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coordination number and coordination geometry of the metal
centers or by modifying the coordination environments
through supramolecular interactions such as hydrogen
bonding, π−π interactions, and so on.

As for the reaction solvents, they can regulate the molecule
structures and magnetic properties in the following several
manner. First, different reaction solvents can result in totally
different structures with different coordination numbers,12

nuclearities,13 and/or dimensionalities,14 where the solvents
can act either as simple reaction media without even appearing
in the final products or as coordination groups or lattice
solvents to the metal centers. For example, Wu, Sato, and co-
workers reported that, by using different solvents [N,N-
dimethylformamide (DMF) + dichloromethane or methanol
(CH3OH)], dinuclear Dy2 or tetranuclear Dy4 compounds
with different energy barriers were prepared.15 In these
compounds, the solvents were found to coordinate with the
DyIII ions and are responsible for the formation of structures of
different nuclearities. Also, Zheng et al. were able to isolate two
mononuclear DyIII SMMs with different coordination numbers
(7 or 6) and different coordination symmetries of the DyIII

center (D5h or D4h) from different solvents [tetrahydrofuran
(THF) or toluene].16 In these two complexes, although the
solvents did not coordinate with the DyIII ions, they are
responsible for the formation of different structures.

Second, different solvents can also lead to a series of very
similar (sometimes isostructural) structures, where the solvents
act as terminal ligands to the LnIII centers and thus modify the
coordination geometries of the LnIII ions.17 Obviously, the
coordination of different solvent molecules to the LnIII center
influences the magnetic properties of the products. For
example, Murugesu et al. reported two dinuclear Dy2
compounds [Dy2(ovph)2Cl2(solvent)2], where the terminal
ligands can be either DMF or isopropyl alcohol (i-PrOH)
molecules.18 A near 2-fold increase of the energy barrier was
observed in the i-PrOH coordinated compound, which was
attributed to the change of the O−Dy−Cl bond angle. Another
e x a m p l e i s t h e d i n u c l e a r D y 2 c o m p o u n d s
[Dy2(HL)2(NO3)2(CH3CN)2]·2solvent, where solvent =
acetonitrile (CH3CN) or DMF, reported by Tang et al.,
where different coordinated terminal ligands lead to different
energy barriers.19

Third, different reaction solvents can also lead to similar
structures, whereas the solvents only act as lattice solvents in
the structures. However, the existence of crystallized solvents
in the structures also has some dramatic influences on the
magnetic properties through different mechanisms. In some
cases, the uncoordinated lattice solvents finely tune the local
coordination geometries (and thus the magnetic anisotropy
and SMM behavior) of the LnIII centers through weak
intermolecular interactions.20 Alternatively, the solvents can
modify the intermolecular distances and the dipole−dipole
interactions between the LnIII centers, which affect the
quantum tunneling of magnetization (QTM) effects and the
rate of magnetic relaxation.21 A representative example is the
m e t a l − o r g a n i c f r a m e w o r k ( M O F ) c o m p o u n d
Dy2(INO)4(NO3)2·2solvent (solvent = CH3CN and DMF)
reported by Shi, Cheng, and co-workers, where different
solvent molecules residing in the pores of the MOF lead to
ON−OFF switching of the SMM behavior, mainly through
modification of the QTM rates by changing the dipole−dipole
interactions between the DyIII centers.22 In addition, Liu et al.
also reported four very similar Cu3Tb2 compounds where the

noncoordinated solvents [methanol (MeOH), ethanol
(EtOH), propanol (PrOH), and water (H2O)] can have a
continuous modification of their energy barriers.23 Further-
more, the lattice solvent molecules can also sometimes change
the symmetry of the crystals and lead to a different number of
the crystallographic unique LnIII centers, which can lead to the
appearance of multiple relaxation processes.24

Fourth, modification of the Ln-SMMs through solvents can
sometimes occur in the solid state through a desolvation/
solvation process and, even more interestingly, in a reversible
single-crystal-to-single-crystal manner. Up to now, several LnIII

complexes with these solvent-switchable properties have been
reported.25 Their SMM properties can be finely tuned through
the reversible adsorption/release of different solvent molecules,
which can either dramatically change the local geometries of
the LnIII centers26 or substantially alter the intermolecular
interactions.27 As a representative example, Tong et al.
reported that in the [Zn2Dy(L)2(MeOH)] compound desol-
vation or solvation of the MeOH molecule coordinated to the
DyIII center changes the local symmetry of the DyIII ion from
D5h to Oh, which efficiently switches their anisotropy energy
barriers.28

Obviously, the reaction solvents play a critical role in
modification of the Ln-SMMs. In our previous work on the
acid−base modification of the structures and SMM properties
of the Dy-H4daps complexes,29 we also noticed that, besides
the acidity or basicity of the reaction medium, the reaction
solvents also have a significant effect on the resulting products.
For example, for the two reported Dy2 compounds of similar
dinuclear structure, [Dy2(H2daps)2(H2O)6](CF3SO3)2·
2THF30 synthesized in a mixture of THF/CH3CN and
[Dy2(H2daps)2(EtOH)2(H2O)2(MeOH)2](CF3SO3)2·2H2O29

prepared in a mixture of MeOH/EtOH, different solvents
coordinated to DyIII lead to significantly different SMM
properties. While the former compound with coordinated H2O
molecules does not exhibit SMM behavior, our compound
with coordinated MeOH/EtOH/H2O molecules is a typical
SMM with an energy barrier of about 120 K. These results
highlighted the importance of the reaction solvents and
promoted further detailed studies of the solvent effects in
this system. Herein, we reported the successful syntheses of a
series of Dy-H4daps complexes in different alcohols
(CnH2n+1OH, where n = 1−4), namely, two binuclear
compounds, [Dy2(H2daps)2(MeOH)4(H2O)2](CF3SO3)2·
0.5MeOH (1MeOH) and [Dy2(H2daps)3(EtOH)2]·2EtOH·
Et2O (2EtOH), and two mononuclear compounds, [Dy-
(H4daps)2](CF3SO3)3·n-PrOH (3PrOH) and [Dy(H4daps)-
(CF3SO3)3(n-BuOH)]·0.5Et2O (4BuOH). Through solvent
crossover experiments, the possible mechanisms and processes
of the reactions have been probed. Magnetic studies on these
complexes revealed their SMM behavior. In combination with
theoretical calculations, the magnetic−structure relationships
of these complexes were also studied.

■ EXPERIMENTAL SECTION
Materials and Methods. All reagents and solvents used for the

syntheses were used as received from commercial sources. The ligand
H4daps was synthesized according to the modified method reported
in our previous paper.29

Synthesis of the Complexes. [Dy2(H2daps)2(MeOH)4(H2O)2]-
(CF3SO3)2·0.5MeOH (1MeOH). Under an N2 atmosphere and constant
stirring, a MeOH solution (5 mL) of H4daps (43 mg, 0.1 mmol) was
added to a MeOH solution (5 mL) of Dy(CF3SO3)3·6H2O (60 mg,
0.1 mmol). The mixture was refluxed at 80 °C for 3 h and then cooled
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to room temperature. The solution remained clear after it was cooled
to room temperature. Ether vapor was allowed to diffuse into the
solution under an N2 atmosphere. Yellow lamellar single crystals
suitable for X-ray analysis were obtained in 1 week. Yield: 58 mg, ca.
70% based on H4daps. Elem anal. Calcd for C52.5H60Dy2F6N10O20.5S2:
C, 37.94; H, 3.64; N, 8.43. Found: C, 37.85; H, 3.65; N, 8.42.
Selected Fourier transform infrared (FT-IR) data (ATR, cm−1): 3380,
3276, 3096, 2943, 2073, 1820, 1605, 1588, 1503, 1459, 1370, 1331,
1269, 1225, 1168, 1067, 1023, 950, 907, 856, 811, 761, 698, 675, 629,
571, 508.

[Dy2(H2daps)3(EtOH)2]·2EtOH·Et2O (2EtOH). Yellow lamellar single
crystals of 2EtOH were obtained by a procedure similar to that used for
1MeOH using EtOH instead of MeOH as the solvent. Yield: 45 mg, ca.
50% based on H4daps. Elem anal. Calcd for C81H91Dy2N15O17: C,
51.98; H, 4.90; N, 11.23. Found: C, 51.91; H, 4.91; N, 10.21. Selected
FT-IR data (ATR, cm−1): 3657, 3569, 3411, 3374, 3073, 2972, 2868,
1679, 1594, 1567, 1524, 1491, 1448, 1414, 1358, 1326, 1242, 1200,
1153,1138, 1103, 1056, 1030, 989, 903, 833, 804, 759, 704, 683, 666,
581, 536, 498, 468, 417.

[Dy(H4daps)2](CF3SO3)3·n-PrOH (3PrOH). Almost colorless lamellar
single crystals of 3PrOH were obtained by a procedure similar to that
used for 1MeOH using n-propanol (n-PrOH) instead of MeOH as the
solvent, and the reaction temperature was increased to 100 °C. After
cooling to room temperature, a small number of solids appeared from
the clear solution. The solution was filtered to remove the separated
solids. Ether vapor was allowed to diffuse into the filtration under an
N2 atmosphere to give single crystals. Yield: 21 mg, ca. 30% based on
H4daps. Elem anal. Calcd for C52H50DyF9N10O18S3: C, 40.75; H,
3.15; N, 9.14. Found: C, 40.78; H, 3.14; N, 9.16. Selected FT-IR data
(ATR, cm−1): 3237, 3093, 2938, 2713, 2570, 1607, 1569, 1527, 1489,
1455, 1373, 1318, 1269, 1219, 1152, 1104, 1069, 1025, 960, 906, 870,
815, 795, 760, 699, 634, 570, 513, 453.

[Dy(H4daps)(CF3SO3)3(n-BuOH)]·0.5Et2O (4BuOH). Almost colorless
rodlike single crystals of 4BuOH were obtained by a procedure similar
to that used for 1MeOH using n-butanol (n-BuOH) instead of MeOH
as the solvent, and the reaction temperature was increased to 120 °C.
Note that the reaction solution did not turn clear after reflux even
when it was hot. After it was cooled to room temperature, the solution
was filtered to remove the remaining solids. Ether vapor was allowed
to diffuse into the filtration under an N2 atmosphere to give single
crystals. Yield: 28 mg, ca. 25% based on H4daps. Elem anal. Calcd for

C32H36DyF9N5O14.5S3: C, 33.35; H, 3.15; N, 6.08. Found: C, 33.33;
H, 3.15; N, 6.09. Selected FT-IR data (ATR, cm−1): 3453, 3369,
3269, 3180, 1609, 1573, 1530, 1490, 1456, 1382, 1364, 1305, 1275,
1218, 1164, 1107, 1074, 1030, 963, 907, 869, 809, 758, 702, 627, 572,
516, 452.

■ RESULTS AND DISCUSSION
Syntheses. As mentioned in the Introduction, solvents play

important roles in the formation of specific complexes,
especially when they can both act as the reaction media and
coordinate to the metal centers. Using different alcohols
(CnH2n+1OH, where n = 1−4) in the synthesis, four different
DyIII compounds have been successfully prepared in this work.
Because of the poor solubility of the starting materials and also
the products in n-PrOH and n-BuOH of lower polarity, the
reaction temperatures have to be raised for the reactions
performed in n-PrOH and n-BuOH. In addition, some
precipitates were removed from the solution after the reaction,
which leads to the apparent lower yields of complexes 3PrOH
and 4BuOH. Single crystals can be obtained by the vapor
diffusion method using ether. Among them, compounds 1MeOH
and 2EtOH are yellow crystals, while compounds 3PrOH and
4BuOH are almost colorless crystals. The different colors
indicate that the degree of conjugation of the ligand in
1MeOH and 2EtOH is higher than that in 3PrOH and 4BuOH. This
should originate from the higher degree of deprotonation of
the ligand, as confirmed by their crystal structures (vide post).

Crystal Structures of 1MeOH−4BuOH. Single-crystal X-ray
diffraction data of all four compounds were collected at 190 K.
The crystallographic data and selected bond lengths and angles
of the complexes are shown in Tables S1−S8. Depending on
the different solvents, compounds 1MeOH and 2EtOH are
dinuclear Dy2 structures, while 3PrOH and 4BuOH are
mononuclear compounds. Compound 1MeOH crystallizes in a
triclinic crystal system with a space group P1̅. Although it has a
dinuclear Dy2 structure (Figure 1a), its structure is
centrosymmetric and the asymmetric unit contains only one

Figure 1. Molecular structures of 1MeOH (a) and 2EtOH (b). Some hydrogen atoms were omitted for clarity.
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crystallographically unique [Dy(H2daps)(MeOH)2(H2O)]+

unit, one disordered charge-balancing CF3SO3
− anion, and a

cocrystallized MeOH molecule with an occupancy factor of
0.25. In fact, the structure of 1MeOH is quite similar to our
recently reported compound, which has a formula of
[Dy2(H2daps)2(EtOH)2(H2O)2(MeOH)2](CF3SO3)2·2H2O.
Both compounds have similar cell parameters, and the main
difference lies in the coordinated and crystallized lattice solvent
molecules (MeOH or EtOH). From an analysis of the
deprotonation degree of the ligand similar to that in our
previous work,29 we determined that the ligand in 1MeOH
carries two negative charges (H2daps2−) and the deprotonation
occurs in one of the OH groups (O4) and one of the NH
groups (N1). For the phenolic O−H groups, the C−O bond
length of the protonated group [C1−O1 = 1.338(6) Å] is
longer than that of the deprotonated group [C23−O4 =
1.325(4) Å]. In addition, the C−O and C−N bond lengths of
the O2−C7−N1 part [C−O = 1.274(5) Å and C−N =
1.335(5) Å] are even more compared to the O3−C17−N5
part [C−O = 1.253(4) Å and C−N = 1.348(5) Å], indicating
that the hydrogen atom originally attached to N1 is
deprotonated. Intramolecular hydrogen bonds (O1−H1···N1
and N5−H5A···O4) were also found in this structure, which
also corroborates the deprotonation position on the ligand. As
for the DyIII center, it is in a 9-coordinated N3O6 environment.
The pentadentate N3O2 pocket of the ligand forms an
equatorial coordination plane with umbrella-like deformation.
For the other four coordinated oxygen atoms, three of them
are from two MeOH molecules and a H2O molecule and one is
from a phenolic group (O4) on the other ligand. The
coordination polyhedron is close to a spherically capped
square-antiprismatic conformation with a calculated continu-
ous shape measures (CShMs)31 value of 2.002 (Table S10),
with the Dy−N and Dy−O bond lengths being in the ranges of
2.496(3)−2.556(3) and 2.320(3)−2.525(3) Å, respectively.
The shortest Dy−O bond is between Dy1 and the enol−
oxygen O2 [Dy1−O2 = 2.320(3) Å], and the Dy−O bond
between Dy1 and the phenol oxygen O4 is of a similar length
[2.327(2) Å]. These short Dy−O bonds should be important
for the magnetic anisotropy and SMM behavior of 1MeOH (see
magnetic analysis later). The intramolecular Dy···Dy distance
is 7.092 Å, while the shortest intermolecular Dy···Dy distance
is 9.359 Å. Finally, as can be seen in Figure S1, besides the
intramolecular hydrogen bonds, abundant hydrogen bonds
between the solvent molecules and anions were formed, which
contributed to the stability of the whole structure.

Complex 2EtOH is also a binuclear compound crystallized in
the monoclinic space group P21/c. The asymmetric unit
contains three deprotonated ligands and the two DyIII ions that
they chelate, two EtOH molecules coordinated to Dy1, and
some lattice EtOH and ether molecules (Figure 1b). Different
from the situation in 1MeOH, the ligand-to-metal ratio in 2EtOH
is 3:2. While the Dy1 center is coordinated by the N3O2 pocket
of the separate ligand, the Dy2 center is chelated by two
intersecting N3O2 pockets of two other different ligands.
Therefore, there are three different ligands, two of which
coordinate to Dy1 and Dy2 with the N3O2 pockets, while the
third ligand not only chelates the Dy2 center with its N3O2
pocket but also coordinates to Dy1 with the phenol oxygen
atom (O7). Considering the charge balance, the three ligands
should have a total charge of 6− and have six hydrogen atoms
deprotonated. After analysis of the bond lengths as well as the
hydrogen-bond patterns, we concluded that, for each ligand,

two hydrogen atoms are deprotonated and the ligands are in
the divalent H2daps2− form. For the two ligands chelating only
one DyIII center, deprotonation occurs in both of the O−C−N
amide groups of the ligands (N1, N5, N11, and N15). As for
the ligand coordinating to both the Dy1 and Dy2 centers,
deprotonations occurs in one of the O−C−N groups (N10)
and one of the phenolic hydroxyl groups (O7). The bond
length of C28−O7 [1.321(5) Å] is significantly shorter than
those of the other three phenolic C−O bonds. Being
deprotonated, this phenolic oxygen atom has a stronger
coordination ability with the DyIII ion and acts as a bridge
between the two DyIII centers.

For the two DyIII centers in 2EtOH, their coordination
geometries are also significantly different. The Dy1 center is in
an 8-coordinated N3O5 environment, where the pentadentate
N3O2 pocket of one ligand forms the equatorial coordination
plane, and three oxygen atoms from one phenol oxygen and
two EtOH molecules complete the coordination polyhedron.
This 8-coordinated polyhedron of Dy1 is close to the
biaugmented trigonal prism (CShM = 4.087; Table S10).
The Dy−O and Dy−N bond lengths range between
2.259(3)−2.421(3) Å and 2.487(4)−2.533(4) Å, with the
shortest Dy−O bond being Dy2−O7 between Dy2 and the
phenolic oxygen O7. As for the Dy2 center, it is coordinated by
two H2daps2− ligands with two intersecting N3O2 pockets. The
phenol oxygen atoms deviate from the original ligand planes to
avoid spatial crowding. The 10-coordinated polyhedron of Dy2
is close to the bicapped square antiprism J17 conformation
with a CShM value of 3.089. The Dy−O and Dy−N bond
lengths range between 2.355(3)−2.514(3) Å and 2.529(4)−
2.693(4) Å. The intramolecular Dy···Dy distance is 7.541 Å,
while the shortest intermolecular Dy···Dy distance is 8.558 Å.
Abundant hydrogen bonds between the solvent molecules and
the ligands were also found in the structure (Figure S2).

Compounds 3PrOH and 4BuOH are both mononuclear
structures, and it is evident from the charge balance that the
ligands are both neutral H4daps without any deprotonation
(Figure 2). For 3PrOH, it crystallizes in the monoclinic space
group P21/c. The asymmetric unit contains one DyIII center,
two chelated H4daps ligands (with a ligand-to-metal ratio of
2:1), three charge-balancing uncoordinated CF3SO3

− ions, and
a cocrystallized n-PrOH molecule (Figure 2a). The DyIII ion is
chelated in two N3O2 pockets from two H4daps ligands, and
the 10-coordinated N6O4 polyhedron is close to that of the
Dy2 center in 2EtOH, in the bicapped square antiprism J17
conformation with a CShM value of 3.093. The bond lengths
of the Dy−O and Dy−N bonds are in the ranges of 2.355(4)−
2.411(4) Å and 2.551(4)−2.697(5) Å, respectively, with the
shortest Dy−O bond length being 2.355(4) Å (Dy1−O16).
Compared to the coordination bonds of the Dy2 center in
2EtOH, these bonds in compound 3PrOH are even more, which
might be due to the neutral H4daps ligand with more averaged
coordination abilities of the coordination atoms. The shortest
intermolecular Dy···Dy distance is 10.310 Å. In addition,
because no deprotonation occurs on the H4daps ligand, the
abundant active hydrogen atoms form a large number of intra-
and intermolecular hydrogen bonds among the ligand, the
crystallized counteranions, and the cocrystallizing solvent,
leading to a packed structure with substantially higher stability.
As can be seen from the thermogravimetric analysis plots
(Figure S5), the thermal stability of 3PrOH is higher than the
other three compounds.
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Compound 4BuOH crystallizes in the triclinic space group P1̅.
Unlike the coordination pattern of 3PrOH, 4BuOH has a ligand-
to-metal ratio of 1:1. In the asymmetric unit, there is one DyIII

ion, one neutral chelating H4daps ligand, three coordinated
CF3SO3

− ions, one disordered n-BuOH molecule coordinated
to DyIII, and a half-lattice ether molecule that lies at the
inversion center (Figure 2b). For the DyIII center, the

pentadentate N3O2 pocket of the ligand forms the equatorial
coordination plane, where one CF3SO3

− ion lies on one side
and two other CF3SO3

− ions and an n-BuOH molecule
coordinate on the other side. Because of the steric effect, the
plane of the H4daps ligand is slightly bent, showing an
umbrella deformation, and the position of the DyIII ion has
slightly deviated from the N3O2 plane toward the BuOH
molecule side prominently. The resulting 9-coordinated
polyhedron of the DyIII ion is close to a spherical tricapped
trigonal prism with D3h symmetry and a CShM value of 2.705
(Table S10). The bond lengths of the intramolecular Dy−O
and Dy−N bonds are in the ranges of 2.346(3)−2.506(3) Å
and 2.537(3)−2.566(3) Å, respectively, with the shortest Dy−
O bond being between DyIII and the oxygen (O6) from the
N−C−O part of the ligand. Of course, intermolecular
hydrogen bonds also contribute to connection of the
mononuclear units into a three-dimensional structure (Figure
S4), where the shortest Dy···Dy intermolecular distance is
8.997 Å.

Considering the different structures of these four DyIII

complexes, the successful synthesis and structure modulation
of these complexes with different alcohol solvents deserve
more discussion. It is interesting to note that different alcohols
not only act as reaction solvents but also participate in
coordination of the metal ions (Scheme 1). In addition, there
seems to be a correlation between the ligand-to-metal ratio and
the solvents. As the alkyl chain of the alcohol grows longer, the
ligand-to-metal ratio gradually increases, from 1:1 (in MeOH)
to 3:2 (in EtOH) and finally to 2:1 (in n-PrOH). We speculate
that two possible reasons could account for this. The first one
is the increasing size and steric effect of the solvent with
increasing alkyl chain length from MeOH to PrOH, and the
other may be due to the different coordination abilities of the
solvents, especially for n-PrOH, which does not directly
coordinate to the DyIII center.

However, in 4BuOH, the ligand-to-metal ratio decreases to
1:1, and the BuOH molecule is also coordinated to the metal
center. We do not know the exact reason for this, but we guess

Figure 2. Molecular structures of 3PrOH (a) and 4BuOH (b). Some
hydrogen atoms were omitted for clarity.

Scheme 1. Reaction Scheme for the DyIII-H4daps Complexes (Reference Complex =
[Dy2(H2daps)2(EtOH)2(H2O)2(MeOH)2](CF3SO3)2·2H2O

29)
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that it may be related to the solubility of the product in n-
BuOH. During the synthesis, we noticed that the solubility of
the complexes decreases as the chain length of the solvent
grows. In MeOH and EtOH, complexes 1MeOH and 2EtOH are
almost soluble, while in n-PrOH, a higher reaction temperature
is needed to get a clear solution of 3PrOH, and a small number
of solids precipitate after cooling. The solubility of 4BuOH in n-
BuOH further decreases, and the reaction solution remains
turbid even at 120 °C. Furthermore, we also noticed that the
ligand-to-metal ratios are independent of the initial ratios of
the starting materials for compounds 1MeOH−3PrOH. For
example, in the n-PrOH solvent, both the 1:1 and 2:1 ratios
of the starting materials give the same compound 3PrOH.
However, the situation in n-BuOH is a bit more complicated.
The decreased solubility of 4BuOH leads to high sensitivity of
the reaction, and even very slight perturbations affect the
synthesis. In fact, in an experimental attempt with a 2:1 ligand-
to-metal ratio, crystalline products with a unit cell similar to
that in 3PrOH were obtained. However, the quality of the
crystals is too low for structure determination, and the purity
of the material is not very good. This suggests that the
precipitated solids in n-BuOH might also have a ligand-to-
metal ratio of 2:1. The precipitated large amounts of solids will
certainly lead to the rather low ligand-to-metal ratio in the
remaining mother solution, which leaves enough space for n-
BuOH to coordinate to the DyIII center. In addition, we
noticed that, although 4BuOH can be prepared with a ligand-to-
metal ratio of 1:1, not every attempt with the same ratio gave
the final pure product. In some cases, the reaction resulted in a
crystalline mixture with some new impurity phases even in a
seemingly identical reaction condition. We are not aware of the
subtle factors that determine this reaction process. Anyway, as
confirmed by elemental analysis and powder X-ray diffraction
(Figure S6), we can safely claim that the samples of all four
compounds used for the magnetic measurement are of
sufficient purity.

In addition, further crossover experiments with a mixture of
two or more different solvents were also performed (Scheme
1). In the case of a mixture of two solvents, the smaller solvent
molecule seems to dominate the reaction. In a mixture of
M e O H a n d E t O H , t h e b i n u c l e a r c o m p o u n d
([Dy2(H2daps)2(EtOH)2(H2O)2(MeOH)2](CF3SO3)2·
2H2O) reported previously was prepared, while in a mixture of
MeOH and n-PrOH or n-BuOH, compound 1MeOH was the
only product. The same result was obtained for the mixed
solvents of EtOH and n-PrOH or n-BuOH, yielding only
compound 2EtOH, while the mixture of n-PrOH and n-BuOH
mostly yielded impure precipitates because of the solubility
problem and poor experimental reproducibility. We believe
that the results of these crossover experiments may be due to
the fact that the smaller molecule solvents have a higher
coordination affinity to the metal center. Interestingly, the
results in the mixed solvents can also be realized through gas-
phase diffusion of the MeOH and EtOH solvents. For example,
for the reaction in n-PrOH or n-BuOH, MeOH or EtOH can
diffuse into the reaction media through vapor diffusion
together with ether, resulting in the formation of 1MeOH or
2EtOH. Finally, experiments using a mixture of three or more
solvents have also been performed, and the conclusion is
consistent with that in the mixture of two solvents; i.e., the
smaller molecule solvent dominates in the coordination
process (Scheme 1). For example, the product obtained

using the mixed solvents of MeOH/PrOH/BuOH is also
compound 1MeOH.

In the literature, many metal complexes based on the H4daps
ligand have been reported (Table S11), including some
magnetic compounds with SMM behavior. Most of these
reported compounds have a ligand-to-metal ratio of 1:1 with
only a few exceptions. For example, in compound [Fe2(daps)-
Cl2(C2H5OH)2],

32 the ligand-to-metal ratio is only 1:2. Also,
in a Zn2Dy4 cluster reported by Fondo et al .
([Zn2Dy4(daps)2(Hdaps)(Cl)3(OH)2(CH3OH)(H2O)5]·
5H2O),30 the ligand-to-metal ratio is 3:6 (the ligand-to-
lanthanide ratio is 3:4). In this respect, different alcohols
change the ligand-to-metal ratios: complexes 1MeOH and 4BuOH
also have a ratio of 1:1, while compounds 2EtOH and 3PrOH have
ligand-to-metal ratios of 3:2 and 2:1, respectively, which have
not been reported before for the coordination compounds of
the H4daps ligand. The coordination modes of the H4daps
ligand in these four complexes are not new. Using the same
terminology as that used by Fondo et al., the coordination
modes of the ligands in these four complexes are depicted in
Figure S7. As can be seen, the ligand in 1MeOH and the bridging
ligand in 2EtOH are in the μ2-κ5:κ1 coordination mode, while the
other ligand in 2EtOH and the ligands in 3PrOH and 4BuOH are all
in the N3O2 chelating mode.

Magnetic Properties. The temperature-dependent mag-
netic susceptibility data of the powder samples from the
ground single crystals of compounds 1MeOH−4BuOH were
measured in the temperature interval of 2−300 K under an
applied direct-current (dc) field of 1000 Oe, and the χmT
versus T plots were depicted in Figure 3a. The room
temperature χmT values of these four compounds are 28.05,
28.14, 13.97, and 13.91 cm3 K mol−1, respectively. These
values are in good agreement with the theoretical χmT values

Figure 3. (a) Temperature-dependent magnetic susceptibility data for
1MeOH−4BuOH measured at 1 kOe dc field. (b) Isothermal magnet-
ization of 1MeOH−4BuOH at 2 K with dc fields of up to 70 kOe.
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(28.34 and 14.17 cm3 K mol−1) for one (3PrOH and 4BuOH) and
two (1MeOH and 2EtOH) independent DyIII ions (6H15/2, g = 4/3,
and C = 14.17 cm3 K mol−1). The χmT curves of the four
compounds show the same trend upon cooling from 300 K: a
slow decrease at high temperatures and a faster decrease at low
temperatures below 10 K, especially for compound 1MeOH. The
χmT values at 2 K of the four compounds are 16.53, 23.55,
9.77, and 10.11 cm3 K mol−1, respectively. The decrease of the
χmT values for all complexes at high temperatures should be
mainly due to depopulation of the excited mJ sublevels of the
DyIII ion because the possibility of antiferromagnetic
interaction in these four complexes is very low considering
the long Dy···Dy distances and the absence of efficient bridges
for the magnetic coupling. The field-dependent magnetization
curves of these compounds at 2 K were also measured and are
shown in Figure 3b. The magnetization curves show typical
paramagnetic behavior, reaching the highest values of 11.27,
12.76, 5.72, and 6.12 Nβ at 7 T, respectively. These numbers
are much smaller than the theoretical saturation values (for
one DyIII ion, the theoretical value should be 10 Nβ). This lack
of saturation indicates the presence of significant magnetic

anisotropy and/or possible occupation of the low-lying excited
states.

To investigate their dynamic magnetic properties, we
measured the alternating-current (ac) magnetic susceptibilities
of these four compounds at different temperatures and
frequencies with or without the applied dc field (Figures 4,
5, and S8−S14). At a zero dc field, both compounds 1MeOH
and 3PrOH show obvious frequency-dependent out-of-phase χ″
signals (Figures 4a, S9a, and S12), although no peaks can be
observed for 3PrOH above 2 K at the highest frequency of our
measurement, while both compounds 2EtOH and 4BuOH exhibit
no frequency-dependent out-of-phase χ″ signals. For 1MeOH, in
the temperature-dependent ac curves, peaks of the χ″ signals
were found to move toward the higher temperature region with
increasing ac frequency (Figure 4a), indicating that 1MeOH is a
typical zero-field SMM. For all compounds, the application of
an external dc field was efficient in significantly decreasing the
relaxation time, which should be due to suppression of the
QTM effects in these compounds. To determine the optimum
dc field, their ac susceptibilities were measured at 2 K by
varying the dc fields (Figures S8 and S11a). The field-

Figure 4. Temperature-dependent ac magnetic susceptibilities for 1MeOH collected under 0 Oe (a) and 1000 Oe (b) dc fields. (c) Arrhenius plot
with ln(τ) versus T−1 for 1MeOH. The blue lines represent fits to all of the data considering possible processes as indicated.

Figure 5. (a and d) Frequency dependence of the out-of-phase (χ″) ac magnetic susceptibilities for compounds 3PrOH and 4BuOH collected under a
1000 Oe dc field. (b and e) Temperature dependence on the out-of-phase (χ″) ac magnetic susceptibilities at different frequencies for compounds
3PrOH and 4BuOH. (c and f) Arrhenius plot with ln(τ) versus T−1 for 3PrOH and 4BuOH. The blue lines represent fits to all of the data considering
possible processes as indicated.
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dependent relaxation time (extracted from these measurements
for complexes 1MeOH, 3PrOH, and 4BuOH; Figure S8) indicates
an optimum dc field of around 1 kOe. However, for complex
2EtOH, no reasonable τ values can be obtained because there
are no peaks in the χ″ curves at different dc fields. It appears
that, at a 1 kOe dc field, the magnetic relaxation of 2EtOH is the
slowest. Therefore, for this series of compounds, a 1 kOe dc
field was applied for the detailed ac magnetic susceptibilities.
For 1MeOH, the low-temperature tails in the ac curves (Figure
4a) were obviously suppressed at a 1 kOe dc field (Figure 4b),
while for compound 2EtOH, frequency-dependent ac data can
be observed at low temperatures. However, no peaks can be
observed in the temperature-dependent or frequency-depend-
ent χ″ signals (Figure S11) even at a 1 kOe dc field, indicating
the existence of a fast relaxation process. As for compounds
3PrOH and 4BuOH, the application of a 1 kOe dc field leads to
the obvious peaks in the χ″ curves (Figures 5, S13, and S14).
These measurements indicated that compounds 1MeOH and
3PrOH are typical zero-field SMMs, while compounds 2EtOH and
4BuOH are field-induced SMMs. QTM effects are present for all
four complexes and can be suppressed by the application of an
external dc field.

These ac data were further analyzed to give the relaxation
parameters. From the frequency-dependent ac data measured
at different temperatures, semicircular Cole−Cole plots were
constructed and analyzed with the generalized Debye model to
give the relaxation time τ and its distribution parameters α
(Figures S10, S13c, and S14c and Tables S12−S15). As
mentioned before, for compound 2EtOH at a 1 kOe dc field and
3PrOH at a zero dc field, fast magnetic relaxation does not lead
to the appearance of peaks in the χ″ curves and prohibits the
extraction of reliable relaxation times through the fitting of
Cole−Cole plots. For compound 3PrOH, there appears to be
another relaxation process below 3 K in the temperature-
dependent ac data (Figure 5b) that might be due to the QTM
effect, which is not completely suppressed under a 1 kOe dc
field. However, this process is not observed in the frequency-
dependent ac data and Cole−Cole plots (Figures 5a and S13).
Therefore, this process is not fitted. Arrhenius plots [ln(τ) vs
T−1] were then plotted and analyzed for compounds 1MeOH,
3PrOH, and 4BuOH. We noticed that these Arrhenius plots do
not show a clear linear slope even at the highest temperatures,
suggesting that the pure Orbach process is not applicable and
other relaxation processes need to be considered. In general,
the relaxation time (τ) at a zero or low dc field can be
described as33
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where these terms in the equation correspond to the QTM,
Raman, and Orbach processes, respectively. Considering the
QTM, Raman, and Orbach processes, we fitted the magnetic
relaxation curve for 1MeOH from 4 to 13 K (Figure 4c). The

whole curve can be well fitted with the following parameters:
Ueff = 92.8 K (64.5 cm−1), τ0 = 2.51 × 10−9 s, C = 8.1 × 10−2

s−1 K−n, n = 4.8, and τQTM = 4.9 × 10−2 s. In addition, after
suppression of the QTM effect with a dc field of 1000 Oe, the
bending of the Arrhenius plot at low temperatures is less
remarkable compared with the curve at a zero dc field. Analysis
of these data by considering both the Orbach and Raman
processes (QTM is supposed to be suppressed at a 1 kOe dc
field) gives a slightly higher energy barrier of 102.4 K (71.2
cm−1; Table 1). The relaxation data of compounds 3PrOH and
4BuOH above 3 K in the applied 1000 Oe dc field were also
fitted considering both the Orbach and Raman processes,
giving energy barriers of 51.6 K (35.9 cm−1) and 43.0 K (29.9
cm−1) for 3PrOH and 4BuOH, respectively (Figure 5c,f and Table
1).

Theoretical Calculations. To gain more insight into their
magnetic anisotropy and the observed different magnetic
properties of these complexes, complete-active-space self-
consistent-field (CASSCF) calculations for all complexes
based on X-ray-determined geometries have been carried out
with the OpenMolcas34 and SINGLE_ANISO35 programs (see
the Supporting Information for details). According to their
structures and symmetries, calculations were performed on the
crystallographic unique DyIII centers for these complexes
(denoted as 1MeOH_Dy1, 2EtOH_Dy1, 2EtOH_Dy2, 3PrOH_Dy1,
and 4BuOH_Dy1). The calculated energy levels (cm−1), g (gx,
gy, gz) tensors, and predominant mJ values of the lowest eight
Kramers doublets (KDs) of these DyIII centers are shown in
Tables S16 and S17. While the ground KDs are mostly
composed of mJ = ±15/2, the first excited KDs of all of these
DyIII centers are composed of several mJ states. As can be seen
from Table S18, the ground states of these DyIII centers are all
of the nearly easy-axis magnetic anisotropy, where the gz values
of 1MeOH_Dy1 and 2EtOH_Dy1 are larger than 19.5, while the
gz values of the other DyIII centers are lower than 19. The
calculated first excited states are around 128.7, 54.0, 59.3, 38.5,
and 38.7 cm−1 for 1MeOH_Dy1, 2EtOH_Dy1, 2EtOH_Dy2,
3PrOH_Dy1, and 4BuOH_Dy1, respectively. These results
indicate that the energy barrier of 1MeOH is the largest, while
the energy barriers of 3PrOH and 4BuOH are smaller and of
similar height. These results are roughly consistent with the
experimental results, although the calculated energy barriers
are slightly higher than the experimental ones. The discrepancy
of the theoretical calculation with the experimental barriers
might come from the intrinsic limitation of the theoretical
approach and/or a nonrealistic data fitting of the Orbach
process.36

The corresponding magnetization blocking barriers of these
complexes are shown in Figures 6 and S15. As can be seen, the
transversal magnetic moment in the ground KDs of
1MeOH_Dy1 is close to 10−2 μB, and thus the QTM in its
ground KD is suppressed at low temperatures. However, the
transversal magnetic moments of the other complexes are all

Table 1. Parameters from Fitting of the Relaxation Times for 1MeOH, 3PrOH, and 4BuOH under a 0 or 1 kOe dc Field with
Different Relaxation Processes as Indicated

complex dc field/Oe model τ0/s Ueff/K (cm−1) C/s−1 K−n n τQTM

1MeOH 0 Orbach + Raman + QTM 2.51 × 10−9 92.8 (64.5) 8.1 × 10−2 4.8 4.9 × 10−2

1000 Orbach + Raman 4.13 × 10−8 102.4 (71.2) 1.3 × 10−2 5.5
3PrOH 1000 Orbach + Raman 1.94 × 10−7 51.6 (35.9) 3.83 × 10−2 4.7
4BuOH 1000 Orbach + Raman 7.9 × 10−7 43.0 (29.9) 3.16 1.5
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rather large, therefore allowing fast QTM processes in their
ground KDs.

Furthermore, for the magnetic−structure relationship, the
orientations of the local main magnetic axes of the DyIII centers
in all four complexes were calculated and are depicted in
Figures 7 and 8. For 1MeOH, the magnetic axes of the two DyIII

centers are antiparallel because of the existence of the inversion
center between the two DyIII ions. As can be seen in Figure 7a,
the main magnetic axis is roughly along the Dy1−O2 and

Dy1−O4 bonds, with angles of 16.43° and 30.28° between the
magnetic axis and the Dy1−O2 and Dy1−O4 bonds,
respectively. These two Dy−O bonds are the two shortest
ones among all of the coordination bonds to the DyIII center
and thus determine the direction of the main magnetic axis. As
a matter of fact, as has been discussed in our previous work,
the negatively charged phenolic oxygen atom plays an
important role in many related Ln-SMMs because it can
usually result in strong Dy−O bonds and strong magnetic
anisotropy. However, for the DyIII ion with an oblate-shaped
electron density, the dispersed negative charges on the ligands
are unfavorable for its magnetic anisotropy and the low
symmetry of the DyIII center cannot effectively suppress the
QTM process. This might be responsible for the relatively low
energy barrier of 1MeOH compared with the reported high
energy barriers of other Ln-SMMs.

As for compound 2EtOH, because there are two crystallo-
graphic independent DyIII centers in 2EtOH, their magnetic axes
are independent of each other. Although the phenolic hydroxyl
oxygen atom (O7) is also coordinated to the Dy1 center, the
ligand chelating Dy1 has a more negative charge in the N3O2
coordination plane compared to the ligand in 1MeOH because
deprotonation occurs in the two N−H groups. Therefore, the
calculated magnetic axis of the Dy1 center lies in the N3O2
coordination plane of the ligand, pointing from one O−C−N
group to another O−C−N group (Figure 7b). As for the Dy2
center, the calculated magnetic axis also roughly points to the
two negatively charged O−C−N groups in one of the ligands.
In addition, although there are two unique DyIII centers, we did
not observe two independent relaxation processes. We
speculate that the possible reason is that a very fast magnetic
relaxation such as the QTM process hinders observation of the
two relaxation processes. From this aspect, DyIII complexes
with neutral H4daps ligands occupying the equatorial positions
might have high magnetic anisotropy and behave as high-

Figure 6. Magnetization blocking barriers of the DyIII center for
1MeOH. The thick black lines represent the KDs as a function of their
magnetic moment along the magnetic axis. The green lines
correspond to the diagonal matrix elements of the transversal
magnetic moment, and the blue lines represent the off-diagonal
relaxation process. The path shown by the red arrows represents the
most probable path for magnetic relaxation. The numbers at each
arrow stand for the mean absolute value of the corresponding matrix
element of the transition magnetic moment.

Figure 7. Calculated orientations of the local main magnetic axes on
DyIII ions of complexes 1MeOH (a) and 2EtOH (b) in the ground KDs.

Figure 8. Calculated orientations of the local main magnetic axes on
DyIII ions of complexes 3PrOH (a) and 4BuOH (b) in the ground KDs.
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barrier SMMs, provided that the axial positions are
coordinated by some very strong coordination atoms. The
neutral ligands in both complexes 3PrOH and 4BuOH seem to be
promising. However, magnetic measurements on these two
complexes revealed that they are also poor SMMs with strong
QTM effects at a zero dc field. The poor performance of these
two complexes should originate from the low symmetry of the
coordination geometry and also the lack of strong coordination
atoms, especially for compound 3PrOH, where the DyIII center is
coordinated with two neutral ligands. As has been discussed,
the Dy−O and Dy−N bond lengths in 3PrOH are quite even
compared with the other three complexes, which might
account for the fact that the calculated magnetic axis of the
DyIII ion in 3PrOH does not seem to point in any specific
direction. As for compound 4BuOH, although the DyIII center is
coordinated by three charge-balancing CF3SO3

− anions on
both sides of the ligand plane, the corresponding negative
charge of the CF3SO3

− anion is evenly distributed on the three
oxygen atoms. In addition, the strong electron-withdrawing
−CF3 group further decreases the negative charge density in
the oxygen atoms. The Dy−O bonds between the DyIII ion and
CF3SO3

− anion are even longer than the Dy−O bond between
DyIII and the H4daps ligand. Therefore, the calculated main
magnetic axis was found to be in the ligand plane (Figure 8b).

■ CONCLUSIONS
In this work, as a follow-up work to modulate the structures
and magnetic properties of the Dy-H4daps SMMs through
chemical regulation, we have successfully synthesized a series
of new complexes by manipulating the reaction solvents. Using
different alcohols (CnH2n+1OH, where n = 1−4) in the
synthesis, four different DyIII compounds, including two
dinuclear and two mononuclear complexes, have been
prepared and characterized structurally and magnetically.
Possible mechanisms and processes of the reactions with
different solvents have been investigated through detailed
solvent crossover experiments. Magnetic measurements show
that all four compounds exhibit slow magnetic relaxation under
zero or applied dc fields, indicating their SMM nature. In
addition, theoretical calculations were performed to gain
further insight into their magnetic−structure relationships.
This work affords a valuable example of efficient solvent
modification of the LnIII-SMMs and demonstrates that
different solvent molecules are crucial for the fine-tuning of
the structures and magnetic performances of different
lanthanide complexes. Further attempts will be focused on
modification of the structures and magnetic properties of Ln-
SMMs with other chemical methods.
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