‘.1
A4

Heoo®06

http://pubs.acs.org/journal/acsodf

Structural and Chemical Effects of the Surrounding Cations and
Coexisting Compounds on [M(a-PW;,03,),1""

Jun lijima,* Haruo Naruke, and Ryuta X. Suzuki

Cite This: ACS Omega 2023, 8, 9673-9683

I: I Read Online

ACCESS |

[l Metrics & More | Article

Recommendations | @ Supporting Information

ABSTRACT: The effects of countercations and coexisting com-
pounds on the molecular structure of the [M(a-PW,,05,),]""
polyanion were analyzed in terms of the repulsion and twisting of
two [a@-PW,;0;,]"" units. More specifically, it was found that two
[@-PW,,0;,]”" ions approached one another upon reducing the
ionic radius of M in [M(a-PW,;03,),]"". The interactive twisting of
the [@-PW,;05,]"" units prevented mutual repulsion of the units
containing terminal O atoms, and the tendency for approach and
twisting of the [@-PW,;0;,]”" units varied as a function of the type
of countercation and the presence of coexisting compounds. Overall,
this study demonstrated that some interactions between the
counteraction and coexisting compounds with [M(a-PW;,03,),]""
determined the molecular conformation and the isolated form of the
polyanion.

Bl INTRODUCTION

Variation in the lanthanide linker ion (Ln) and the lacunary
polyoxometalate (POM) building blocks has been demon-
strated to produce numerous types of polyoxometallolantha-
noates (Ln-POMs).'” In addition to these compositional
units, the synthetic conditions (e.g., stoichiometry, cationic
species, reaction pH, and reaction temperature) also play
strongly essential roles in the synthesis of Ln-POMs.” Since the
discovery of sandwich-type Ln-POMs containing Ln*"/**
coordinated by two monolacunary Keggin [XM,;,05]"",
Wells—Dawson [X,M;,04,]"", or Lindqvist [X;O0;5]"" units
by Peacock and Weakley in 1971, intensive studies have been
conducted on the structural chemistry and physicochemical
properties of Ln-POMs.""'® In particular, in the cases of
[Ln(a-PW,,03),]""" and [Ln(a,-P,W,;0¢),]""", which
contain tetradentate monolacunary Keggin [a-PW; 055"~
and Wells—Dawson [@,-P,W,,04,]'°" units, respectively, the
coordination mode of the central Ln** was studied by Fedotov
and Francesconi using *'P and '"**W NMR spectroscopy along
with single crystal X-ray diffraction.'®'® Their studies predicted
that the [Ln(a-PW,;05),]"*" and [Ln(a,-P,W,;,0¢),]"""
polyanions containing the Ln species in a cubic coordination
environment exist only in solution, while those containing
square-antiprismatic (SA) coordination environments are
produced in the solid state. For the [Ln(a-PW; Os,),]""
and [Ln(@,-P,W,,0¢;),]""" polyanions, it can be easily
imagined that their mirror planes halve the [a@-PW;05]""
or [a,-P,W,,04,]'°" units, respectively, and that the dihedral
angle between the two mirror planes defines the molecular
conformation and directs the coordination geometry of the
© 2023 The Authors. Published by
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central Ln ion. Indeed, W NMR studies of [Ln(a-
PW,,05),]"'" in an aqueous solution suggested that the
dihedral angle (¢) is dependent on the Ln species, wherein ¢
=0 or 180° for Ln = La—Euy, and 0° < ¢ < 180° for Ln = Gd—
Lu, thereby corresponding to cubic and SA coordination
environments for Ln, respectively.'® Since their experimental
assumptions were consistent with theoretical discussions of the
molecular structures of the [Ln(a-PW,;05,),]"'™ and [Ln(a,-
P,W,,04;),]"7" polyanions, it was considered that the
molecular conformation of the Ln-POMs could be mainly
explained based on the ionic radius of the Ln species (i.e.,
Ln*"). However, it is well-known that structural changes in the
Ln-POMs are largely induced by countercations or coexisting
compounds. To date, the effects of the cationic environment
and the coexisting compounds on the molecular conformation
of Ln-POMs have not been addressed in detail. However, we
do note that our group previously demonstrated that both the
cationic environment around the polyanion and the ionic size
of the Ln*" species of the polyanion play important roles in
determining the conformation of [Ln(a-PW,;;05,),]""" and
the coordination mode of Ln*"."” For example, it was reported
that the isotropic cationic environment caused by the
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Table 1. Crystallographic Data and Refinement Results of TN-Pr(III), TN-Eu(III), TN-Y(III), TN-Er(III), and aa-Ce(IV)-b

empirical formula

TN-Pr(III)°

Cy4H115NOgg sNasP, W), Pr

TN-Eu(I11)“

Cy4H,10N6Og;NasP,W,,Eu

formula wt 6441.61 6392.67
crystal system monoclinic monoclinic
space group P2/n P2/n
a (A) 13.2007(2) 13.0825(2)
b (A) 12.6355(2) 12.6168(2)
c (A) 35.4266(6) 35.2365(6)
B (deg) 98.1765(7) 97.799(7)
v (A%) 5848.96(2) 5762.3(2)
VA 2 2
0 range (deg) 3.1-27.5 3.4-68.2
limiting index -17<h<17 -15<h<14
reflections
-16 <k<15 -15<k<15
—45 <145 -42<1<4
crystal size (mm®) 0.28 X 0.28 X 0.13 0.40 X 0.20 X 0.08
D, (g em™) 3.658 3.684
F(000) 5290.00 5336.00
u (mm™") 22.1042 44.5190
total data collected ~ 89135 79920
unique data 13371 10537
Rine 0.1292 0.0705
goodness of fit 1.133 1.264
(GOF)
R1 (I > 26(1))* 0.0600 0.0541
wR2” 0.1488 0.1278

Flack param

TN-Ex(IIT)° TN-Y(111) aa-Ce(IV)-b®
Cy4H,10NOg;NasP, W, Er Cy4H117N60 199 sNasP, Wy, Y CoH 25NgOgeP, W5, Ce
6422.97 6407.64 5927.39
monoclinic monoclinic orthorhombic
P2/n P2/n P2,2,2,
13.3015(3) 13.2437(5) 12.2355(3)
12.6718(3) 12.6727(6) 22.2079(6)
34.9283(8) 35.0232(1) 34.6188(10)
98.1051(8) 97.7508(1)

5828.5(2) 5824.4(4) 9406.8(4)

2 2 4

3.0-27.7 3.0-27.5 3.0-27.5

-17<h<17 -17<h<16 -15<h<14

-14<k<16 -16 <k<16 -28 <k<28

—45<1<45 —45<1<45 44 <1< 44

0.38 X 0.24 x 0.20 0.25 X 0.19 X 0.08 0.61 X 0.21 X 0.12

3.660 3.654 4224

5330.00 5282.00 10084.00

22.4877 22.2841 27.4242

79879 87046 151416

12667 13330 21822

0.0984 0.1120 0.1861

1.115 1.092 1.045

0.0599 0.0657 0.0569

0.1386 0.1468 0.1379
0.007(11)

“R1 = (YIF,| — F1)/(XIE). *wR2 = 3 [w(F.2 — F2)*/ Y [w(F, )22 “w (for TN-Pr(III)) = 1/[6*(F,2) + (0.0001P)? + 222.4532P], where P =
(Max(F,%0) + 2F.2)/3. “w (for TN-Eu(II1)) = 1/[6*(F,2) + (0.0001P)* + 305.9653P], where P = (Max(F,%0) + 2F.2)/3. “w (for TN-Er(III)) =
1/[6*(F,%) + (0.0001P)? + 238.9383P], where P = (Max(F,%,0) + 2F.2)/3.w (for TN-Y(IIT)) = 1/[6*(F,?) + (0.0235P)? + 299.0283P), where P =
(Max(F,%0) + 2F.2)/3. 8w (for aa-Ce(IV)-b) = 1/[c*(F,?) + (0.0628P)* + 24.18103P], where P = (Max(F,%0) + 2E.2)/3.

tetramethylammonium cation (TMA) led to the first examples
of [Ln(a-PW;,04),]"'~ (Ln = La, Ce) species exhibiting a
cubic coordination center for LnOg.'® Thus, to achieve a
targeted molecular design, it is necessary to investigate the
relationship between the interactions of the surrounding
cations and the coexisting compounds with Ln-POMs and
their molecular conformations. In this study, we precisely
analyze the molecular structures of the previously reported
[Ln(a-PW,,05,),]""" polyanion and examine the effects of the
molecular environment (i.e., cationic species and coexisting
compounds) on the structure of the polyanion. It is expected
that the obtained results will contribute to the molecular and
functional design of Ln-POMs for use in future practical
applications.

B EXPERIMENTAL SECTION

Materials and Characterization. All chemicals were
obtained commercially and were used without further
purification. Nag[A-a-PW,0,,]-6H,0 was prepared according
to a previously reported method and was identified by infrared
(IR) spectroscopy according to the KBr disk method (Jasco
FT/IR-410 spectrometer).”’ Elemental analyses (C, H, and N
were performed on Yanaco CHN Corder MT-S and Vario EL
III elemental analyzers. The contents of Ln (i, Pr, Eu, Er, Y,
and Ce), P, W, and Na were determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) on
an ICPS-8100 spectrometer (Shimadzu) and a Spectro ICP
Ciros CCD spectrometer. Thermogravimetric and differential
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thermal analyses (TG-DTA) were conducted using an ULVAC
MTS9000 + TGD9600 system.

Syntheses. [Me,N];Nas[Pr(a-PW;;05,),]-21.5H,0 (TN-Pr-
(ll). L-Proline (Pro; 0.173 g, 1.50 mmol) and PrCl;-7H,0
(0.187 g, 0.500 mmol) dissolved in H,O (3 mL) were added to
an aqueous solution of Me,NCI (0.281 g, 2.50 mmol, 15 mL
total volume). After heating at 60 °C for 30 min with stirring,
the pH of the solution was adjusted to 1.5 using a 1 M aqueous
HCI solution. Subsequently, an aqueous solution of Na[A-a-
PW,0,,]-6H,0 (243 g, 1.00 mmol, 20 mL) was added
dropwise to the heated solution. After boiling for 1 h with
stirring, the resulting solution was cooled to 25 °C and the
residual powder was filtered off. The filtrate was then allowed
to stand at room temperature for several days to yield light-
green block crystals (0.771 g, 30.6% yield based on W). Found:
C, 4.43; H, 1.37; N, 1.33; Na, 1.90; P, 0.95; W, 64.3; Pr, 1.97;
H,0, 6.05 wt %. Calcd for C,,H,;sNgNagOgo P,PrWay: C,
447; H, 1.80; N, 1.30; Na, 1.78; P, 0.96; W, 62.8; Pr, 2.19;
H,0, 6.01 wt %. IR (KBr disk) cm™: 1485s, 1094s, 1045s,
950vs, 891m, 836m, 779s, 741w, 614w, S17w.

[Me,NjgNas[Eu(a-PW;,034),]-19H,0 (TN-Eu(lll)). The pro-
cedure described for the preparation of TN-Pr(III) was also
applied to the preparation of TN-Eu(III) using EuCl;-6H,0
(0.184 g, 0.500 mmol) instead of PrCl;-7H,O to obtain
colorless block crystals (1.21 g, 48.3% yield based on W).
Found: C, 4.39; H, 129; N, 1.25; Na, 1.99; P, 0.86; W, 65.4;
Eu, 2.16; H,0, 5.39 wt %. Calcd for
C,4H,1(NgNa;Og,P,EuW,,: C, 4.50; H, 1.73; N, 1.31; Na,
1.79; P, 0.97; W, 63.1; Eu, 2.37; H,0, 5. 34 wt %. IR (KBr

https://doi.org/10.1021/acsomega.3c00711
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Top view

Figure 1. Combined polyhedral and ball-and-stick representation of [M(a-PW;,0;,),]"" viewed along the C, axis (left). Color scheme: WO,
white octahedra; PO,, blue tetrahedra; O atoms, red spheres; M atoms, green spheres. Labeling of the atoms defining the mirror planes of the
monolacunary Keggin [@-PW,,0;,]”" unit (middle). Schematic drawing (right) of [M(a-PW,,05,),]"” viewed along the C, axis, exhibiting the
relationship between the ionic radius of M (Ry) and twist angle (¢): (1) the decrease in P--P distance (d(P--P)) with decreasing Ry; (2) the
decreased in 04O, distance (d(P--P)) with decreasing (d(P---P)); (3) the mirror planes (m) in the [@-PW,;03,]"" unit rotating in the ¢-

decreasing direction to diminish the O,:-O, repulsion.

disk) ecm™': 1485s, 1099s, 1047s, 951vs, 889m, 839m, 781s,
745w, 595w, 518w.

[Me N]gNas[Er(a-PW;,030),]-19H,0 (TN-Er(lll)). The pro-
cedure described for the preparation of TN-Pr(III) was also
applied to the preparation of TN-Er(III) using ErCly-6H,0
(0.191 g, 0.500 mmol) instead of PrCl;-7H,O to obtain light-
pink block crystals (0.753 g, 30.0% yield based on W). Found:
C, 4.30; H, 1.31; N, 1.29; Na, 1.93; P, 0.83; W, 63.2; Er, 2.59;
H,0, 5.27 wt %. Calcd for C,,H,,(NgNasOy,P,ErW,,: C, 4.49;
H, 1.73; N, 1.31; Na, 1.79; P, 0.96; W, 63.0; Er, 2.60; H,O,
5.33 wt %. IR (KBr disk) cm™': 1485s, 1106s, 1047m, 952vs,
891m, 842m, 782s, 754w, 610w, 517w.

[Me,N]gNas[Y(a-PW;,034),]-22.5H,0 (TN-Y(lll)). The pro-
cedure described for the preparation of TN-Pr(III) was also
applied to the preparation of TN-Y(III) using YCl;-6H,0O
(0.152 g, 0.500 mmol) instead of PrCl;-7H,O to obtain white
block crystals (0.892 g, 35.6% yield based on W). Found: C,
4.38; H, 1.30; N, 1.34; Na, 1.82; P, 0.98; W, 63.3; Y, 1.37;
H,0, 6.17 wt %. Caled for C,,H;7NgNa;O,qosP,YW,,: C,
4.50; H, 1.84; N, 1.31; Na, 1.79; P, 0.97; W, 63.1; Y, 1.39;
H,0, 6.33 wt %. IR (KBr disk) cm™: 1484s, 1449w, 1414w,
1367w, 1329w, 1284w, 1228w, 110Ss, 1048s, 952vs, 892m,
843w, 827w, 780m, 738w, 596w, 518m.

[MeNH;]oH[Ce(a-PW;,03,),]-8H,0 (aa-Ce(lV)-b).
(NH,),Ce(SO,),4H,0 (0.671 g, 1.00 mmol) was dissolved
in H,0 (20 mL), and the pH of the solution was adjusted to
1.5 using a 1 M aqueous solution of HCl. Subsequently a
solution of Nay[A-a-PW,0,,]-6H,0 (2.57 g, 1.00 mmol) in
H,O (10 mL) was added, and the resulting solution was boiled
for 1 h with stirring. After this time, the mixture was cooled to
25 °C and the residual powder was filtered. MeNH;-HCl
(0.810 g, 12.0 mmol) dissolved in H,O (S mL) was then
added to the filtrate, and the solution was heated at 60 °C for
30 min with stirring. After cooling to room temperature, the
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residual powder was removed by filtration, and the filtrate was
allowed to stand for several months to yield yellow needle-like
crystals (0.971 g, 39.6% yield based on W). Found: C, 2.30; H,
1.44; N, 2.30; P, 1.28; W, 83.9; Ce, 2.95; H,0, 527 wt %.
Caled for CoHo NoOgeP,CeW,y: C, 2.62; H, 1.21; N, 2.13; P,
1.04; W, 84.8; Ce, 2.97; H,0, 5.31 wt %. IR (KBr disk) cm™:
1496w, 1460w, 1424w, 126lw, 1102m, 1052m, 957vs, 883m,
807s, 737s, SOSw.

Single-Crystal X-ray Crystallography. Single-crystal X-
ray diffraction analysis was carried out for all compounds using
a Rigaku RAXIS-RAPID imaging plate diffractometer with
graphite-monochromatized Mo Ka radiation (4 = 0.7107 A) at
183—213 K. A numerical absorption correction was then
performed for all compoundsusing SHAPE*' and NUMABS.*”
The structures were solved by direct methods with SHELXS-
2013/1** and refined using the full-matrix least-squares
program SHELXL-2014/6** on F* with the CrystalStructure
4.3.2 crystallographic software package.”” The Ln (Pr, Eu, Er,
Y, and Ce), W, P, and Na elements were refined anisotropi-
cally, while C, N, and O were refined isotropically. The H
atoms were not included in the refinements.”® The absolute
structure of aa-Ce(IV)-b was determined using Flack
parameter refinement.”” The squeeze program was performed
on TN-Eu(Ill), -Er(III), and -Y(III).*® Further details
regarding the crystal structures can be obtained from the
Cambridge Crystallographic Data Center (CCDC) under
depository numbers CCDC-812378 (TN-Pr(IIl)), CCDC-
1945568 (TN-Eu(III)), CCDC-812380 (TN-Er(IlI)),
CCDC-1936822 (TN-Y(III)), and CCDC-2008002 (aa-Ce-
(IV)-b). The crystallographic data and results of the structural
refinements are summarized in Table 1.

Classification and Definition of the Structural
Parameters of [M(a-PW;;03,),]1"". For the purpose of this
study, we evaluated 30 [M(a-PW,,0;,),]"" polyanions with

https://doi.org/10.1021/acsomega.3c00711
ACS Omega 2023, 8, 9673—-9683
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Table 2. Comparison of the Structural Parameters for the Pure Alkylammonium Salt Family, TMA*/Na*-Mixed Salt Family,

and Na*/K'-Mixed Salt Family

M in [M(a- (Op++On)
PW,,059),]"" abbreviation cation Ry (A)* d(p--P) (A)b (A)° d(040g") (A)° d(04+0p) (A) ¢ (deg)d
Pure Alkylammonium Salt
Ce(III) aa-Ce(III) [Me,NH, ] 1.143 9.067 3.286 4.501(9) 4.561(8) 429
Ce(IV) aa-Ce(IV)-a [Me,NH, ] 0.97 8.743 2.923 3.747(7) 3.723(4) 40.2
Ce(IV) aa-Ce(IV)-b [MeNH,]*, H* 0.97 8.747 2.940 3.770(0) 3.730(0) 41.0
Hf(IV) aa-HF(TV) [Me,NH, ] 0.83 8.511 2.772 3.200(2) 3.200(2) 37.5
Zr(IV) aa-Zr(IV)-L [Me,NH,]* 0.84 8.550 2.855 3.315(9) 3.302(7) 37.8
Zr(IV) aa-Zr(IV)-R [Me,NH,] 0.84 8.558 2.862 3.284(6) 2.394(4) 38.1
Hf(IV) aa-Hf(IV)-1 [Et,NH,] 0.83 8.514 2.931 3.137(9) 3.127(6) 359
Hf(IV) aa-Hf(IV)-2 [Et,NH,]* 0.83 8.595 2.909 3.423(3) 3.304(8) 382
Zr(IV) aa-Zr(IV)-1 [Et,NH,]* 0.84 8.558 2.935 3.253(0) 3.047(8) 359
Zr(IV) aa-Zr(IV)-2 [Et,NH,]* 0.84 8.612 2914 3.268(4) 3.429(0) 37.9
TMA"/Na*-Mixed Salts
Pr(III) TN-Pr(IlI)-p  Na*, [Me,N]*, H* 1.126 8.939 3.408 3.508(7) 3.508(7) 334
Pr(11I) TN-Pr(III) Na*, [Me,N]* 1.126 8.986 3.374 3.609(8) 3.609(8) 33.5
Eu(III) TN-Eu(I1I) Na*, [Me,N]* 1.066 8.894 3.305 3.517(5) 3.517(5) 33.8
Y(I11) TN-Y(III) Na*, [Me,N]* 1.019 8.850 3211 3.438(9) 3.438(9) 33.3
Er(III) TN-Er(III) Na*, [Me,N]* 1.004 8.831 3.270 3.406(5) 3.406(5) 334
Ce(IV) TN-Ce(IV) Na*, [Me,N]*, NH,* 097 9.016 3.480 3.539(6) 3.539(6) 32.1
Na*/K*-Mixed Salts Containing Pro
La(TII) NK-La(Ill)-L  Na*, K, H* 1.160 8.936 3.063 3.543(2) 3.437(9) 36.0
Pr(I1II) NK-Pr(II1)-L  Na*, K*, H* 1.126 8.862 2.986 3.440(2) 3.481(1) 34.9
Pr(111) NK-Pr(Il1)-D  Na*, K*, H* 1.126 8.851 3.017 3.398(1) 3.445(0) 34.5
Nd(III) NK-Nd(III)-L  Na*, K, H* 1.109 8.827 3.021 3.405(2) 3.455(3) 34.8
Sm(III) NK-Sm(III)-L  Na*, K, H* 1.079 8.798 2.974 3.374(4) 3.465(3) 35.0
Eu(III) NK-Eu(IlI)-L  Na*, K, H* 1.066 8.791 2.983 3.353(9) 3.400(1) 35.1
Gd(II) NK-Gd(III)-L  Na*, K*, H* 1.053 8.780 2.955 3.392(0) 3.410(7) 36.0
Tb(III) NK-Tb(III)-L.  Na*, K*, H* 1.040 8.797 2.961 3.349(6) 3.420(7) 352
Dy(111) NK-Dy(IlI)-L  Na*, K, H* 1.027 8.770 2.871 3.368(6) 3.400(6) 35.0
Y(I11) NK-Y(III)-L Na*, K, H* 1.019 8.731 2.897 3.346(5) 3.389(3) 352
Er(II1) NK-Er(III)-L  Na*, K, H* 1.004 8.731 2.939 3.338(6) 3.338(5) 35.5
Er(III) NK-Er(III)-D  Na*, K*, H* 1.004 8.724 2.876 3.366(3) 3.363(2) 34.7
Tm(III) NK-Tm(III)-L Na*, K*, H* 0.994 8.711 2.877 3.314(3) 3.308(1) 34.7
Yb(III) NK-Yb(III)-L  Na*, K*, H* 0.985 8.735 2919 3.330(2) 3.397(1) 34.9

“Ry: ionic radius of M from ref 36. *d(P---P): distance between P atoms belonging to two monolacunary Keggin units represented in Figure 1
(right). “d(Oy-a1), d(Ox-+-Op), d(Oy++-Op): distances between terminal O atoms represented in Figure 1 (right). 9p: twist angle between the two
mirror planes of monolacunary Keggin units represented in Figure 1 (right).

different cationic species and coexisting compounds. To
discuss the structural and chemical effects of these species on
the [M(a-PW;,0;5),]"" polyanion crystals, the 30 compounds
were classified into three families: namely, pure alkylammo-
nium salts (aa-M(III/IV)-a/b/1/2/R/L), TMA*/Na*-mixed
salts (TN-M(III/IV)), and Na*/K'/H*-mixed salts (NK-
M(III)-L/D). It should be noted that the aa-M(III/IV)-a/b/
1/2/R/L family includes ten compounds, such as the
monomethylammonium salt of [Ce"(a-PW{,0;,),]'°, dime-
thylammonium salts of [M(a-PW;;05,),]"~ (M = Ce™, Ce",
HfY, and ZrV),” ' and diethylammonium salts of [M(a-
PW,,04),]" (M = HfY and Zr").**> In addition, the TN-
M(III/IV) family consists of six compounds, including TMA*/
Na*-mixed salts of [M(a-PW,;03),]"" (M = Pr', Eu'™, Y™,
and Er™) and TMA*/Na*/NH,*-mixed salts of [CeV(a-
PW“O39)2]10_.33 Furthermore, the NK-M(III)-L/D family
contains 14 compounds, such as the Pro-containing Na*/K*/
H*-mixed salts of [M(a-PW,;05),]" (M= La",, Pr', Nd",
Sml Eull, Gd™, T Dyl YU Bl Tm!l and ybiT).3+3

Five structural parameters were introduced for [M(a-
PW;,035),)"": namely, Ry, d(P--P), d(O--O), ¢, and ¢
(see Figure 1 (right)). More specifically, Ry is the ionic radius
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of M with a coordination number of 8 in [M(a-
PW,,05),]",*° and d(P--P) is defined as the distance
between two P atoms in [M(a-PW,,0;,),]""; this parameter
describes the degree of separation between the two [a-
PW,,05,]"" units. In addition, d(O---O) is defined by the three
O-+O distances (i.e, Op-On, O4*Op, and Op---Op)
between the two terminal O atoms in two [a-PW;,0;]""
units of [M(a-PW,;0;,),]""; this is an important parameter
for understanding the degree of steric repulsion between the
two [@-PW;;03]"" units. Furthermore, ¢ is the twist angle
between the two [a-PW,;03]"" units. The twist angle is
defined as the dihedral angle between the two least-squares
planes determined by the M atom, 1 of 11 W atoms, the P
atom, and 7 bridging O atoms. These atoms are denoted as
(M, W', P!, 0'7] and [M, W?, P? O% '], respectively, as
shown in Figure 1 (middle). This least-squares plane is the
mirror plane, which halves the C-symmetric [@-PW,;05,]""
unit in [M(a-PW,;05),]"". This parameter allows us to
understand both the approach of the two [@-PW,;05,]”" units
and the repulsion attributed to O---O interactions. Moreover,
@ is the ZP—M—P bending angle and provides the degree of
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Figure 2. Crystal structure of TN-Pr(III) projected on the bc plane (left). Shown on the right is an enlarged picture of the crystal structure on the
left circled by a pink dotted line. Two [@-PW;;05,]”™ units in the polyanion in the pink dotted line are locked by a Na* cation.

bending of [M(a-PW,,04,),]"". The various parameters for
the 30 polyanions are summarized in Table 2.

B RESULTS AND DISCUSSION

Crystal Structures of TN-Ln(lll) (Ln = Pr, Eu, Er, or Y)
and aa-Ce(lV)-b. The prepared TN-Pr(III), TN-Eu(III),
TN-Er(III), and TN-Y(III) are isomorphous species that
crystallized in the monoclinic space group P2/n. These
complexes are composed of six [Me,N]* cations, five Na*
cations, the [M(a-PW,;05,),]"'~ anion (M = Pr, Eu, Er, or Y),
and some crystallized water molecules. In contrast, aa-Ce(IV)-
b, which was obtained from spontaneous resolution without
the use of a chiral auxiliary such as [Me,NH,];o[Ce"(a-
PW,,05),]-14H,0,” [Me,NH, ], [Hf"Y (a-PW,055),]-
8H,0,” or [Me,NH, ][ Z"Y(a-PW,05),]-10H,0,”" crystal-
lized in the orthorhombic space group P2,2,2,. This complex
is composed of nine [MeNH;]" cations, one proton (H"), the
[Ce(a-PW,;04,),]'"" anion, and some crystallized water
molecules. As shown in Figure 1 (left-hand panel), the
polyanions are also composed of two monolacunary Keggin
[@-PW,,05,]7" units sandwiching the M"" ions in a SA
coordination environment, resulting in molecular C, symme-
try. The M—O bond lengths were determined to be in the
range of 2.45(1)—2.48(1) A for TN-Pr(III), 2.39(1)—2.41(2)
A for TN-Eu(III), 2.33(1)-2.37(1) A for TN-Er(IL),
2.34(1)-2.38(1) A for TN-Y(III), and 2.31(2)-2.38(2) A
for aa-Ce(IV)-b. These values are comparable to those in
[Pr(W;0y5),]°" (2.43(2)—2.54(2) A, average 2.48 A)’
[Bu(W044),]°" (2.40(3)—2.46(3) A, average 2.43 A),"
[Er"(W0,5),)°" (2.34(1)—2.39(1) A, average 2.37 A),"
[(YOH,)5(CO;)(A-a-PWoO3y), 1"~ (2.22(2)-2.46(1) A,
average 2.32 A),” and [CeV(a-PW,,04),]"%" (2.30(2)—
2.38(2) A, average 2.38 A).* The BVS values®® calculated from
the observed bond lengths were as follows: 3.0 for Pr, 5.0 for P,
and 5.8—6.2 for W in TN-Pr(III); 3.0 for Eu, 4.9 for P, and
5.8—6.0 for W in TN-Eu(III); 3.0 for Er, 4.9 for P, and 5.8—
6.1 for W in TN-Er(III); 3.1 for Y, 5.0 for P, and 5.9—6.1 for
W in TN-Y(III); 3.8 for Ce, 5.0—5.1 for P, and 5.8—6.1 for W
in aa-Ce(IV)-b. These values are consistent with the original
valences of Pr¥*, Eu®, Er’*, Y>*, Ce**, P**, and W®".

Figure 2 (left panel) shows the crystal structure of TN-
Pr(III) projected onto the bc plane, wherein it can be seen that
the polyanions are surrounded by nondisordered and partially
disordered Na* ions in a ring-shaped arrangement (pink dotted
lines). Because of the presence of these Na* cations, the TMA*
cations around the polyanion are positioned asymmetrically.
Similar to the structure of [Me,N],Na;H,[Pr(a-PW,;,05,),]
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12H,0 reported by Fan et al.,*” one of the Na* cations (circled
in blue) connects the two [a-PW,;05]”" units of [Pr(a-
PW,,05),]""” via O—Na—O bonding, thereby locking a twist
of the [@-PW,,05,]”" units and extending the molecular length
of the [Pr(a-PW,,0;,),]''" polyanion, as shown in Figure 2
(right panel). In addition, Figure 3 shows the crystal structure

Figure 3. Crystal structure of aa-Ce(IV)-b projected on the bc plane.
The crystallized [MeNH,]* cations and some waters of crystallization
form a 3D network space, spreading weak hydrogen-bonding
interactions.

of aa-Ce(III)-b projected onto the bc plane. Similar to the
structure of [Me,NH,],o[Ce"(a-PW,,05),]-14H,0,” the
polyanion is surrounded by [MeNH,]* cations and some
crystallization water molecules, resulting in the generation of a
three-dimensional (3D) network based on hydrogen-bonding
interactions in the crystal structure.

Structural Evaluation of the Pure Alkylammonium
Salt Family. Figure 4 shows the relationship among the
selected geometric parameters of the pure alkylammonium salt
family, whose members include [Me,NH,];,[Ce"(a-
PW,,03),]-14H,0 (aa-Ce(III)),29 [Me,NH,],,[Ce"(a-
PW,,0;),]-14H,0 (aa-Ce(IV)-a),”” [MeNH,],H[Ce(a-
PW,,03),]-8H,0 (aa-Ce(IV)-b), [Me,NH,],o[HfV(a-
PW,,05),]-8H,0 (aa-Hf(1V)),”* [Me,NH,],[Zr" (a-
PW,,039),]-7H,0 (aa-Zr(IV)-L and -R),*'
[Et,NH,],,[HfV(a-PW,,035),]-2H,0 (aa-Hf(IV)-1 and
2),”" and [Et,NH,],o[Z"Y(a-PW,,05),]-7H,0 (aa-Zr(IV)-1
and 2) (see also Table 2).”* As shown in Figure 4a, d(P--P)

https://doi.org/10.1021/acsomega.3c00711
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tends to increase with an increase in Ry; owing to stretching of
the M—O bonds. In addition, Figure 4b shows that ¢ decreases
as the two [@-PW,;0;,]"" units approach one another, and
this behavior can be reasonably explained in terms of the
repulsive interactions between the O atoms of the two [a-
PW,,035]”" units. Furthermore, Figure 1 (right panel) shows a
schematic representation of the [M(a-PW;,0s),]"" poly-
anion, in which the three short O---O contacts are denoted as
Op*0y,y O4Ogp, and Op--Op. Table 2 gives their d(O-
O,), (0, Og), and d(O,+-Op) distances, of which d(O -
O,) is the shortest and decreases with a decreasing value of
d(P---P). For the [HfY(a-PW,;0;),]"°" polyanions in aa-
Hf(IV)-1 and -2, the d(O4++O,/) values are particularly short
(2.77-2.93 A) and correspond to approximately double the
ionic radius of O*~ (ie, 135 X 2 = 270 A),*® thereby
suggesting a remarkable repulsion acting between the O, and
O, atoms. Figure 1 (right panel) also shows how the approach
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of the [a-PW,,0;0]”" units lowers ¢ through O,--O,
repulsion, ie., a decrease in Ry results in a mutual approach
of the [a@-PW,;03]"" units (Figure 4a) and a remarkable
repulsion between the O, and O, atoms. This steric repulsion
was reduced by a decrease in ¢ (Figure 4b). Due to the fact
that the [M(a-PW,,0;,),]"” polyanions in pure alkylammo-
nium salts are weakly hydrogen-bonded by alkylammonium
cations and water molecules, it is therefore suggested that their
conformations are influenced to a lesser extent by the
surroundings of the polyanion and are mainly controlled by
intramolecular repulsion.

Structural Evaluation of the TMA*/Na*-Mixed Salt
Family. Figure 5 shows the relationship among the structural
parameters of the TMA'/Na'-mixed salt family, namely
[Me,N],Na,H,[Pr(a-PW,,05),]-12H,0 (TN-Pr(III)-p),*’
[Me,N]¢Nas[Pr(a-PW,,0;5),]-21.5H,O0 (TN-Pr(III)),
[Me,N]¢Nag[Eu(a-PW,,0;4),]-19H,0 (TN-Eu(III)),
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[Me,N]¢Na[Er(a-PW,,04,),]-19H,0 (TN-Er(II)),
[Me,N]Nas[Y(a-PW,,04),]-22.5H,0 (TN-Y(III)), and
[Me,N]4Na,(NH,),[Ce(a-PW,,05,),]-14H,0 (TN-Ce-
(IV))*® (see also Table 2). As shown in Figure 5a, with the
exception of TN-Ce(IV), d(P---P) tends to increase with an
increase in Ry, because of stretching of the M—O bonds. In
addition, Figure Sb displays the correlation between d(P---P)
and ¢, indicating that ¢ is considerably smaller than in the case
of the polyanions of the pure alkylammonium salts, although it
remains relatively constant upon variation in d(P---P), again
with the exception of TN-Ce(IV). It should be noted that the
¢ value of TN-Ce(IV) was found to be significantly smaller
than those of the other four compounds (¢ = 32.1°). In
contrast to the results obtained for the pure alkylammonium
salt family, d(O,-O,) was large and almost invariable
(321(2)—3.37(2) A) for all compounds except for TN-
Ce(IV) (Table 2). As shown in Figure 2, the two [a-
PW,,05,]7" units that form the polyanions in TN-Pr(III),
TN-Eu(IlI), TN-Er(III), and TN-Y(III) are locked by
interactions between Na* cations and the O, and O, atoms
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to produce a NaO,O, triangle. Due to the fact that Na*
cations tend to form rigid NaOg octahedra, the constant
d(0,+-O, ) value can be attributed to this Na* cation, which
fixes d(O,-+-Oy) at relatively large values, resulting in a low
and constant twist angle (¢) (Figure Sb). Notably, the
corresponding parameter of TN-Ce(IV) deviates exceptionally
from this tendency. This can be attributed to the fact that TN-
Ce(IV) does not possess any locking Na* cation to link the O,
and O, atoms; instead, the polyanions are connected by Na*
to form a zigzag chain running along the longitudinal direction
of the polyanion.”> Such directional connections by Na*
effectively increase the distance between the two [a-
PW,,05,]7" units, as can be seen by the remarkably long
d(P---P) (ie, 9.02(1) A) for TN-Ce(IV) (Table 2). In this
case, the OO, repulsion was reduced (d(O,O,) =
3.48(1) A), and ¢ was affected by repulsion among all three
O--O contacts (i.e., Op-*Oy,y OpOg, and O,++-Op). In fact,
the three O--O contacts in TN-Ce(IV) were found to be
approximately equidistant (i.e, 3.48(1)—3.54(1) A), thereby
minimizing the overall O--O repulsion (Table 2).
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Structural Evaluation of the Pro-Containing Na*/K*-
Mixed Salt Family. Figure 6 shows the relationship among
the selected geometric parameters of K;;Nay,Hq[Ln(a-
PW,,05),]-8.3(L-/D-CgHgNO,; Pro)-«H,0 (Ln = Pr, NK-
Pr(IlI)-L and -D; Ln = Nd, NK-Nd(III)-L; Ln = Sm, NK-
Sm(III)-L; Ln = Gd, NK-Gd(III)-L; Ln = Tb, NK-Tb(III)-L;
Ln = Dy, NK-Dy(III)-L; Ln = Er, NK-Er(III)-L and -D; Ln =
Tm, NK-Tm(III)-L; Ln = Yb, NK-Yb(III)-L; Ln = Y, NK-
Y(III)-L; K,,Na,H, ¢[Ln(a-PW,,0s),]-8.5(L-C;H,NO,;
Pro)-xH,0 (Ln = La, NK-La(III)-L; Ln = Eu, NK- Eu(III)-
L)**** (see also Table 2). As shown in Figure 6a, d(P---P)
tends to increase with an increase in Ry; due to stretching of
the M—O bonds, as observed also for the pure alkylammonium
and TMA*/Na*-mixed salt families (Figures 4a and Sa,
respectively). In addition, Figure 6b shows the correlation
between d(P---P) and ¢, wherein no clear trend or correlation
can be observed. This behavior can be explained by
considering the local structures of the polyanions. As
previously reported,”** two Pro molecules exist around the
LnOg center to form a complex (e.g, L-/D-[Ln(a-
PW,,05),]"""-(L-/D-Pro),) through hydrogen bonding and
stereoselective interactions between the Pro molecules and the
surfaces of the polyanion “grooves”. More specifically, four
hydrogen bonds between the N atoms of Pro and the O atoms
of LnQy stabilize the SA conformation of Ln*" and contribute
to chiral isolation.”*> These Pro molecules therefore play a
greater role in determining the value of ¢ than the Ln*" species
(Table 2 and Figure 6). It should be noted that the
contribution of the O,--O, repulsion in this series is smaller
due to the fact that the Pro molecules fix ¢ at a low value
(34.5(1)—36.0(2)°), resulting in a relatively large d(O,--O,/)
(i, 2.87(4)—3.06(2) A) with a weak R, dependence (Table
2).

Comparison of the Molecular Conformations of [M(a-
PW,,05,),]"" in a Variety of Cationic Environments and
in the Presence of Coexisting Compounds. As shown in
Figure 7a, d(P---P) tends to increase with increasing Ry for all
series of [M(a-PW;,054),]"” polyanions, irrespective of the
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cationic species and coexisting compounds that are present.
This tendency indicates that d(P---P) is effectively ruled by Ry,
owing to lanthanide contraction. On the other hand, the plots
of d(P--P) vs ¢ show two tendencies (Figure 7b). More
specifically, for the pure alkylammonium salts (red plots), ¢
decreased with a reduction in d(P---P) because of the Q4O
steric repulsion produced by the approaching [@-PW,;05]""
units. In contrast, for the TMA*/Na*-mixed salt (blue plots)
and Na*/K*-mixed salt families (green plots), ¢ was relatively
low and constant, and it tended to exhibit no correlation with
d(P---P). This observation is attributable to the fixation of ¢ at
small values by the attachment of Na" and Pro molecules to
the [a-PW},05,]”" units via Na—O bonding and hydrogen
bonding, respectively (Figure 8b,c). Such external anisotropic
forces in the TMA'/Na'-mixed salts and the Pro-containing
Na*/K'-mixed salts are stronger than the isotropic hydrogen
bonding present in the pure alkylammonium salts, and these
forces precede the O,--O, steric repulsion. In fact, the
generation of Na* linkages or the insertion of Pro into the
polyanion groove influences not only ¢ but also the degree of
molecular bending. As shown in Figure 8, the ZP—M—P angle
(¢) indicates that the intramolecular bending of the [M(a-
PW;,03,),]"” polyanion decreased to 167.9, 161.7, and 157.2°
in the order of the pure alkylammonium, TMA*/Na*-mixed
salt, and Pro-containing Na"/K'-mixed salt families, respec-
tively. The smaller values of ¢ (blue plots) obtained for the
TMA*/Na*-mixed salts (see Figure 9a) can be interpreted by
considering the presence of strong Na—O bonds, whereas the
smallest values of ¢ (green plots) for the Pro-containing Na*/
K'-mixed salt family (see Figure 9a) can be explained by
considering the insertion of the two Pro molecules into the
groove of the polyanion. In the latter case, other O--O
interactions (with distances of 3.65(2) and 3.54(2) A,
represented by the light blue broken lines in Figure 8c)
between the carboxylate O atoms and the polyanion terminal
also contribute to the distortion. The corresponding plots of ¢
vs ¢ are shown in Figure 9a. For the TMA"/Na"-mixed salt
(blue plots) and Pro-containing Na*/K*-mixed salt families
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Figure 9. (a) Plots of the molecular bending (£ZP—M—P’ = ¢) versus
twist angle (¢) for all of the [M(a-PW,;05,),]"" polyanions given in
Table 2. The red, blue, and green spheres correspond to the pure
alkylammonium salt family, TMA"/Na*-mixed salt family, and
Na*/K*-mixed salt containing Pro family, respectively. (b) Definition
of ¢ and ¢ based on the geometrical modeling considering the
genuine rotation effect of [a-PW;0;55]7". (c) Plots of ¢ versus ¢
based on the geometrical modeling mentioned above. The inset gives
an expansion of the orange dotted circled region. The red, blue, and
green spheres are the plots corresponding to the pure alkylammonium
salt family, TMA*/Na*-mixed salt family, and Na*/K*-mixed salt
containing Pro family, respectively.

L L
120 150 180

(green plots), both ¢ and ¢ remained relatively constant due
to immobilization of the [a-PW;;0;]"” units by Na—O
bonding and Pro insertion, respectively. In contrast, ¢ tended
to decrease with a decrease in ¢ for the pure alkylammonium
family (red plots). This observation indicates that the [a-
PW,,05]”" units are not effectively fixed by the weak
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hydrogen bonding involving the alkylammonium cations and
crystallization water molecules.

Subsequently, the geometrical relationship between ¢ and ¢
was estimated using a simple [a-PW,;;05,]”" rotation model
(Figure 9b). The [Ce™(a-PW,;05),]''" polyanion, which
possesses a cubic-coordinated CeQy center,”” was used as the
starting model and has an ideal geometry of ¢ = 180° and ¢ =
180°. The rotation axis of the [@-PW,;05,]”" unit was defined
such that it passed through the Ce atom and was normal to the
O, square plane coordinating to Ce in the CeOy center. In this
case, the angle between the Ce:--P vector and the rotation axis
was measured to be 8.52°. When ¢ was reduced from 180° to
0° @ was also reduced from 180 to 162.96° according to the
equation @ cos ! [—(a® cos ¢ + V)] (a* and b* are
constants), which is represented by the black curve in Figure
9c. This reveals that in the range of ~30° < ¢p< 45° for the SA
coordination (Figure 9c, inset), ¢ should exhibit only a small
variation: i.e, from 163.5 to 164.3°. Thus, ¢ makes little
contribution to the determination of ¢ when only the rotation
effect of the [@-PW;;034]”” units is considered. However, the
plots obtained for the pure alkylammonium salt family
demonstrated a remarkably wider range of 159.1° < ¢ <
167.9° (red plots in Figure 9c), which was attributed to both
intramolecular and external molecular factors acting on the
flexible conformation of the polyanions in this family. Overall,
these results indicate that the geometrical parameters of ¢ and
¢ are greatly affected by the value of Ry, the cationic
environment, and the interacting molecules (Pro in the case of
the current study) but are almost independent of the rotation
effect of [@-PW;05,]"". These results demonstrate the rigidity
of the [a-PW,;0;5]"" unit and the flexibility of LnOj
coordination. Due to the fact that such molecular bending
has a small effect on the O,::O, contacts, its evaluation was
not possible irrespective of the other geometric parameters.

B CONCLUSIONS

A clear correlation between the ionic radius (Ry;) of the central
metal atom (M) and the twist angle (¢) of the two
monolacunary [a@-PW,;0;5]"" units was demonstrated for a
series of [M(a- PW,;05,),]"” polyanions in the presence of a
variety of cationic and coexisting molecular environments. This
observation was explained in terms of not only the steric
repulsion between the O atoms in the two monolacunary [a-
PW,,035]7" units but also the molecular environment
surrounding the polyanion, including the cation arrangement
and the presence of coexisting compounds. The obtained
results demonstrated that some interactions between the
polyanion and its countercations and coexisting compounds
ultimately determine the coordination environment of Ln and
the resulting isolated form (racemate or enantiomer). To
further investigate the stable molecular geometries of Ln
polyoxometalates (Ln-POMs) in terms of such intra- and
intermolecular interactions, theoretical approaches based on
quantum mechanics are required. However, in modern
chemistry, geometric discussions using molecular models
based on the results obtained from single-crystal X-ray
diffraction analysis are the limit. Therefore, complete ab initio
calculations of the molecular scales of [M(a-PW,;05,),]"” and
larger Ln-POM analogues, such as [M(a,-P,W;04,),]"" and
their cationic surroundings will remain a challenging task in
this area for a long time.
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