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ABSTRACT: Immersing single crystals of (A)s-Ke[IrsZnsO(L-cysteinate) 2] nH,0 (Ke[1'"]-nH20)
bearing 12 free carboxylate groups, which was newly prepared from A-Hj[Ir(L-cysteinate)s],

ZnBr,, ZnO, and KOH, in an aqueous solution of lanthanide(III) acetate produced Lny[1']-nH2O



(2Ln; Ln = La', Ce', Pr'", and Nd™) and Lno33[Lna(OH)s(OAc)3(H20)7][1"]-nH20 (3Ln; Ln =
Sm'™, Eu'™, Gd™, Tb™, Dy™, Er', Ho'™, Tm™, Yb', and Lu'") in a single-crystal-to-single-crystal

transformation manner. X-ray crystallography showed that the K' ions in Ke¢[1']-nH,O are

I

completely exchanged by the Ln™ ions in 21n and 3wra, retaining the 3D hydrogen-bonded

framework that consists of the Ir'"4Zn'Yy complex anions of [1']°". While 2La contained the Ln'™

I

ions as isolated aqua species, the Ln" ions in 3Ln existed as cationic cubane clusters of

[Lna(OH)4(OAc)3(H20)7]°"; these were linked by [1']° anions through carboxylate groups in a

3D polymeric structure. 3Ln showed magnetic and photoluminescence properties that are

I

characteristically observed for discrete Ln™ species in the solid state.



Introduction

Recent interest in the development of lanthanide clusters with bridging hydroxide groups,
formulated as Lnx(OH)y, stems from their unique chemical and physical properties and their
fascinating designs with the potential for a variety of applications.'” In general, Lni(OH)y
clusters with different compositions have been synthesized via the ligand-controlled hydrolytic

approach, in which the degree of hydrolysis of Ln"

centers is controlled by supporting
organic/inorganic ligands used in the reaction.*® One of the representative clusters of this class is
the tetranuclear Lns(OH)4 with a cubane form.%2> While several supporting ligands, such as

6.10-13 aromatic carboxylates,®!'4?? Schiff bases,?* and B-diketonates,?* have

amino carboxylates,
been used to produce Lns(OH)4 cubanes via a ligand-controlled approach, their rational synthesis
remains challenging due to the large pH dependency of hydrolysis and the flexibility of

lanthanide coordination geometries.*>*

To overcome the limitation of the ligand-controlled approach, the use of interstitial spaces in
coordination compounds is an alternative way to generate Lns(OH)4 cubane clusters.?¢-2
Recently, we reported that a series of Lns(OH)4 cubanes are formed in the interstices of a 3D
hydrogen-bonded framework consisting of Rh'"4Zn"4 complex anions with 12 free carboxylate
groups, (A)s-[ZnsO {Rh(L-cysteinate)s}4]® ([18M]®), just by immersing crystals of K¢[18"]-nH,0
in an aqueous solution of Ln(OAc)3.%’ In this process, the K! ions in K¢[18"]-nH,O were
completely exchanged with Ln'" ions such that the cubane structure of Lns(OH)4 is
spontaneously constructed in the hydrogen-bonded framework via single-crystal-to-single-crystal
(SCSC) transformation. However, the construction of Lns(OH)4 was limited to the late

lanthanide ions of Gd'™!, Tb"™, Dy, Er'", Ho™, Tm™"!, Yb"!, and Lu', while the Ln"! ions existed

in the framework as discrete aqua species for the early lanthanide ions of La'!l, Ce™, Pr!!!, Nd',



Sm'!, and Eu'™. This occurred because the interstitial space in the hydrogen-bonded framework
of [1RM]%~ is not large enough to accommodate these early lanthanide ions with larger ionic sizes
in the cubane form of Lns(OH)4. To expand the series of lanthanide ions that are accommodated
in the framework in the cubane form, in this work, the Ir'"4Zn"4 octanuclear complex analogous
to Ke[1R"]-nH20, (A)4-Ks[ZnsO {Ir(L-cysteinate)s} 4] nH20 (Ke[1'7]-nH20), was newly prepared
to employ it for the cation-exchange reaction using Ln(OAc)3 (Scheme 1). We found that not
only Gd™ - Lu™ but also Sm™" and Eu! could be accommodated in the 3D hydrogen-bonded
framework of [1'"]% in the Ln4(OH)4 cubane form, accompanied by the complete exchange of
the K! ions in Ke[1']-#nH20 by Ln"" ions in an SCSC transformation manner. The unique solid-
state photoluminescence properties of the products, together with their magnetic properties, are

also discussed.
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Scheme 1. Synthetic route of K¢[1]-nH,0 and its conversion to 2Ln and 3ra. The H>O

molecules are omitted for clarity.

Experimental Section

Synthesis of (A)4-Ks[ZnsO{Ir(L-cysteinate)s}s]-nH20 (Ks[1']-nH20)

To an off-white suspension containing 0.25 g (0.45 mmol) of A-H;[Ir(L-cysteinate)s] *° in 10 mL

of water were added 0.37 g (4.5 mmol) of ZnO and 0.22 g (0.98 mmol) of ZnBr> at room



temperature with stirring. The pH of the mixture was adjusted to ca. 9 using a 0.5 M aqueous
solution of KOH, followed by stirring at room temperature for 3 h. After removing unreacted ZnO
by filtration, a large amount of ethanol was added to the colorless filtrate. The resulting white solid
was filtered and dried at room temperature. Yield: 0.22 g (65%). '"H NMR (500 MHz, D,0): 6 3.32
(dd, J=12.9,3.7 Hz, 1H), 2.84 (t, J=12.5 Hz, 1H), 2.68 (dd, J=11.7, 3.7 Hz, 1H). Anal. Calcd
for Ke[1']-:36H,0 = C36H132114KeN12061S12: C, 12.87; H, 3.96; N, 5.00. Found: C, 12.83; H, 3.89;

N, 4.96.

Colorless crystals suitable for single-crystal X-ray crystallography were obtained by diffusing
ethanol vapor into an almost saturated solution of Ke[1']-nH>O dissolved in a 0.1 M aqueous

solution of KOAc.

Synthesis of Lmn[1"]'#nH20 (2w, Ln = La, Ce", Pr'", Nd") and
Lno.33[Lns(OH)4(0Ac)3(H20)7][1"]-nH20 (3Ln; Ln = Sm'", Eu'", GA", Tb™, Dy, Er'"', Ho'"!,

Tmlll, me, LuIII)

Freshly prepared single crystals of Ke[1']-nH2O (ca. 50 mg) were immersed in a 0.02 M
ethanol:water (3:1) solution of Ln(OAc); (10 mL) in a sealed glass vessel; the mixture was allowed
to stand at room temperature for one week. To complete the reaction, the solution was then changed
to a 0.1 M aqueous solution of Ln(OAc)s (5 mL); this mixture remained at room temperature for

2 days. The resulting crystals were collected by filtration and then washed with water.

Anal. Caled for Laz[1]-:30H,0 (2La) = CscHi20LaoN120s5IrsS12Zns: C, 13.12; H, 3.67; N,

5.10%. Found: C, 13.09; H, 3.57; N, 4.98%.



Anal. Calcd for Cey[1']:29H20 (2ce) = CsgHi13CeaN12054lrsS12Zn4: C, 13.18; H, 3.63; N,

5.13%. Found: C, 13.05; H, 3.52; N, 5.00%.

Anal. Calcd for Prz[1']-26H20 (2pr) = C36H112PraN 120511148 12Zn4: C,13.42; H, 3.49; N, 5.20%.

Found: C, 13.44; H, 3.39; N, 4.97%.

Anal. Caled for Ndo[1']-:35H20 (2na) = C36Hi30Nd2N12060IrsS12Zn4: C, 12.73; H, 3.85; N,

4.95%. Found: C, 12.66; H, 3.67; N, 4.79%.

Anal. Calcd for Smo 33 Sma(OH)4(OAC)3][17]-22H20 (3sm) = Ca2H117Sma4 33N 12057114S12Zn4: C,

13.39; H, 3.13; N, 4.46%. Found: C, 13.43; H, 3.27; N, 4.43%.

Anal. Calcd for Eug33[Eus(OH)4(OAc)3][1']-21H20 (3ku) = Ca2Hi15Eu4.33N12056Ir4S12Zn4: C,

13.42; H, 3.03; N, 4.47%. Found: C, 13.58; H, 3.18; N, 4.46%.

Anal. Caled for Gdo 33[Gda(OH)4(OAc)3][1]-28H20 (36d) = C42H120Gd4.33N12063114S12Zn4: C,

12.91; H, 3.33; N, 4.30%. Found: C, 12.94; H, 3.35; N, 4.27%.

Anal. Calcd for Tbo33[Tba(OH)4(OAc)3][1']-:32H20 (31b) = C42H137Tb433N120671r4S12Zn4: C,

12.66; H, 3.46; N, 4.22%. Found: C, 12.59; H, 3.33; N, 4.32%.

Anal. Calcd for Dyo 33[Dys(OH)4(OAc)3][1"]-:21H20 (3py) = C42H115Dya433N12056114S12Zn4: C,

13.26; H, 3.05; N, 4.42%. Found: C, 13.26; H, 3.11; N, 4.44%.

Anal. Caled for Hog 33[Ho4(OH)4(OAc)3][1]-23H20 (310) = C42H119H04.33N12058114S12Zn4: C,

13.10; H, 3.12; N, 4.37%. Found: C, 13.03; H, 3.10; N, 4.44%.

Anal. Calcd for Ero33[Ers(OH)4(OAc)3][1']-:29H20 (3kr) = Ca2Hi131E1433N12064113S12Zn4: C,

12.71; H, 3.33; N, 4.24%. Found: C, 12.59; H, 3.24; N, 4.38%.



Anal. Caled for Tmo33[ Tma(OH)4(OAC)3][17]-25H20 (3tm) = Ca2H123Tma433N12060114S 12Zn4:

C, 12.92; H, 3.18; N, 4.31%. Found: C, 12.96; H, 3.21; N, 4.49%.

Anal. Caled for Ybo33[ Yba(OH)4(OAc)3][17]-25H20 (3yb) = Ca2H123Yb433N12060114S12Zn4: C,

12.86; H, 3.16; N, 4.29%. Found: C, 12.79; H, 3.16; N, 4.50%.

Anal. Calcd for Lug33[Lus(OH)4(OAc)3][1']-24H20 (3Lu) = Ca2H121Lu4 33N 12050Ir4S12Zn4: C,

12.90; H, 3.12; N, 4.30%. Found: C, 12.80; H, 3.10; N, 4.39%.

Physical measurements

The IR spectrum was recorded with a JASCO FT/IR-4100 infrared spectrophotometer using the
ATR method at room temperature. Elemental analyses (C, H, N) were performed at Osaka
University usinga YANACO CHN Corder MT-5. X-ray fluorescence spectrometry was performed
with a SHIMADZU EDX-7000 spectrometer. '"H NMR spectra were recorded with a JEOL
ECAS500 (500 MHz) spectrometer in D>O with sodium trimethylsilylpropanesulfonate (DSS)
serving as an internal standard. High-quality powder X-ray diffraction (PXRD) was performed
under ambient conditions in transmission mode (synchrotron radiation, A= 0.8 A; 20 range = 2—
78°; step width = 0.006°; data collection time = 1 min) on a diffractometer equipped with an
MYTHEN microstrip X-ray detector (Dectris Ltd.) at the SPring-8 BL02B2 beamline.’! The
ground samples were placed in 0.3 mm glass capillary tubes with mother liquor. The samples were
rotated during the measurements. The powder simulation patterns were generated from the single-
crystal X-ray structures using Mercury 2023.2.>? The absorption spectra in water were measured
with a JASCO V-660 UV/VIS spectrometer at room temperature. The diffuse reflection spectra in
the solid-state were measured with a JASCO V-670 UV/VIS spectrometer at room temperature

using MgSO4. The photoluminescence spectra were recorded with a JASCO FP-8500 spectrometer



at room temperature and 77 K. The internal emission quantum yield (®) was obtained via the
absolute measuring method using an integrating sphere unit (JASCO ILFC-847); the internal
surface was coated with highly reflective Spectralon. An ESC-842 calibrated light source (WI)
and an ESC-843 calibrated light source (D2) were used to calibrate the emission intensities to
measure the absolute quantum yields. The temperature-dependent magnetic susceptibility data

were collected using a QUANTUM DESIGN MPMS XL7AC SQUID magnetometer under 0.1 T.

X-ray crystal structure determination.

The single-crystal X-ray diffraction dataset for Ke¢[1']-nH,O was collected at 200 K using a
Rigaku FR-E Superbright rotating-anode X-ray source with a Mo target (A =0.71075 A) equipped
with a Rigaku RAXIS VII imaging plate as a detector. The datasets for 2un (Ln = La'', Ce'", Pr'!},
Nd™) and 3ra (Ln = Eu'™, Gd™, Tb™, Ho'™, Tm'", Yb™, Lu'), with the exception of 3sm, 3py, and
3Er, were collected at 100 K using a Synergy Custom X-ray diffractometer equipped with a Hypix-
6000HE hybrid photon counting detector and a Rigaku VariMax rotating-anode X-ray source with
a Mo target (A = 0.71073 A). The 3sm, 3py, and 3er datasets were collected using a PILATUS3 X
CdTe IM detector with a synchrotron X-ray source at the BLO2B1 beamline at Spring-8. The
intensity data were collected via the w-scan technique and empirically corrected for absorption
using Rigaku Rapid Auto or CrysAlicePro programs.>*** All structures were solved by the intrinsic
phasing method within the SHELXT program ** and were refined on F2 by the full-matrix least-

squares technique using the SHELXL program ¢ via the Olex2 interface.?’

The crystallographic data are summarized in Tables S1 and S2. All nonhydrogen atoms except
for those in the disordered parts were refined anisotropically, while the other atoms were refined

isotropically. The hydrogen atoms, with the exception of those on the water molecules, were



calculated and placed using riding models. Several RIGU and ISOR restraints were applied to
regulate thermal ellipsoids, while DFIX, FLAT, and EADP were used to model the carboxylate
groups. Most of the solvated water molecules could not be satisfactorily modeled and were,
therefore, removed from the electron density map using the Olex2 solvent mask command. For
3sm and 3py, three OAc™ molecules in the cubane cluster could not be detected due to their high

positional disorder.

Results and Discussion

Synthesis, characterization, and crystal structures of K¢[1']-nH20.

The starting Ir'"4Zn'"y octanuclear complex, (A)4-Ke[Zn4O {Ir(L-cysteinate)s }4]-nH20
(Ke[1']-nH,0), was synthesized from A-Hs[Ir(L-cysteinate)s], ZnBrz, ZnO, and KOH in water
according to a procedure similar to that used for (A)4-K¢[ZnsO {Rh(L-cysteinate)s }4]-nH,0
(Ke[1R"]-nH20);%% however, A-Hs[Ir(L-cysteinate)s;] was used instead of A-H3[Rh(L-
cysteinate)s]. The results from X-ray fluorescence spectroscopy indicated that K¢[1'"]-nH>O
contains Ir and Zn atoms in a 1:1 ratio, and its elemental analytical data agreed well with the
expected formula for K¢[1']-nH20. The fully deprotonated state of the carboxylate groups of L-
cysteinate in Kg[1'"]-nH>O was confirmed by the IR spectrum, which exhibited a strong C=0
stretching band at 1586 cm™ (Figure S1). In the 'H NMR spectrum, K¢[1']-#H>O showed a
single set of proton signals due to L-cysteinate (Figure S2), indicative of the highly symmetrical

structure of [17]%".
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Single-crystal X-ray analysis showed that K¢[1']-nH,0 is isomorphous to K¢[18"]-nH,0,*
crystallized in the space group of cubic P23 (Table S1). As in the case of K¢[1R"]-nHO,
Ke[1']-nH20 is composed of complex anions ([1']%") and K* cations in a 1:6 ratio, along with a
number of water molecules of crystallization. As shown in Figure 1a, an O* ion is located at the
center of the complex anion of [1']%", which is bound by four Zn"! atoms in a tetrahedral
geometry to form a tetrahedral [Zn4sO]°" core. The four trigonal Zn's faces of the [ZnsO]®" core
in [1'M]% are covered by three thiolato complexes from the A-[Ir(L-cysteinate);]*” unit, forming
the T symmetrical Ir'"4Zn' octanuclear structure in [ZnsO {Ir(L-cysteinate)s)}4]>". This
octanuclear structure is essentially the same as that in [18M]%" 3 except for the presence of A-
[Ir(L-cysteinate);]* in place of A-[Rh(L-cysteinate);]*” in [1R!]%". The coordination bonds around
Ir'" centers (av. Ir-S =2.35 A, av. Ir-N = 2.11 A) in K¢[1"]-nHO are slightly longer than those
around Rh' centers in K¢[1R"]-nH,0 (av. Rh-S = 2.34 A, av. Rh-N =2.10 A), reflecting the
larger ionic radius of Ir** (82 pm) compared with that of Rh*" (80.5 pm).*! In the crystal packing
structure, each [1'"]°" anion is connected by six adjacent [1'"]®~ anions through mutual
NH:--O0C hydrogen bonds (av. N---O = 2.84 A), forming a 3D hydrogen-bonded framework
(Figure 1b and Ic¢). This framework is also the same as that found in Ke[18"]-nH,0, with the
hydrogen-bonding distances similar to those in K¢[18"]-nH>O (av. N---O = 2.86 A).3° However,
the total porosity of the hydrogen-bonded framework in K¢[1]-nH,0 (ca. 57%) is greater than

that of the framework in Ke¢[1®"]-nH,O (ca. 53%).

11



Figure 1. Perspective views of (a) the molecular structure of [1'"]*, (b) a complex anion
surrounded by six adjacent complex anions (pale blue and pink), and (c) the 3D hydrogen-
bonded framework in Ke[1']-nH20. The central O atom of [1'"]%" was illustrated as the space-
filling model for (b) and (c). Color code: Ir: dark cyan, Zn: yellow—green, S: yellow, O: pink, N:

blue, C: gray, H: pale blue.

In crystal Ke[1'"]-nH20, there exist two kinds of interstitial spaces: site A and site B, each of
which is surrounded by three carboxylate groups from three different [1']° anions. Each site
accommodates a total of three K" ions through coordination bonds with the carboxylate groups;
one K" ion is located at the center, and the other two K* ions are disordered at six positions

around the central K* ion (Figure S3).*? Notably, site B in K¢[1'"]-nH,O is appreciably larger

12



than the corresponding site in K¢[1R"]-nH,0, although site A in Ke¢[1]:nH2O is comparable in

size to the corresponding site in K¢[1R"]-nH,O (Figures S4a and S4b).

Synthesis, characterization, and crystal structures of 2L, and 3Ln.

To exchange K! in K¢[1']-nH,0 with Lo (La™ — Lu'"), single crystals of K¢[1]-nH,O were
initially immersed in a 0.02 M ethanol-H>O (3:1) mixture in a Ln(OAc)3 solution due to their
water solubility.*> After a week of immersion, the crystals became insoluble in water, while their
single crystallinity was retained. To complete the cation exchange reaction, the crystals were
then immersed in a 0.1 M aqueous solution of Ln(OAc);3 for 2 days, during which time the single
crystallinity was also retained. The results from X-ray fluorescence spectroscopy indicated that
each final product contains Ln atoms and lacked K atoms.** The retention of the molecular
structure of [1'"]%~ with A-[Ir(L-cysteinate)s;]*~ units during the cation-exchange reaction was
shown by the IR spectrum of each product, which was essentially the same as that of
Ks[1'"]-nH20 (Figure S1). Powder X-ray diffraction (PXRD) analysis revealed that the final
products could be divided into two groups, 2ra (Ln = La!, Ce', Pr'!l, and Nd™) and 3pn (Ln =
Sm', Eu, Gd™, T, Dy™!, Er'l, Ho'™, Tm", Yb'™, and Lu'"), based mainly on the relative
diffraction intensities of the (111) and (200) indices (Figure S5). The structural differences
between 2Ln and 3Ln, as well as the isomorphism among 2La, 2ce, 2pr, and 2ng and among 3sm,
3Eu, 3Gd, 31b, 3Dy, 3Er, 3Ho, 3Tm, 3vb, and 3Ly, were determined by single-crystal X-ray

crystallography (Tables S1 and S2).%

Compounds 2ra (Ln = La'™, Ce™, Pr', Nd™) were all crystallized in the cubic space group of
P2,3, and the representative crystal structure of 2La is described below. Crystal 2La contains

I

[1'7]% cluster anions and La' cations in a 1:2 ratio, in addition to a number of water molecules;

this forms an ionic crystal of Las[1'"]-#H,0. Not only the molecular structure of [1']%~ but also

13



the 3D framework structure of 2La, in which [1']°" anions are hydrogen-bonded to each other
(av. N---O =2.84 A), is nearly the same as that in Ke¢[1"]-nH20, with two kinds of triangular
spaces corresponding to site A and site B in K¢[1®"]-nH>O (Figure S6). The cationic species of
La' are disordered into five crystallographically independent positions with occupancy factors
0of 0.20 for LalA, 0.0833 for LalB, 0.05 for LalC, 0.25 for La2A, and 0.0833 for La2B. As
shown in Figure 2, LalB and LalC atoms exist at the center of site B and are surrounded by
three Lal A atoms that are coordinated by the carboxylate groups from [1']°" anions. On the
other hand, three La2B atoms exist at site A and are coordinated by carboxylate groups from
[1']% anions. To balance the charge of the crystal 2ra with the formula Lax[1"]-nH>0, the La2A
atoms exist outside site A, bound by the carboxylate groups from [1'"]%~ anions (Figure 2). The

I

overall distribution of the Ln"! ions in 2La resembles that of the K* ions in Ke[1']-nH>O (Figures

S3 and S7a). This reflects the PXRD profile of 2Ln, which is very similar to that of Ke[1']-nH20

(Figure S5).
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Figure 2. Perspective view of 2La: (a) site A and (b) site B accommodating La
code: Ir: dark cyan, Zn: yellow—green, La: deep purple, S: yellow, O: pink, N: blue, C: gray.

Symmetry code: #1: 3/2-z, 1-x, 1/2+y; #2: 1-y, -1/2+z, 3/2-x.
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As in the case of 2ra (Ln = La', Ce'l, Pr'', Nd'"), all compounds of 3ra (Ln = Sm', Eu'!,
Gd"™, o™, Dy", Er', Ho™, Tm™, Yb™, Lu'™) crystallized in the cubic space group of P2:3. In
addition, the [1']%" anions in 3La formed a 3D hydrogen-bonded framework that is essentially the
same as the framework in K¢[1"]-nH>O (Figures S8 and S9). However, the Ln'"" ions in 3rn
existed in a cubane form at site B rather than in a discrete form. Figure 3 shows the structure of
3vLu as a representative of 3ra. At site B, four Lu'" atoms (Lul and Lu2) are bridged by four p3-
OH- ions to form a [Lus(OH)4]*" cubane core with an average Lu-O bond distance and Lu---Lu
distance of 2.31 A and 3.67 A, respectively (Figure 3a and 3c). The assignment of the -
bridging species as OH™, rather than O~ or H>O, was based on the average Lu—O bond distance,
which is within the range normally observed for the Lu™-OH~ bonds in [Lus(OH)4]%", 2%
together with the charge balance of the crystal. The [Lus(OH)4]*" cubane core is bound by three

I centers through its carboxylate group (av. Lu-O = 2.24

OAc™ ions, each of which spans two Ln
A). In addition, a total of seven water molecules coordinate to the Ln'" centers (av. Lu-O = 2.34
A), completing the cubane structure in [Lus(OH)4(OAc)3(H20)7]>" (Figure 3a). The vacant
coordination sites of the Ln'" centers in [Lus(OH)4(OAc)3(H20)7]>* are occupied by three
carboxylate groups from three [1']° anions (av. Lu-O = 2.30 A); this leads to the formation of a
3D coordination polymer composed of [Lus(OH)4(OAc)3(H20)7]>* cations and [1[®~ anions in
3Lu (Figures 3c and S8j). To balance the charge of the crystal with a chemical formula of

Luo 33[Lus(OH)4(OAc)3(H20)7]]1"]-nH20, 3Lu contains a disordered Lu'™ (Lu3) ion with an

occupancy of 0.0311 at site A and a discrete aqua Lu'"" (Lu4) ion with an occupancy of 0.08 at a

triangular space other than site A and site B (Figures 3b and 3d).
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Figure 3. Perspective views of 3ru (a) [Lus(OH)s(OAc)3(H20)7]°* cubane cluster, (b) site A

accommodating a disordered Lu'" ion, (c) site B accommodating the cubane cluster, and (d) a

triangular space accommodating an aqua Lu' ion. Color code: Ir: dark cyan, Zn: yellow—green,

Lu: red—purple, S: yellow, O: pink, N: blue, C: gray. Symmetry code: #1: 1+z, x, -1+y; #2: y,

1+z, -1+x.

The cubane structures of [Lna(OH)s(OAc)3(H20)7]>" in 3n (Ln = Sm™, Eu'™, Gd"!, Tb'",
Dy, Er'l, Ho', Tm™, Yb™, Lu'") are nearly the same as each other (Figures 3a and 4).
However, the Ln----Ln distances in the cubanes gradually decrease from 3sm (3.87 A) to 3ru (3.67

A); this result is consistent with the decrease in Ln*" ionic radii in the lanthanide series (Table
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S3).2 Here, the 3D polymeric structure in Lng 33[Lns(OH)4(OAc)3(H20)7][1R"], which is
analogous to that in 3La, was formed for a lanthanide series later than Gd'!, while a lanthanide
series earlier than Eu'"! produced ionic crystals of Lno[1R"] analogous to 2ra.?’ Thus, the use of
Ks[1'"] as the starting compound, instead of K¢[1R"], led to the expansion of the lanthanide series
that forms [Lns(OH)4]®* cubanes in the framework, with the addition of Sm™ and Eu' to the
Gd" - Lu™ series. Since no significant difference was observed in cubane size between 3ra and
Lno 33[Lna(OH)4(OAc)3(H20)7][1R"] (Table S3), the expansion of the lanthanide series for 3La is
ascribed to the formation of the triangular space of site B in K¢[1'"]-nH,0, which is larger than

the corresponding space in K¢[1R"]-nHO.

Figure 4. Perspective views of [Lna(OH)s(OAc)3(H20)7]>* clusters in (a) 3sm, (b) 3ku, (¢) 3G4,

(d) 31», (€) 3by, (f) 3o, (g) 3Er, (h) 3Tm, and (i) 3yb.

Magnetic properties.
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The temperature-dependent magnetic susceptibilities of a series of solid samples of 2La and 3Ln,
with the exception of 2La and 3L that are diamagnetic, were measured in the temperature range of
2-300 K at an applied magnetic field of 1000 Oe. As shown in Figure 5a, the observed plots of
xmT vs. T for 2ce, 2pr, and 2na show a gradual decrease in ym7 with decreasing temperature due to
the decrease in the thermal population of the m; microstate of Ln**.*” At 300 K, the observed ymT
values (cm*Kmol ™) for 2ce (1.49), 2pr (3.49), and 2na (3.98) are similar to Van Vleck’s theoretical
values for the two discrete ions Ce*" (1.64), Pr’* (3.20), and Nd** (3.39), respectively.*’*® This is
also the case for 3ra (Figure 5b); the observed ymT values (cm*Kmol ™) for 3sm (1.25), 3eu (6.44),
3Gd (32.4), 3t (42.1), 3py (53.5), 3Ho (53.6), 3Er (43.5), 3Tm (24.3), and 3vp (9.63) at 300 K are
similar to the theoretical ymT values for the 4.33 discrete ions Sm** (1.30), Eu** (6.25), Gd** (34.1),
Tb** (51.0), Dy** (61.1), Ho*" (60.8), Er** (49.9), Tm>" (31.3), and Yb>" (10.9), respectively.*’*3
As the representative compound, the magnetic susceptibility data of 3ca that contains magnetically
isotropic Gd"' centers were fitted using a PHI program,* based on the following Hamiltonian
where the first and second terms are the isotropic exchange interaction and the Zeeman term of
four Gd'"! ions in the cubane structure at site B, respectively, and the third term is the isolated Gd™!

ion at site A:
H = _2](5,\15,\2 + SAlsAg + 5‘15‘4 + 5‘25‘3 + 5‘25‘4 + SA35A4_) + g‘UBH Z?—zl Si + égMBHSS +T.1.P.

The fitting of the experimental curve indicated the presence of very weak anti-ferromagnetic
interactions of J = —0.0184(1) cm™' among Gd™" ions (Figure S10). This |/| value for 3Ga is much
smaller than the values (-0.03 ~ —0.08 cm™) for previously reported [GdsOa]-type clusters that
commonly adopt a Ci symmetry.®!1%3952 We assumed that the high-symmetrical cubane structure,

as well as the location of the cubanes that are largely separated from each other through [17]%

18



complex anions (Figure S8), is responsible for the negligibly small magnetic interactions among

the Gd"! centers in 3ga. While the simulations for 3La that contain magnetically anisotropic Ln'!!

ions could not be performed, the absence of any significant magnetic interactions between Ln'!!

centers is also expected for 3Ln, considering the isostructural nature of a series of 3rn.
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Figure 5. ym7T vs. T plots of (a) 2La and (b) 3ua (H = 1000 Oe).

Photoluminescent properties

At 77 K, a solid sample of Ks[1'"] exhibits a broad emission band at 610 nm with a quantum
efficiency of 4.4% under excitation at 370 nm (Figure S11), while no emission was detected at
room temperature due to thermal vibration at a high temperature. Since a similar broad emission
band was observed for a bulk sample of zinc oxide, the emission band is attributed to the O-to-Zn
charge transfer transition in the [Zn4O]®" core.’*"® However, the emission band for Ke[1'] was
located at a lower energy than the band for zinc oxide at 510 nm (Figure S11). The redshift of the
emission band for Ke[1'"] is most likely due to the larger vibrational perturbation of its hydrogen-

bonded framework compared with the rigid framework of zinc oxide, which results in a greater
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Stokes shift than that for zinc oxide.’” Notably, K¢[1R"] is nonemissive even at 77 K because
K[ 1R"] possesses d-d transition bands centered at 324 nm and 370 nm tailing to the visible region
(Figure S12), which overlaps the charge transfer bands arising from the [ZnsO]®" core. Thus,
irradiation with excitation light caused unfavorable energy transfer to the nonemissive d-d excited
states of the Rh™! center rather than luminescence from the radiative excited states of the [ZnsO]®*
core. On the other hand, Ke[1'"] has corresponding d-d bands at 240 nm and 278 nm with no
significant absorption in the visible region (Figure S12), which allows Ke[1'] to be

photoluminescent.>®

Since K¢[1'"] was found to be emissive, we investigated the photoluminescence properties of
solid samples of 3gu and 3tb, considering that Eu'! and Tb™! species are strongly luminescent.?
As shown in Figures 6a and 6b, sharp emission bands are observed for 3gu and 3r1b at room
temperature, with quantum efficiencies of 0.22% and 0.21% under excitation at 395 nm and 370
nm, respectively; these results reflect the high rigidity of the coordination framework of these
compounds. The emission spectral features of 3eu and 31 are characteristic of the f-f transitions
SDo—’F; (J = 1-4) and °D4—'F, (J = 6-3); these are commonly observed for discrete Eu'' and
Tb'™ species, respectively.?> This observation is compatible with the absence of any significant
magnetic interactions between Ln'"" centers in 3ra. At 77 K, 3eu and 31b each exhibit a broad
emission band at approximately 625 nm with quantum efficiencies of 3.6% and 4.0%, respectively,
which originated from the [1']% units in these compounds, in addition to the sharp f-f transition
bands that are essentially the same as the bands observed at room temperature (Figures 6¢ and 6d).
The simultaneous observation of the two kinds of emissions for 3euw/31b is understood by the
negligible overlap between the absorption bands due to [1']% units and the excitation bands due

to Eu'/Tb™ centers (lex = 395 nm for Eu'll, Jex = 370 nm for Tb'™), preventing energy transfer
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from [1]% units to Eu"/Tb" centers in 3gu/31b. Unlike for 3eu/31b, characteristic f-f emissions
were not detected for the corresponding compounds with [1RM®  ynits of
Lno33[Lna(OH)4(OAc)3(H20)7][1R"] (Ln = Eu', Tb™) because of the presence of the d-d
absorptions in the visible region. Notably, the excitation spectra of 3gu/31p differ entirely from the
absorption spectra of 3ruw/31b (Figure S13), showing the characteristic f-f transitions due to
Eu/Tb™ centers.?>>%% In general, the f-f emissions for lanthanide(III) coordination compounds

I centers; thus, the excitation

are induced by photoenergy that is absorbed by ligands bound to Ln
spectra of these compounds resemble their absorption spectra.?>*! In 3gu/3 b, luminescence occurs

based on the photoenergy directly absorbed by Eu''/Tb™ centers because of the lack of ligand-to-

Ln"! energy transfer, leading to unique excitation spectral features for 3eu/3b.
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Figure 6. Excitation (black, Zem = 615 nm) and emission (red, Aex = 395 nm) spectra of 3gu (a) at
room temperature and (c) at 77 K. Excitation (black, Zem = 546 nm) and emission (red, Aex = 370

nm) spectra of 3b (b) at room temperature and (d) at 77 K.

Concluding Remarks

We showed that K' ions in Ke[1"]-nH20 newly prepared in this work are completely exchanged
with Ln" ions in an SCSC transformation manner to produce 2Ln and 3ra, by immersing its crystals

in an aqueous solution of Ln(OAc)s;. While similar results have been obtained when Ke[18"]-nH>O
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was used for the cation exchange reaction with Ln'!, the use of K¢[1]-nH,O allowed the

I Since the

installation of Ln4(OH)4 cubanes to form 3rLa for the lanthanide series later than Sm
installation of lanthanide ions in the Ln4(OH)4 cubane form was observed for the lanthanide series
later than Gd™ for the cation exchange reactions for K¢[18"]-nH,0, the replacement of Rh!" centers
in [1R"]% by the heavier congener of Ir'"' led to the expansion of the series of Lns(OH)4 cubanes
created via the SCSC cation exchange reactions. This is thanks to the larger interstices formed in
the hydrogen-bonded framework of [1'"]%, which can accommodate Lns(OH)4 cubanes with larger
Ln"! ions. In 3La, the Lns(OH)s cubanes were alternately connected by the large complex anions
of [1'"]%~ such that the cubanes are fully separated from each other. This structural feature, together

111

with the symmetry of the four Ln™" centers in Lns(OH)4, accounts for the magnetic susceptivity

111

curves of 3Ln, which are essentially the same as those of the isolated Ln™" species.

In addition to the expansion of the series of Lns(OH)a cubanes, the replacement of Rh'! by
Ir'" led this system to be photoluminescent because of the shift of d-d transitions in [1R"]®" to the

I centers, which

near-UV energy region in [1"]®". Notably, the sharp emission bands due to Ln
overlapped the broad band due to the [ZnsO]®" core, were observed for 3gs and 31» at low
temperatures. Furthermore, 3eu and 31pb exhibited sharp excitation bands that are characteristically
observed for discrete Eu'/Tb™" species, rather than broad excitation bands that resemble their
absorption bands. These observations indicate that no energy transfer occurs from the [1"]® units
to the Lns(OH)s core through the coordination bonds in 3rn; this phenomenon is rare for

111

coordination systems with Ln™" centers. The photoluminescence ability of this system can be

enhanced by the replacement of the acetate ligands bound to the Lns(OH)4 core in 3Ln by suitable
1

antenna ligands; these can cause effective intramolecular energy transfer from ligands to Ln

centers. This research is currently being performed in our laboratory.
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SYNOPSIS

Single-crystal-to-single-crystal exchange of K* ions in the complex salt of Kg[Ir4ZnsO(L-
cysteinate)i2] (Ke[1'"]) by Ln** ions produced 3D coordination polymers consisting of
[Lna(OH)4(OAc)3(H20)4]°" and [1']® for the lanthanide series later than Sm>*"; these compounds
showed solid-state magnetic and photoluminescence properties characteristic of discrete Ln>*

species.
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