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Abstract: We report Peacock-Weakley complexes, Nag[Ln(W5013)2]-35H,0, formed with Tm(III), 1,
and Yb(III), 2. Their syntheses, physico-chemical characterizations, crystal structures, and magnetic
properties are described. Ab initio calculations are also reported. These polyoxometalate (POM)
complexes were obtained using original synthetic conditions where acidification was performed
with a stoichiometric amount of nitric acid to an acidity of Z = v(H")/»(WO,42") = 8/10 = 0.80. Both
the Tm(III) and Yb(III) derivatives were found to exhibit field-induced slow relaxation of their
magnetization likely controlled by Raman and Orbach relaxation processes. 1 is a rare example
of a Tm(IIl)-based single-molecule magnet (SMM) and is a consequence of the oblate tetragonal
anti-prismatic symmetry of the coordination sphere.

Keywords: thulium; ytterbium; polyoxometalates; single-molecule magnet; Peacock—-Weakley

1. Introduction

Single-molecule magnets (SMMs) are paramagnetic molecules exhibiting a slow relaxation of the
magnetization and magnetic hysteresis akin to bulk magnets [1]. The first observation of magnet-like
behavior in mononuclear lanthanide complexes in 2003 [2] stimulated tremendous interest. This unique
magnetic behavior results from the strong spin-orbit coupling (SOC) and large magnetic moment
of Ln(IIl) ions when the appropriate electronic configuration and geometry are selected. Indeed,
first-order SOC leads to quite large and unquenched orbital contributions to the magnetic moment
(except for 'Sy and 857, ground electronic terms) while the ligand field acts as a weaker perturbation.
The lanthanide symmetry and coordination sphere control the local magnetic anisotropy and the
relaxation properties as evidenced by numerous magneto-structural studies [3-6].
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The performances of mononuclear Ln(Ill) SMMs are enhanced in compounds with highly
axial symmetry by the suppression of quantum tunneling of magnetization (QTM), a situation
that applies in sandwich-type complexes. The best lanthanide single-center SMM to date is an
organometallic Dy(IIT) complex, [(Cp""®)Dy(Cp*)]* (where Cp"® = penta-iso-propylcyclopentadienyl
and Cp* = pentamethylcyclopentadienyl) with a record energy barrier of Ueg/kp = 2217 K resulting in
a blocking of the magnetization below 80 K [7]. Polyoxometalates have also been considered as ligands
for controlling the coordination geometry of Ln ions. For instance, Peacock-Weakley structures have
been shown to impose highly symmetric square antiprism geometry to lanthanides as illustrated with
Nd, Tb, Dy, Ho, and Er ions, some of which were found to behave as SMMs [8-10]. Herein, the Tm(III)
and Yb(III) homologues were also shown to exhibit slow relaxation of their magnetization.

The syntheses, physico-chemical characterizations, crystal structures, and magnetic properties
of Peacock—Weakley complexes, Nag[Ln(W50O1g),]-35H;0, formed with Tm(IlI), 1, and Yb(III), 2, are
described. In-field slow relaxation of the magnetization was observed for both derivatives, which is
discussed considering the results of ab initio calculations. While examples of Yb-based SMMs are well
documented [11], only very few Tm derivatives were found to exhibit SMM behaviors, and all appear
to be organometallic compounds [12-14].

2. Results and Discussion

2.1. Synthesis

The classical procedure to obtain lanthanide heteropoly anion salts [Ln(W5045),]%" is the protocol
proposed by Peacock and Weakley in 1971 [15] in which acetic acid was used for acidification of the
solution to pH 7.0-7.5. In the present work, acidification was instead conducted with a stoichiometric
amount of nitric acid to an acidity of Z = v(H*)/v(WO4%") = 8/10 = 0.80. Acidity Z = 0.80 in the
presence of stoichiometric amounts of initial ions corresponded to the formation of heteropoly
decatungstolanthanidate(IlI) anions [16-18]:

Ln®* + 10 WO, + 8H" & [Ln(W5045)2]°~ + 4 H,,O.

The equilibria in the systems [Ln(W5013),]°~ — HF(OH~) — H,O (Ln = Nd, Gd, Ho) at various Z
ranges were previously studied by pH-potentiometry and mathematical modeling [16-18]. This showed
that, at Z = 0.80, the ions [Ln(W5013)2]°~ (50 mol.%) and H[Ln(W5O13),]*~ (35 mol.%), are predominant
in the solution with molar amounts of the WO,?~ and [Ln(W5015)(H,0),]>" ions. A typical synthesis of
Peacock-Weakley complexes in acetic acid acidified solution leads to the formation of a buffer solution,
which facilitates both the formation of acid salts as well as the possible hydrolysis of high-charge anions.

This leads to the isolation of either neutral or acid salts. For example at pH 7.0-7.5,
Hin[Ln(W5045):]%~ (n = 1-3) species are predominant, whereas the acid salts are stabilized at
lower pH values and [Ln(W5013),]> salts favored at higher pH values. Thus, salts with different
numbers of hydrogen atoms (0-3) were obtained at very close pH values: Nag[Ln(W5013),]-35H,O
(Ln = Tb, Dy; pH 7.4-7.5) [19,20], Nag[Ln(W5013),]-35H,0O (Ln = Nd, Tb, Dy, Ho, Er; pH 7.2) [8,9],
Nag[Eu(Wg,Olg)z]}’leO (1’1 =32 [21], n=35 [22], pH 70—75), NagH[Gd(W5018)2]3OH20 (pH 73) [23],
K3Na4H2 [Gd(W5018)2]21H20 (pH 73) [24], Na7H2 [LH(W5018)2]'I’IH20 (Ln =La, Ce, Pr, Nd, Sm, Euy,
Gd, Dy, Ho, Er, Yb; pH 7.2) [25], and NagH3[Sm(W5013),]-28H,0 (pH 7.0) [26].

Such a situation does not apply with nitric acid. HNO3 does not lead to the formation of a buffer
solution and allows us to consider the H* ions introduced as a reactant that is completely consumed
in the self-assembly reaction of the anion [Ln(W50O13),]°". Following this approach, the heteropoly
anions [Ln(WsO1g),]°~ with Ln = Tm (1) or Yb (2) were crystallized by slow evaporation.

Solid state infrared spectra of the two complexes have been collected showing the characteristic
O-W-O bands of the POM (See Experimental section). Scanning electron microscopy (SEM) suggested
single-phases for the synthesized salts 1 and 2 as SEM-images of triturated samples showed no zones
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with different surface morphology (Supporting Information, Figures S12-515). This was confirmed by
X-ray powder diffraction data (Figure S3).

2.2. Crystal Structures

The structures for 1 and 2 were solved using single crystal X-ray diffraction. The main
crystallographic data and refinement parameters are given in Table 1. Compounds 1 and 2 crystallize
in the triclinic P-1 space group and their crystal structures are shown in Figure 1, Figures S1 and S2.
The lanthanide atoms are sandwiched between two [W50;3]°~ units, which behave as tetradentate
ligands and may be regarded as derived by the removal of one terminal WO** group from the Lindqvist
anion [W¢O19]% (Figure 1).

Table 1. Selected crystallographic data and refinement parameters of 1 and 2.

1 2
Formula 2 NangW10071 a NangW10071 a
Mw (g mol~1) 3350.34 3354.45
Crystal system triclinic triclinic
Space group P-1 P-1
T (K) 100(2) 100(2)
a(A) 12.7285(2) 12.7285(2)
b(A) 13.0501(3) 13.0447(3)
¢ (A) 20.4565(6) 20.4508(5)
a(®) 82.870(2) 82.836(2)
B () 74.392(3) 74.478(2)
v (°) 88.718(3) 88.747(2)
V (A%) 3247.2(2) 3246.0(1)
V4 2 2
P caled. (g cm™2) 3.427 3.432
i (mm™1) 1.54184 1.54184
Collected reflns 11,324 11,373
Unique reflns 10,563 11,096
Rint 0.0627 0.0318
Fl(rl‘azl 12{(17) if’fz 0.0533,0.1510 0.0261, 0.0677
Ry, wR; (all data) 0.0567, 0.1555 0.0277, 0.0689
GOF on F24 1.097 1.107
ICSD ref. 1,960,251 1,960,252

2 Excluding the hydrogen atoms on the water molecules that were not located, b Ri = YIIFo| = IFcl/TIFol,
¢ wRy = [¥ (w(Eo? — E2)2)/E([w(Ee?)]Y2 where w = 1/(02(Fo2) + (aP)? + bP) with P = (2F.2 + max(F,2,0))/3.
4 GOF = [Yw(Fo2 — F2)?*/(n — p)]l/z, where 1 is the number of reflections and p is the number of parameters.

(b)

Figure 1. The molecular structure for [Tm(W5015),1°7, 1: (a) Polyhedra and (b) ball and stick views.
Color scheme: WOyq = blue polyhedral, W = blue, Tm = bronze and O = red.
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The central Ln(Ill) cation is coordinated by eight terminal oxygen atoms adopting a square
antiprism geometry with a Dyq pseudosymmetry. The evaluation of the polyhedral shapes by
continuous shape measures [27,28] performed with SHAPE [29] indicated that the geometry around
the lanthanide is highly symmetric and extremely close to an ideal square antiprism (Figure 1 and
Table S1; shape value of 0.066 (1) and 0.063 (2) compared to O for an ideal geometry). The Ln-O bond
lengths (Table 2) are in the range 2.31-2.38 A (mean value 2.35 A) for 1, and 2.33-2.36 A (mean value
2.34 A) for 2; the related bond angles are gathered in Table 3. The heteropoly anions are surrounded by
a network of HyO-coordinated Na* cations balancing their anionic charge and introducing 35 H,O
molecules in the lattice, as was previously observed for other sodium salts with decatungstolanthanidate
anions [8-10,19,20]. This complex system of hydrogen bonds and the bulkiness of the POM ligands
resulted in an excellent isolation of the Ln(III) ions in the solid state with shortest lanthanide-lanthanide
distances of 11.21 and 12.46 A for 1 and 2, respectively (Figures Slc and S2d).

Table 2. Selected bond lengths of 1 and 2 (A).

Compound 1
Tm1-016 2.348(7) Tm1-032 2.385(8) Tm1-O33 2.347(7)
Tm1-031 2.355(8) Tm1-015 2.338(7) Tm1-014 2.309(8)
Tm1-017 2.348(8) Tm1-034 2.364(8)

Compound 2
Yb1-O34 2.348(4) Yb1-O31 2.363(4) Yb1-O17 2.316(4)
Yb1-O14 2.336(4) Yb1-O33 2.356(4) Yb1-O32 2.348(4)
Yb1-0O15 2.330(4) Yb1-O16 2.342(4)

Table 3. Selected bond angles of 1 and 2 (°).

Compound 1
016-Tm1-032 75.9(3) 016-Tm1-031 140.8(3)
016-Tm1-017 73.8(3) 016-Tm1-034 143.0(2)
033-Tm1-016 77.3(3) 033-Tm1-032 73.7(3)
033-Tm1-031 115.1(3) 033-Tm1-017 73.8(3)
033-Tm1-034 73.3(3) 031-Tm1-032 73.0(3)
031-Tm1-034 73.6(3) 015-Tm1-016 73.8(3)
015-Tm1-032 77.5(3) 015-Tm1-033 143.2(2)
015-Tm1-031 73.6(3) 015-Tm1-017 118.0(3)
015-Tm1-034 141.4(2) 014-Tm1-O16 117.5(3)
014-Tm1-032 144.1(2) 014-Tm1-033 139.7(3)
014-Tm1-031 78.3(3) 014-Tm1-015 75.2(3)
014-Tm1-017 75.2(3) 014-Tm1-034 75.1(3)
017-Tm1-032 139.4(2) 017-Tm1-031 144.4(2)
017-Tm1-034 76.9(4) 034-Tm1-032 115.5(3)
Compound 2
014-Yb1-034 76.5(1) 014-Yb1-031 77.5(1)
014-Yb1-0O33 141.4(1) 014-Yb1-032 142.9(1)
014-Yb1-0O16 117.9(1) 033-Yb1-031 115.6(1)
032-Yb1-034 115.2(1) 032-Yb1-031 73.3(1)
032-Yb1-033 73.5(1) 015-Yb1-034 140.5(1)
015-Yb1-031 75.6(1) 015-Yb1-014 73.7(1)
015-Yb1-033 143.2(1) 015-Yb1-032 77.2(1)
015-Yb1-016 73.9(1) 016-Yb1-034 144.4(1)
016-Yb1-0O31 139.2(1) 016-Yb1-033 77.1(1)
016-Yb1-032 74.1(1) 017-Yb1-034 78.3(1)
017-Yb1-0O31 144.3(1) 017-Yb1-014 75.1(1)
017-Yb1-033 75.3(1) 017-Yb1-032 140.0(1)
017-Yb1-015 117.3(1) 017-Yb1-O16 75.1(1)

034-Yb1-0O31 73.2(14) 034-Yb1-033 73.6(1)
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2.3. Magnetic Properties

The temperature dependence of the molar magnetic susceptibility, xy, for 1 and 2 between 2
and 300 K is depicted as yT = f(T) in Figure 2. The values of 7.03 (1) and 2.50 (2) cm® K mol ™ at
300 K are consistent with anticipated contributions for isolated ions (7.15 cm® K mol~! for Tm(III)
witha®Hg, S= 1,L =5, g6 = 7/6 ground state, and 2.57 cm® K mol~! for Yb(III) with 2H7/2, 5$=1/2,
L =3, g7p = 8/7 ground state). When the temperature decreased, )T continuously diminished
for both compounds with a more rapid decrease below 10 K, reaching 5.8 cm® K mol~! for 1 and
1.26 cm® K mol~! for 2 at 2 K. These thermal dependences of y\T are due to the depopulation of the
excited electronic (Stark) levels due to the crystal field effect. The field dependence of the magnetization
recorded at 2 K (Figure 2) showed a rapid increase for low fields, and, above ca. 15 kOe, a very smooth
augmentation to reach of 3.6 pg (1) and 2.0 pg (2) at 50 kOe; no hysteresis was observed. These values
are similar to those reported for Tm(III) [12,14] and Yb(III) [30,31] systems, and they confirm that there
is an important splitting of the ground ] manifold by the ligands [32,33]. For the ground state with a
pure My term, the saturation magnetization is given by Mg = % x ] x g1. The Mg values found for 1 and
2 suggest that the doublets with largest M; (+6 for Tm(III) and between +7/2 and +5/2 for Yb(III)) are
the ground states.

3
5 5 © 1(Tm) L
E 0 2(Yb) &
E 4 4 full line: calculated L s
~

=
= g ] b

==t =]

T T T T
0 50 100 150 200 250 300
T(K)

(a)

Figure 2. (a) Temperature dependence of x)T and (b) magnetization at 2 K for the complexes 1 (in
blue) and 2 (in black). Full lines correspond to the ab initio calculated behaviors.

AC susceptibility studies were performed to probe the presence of slow magnetic relaxation in 1
and 2. In a zero field, an onset of the out-of-phase susceptibility x);”) component was found for the
complexes, while, with the applied DC field, this emerged for all AC frequencies (Figures 5S4 and S8).
Fast quantum tunneling of the magnetization (QTM) was likely operating at zero field and was
reduced/suppressed with the field that lifted the energy level degeneracy of the m; states. For 1,
the longest relaxation time was found for Hpc = 3 kOe, which was selected as the optimal field. For 2,
while the maximum of the x\;” = f(v) curves shifted to lower frequencies with the field, a decrease of
intensity was observed for Hpc > 1.2 kOe (Figure S8); therefore, 1.2 kOe was chosen as the optimal
field for 2. These respective fields were applied for the subsequent AC studies.

2.3.1. AC Behavior for Nag[Tm(W50O+5),], 1:

The frequency dependence of the AC signals for 1 was collected between 2 and 30 K for the
frequency range 1-1500 Hz in a field of 3 kOe (Figure 3 and Figure S5). The data were fitted at
each temperature using a generalized Debye model affording the relaxation time 7 [34]. The thermal
dependence of 7 (Figure 3) clearly indicated the contribution of at least two relaxation mechanisms.
This is supported by the distribution width, «, of the relaxation times deduced at each temperature by
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the analysis of the Cole-Cole plots (xm” = f(xm”), Figure S6) [35]. The values ranged between 0.01
for the high T domain to 0.28 at low T suggesting several contributions to the relaxation at lower
temperatures. Spin-phonon processes, such as Raman, Orbach, and field-induced direct pathways,
as well as QTM, may concomitantly be operating in the relaxation of mononuclear complexes [36,37].
In the expression of 771, given in equation 1, the terms from left to right account, respectively, for the
direct, QTM, Raman, and Orbach process, where A, B, C, and n are coefficients and H is the magnetic
field, T is the temperature, U is the energy barrier, and 7 is the pre-exponential time.

_ B _ _Ue
= AH?T + ———— +CT" +Tolexp ff 1)
1+ BH kgT
——2K ——8K ——12K
——25K ——85K ——13K
——9K ——14K
——65K ——95K ——15K
——7K ——10K ——16K s
——75K ——11K 10
© Experimental
0.7 Fit
----- Raman contribution
06 H_,=3kOe 104 ----- Orbach contribution 3
< 05 \
S —~
£ v
- L
5 <
s =
=

Figure 3. (a) Frequency dependence of the out-of-phase component of the AC susceptibility of 1 with
an applied field of 3 kOe, and (b) temperature dependence of its relaxation time with the best fit (—) for
a combination of Raman, and Orbach contributions, and (—) their calculated individual contributions.

Since the AC signal was collected in field, the QTM is expected to be cancelled; conversely, a degree
of relaxation by a direct pathway might be expected. Therefore, direct, Raman, and Orbach pathways
were considered to model the relaxation behavior of 1. The variation of 7 over the whole temperature
range was best reproduced for a combination of Raman and Orbach contributions (Figure 3b) with the
following set of parameters: C =6 + 16 sTIK™ n=2+1,79=21+03x10"°s,and Ugg/kp = 66 + 3 K.
However, the obtained U, is far smaller than the energy gap between the ground and first excited
level by theoretical calculations (vide infra). Fairly good modeling was also obtained when the Raman
and direct processes were considered (Figure S7a). Tentative modeling with other combinations of
relaxation pathways gave poor results (see Figure S7). It appears, therefore, likely that the relaxation
for 1 is mainly driven by a Raman pathway.

To date, the only reported POM-based Tm(III) complex is [TmP5W3(Oq10]*% polyoxometalate but
no SMM properties were found in this case [38]. Four organometallic Tm(III) compound incorporating
the COT ligand were also reported to exhibit slow relaxation of the magnetization governed by several
relaxation pathways. For [(Tp*)Tmg 95Y.95(COT)], the analysis of the relaxation behavior by the Raman
and Orbach processes gave an energy barrier of 111 K while for the homologous [(Tp)Tmyg ¢5Y.95(COT)],
an energy barrier of 46 K was reported [12]. [K(18-crown-6)(THF),][Tm(COT);,] was reported with
an energy barrier Ueg/kp = 53.3 K whereas [Tm(COT)(THF);], showed SMM behaviors exclusively
under applied fields with a small energy barrier around 8 K [14]. [Tm"(DMF)4(H,0)3Co™(CN)g] is
another example of a Tm(III) complex with field-induced slow relaxation of the magnetization induced
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by the QTM, Raman, and Orbach pathways (Ueg/kp = 25 K) [13]. Thus, compound 1 belongs to a very
short-list of Tm(III)-based SMMs (Table 4).

Table 4. Tm!-based SMMs reported in the literature and their characteristics.

Compound Hg. (Oe) 7o () Ut (K) Cc@™) n TQT™ (8) Ref.
[Tp(Tm)(COT)] 2000 47(9) x 107 11;(1);12; 4213) Meng [12]
[Tp*(Tm)(COT)] 2000 24(2) x 1076 46(1) nc. 3.91(6) Meng [12]

[Tm(COT)I(THF),] 800 1.18 x 1074 7.93 0.059 6.2 2.68 x 1073  Harriman [14]
[K(18-C-6)(THF),][Tm(COT),] 200 1.28 x 1074 53.3 0.010 3.66 0.371 Harriman [14]
[Tm(dmf)4(H,0)3Co(CN)g] 1000 3.2(2) x 107 22(1) 6.8(1) 5.4(2) Amjad [13]

Nag[Tm(W501g),] (1) 3000 2.1(1) x 1076 66(3) 6(16) 2(1) this work

2.3.2. AC Behavior for Nag[Yb(W5015)>], 2

The AC susceptibility behavior recorded for Yb-derivative 2 between 2 and 10 K with Hpc = 1.2 kOe
is depicted in Figure 4 and Figure S9. Analysis of the Cole-Cole plots (Figure S10) revealed a distribution
width of the relaxation times ranging from « = 0.09 at 6.5 K to 0.23 at 2 K. The larger « value at lower
temperatures again suggest that different processes contribute to the relaxation of the magnetization.
As for 1, the best modeling of the variation of 7 with temperature was obtained for a relaxation
driven by Raman and Orbach pathways with best-fit parameters C = 85 + 42571 K™, n = 1.8 + 0.4,
190=7.1%1x10"8 s and Uug/kg = 47 + 5K (33 = 3 cm™1). The obtained effective energy barrier Uy is
about half the energy gap between ground and first excited Kramers doublet by theoretical calculations
(vide infra). Tentative modeling with other combinations of relaxation pathways can be found in
Figure S11.

——2K ——5K ——8K
——225K ——55K
——6K
——425K ——6.5K
——45K ——7K
| ——475K ——75K 10°
A O Experimental
Fit
g
----- Raman contribution
4
----- Orbach contribution
104 4 E
o
£
10° 4 L
102
0 8

Figure 4. (a) The frequency dependence of the out-of-phase component of the AC susceptibility of 2 with
an applied field of 1.2 kOe, and (b) temperature dependence of its relaxation time with the best fit (—) for
a combination of Raman and Orbach contributions, and (—) their calculated individual contributions.

Slow relaxation of the magnetization is common for Yb(III) complexes [11]; however, only one
POM-based Yb(III) compound, [Yb(ﬁz-SiW11039)2]13‘, was reported to show such a behavior [9], but its
SMM characteristics were not established due to temperature limitations. Complex 2 appears to be the
first example of a POM-based Yb derivative with well-defined in-field SMM behavior.

2.4. Ab Initio Calculations

The energies of 1 and 2 were determined using the ab initio SO-CASSCF method, as given in
Table S2. The ground terms of the free ions, 3H for Tm(III) and 2H7/2 for Yb(III), are split by about
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400 cm™! by the ligands. The symmetry of the coordination sphere in [Ln(W5045)2]°~ complexes is
remarkably close from D4, and, in this symmetry, M is a good quantum number for an axial symmetry.
In the following, the pseudo C,4 axis will be denoted as the z and quantification axis. The states of
complex 2 are Kramers doublets (KDs), with an almost pure composition in terms of Mj, the +5/2 being
the ground doublet. The + 7/2 doublet lies 65 cm™! above. The yyT deduced from this SO-CASSCF
calculations fits well the experimental curve, but the magnetization at 2 K is too small. We checked
whether a ground M = + 7/2 KD would better fit the experimental data: this would provide a plateau
slightly too high for the magnetization, and the y\T values at low temperature would be much higher.
This confirms that the +5/2 doublet is the ground one. g factors are given in Table S3. They are as
expected for pure M; doublets: all KDs denote an axial magnetic moment, except the +1/2 one, and the
2nd KD is more magnetic than the ground one.

For complex 1, the states form non-Kramers doublets (NKDs) with small energy gaps, except
state number 7. The ground NKD is almost a pure M; = +6 doublet, but the other states denote strong
mixings between different M; values. This might be due to their energetic vicinity. The ground NKD is
well separated from the excited states by an energy of more than 300 cm™!, while all the other states
issued from the ground | are grouped together. The g factors deduced from the NKDs are given in
Table S3. We remind here that only one principal value of the g tensor is worth non-zero for an NKD.

The direction of the magnetic moment of the ground NKD is along the z axis, while it takes
an oblique direction for other doublets, for finally lying in the equatorial plane for the last doublet.
The magnetic properties of the ground NKDs are favorable to slow relaxation of its magnetic moment:
the energy gap of the NKD is very tiny, 0.012 cm~!, which quenches the tunneling between the two
directions and the doublet is well separated from the other states with an energy gap of 330 cm™! with
the first excited state. Such a large barrier could not be evidenced in the analysis of the temperature
dependence of 1. This strongly suggests that the relaxation of the magnetization in 1 is not driven by
an Orbach pathway but by a faster process, such as a vibrionic (Raman) process.

The crystal field parameters (CFPs) were deduced from the ground ] manifold using the ITO
technique and are given in Table S4. They are similar in the two complexes, with a small decrease
along the series, as is usually the case [39]. The strength parameters are of the same order of magnitude
as other late-lanthanide complexes with O-donor ligands. This is dominated by 2nd and 4th orders,
and only the parameters of index 0, B’é (k =2, 4, 6), are important, due to the quasi Dy; symmetry.
Consequently, Sy SOis by far dominant, and S; would be important in a Dyj,. B% is negative as expected
from an axially compressed Og coordination core leading to an oblate environment (Figure S1d).
This type of coordination sphere stabilizes the states with a prolate electron density, and these states
have large values of |[M;| for the late lanthanides [40]. In 1 and 2, the oblate Og core results in ground
states with the largest |M;| for Tm(IIl) and the second largest for Yb(III), and the pseudo D4y symmetry
leads to doublets that are pure in terms of M;. The magnetic moments are consequently large and axial,
along the Cy4 axis.

3. Materials and Methods

3.1. Syntheses

All reagents and solvents were used as received from commercial sources. Nitric acid solution
(C = 0.4832 mol L~!) was prepared from concentrated HNO3 (chemically pure grade). The exact
concentration was determined by titration of a weighed amount of sodium tetraborate (methyl red
indicator) (60 = 0.5 %) [41]. Recrystallized sodium tetraborate decahydrate Na,;B,O7-10H,O was used
for standardization; the H,O content was determined gravimetrically based on the weight loss after
isothermal calcination (773 K) [41]. Tm(NOj3)3 (C = 0.2933 mol L™!) and Yb(NO3)3 (0.2351 mol L)
solutions were prepared by dissolving Tm,;O3; and Y,0O3; in HNOj3. Excess amounts of HNOj3; were
removed by two-fold evaporation until wet residues were formed, which were then dissolved in
distilled water. The concentrations of Tm(III) and Yb(III) were determined by direct complexometric
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titration using Trilon B solution (analytically pure grade) in acetate buffer solution with pH 5.5 (xylenol
orange indicator) (6 = 0.8 %) [42].

Nag[Tm(W5043)2]-35H,0, 1: NayWO,4-2H,0 (3.2980 g, 10.00 mmol) was dissolved in distilled
water (80.03 mL). Then, HNOj solution (16.56 mL, C = 0.4832 mol L™, 8 mmuol) was added dropwise
with vigorous stirring. A solution of Tm(NO3)3 (3.41 mL, C = 0.2933 mol L1, 1 mmol) was added
dropwise and very slowly to the acidified tungstate solution with vigorous stirring. The final volume
of the solution was 100 mL. The solution was stored for 2 weeks at room temperature leading to the
formation of a needle-like crystalline precipitate of 1. The solid was filtered, washed with cold water,
and air dried. The yield was 48%. IR (KBr, cm™'): 3449 (br, (v(O-H)), 1637 (s, 5(H,0)), 933 (s, v(W=0)),
849 (s, v(O-W-0)), 791 (m), 715(s), 582 (w), 544 (w), 492 (w), 480 (w), 422 (w, 5(O-W-0)). Raman
(cm™1): 947 (s), 889 (s), 838 (m), 712 (w), 544 (w), 427 (w), 343 (m), 175 (s). Elemental analysis (%) calcd.
for Nag[Tm(W5013)2]-35H,0: Na 6.05, Tm 4.94, W 53.74, H 2.06; found: Na 6.1, Tm 4.8, W 53.5, H 2.0.

Nag[Yb(W5013)2]-35H,0, 2: NayWO,4-2H,0 (3.2980 g, 10.00 mmol) was dissolved in distilled
water (80.03 mL). Then, a HNOj3 solution (16.56 mL, C = 0.4832 mol L~!, 8 mmol) was added dropwise
with vigorous stirring. A solution of Yb(NO3)3 (4.25 mL, C = 0.2351 mol L1, 1 mmol) was added
dropwise and very slowly to the acidified tungstate solution with vigorous stirring. The final volume
of the solution was 79.19 mL. The solution was stored for 2 weeks at room temperature leading to
the formation of a needle-like crystalline precipitate of 1. The solid was filtered, washed with cold
water, and air dried. Yield 52%. IR (KBr, cm™!): 3444 (br, v(O-H)), 1636 (s, 5(H,0)), 934 (s, v(W=0)),
848 (s, v(O-W-0)), 792 (m), 710(s), 585 (w), 547 (w), 490 (w), 421 (w, 5(O-W-0)). Raman, cm™':
948 (s), 889 (s), 830 (m), 720 (w), 544 (w), 427 (w), 343 (m), 200 (s). Elemental analysis (%) calcd. for
Nag[Yb(W5043),]-35H,0: Na 6.04, Yb 5.05, W 53.68, H 2.06; found: Na 6.2, Tm 5.0, W 53.6, H 2.1.

3.2. Fourier Transform Infrared (FT-IR)

FT-IR spectroscopy was performed on air-dried samples in a KBr matrix (content of the sample in
KBr matrix was 0.5 wt%) using the Perkin-Elmer FTIR Spectrum BXII infrared spectrometer (Waltham,
MA, USA) from 400 to 4000 cm~!. The Raman spectra were obtained at room temperature using
CARS confocal laser scanning microscopes (SOL Instruments, Minsk, Belarus). The spectra were
excited using a He-Ne laser (632.8 nm). The radiation power on the sample was 4.7 mWt. The time
of signal accumulation was one second. The Raman spectra were recorded from 100 to 3100 cm™.
All measurements were conducted with a Perkin—-Elmer spectrum GX 2000 FT-IR spectrometer three

times and averaged.

3.3. Single-Crystal X-ray Diffraction

Single crystals suitable for X-ray diffraction were coated with Fomblin® Y oil and mounted onto the
goniometer. Single crystal X-ray diffraction data was collected at 100 K on a Rigaku Compact HomeLab
diffractometer equipped with a Saturn 944 HG CCD camera, and using monochromatic Cu-K«-radiation
(A = 1.54184 A) from a MicroMax™-003 sealed tube microfocus X-ray source. The data were collected
using w-scans. CrysAlisPro [43] was used for the data collection and processing, and numerical
absorption correction [44] was performed based on a multifaceted crystal model. The structures were
solved using SHELXT program and refined by the full-matrix least-squares method against F? with
SHELXL-2016 through OLEX2 program package [45-47]. The positions of hydrogen atoms were not
determined. All non-hydrogen atoms were refined with anisotropic atomic displacement parameters.

3.4. Scanning Electron Microscopy

The investigations of the surface morphology of triturated samples of 1 and 2 by scanning (raster)
electron microscopy and X-ray microanalysis were conducted using a complex analytical scanning
electron microscope JSM 6490 LV (JEOL) and energy dispersive X-ray (EDX) spectrometer INCA
PentaFETx3 (OXFORD Instruments). Imaging of the samples deposited on a conductive graphite tape
were carried out in two modes: backscattered electron imaging (BEI) mode for the elemental analysis
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of phases constituting the samples and secondary electron imaging (SEI) mode for the study of surface
micromorphology of obtained salts. The cathode material was lanthanum hexaboride (LaBg). The used
accelerating voltage was between 10 and 20 kV.

The obtained salts had the composition of 1 and 2, which was confirmed by the results of EDX
performed in different parts of the samples (Figure S12). X-ray spectral microanalysis was carried out
for various points of the powder surface. The size of the excitation area at points was up to 5 um
in diameter and up to 5 um in depth. The obtained atomic fractions of the elements indicated the
preservation of the molar ratio Na:Ln:W = 9:1:10 (Ln = Tm (1), Yb (2)) at each point of the studied
samples, which agrees with the data of the chemical analysis.

The determination of the chemical composition, surface scanning, and imaging in backscattered
electrons (BEC) were performed at an accelerating voltage of 20 kV. Imaging with secondary electrons
was carried out at an accelerating voltage of 10 kV. During the scanning, uneven sample surfaces
caused an insignificant masking effect on the recorded signal. The uniform contrast of the sample
surface, which was recorded in the backscattered electron mode, also indicates its single-phase nature.
This was also confirmed by the survey of the samples surface area in the characteristic X-ray emission.
Figures S8 and S9 show the uniform distribution of elements (O, Na, Tm, and W for 1; O, Na, Yb,
and W for 2) over the sample surface without any segregations.

Microscopic analysis showed that the surfaces of the grains of 1 and 2 salts after grinding in an
agate mortar had fuzzy blurred edges; the surface of the salt was made of spherical grains whose size
was within the range of 100-500 nm for 1 and 200-300 nm for 2 (Figure S10).

3.5. Magnetic Properties

Magnetic studies were carried out with a Quantum Design MPMS-55 SQUID magnetometer
(San Diego, CA, USA) with freshly isolated polycrystalline powders mixed with grease and put in
gelatin capsules. The data were collected between 300 and 2 K with an applied field of 1 kOe (1) and
10 kOe (2) and corrected for the diamagnetic contribution sample by using Pascal’s tables [32] and for
the sample holder. The field dependences of the magnetization were measured at 2 K with the DC
magnetic field up to 5 T. The absence of ferromagnetic impurities was checked by the measurement
of Mvs. H at 100 K. AC susceptibility data were collected in the frequency range 1-1500 Hz with
Hac =3 Oe in zero and with an applied static field.

3.6. Computational Details

The calculations were performed on the [Ln(W504g),]°~ complexes (Ln = Tm, Yb) based on the
X-ray structures using the MOLCAS-7.8 suite of software (www.molcas.org). Relativistically contracted
ANO-RCC basis sets of TZP quality were used for Tm, Yb, and O atoms [48,49]. W atoms were described
using relativistic AIMP (ab initio model potentials) with the corresponding basis sets 3s3p4d2f for the
12 valence electrons [50]. First, a SF-CASSCF (spin-free CASSCF) calculation was performed [51] with
an active space composed of the seven 4f orbitals of the lanthanide ion and associated electrons, that
is, CAS(n,7). Spin—orbit (SO) coupling was included by a state interaction with the RASSI (restricted
active space state interaction) method [52]. We considered 21 triplets and 28 singlets for Tm and
7 doublets for Yb for the state interaction. Scalar relativistic effects were considered by means of the
Douglas-Kroll-Hess transformation [53], and the SO integrals were calculated using the AMFI (atomic
mean-field integrals) approximation [54]. The g-values were calculated according to reference [55],
and the CFPs were calculated with a local program written in Mathematica as described in [39,56].

4. Conclusions

Two Peacock-Weakley lanthanide complexes (Ln = Tm for 1 and Yb for 2) were synthesized using
an original procedure involving HNOj in a stoichiometric ratio. This permitted us to circumvent the
high sensitivity to pH of the reaction outcome.
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In these complexes, the Ln(IIl) ion sits in a quasi-perfect square antiprism polyhedron and is
efficiently isolated from a point view of the magnetic interactions. The two (W50;5)°~ ligands exert a
lateral crystal field on the central Ln ion which is well suited to stabilize electrostatically a state with a
prolate charge density [9,40,57]. The symmetrical and axially compressed coordination sphere favored
large and axial magnetic moments. The high symmetry was even more necessary for the non-Kramer
Tm(IIl) ion, where the ground state was found to be an almost degenerate doublet. The ground
doublets were well separated in energy from the excited states (330 and 65 cm™~! for complexes 1 and 2,
respectively). This situation is likely to result in single-molecule magnet behavior [10,58], which was
indeed found in 1 and 2. Finally, we stress that compound 1 is a rare example of a thulium-based SMM.

Supplementary Materials: The following are available online at http://www.mdpi.com/2312-7481/6/4/53/s1,
additional views of the crystal structures and crystal packing; additional magnetic data for 1and 2. Crystallographic
data for the structural analysis have been deposited at the ICSD Database under depository numbers
CSD-1960251 and CSD-1960252 for compounds 1 and 2, respectively. This information may be obtained at
http://www.fiz-karlsruhe.de/obtaining_crystal_structure_data.html. Figure S1: Molecular structure views for
Nag[Tm(W5043)2]-35H,0, 1; Figure S2: Molecular structure views for Nag[Yb(W5013)2]-35H,0, 2; Figure S3:
Powder X-Ray diffractograms of 1 and 2; Figure S4: Compound 1: (a) Frequency dependence of the out-of-phase
ac signal (yy”) at 5 K with applied fields ranging from 0 and 1 T; (b) Field dependence of the relaxation time
(7) at 5 K; Figure S5: Frequency and temperature dependence of the in-phase (xj1") and out-of-phase (x\”) ac

signals for 1; Figure S6: Cole-Cole plots for 1; Figure S7: Temperature dependence of =1 of 1 with the best
fit considering different processes; Figure 58: Compound 2: Temperature dependence of the out-of-phase ac
signal (xm”) at 2 K for different DC fields; Figure S9: Compound 2: Temperature and frequency dependence
of the in-phase (x’) and out-of-phase (x”) ac susceptibilities recorded at 1.2 kOe dc field with a 3 Oe ac field;
Figure 510: Cole-Cole (xp” =f(xm’)) plots for 2 between 2 and 6.25 K with the best fits to the generalized Debye

model; Figure S11: Temperature dependence of 7! of 2 with the best fit supposing direct and Raman processes;
Figure S12: SEM images of the morphology of triturated samples of 1 and 2; Figure S13: SEM images of the
powder of 1 in the characteristic X-ray emission; Figure S14: SEM images of the powder of 2 in the characteristic
X-ray emission; Figure S15: SEM image of the surface of triturated samples of 1 and 2; Table S1: Continuous
Shape Measures calculations performed on 1 and 2; Table S2: SF-CASSCF and SO-CASSCF energies for the
[Ln(W504g)21°~ complexes; Table S3: g factors of for the [Ln(W504g)21°~ complexes deduced from SO-CASSCF
calculations; Table S4: Crystal field and strength parameters (in cem™1) for the [Ln(Ws504g)2]°~ complexes deduced
from SO-CASSCEF calculations.
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