are given in Tables 1 and 2,
227 respectively. In a previous report, [RhIII(SCN)6]3− crystallized

228 in the centric space group of Cc (monoclinic) using PPh4+ as
229 the countercation.43 On the other hand, 1 crystallized in the
230 noncentric space group of P213 (cubic) in which the RhIII ion
231 has the octahedral geometry by the coordination of six S atoms

232from SCN− ligands, in which only two of six SCN− ligands are
233crystallographically independent. The highly symmetric
234structure resulted from the countercation with C3 symmetry,
235MePPh3+, where P atoms can also sit on the C3 axis as well as
236the Rh ion. The observed bond lengths of Rh−S (2.3675(14)
237and 2.3808(14) Å) and Rh−S−C angles (106.2(2) and
238108.3(3)°) in 1 are within the typical range of those reported
239for (PPh4)3[RhIII(SCN)6] (Rh−S: 2.348(5)−2.396(6) Å and
240Rh−S−C: 108.1(6)−110.5(7)°).43
2412 crystallized in the space group of Cc (monoclinic) with a
242[RhIII(NCS)(SCN)5]3−, three EtQu+, and one water as
243crystallographically independent molecules (Figure 2c). The
244positions of H atoms of the crystallizing water molecule were
245determined based on the electron density map. The hydrogen
246atoms of the water molecule are directed to N4 and S1 of
247SCN− ligands in the suitable distances for hydrogen bond
248formation. 2 also has an octahedral geometry around the RhIII
249ion but is coordinated by five S atoms and one N atom of
250SCN− ligands with the C4v symmetry. Four Rh−S bond lengths
251at the cis positions of the Rh−N were 2.3756(15)−2.3828(14)
252Å similar to those in 1; however, the Rh−S bond length at the
253trans position of Rh−N was significantly shorter as 2.3398(13)
254Å by ca. 0.04 Å corresponding to 1.7% of average Rh−S bond
255length of 1. The shorter Rh−S bond resulted from the weak
256structural trans influence of the N-bound SCN− ligand
257compared with the S-bound SCN− ligand in the mononuclear
258RhIII complexes.
259The Rh−S−C angle of 2 was slightly wider at the trans
260position of Rh−N, 109.17(18)° compared with those at cis
261positions, 102.42(19)−105.19(17)°, suggesting that the p-
262character of the sp3 hybrid orbital of the sulfur slightly
263diminished due to pπ−dπ interaction between S and Rh ion at
264the trans position of Rh−N. In general, the S-bound SCN−

265ligand can act as both σ-donor and π-donor; on the other hand,
266the N-bound SCN− ligand as a σ-donor and a π-acceptor.25,44
267The RhIII ion of 1 has six d-electrons, fully occupying the t2g
268orbitals with the low spin state, suggesting that the π-donor
269property of the S-bound SCN− ligand can be ignored.
270However, the coordination of N to the RhIII ion in 2 reduced
271the electron density of the d-orbital by π-back-donation,
272resulting in the S-bound SCN− ligand being able to act as a π-
273donor only at the trans position of Rh−N.
274The structures of SCN− ligands were then carefully
275examined because the coordination isomers were often
276discriminated by vibrational spectra including IR and Raman
277spectra (vide infra). The S−C bond lengths of the S-bound
278SCN− ligands are between 1.657(6) and 1.678(6) Å, which are
279longer than that of the N-bound SCN− ligand, 1.638(6) Å. On
280the other hand, no obvious difference was observed in the C−
281N bond lengths between 1.141(8) and 1.162(7) Å for all of the
282SCN− ligands. Thus, the N-bound SCN− ligand has a shorter
283S−C bond length; however, the difference in the C−N bond
284lengths compared with the S-bound SCN− ligands was
285insignificant. The N-bound SCN− ligand forms a hydrogen
286bond with the crystallizing water molecule; however, its effect
287on S−C bond length can be ignored because the hydrogen
288bond formation usually elongates chemical bonds with
289bonding character.
290The structural trans influence of the S-bound SCN− ligand
291in a homoleptic ReIV (d3) complex can be evaluated from the
292crystal-structure comparison of [ReIV(NCS)5(SCN)]2− with
293[ReIV(NCS)6]2−.

26 The bond length of Re−N at the trans
294position of Re−S was 2.150(5) Å, which is longer than the

Table 1. Crystallographic Parameters for
(MePPh3)3[RhIII(SCN)6] (1) and
(EtQu)3[RhIII(NCS)(SCN)5]·H2O (2)

(MePPh3)3[RhIII(SCN)6]
(EtQu)3[RhIII(NCS)(SCN)5]·

H2O

formula C63H54N6P3RhS6 C39H38N9ORhS6
formula Weight 1283.3 944.05
temperature, K 150(2) 110(2)
crystal system Cubic Monoclinic
space group P213 Cc
Z 4 4
a, Å 18.0867(4) 17.9779(9)
b,Å 18.0867(4) 12.0511(7)
c, Å 18.0867(4) 18.9372(11)
α, deg 90 90
β, deg 90 91.065(3)
γ, deg 90 90
V, Å3 5916.7(4) 4102.1(4)
density, g cm−3 1.441 1.529
GOF 1.261 1.008
R1 [I > 2σ(I)] 0.0499 0.0362
wR2 for all data 0.1249 0.0747

Table 2. Selected Bond Lengths and Angles for
(MePPh3)3[RhIII(SCN)6] (1) and
(EtQu)3[RhIII(NCS)(SCN)5]·H2O (2)

(MePPh3)3[RhIII(SCN)6] (1)
(EtQu)3[RhIII(NCS)(SCN)5]·H2O

(2)

atoms length, Å atoms length, Å

Rh1−S1 2.3675(14) Rh1−N1 2.044(4)
Rh1−S2 2.3808(14) Rh1−S2 2.3398(13)

Rh1−S3 2.3807(13)
Rh1−S4 2.3756(15)
Rh1−S5 2.3832(14)
Rh1−S6 2.3828(14)

S1−C1 1.679(6) S1−C1 1.639(5)
S2−C2 1.650(7) S2−C2 1.657(5)

S3−C3 1.678(6)
S4−C4 1.670(6)
S5−C5 1.667(6)
S6−C6 1.686(6)

C1−N1 1.157(8) C1−N1 1.150(7)
C2−N2 1.171(9) C2−N2 1.160(7)

C3−N3 1.162(7)
C4−N4 1.140(8)
C5−N5 1.150(7)
C6−N6 1.151(7)

atoms angle, deg atoms angle, deg

Rh1−S1−C1 106.2(2) Rh1−N1−C1 177.3(4)
Rh1−S2−C2 108.3(2) Rh1−S2−C2 109.17(18)

Rh1−S3−C3 105.19(17)
Rh1−S4−C4 102.42(19)
Rh1−S5−C5 103.84(19)
Rh1−S6−C6 102.55(19)
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295 average Re−N length reported for [ReIV(NCS)6]2−, 2.045 Å,
296 by 0.11 Å (5.1%), indicating that the strong electron-donating
297 ability of the S-bound SCN− ligand plays a crucial role in the
298 structural trans influence. Also, the structural cis influence
299 observed in [ReIV(NCS)5(SCN)]2− evidenced the strong
300 electron-donating ability of the S-bound SCN− ligand, where
301 the average Re−N bond length of 2.009 Å in
302 [ReIV(NCS)5(SCN)]2− is shorter than those of 2.045 Å in
303 [ReIV(NCS)6]2− by 0.036 Å (1.8%).

26

304 The structural trans influence observed in the RhIII (d6)
305 complexes seems weaker when compared with that in the ReIV

306 (d3) complexes; however, it is more obvious compared with
307 those in the complexes containing the same d6 metal ions
308 including IrIII and CoIII. The structural trans influence in IrIII

309 complexes can be examined by the crystal structure of (n-
310 Bu4N)3[IrIII(NCS)(SCN)5].

27 The complex crystallized in the
311 space group of P21/a including two crystallographically
312 independent [IrIII(NCS)(SCN)5]3− complexes.27 The first
313 [IrIII(NCS)(SCN)5]3− has a significantly shorter Ir−S bond
314 at the trans position of Ir−N, 2.327(3) Å compared with the
315 IrIII−S bond lengths at the cis positions, 2.356(4)−2.383(3)
316 Å.27 However, the second [IrIII(NCS)(SCN)5]3− has the Ir−S
317 bond length of 2.384(4) Å at the trans position of Ir−N, which
318 is somewhat longer than those at the cis positions, 2.294(4)−
319 2.373(4) Å.27 In the case of CoIII, no crystallographic structure
320 is available for homoleptic compounds using the SCN− ligand;
321 however, single-crystal structures of thiocyanate and isothio-

322cyanate pentaammine complexes, i.e., [CoIII(SCN)(NH3)5]Cl2
323and [CoIII(NCS)(NH3)5]Cl2, have been reported to clarify the
324structural trans influence.28 The Co−N bond lengths in
325[CoIII(SCN)(NH3)5]Cl2 were almost the same at the trans and
326cis positions of the S-bound SCN− ligands, 1.93(2) and
3271.93(2)−1.96(2) Å, respectively.28 In [CoIII(NCS)(NH3)5]-
328Cl2, the Co−N bond length at the trans position of Co−
329N(CS) was 1.90(2) Å, which was virtually the same as those at
330the cis positions, 1.90(2) Å.28 Further, the structural
331information about various isomers of the RhIII complexes is
332necessary to elucidate a reason for the obvious structural trans
333influence of the SCN− ligand in RhIII complexes.
334DFT Calculations. The structural trans influence was
335confirmed by theoretical calculations for single-point DFT
336calculations of [RhIII(SCN)6]3− and [RhIII(NCS)(SCN)5]3−

337based on the anion parts of crystal structures of 1 and 2. The
338average effective bond order around Rh−S in 1 was 0.815 as
339calculated from the natural orbital occupation numbers divided
340 f3by 2 (Figure 3a). The effective bond order of Rh−S at the
341trans position of Rh−N in 2 was 0.840, which is much higher
342than that of four Rh−S bonds of 2 at the cis positions, 0.812−
3430.819 (average 0.815, Figure 3b). The higher effective bond
344order of Rh−S at the trans position resulted from the less
345negative charge of the N atom than that of the S atom of the
346SCN− ligand, which is −0.219 and −0.364, respectively, as
347indicated by the Mulliken charges obtained by DFT
348calculations (Figure S3a). The effective bond order of Rh−N

Figure 3. Effective bond orders of Rh−S and Rh−N in (a) [RhIII(SCN)6]3− and (b) [RhIII(NCS)(SCN)5]3− estimated by DFT calculations.

Figure 4. IR spectra of (a, c) (MePPh3)3[RhIII(SCN)6] (1) and (b, d) (EtQu)3[RhIII (NCS)(SCN)5]·H2O (2) in KBr pellets. (a, b) Wide range
and (c, d) CN stretching region (2000−2300 cm−1).
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349 was 0.882 higher than that of Rh−S resulting from the π-
350 acceptor character of the N atom of the SCN− ligand.
351 Although these results clearly indicate that the formation of the
352 trans(isothiocyanato)(thiocyanato) rhodate(III) structure
353 (SCN−Rh−SCN) is thermodynamically more stable than
354 the trans(thiocyanato)(thiocyanato) structure (NCS−Rh−
355 SCN), only two isomers of [RhIII(NCS)n(SCN)6−n]3− (n = 0
356 or 1) predominantly formed in solution.22 Further isomer-
357 ization to [RhIII(NCS)n(SCN)6−n]3− (n ≥ 2) is possible as
358 reported previously but proceeds less favorably22 because the
359 RhIII ion coordinated by the N atom of SCN− ligand becomes
360 a softer Lewis acid than that coordinated by the S atom,
361 resulting from the delocalization of d-electrons of the RhIII ion
362 to the N-bound SCN− ligand due to its stronger π-acceptor
363 property.

364IR and Raman Spectra of (MePPh3)3[RhIII(SCN)6] (1) and
365(EtQu)3[RhIII(NCS)(SCN)5]·H2O (2). 1 and 2 have been
366scrutinized by IR and Raman spectral measurements as
367 f4f5shown in Figures 4 and 5. The IR spectra were taken by the
368KBr pellet method after confirming that no ligand exchange
369occurred from SCN− to Br− by using the ATR method (Figure
370S4). The CN stretching band (v(CN)) of 1 appeared at 2092
371cm−1 accompanied by a shoulder peak around 2098 cm−1 in
372the IR spectrum (Figure 4a,c). Such double peaks often
373reported for thiocyanato and isothiocyanato complexes seem
374to reflect a subtle difference in coordination structures,
375evidenced by the single peak in the IR spectrum in solution
376(Figure S7). However, the Raman spectrum of 1 in the solid
377state showed no shoulder peak in the v(CN) region as shown
378in Figure 5a,c,4b indicating that the sensitivity to a trivial

Figure 5. Raman spectra of (a, c, e) (MePPh3)3[RhIII(SCN)6] (1) and (b, d, f) (EtQu)3[RhIII(NCS)(SCN)5]·H2O (2). (a, b) Wide range, (c, d)
CN stretching region, and (e, f) CS stretching region. Excited light: λ = 532.5 nm. The peaks with * originated from countercations.

Figure 6. Thermogravimetric analyses (TGA, green lines) and differential thermal analyses (DTA, blue lines) of (a) (MePPh3)3[RhIII(SCN)6] (1)
heated to 500 °C, (b) (EtQu)3[RhIII(NCS)(SCN)5] (2) heated to 500 °C, (c) 1 heated to 185 °C and cooled to room temperature, and (d) 2
heated to 185 °C and cooled to room temperature in an Ar flow. The insets in parts (a) and (b) are photographs of each sample in solid and
melting states.
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379 difference in crystal structures depends on each spectroscopy.
380 The peak positions of ν (CN) and ν(CS) bands appearing at
381 2091 and 700 cm−1, respectively, in the Raman spectra shown
382 in Figure 5c,e were virtually the same as those reported for (n-
383 Bu4N)3[RhIII(SCN)6] appearing at 2098 and 700 cm−1,
384 respectively.22

385 The ν (CN) bands of 2 appeared at 2102 cm−1 accompanied
386 by the shoulder peak around 2115 cm−1 in the IR spectrum
387 (Figure 4b). The Raman spectrum of 2 showed two more
388 clearly separated peaks at 2100 and 2146 cm−1 in the ν(CN)
389 region (Figure 5d). The shoulder peak at higher wavenumber
390 can be assigned to v(CN) of the N-bound SCN− ligand, which
391 is similar to the difference in v(CN) of [RhIII(NH3)5(SCN)]2+
392 and [RhIII(NH3)5(NCS)]2+, 2115 and 2145 cm−1, respec-
393 tively.42 The difference in the v(CN) bands observed in IR and
394 Raman spectra was also reported previously for μ(N,S)-
395 thiocyanato-μ(N,O,O,O′-picolinato)cadmium(II), in which
396 singlet ν(CN) band appeared at 2080 cm−1 in the IR
397 spectrum; however, two peaks at 2125 and 2085 cm−1

398 appeared in the Raman spectrum.45 Vibrational spectrum
399 analysis based on the DFT calculation was performed for
400 [RhIII(NCS)(SCN)5]3− with the crystallizing water molecule;
401 however, all of the ν(CN) bands are active for both IR and
402 Raman spectroscopies (Figure S5). Thus, the crystal packing
403 may have an effect on the peak positions of ν(CN) bands in
404 the IR spectrum. In the C−S stretching band region, two
405 ν(CS) peaks appeared at 699 and 845 cm−1 in the Raman
406 spectrum of 2 (Figure 5f). The ν(CS) peak of the N-bound
407 SCN− ligand has been reported to appear around 835 cm−1 in
408 the Raman spectra of (n-Bu4N)3[RhIII(NCS)n(SCN)6−n] (n ≥
409 3), although the peak was not clearly observed for (n-
410 Bu4N)3[RhIII(NCS)(SCN)5].

22 The peak appearing at 845
411 cm−1 in the Raman spectrum of 2 can be assigned to ν(CS) of
412 the N-bound SCN− ligand.
413 TG /DTA o f (MePPh 3 ) 3 [ Rh I I I ( SCN ) 6 ] ( 1 ) and
414 (EtQu)3[RhIII(NCS)(SCN)5]·H2O (2). Thermal behaviors of 1
415 and 2 were investigated by TG/DTA equipped with an optical

f6 416 microscope (Figure 6). TG analysis of 1 indicated that large
417 weight loss (∼65%) observed around 320 °C corresponds to
418 the thermal decomposition of countercations, MePPh3+, with a
419 slightly exothermic DTA peak, where the expected weight loss
420 was 65% from the chemical formula. The successive weight
421 loss up to 450 °C by 21% with the significant exothermic DTA
422 peak was assigned to the thermal decomposition of SCN−

423 ligands, although the weight loss was smaller than expected
424 from the chemical formula, 27%. The weight loss less than
425 expected could result from the formation of Rh2S3 as the
426 thermal decomposition residue where the expected remained
427 weight of 12% of the total weight is close to the observed that
428 of 11%.46 Other than the two exothermic peaks, an
429 endothermic peak appeared around 170 °C without weight
430 loss (Figure 6a). The melting behavior of 1 was confirmed by
431 the optical microscope as shown in Figure 6a (inset). No
432 obvious weight loss during the melting process was further
433 confirmed by slow heating of 1 °C min−1 from room
434 temperature to 185 °C, followed by slow cooling to room
435 temperature (Figure 6c). Similarly, TG analysis of 2
436 demonstrated that large weight loss (>70%) was observed
437 around 230 °C, resulting from the thermal decomposition of
438 EtQu+ cations and desorption of crystallizing water molecule,
439 which occupy 1.9% of total weight, without exo- or
440 endothermic peak, where the expected weight loss was 53%
441 from the chemical formula of 2. The remained weight of 13%

442after heating at 500 °C corresponded to the formation of Rh2S3
443where the expected remained weight is 11% of the total weight
444of 2. The thermal decomposition of SCN− ligands gradually
445proceeded from 250 to 420 °C. The DTA curve of 2 showed
446the endothermic peak around 85 °C with melting behavior
447(Figure 6b (inset) and 6d), which is ∼90 °C lower than the
448melting point of 1.
449Thermal impact on the linkage isomerization of 1 and 2 after
450heating at higher than melting points was confirmed by the
451ν(CN) bands in IR spectra. The IR spectrum measured for 1
452after melting at 185 °C exhibited a new shoulder peak at 2113
453 f7cm−1 due to ligand isomerization (Figure 7).

454Thus, the heating at a temperature higher than the melting
455point of 1 induced ligand isomerization from [RhIII(SCN)6]3−
456to [RhIII(NCS)(SCN)5]3−. On the other hand, the IR
457spectrum of 2 after heating at 100 °C higher than the melting
458point exhibited ν(CN) peak shapes similar to that measured
459for 2 without heating, indicating no structural change in
460[RhIII(NCS)(SCN)5]3− (Figure S6a,b). No obvious change in
461the IR spectrum of 2 was also confirmed even after heating at
462185 °C (Figure S6c). Thus, 2 is thermodynamically more
463stable than 1 in the solid state, as similarly observed in the
464solution state. The lower melting point of 2 is related to the
465countercation or the presence of crystallizing water, not to
466coordination modes of SCN− ligands around the Rh(III) ion.
467Electrochemical Behaviors of (MePPh3)3[RhIII(SCN)6]
468and (EtQu)3[RhIII(NCS)(SCN)5]. Cyclic voltammograms of 1
469and 2 were recorded in acetonitrile. No coordination
470isomerization in the MeCN solution was confirmed by IR
471measurements (Figure S7). The peak positions of the ν(CN)
472peaks of 1 and 2 observed in MeCN solutions were virtually
473the same as those in the solid states. CV measurements for 1
474and 2 were carried out at the potential ranging from −0.6 to
4750.8 V vs Ag/Ag+ with the scanning rate of 100 mV s−1 (Figure
476S8). Quasi-reversible redox couple assignable to SCN−/SCN•

477were obtained for both 1 and 2 with ipa/ipc = 0.70 and 0.91,
478respectively. The redox reversibility of KSCN was as low as ipa/
479ipc = 0.21 in MeCN because oxidized SCN− (SCN•) has been
480reported to be partially dimerized to form (SCN)2.

47 Thus, the
481high reversibility observed for 1 and 2 indicates that the
482coordination of SCN− to Rh(III) ion suppresses the
483dimerization of oxidized SCN− more effectively in 2.

Figure 7. IR spectra of (MePPh3)3[RhIII(SCN)6] (1) (a) before and
(b) after heating at 185 °C.
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484 A reason for the high reversibility of 2 was scrutinized by
485 DFT calculations. The DFT calculations suggested that the
486 sextuply degenerate HOMOs (highest occupied molecular
487 orbitals) of 1 located on the six sulfur atoms of SCN− ligands,
488 which directly coordinated to the RhIII ion (Figures S9−S11).
489 On the other hand, the doubly degenerate HOMOs of 2 are
490 solely located on the S atom of the N-bound SCN− ligand,
491 indicating that the one-electron oxidation of 2 hardly
492 influences the Rh−N bond strength, although that of 1 slightly
493 affects the Rh−S bond strength (Figures S9−S12).

494 ■ CONCLUSIONS
495 Linkage isomers of [RhIII(SCN)6]3− and [RhIII(NCS)-
496 (SCN)5]3− formed in the reaction solution were separately
497 crystallized by using MePPh3+ and EtQu+ as countercations.
498 Compar i son of the s ing le -crys ta l s t ructures of
499 (MePPh3)3[RhIII(SCN)6] (1) and (EtQu)3[RhIII(NCS)-
500 (SCN)5]·H2O (2) clearly indicated that the Rh−S bond is
501 shorter at the trans position of Rh−N than that of Rh−S by
502 ∼0.04 Å (1.7%). Thus, the structural trans influence of the N-
503 bound SCN− ligand is weaker than that of the S-bound one.
504 The thermal stability of 1 and 2 examined by TG/DTA and IR
505 measurements manifested that 2 is thermodynamically stable
506 compared with 1. Furthermore, the electrochemical measure-
507 ments clarified that a one-electron oxidation−reduction
508 process between −0.6 and 0.8 V vs Ag/Ag+ assignable to
509 SCN−/SCN• is more reversible in 2 than in 1, indicating that 2
510 is more tolerant to oxidation stress than 1. The information is
511 beneficial for designing polynuclear metal complexes, such as
512 coordination polymers using SCN− as a bridging ligand, with
513 high stability under harsh conditions.
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