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Abstract: Herein, we report the synthesis, structure and magnetic properties of two mononuclear
complexes of general formula [Dy(acac)s(L)], where L = 2,2-dimethyl-1,3-dioxolo[4,5-f][1,10] phenan-
throline (1) or 1,10-phenanthroline-5,6-dione (2), and acac™ = acetylacetonate anion. A distorted
square-antiprismatic N,Og environment around the central Dy(IIl) ion is formed by three acetylaceto-
nate anions and a phenanthroline-type ligand. Both complexes display a single-molecule magnet
(SMM) behavior at zero applied magnetic field. Modification of the peripheral part of ligands L
provide substantial effects both on the magnetic relaxation barrier Uy¢ and on the quantum tunneling
of magnetization (QTM). Ab initio quantum-chemical calculations are used to analyze the electronic
structure and magnetic properties.

Keywords: eight-coordinate dysprosium (III) complexes; acetylacetonate; single molecule magnets;
ab initio calculations

1. Introduction

Lanthanide ions are the most promising ones for designing mononuclear single
molecule magnets (SMMs), since 4f ions show rather strong magnetic anisotropy asso-
ciated with the unquenched orbital angular momentum in combination with relatively
weak spin-phonon interaction [1-5]. Mononuclear Ln'"f SMMs are mainly based on highly
magnetically anisotropic Dy, Tb!, Ho™, and Er'! ions [6-9].

The dominant factors influencing the magnetic relaxation properties of Ln'!! SMMs are
the electronic configuration of the ion, the coordination geometry determining the crystal
field splitting and hence the single ion anisotropy, as well as dipole-dipole interactions
between lanthanide ions [5,10]. Unfortunately, it is hard to elucidate the influence of
only one of these factors by fixing the rest of them. Thus, a change in the coordination
geometry (or, alternatively, in crystal field) inevitably entails a change in the crystal packing
and, as a consequence, intermolecular interactions. To reduce the number of variable
parameters, it is convenient to compare families of related compounds. For example, plenty
of bis(phthalocyaninato) lanthanide double-decker complexes with different substituents
at the phthalocyanine center and Dy; geometry of coordination environment have been
reported. It has been observed that the effect of the substituents through the change in the
crystal field has a strong influence on the SMM behavior of these complexes [5,7].

Lanthanide complexes with D,; symmetry have recently been the subject of compre-
hensive study [11,12]. Another widely studied family includes complexes of general for-
mula [Dy'!(3-diketonate);(L)]. Note, that there are much more hexafluoroacetylacetonate-

Magnetochemistry 2022, 8, 151. https:/ /doi.org/10.3390/magnetochemistry8110151

https:/ /www.mdpi.com/journal /magnetochemistry


https://doi.org/10.3390/magnetochemistry8110151
https://doi.org/10.3390/magnetochemistry8110151
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/magnetochemistry
https://www.mdpi.com
https://orcid.org/0000-0002-0199-1382
https://orcid.org/0000-0001-5258-4042
https://orcid.org/0000-0003-4651-7948
https://orcid.org/0000-0002-1682-2362
https://orcid.org/0000-0003-3555-7442
https://doi.org/10.3390/magnetochemistry8110151
https://www.mdpi.com/journal/magnetochemistry
https://www.mdpi.com/article/10.3390/magnetochemistry8110151?type=check_update&version=1

Magnetochemistry 2022, 8, 151

2 of 14

based (hfac™) complexes than acetylacetonate (acac™) ones. A rough analysis of the
Cambridge Structural Database (CSD) [13] on mononuclear eight-coordinate complexes
[Dy(B-diketonate)s(L)] has yielded about 225 compounds for (3-diketonate = hfac™ and
only 21 complexes for acac™. Among them, a slow magnetic relaxation behavior has been
reported for 20 and seven complexes, respectively. In addition to acac and hfac, a variety of
-diketonates with different substituents at 3,5-positions are known. Despite the great diver-
sity of the studied complexes, it has been recently shown [14,15] that acetylacetonate-based
complexes are more promising for SMMs design. Indeed, the studies of two mononuclear
complexes [Dy(acac);(tmphen)] and [Dy(hfac);(tmphen)] (tmphen = 3,4,7,8-tetramethyl-
1,10-phenanthroline) have revealed that the energy barrier (Ue¢) of the acac-based complex
(130 K) is much higher than that of the hfac one (35 K) [14]. Later on, in [15] the advan-
tage of acac over tta-anion (tta = 4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedionate) has been
also demonstrated (the found barriers are Ugg = 112 em ™! (162 K) and 22 cm ™! (32 K),
respectively).

Another way to control the crystal field in [Dy(f3-diketonate)s(L)] complexes is to vary
the auxiliary phenanthroline (phen) or bipyridine (bipy) ligand L. The size effect of a neutral
phenanthroline-type ligand has been analyzed for [Dy(acac)3(L)] family, where L—phen,
dpq, dppz, and dppn[16-18]. The transition from phen to larger polyaromatic systems
(dpq and dppz) results in increasing the energy barriers (64, 136 and 187 K for phen, dpq
and dppz, respectively) [16,17], however by using a larger dppn ligand one cannot further
increase the barrier [18]. This observation has been explained in terms of an electrostatic
interaction model [19,20]. A similar result has been obtained for the family of [Dy(thd)3(L)]
complexes (thd = 2,2,6,6-tetramethyl-3,5-heptanedione) with the same N-capping ligands
phen, dpq, and dppz [21]. A comparison of bipyridine and phenanthroline in [Dy(tta)3(L)]
has also revealed the effect of the ligand substitution on the barrier height [22]. In addition,
a large number of complexes have been studied that do not follow any trend [10,23-25].

Herein we report two new acetylacetonate complexes [Dy(acac);(dmdophen)] (1) and
[Dy(acac);(phendione)]-CH3CN (2). As auxiliary neutral ligands we use 2,2-dimethyl-
1,3-dioxolo[4,5-f][1,10]phenanthroline (dmdophen, 3) and 1,10-phenanthroline-5,6-dione
(phendione, 4) (Figure 1). Dmdophen and phendione differ in the peripheral substituents,
which, however, can have a dual effect on SMM characteristics. The first factor is donor
or acceptor substituents, which are able to fine-tune the crystal field. The diketone-group
of phendione is a strong electron density acceptor, while the dimethyldioxolo group of
dmdophen is an electron donor. The second factor is the influence on intermolecular
interactions. Two ketone oxygen atoms of phendione are open and can potentially form
hydrogen bonds; in dmdophen, these oxygen atoms are sterically hindered by a bulky
substituent. Along with the investigation of the crystal structure and magnetism of 1 and 2,
we report their ab initio quantum chemical modeling.

Complexes 1 2
/) \ /) \
W ¢ NQN} ¢ NSN}/
\ / dmdophen phendione
Dy

Figure 1. Chemical structures of complexes 1 and 2.
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2. Results and Discussion

Complexes [Dy(acac);(dmdophen)] (1) and [Dy(acac)z(phendione)]-CH3CN (2) were
obtained by the reaction of Dy(acac);-3H,O (5) with equimolar amount of dmdophen (3)
or phendione (4).

2.1. Crystal Structure of 1 and 2

Both complexes 1 and 2 crystallize in triclinic system, space group P-1 (Table S1 in
the Supplementary Materials) with one mononuclear complex in asymmetric units. The
Dy(III) ions are eight-fold coordinated by six oxygen atoms from three acac™ ligands and
two nitrogen atoms from one neutral phenanthroline-type ligand (Figure 2). The average
Dy-N bond lengths are 2.62 and 2.60 A for complexes 1 and 2, respectively (Table S2). The
average Dy-O bond lengths are 2.32 A for both complexes, but there is a pattern in the
lengths of Dy—O bonds (Table S2). Thus, in crystal structure of 1, each acac group has
equivalent Dy—O bond lengths, but this length varies from group to group. In acac groups
of complex 2, these bonds are non-equivalent as well.

(b)

Figure 2. Molecular structures of 1 (a) and 2 (b). Hydrogen atoms are omitted for clarity.

To analyze the exact geometry of these eight-coordinate Dy(IIl) complexes we have
used a SHAPE 2.1 software [26,27]. The calculated parameter (Table S3) indicates that
coordination environment of the Dy(IlI) ions can be regarded as eight-coordinate square-
antiprismatic (SAP) polyhedron (Dsq) with continuous shape measures (CShMs) of 0.679
and 0.543 for 1 and 2, respectively.

Deviations from the ideal Dyq symmetry can be estimated from the parameters shown
in Figure 3 [28,29]. The average values are dpp = 2.627 and dj, = 2.812 Afor1; dpp = 2.592
and d;,, = 2.822 A for 2. This indicates axially compressed SAP geometry with dpp < din for
both complexes. The skew angles, ®, are 45.5° (1) and 45.7° (2), which are close to those
for the highest SAP symmetry. Larger values of « = 56.4° (1) and 56.8° (2) (o« > 54.74°)
correspond to slight compression along the tetragonal axis. The angles between the upper
and lower faces of the square antiprism are 2.56° and 2.40° for 1 and 2, respectively.
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(a) (b) (c)

Figure 3. Schematic structure of square-antiprismatic (SAP) geometry (a). Relevant angular parame-
ters in SAP geometry: @ (b), the angle between the diagonals of the two squares (skew angle); « (c),
the angle between the Sg axis and the Dy—O/N vector. For the highest SAP symmetry ® = 45° and
o =54.74°.

In addition, there are both intermolecular and intramolecular short contacts coexisting
in 1 and 2 (Figure S5). In both complexes, the intramolecular contacts are similar and are
formed by hydrogen atoms in 2-position of the phenanthroline fragment with oxygen atoms
of the acetylacetonate groups. Moreover, in the crystal packing of 2, both keto-oxygen
atoms O7 and O8 form short intermolecular contacts with hydrogen atoms in 2-position
of the phenanthroline fragment of the neighboring molecule, forming a supramolecular
assembly. This is not observed in the crystal packing of 1, where oxygen atoms O7 and O8
are sterically hindered. The acetonitrile solvent molecule in the crystal packing of 2 forms
the short contact with C40-C41 bond bearing diketone-group. The shortest intermolecular
Dy---Dy distances are 9.584 and 8.667 A for 1 and 2, respectively.

2.2. Magnetic Properties

The DC magnetic susceptibility data for both complexes 1 and 2 have been measured
in the temperature range of 2.0-300 K at applied field 5000 Oe (Figure 4). The xyT values
at room temperature are 13.66 and 13.86 cm® K mol~! for 1 and 2, respectively, which
is in agreement with the expected value for the isolated Dy(III) ion (°Hi5 /2, & =4/3).
The xpT values gradually decrease upon cooling from 300 to 10 K, and then undergo
abrupt decrease, reaching values 8.53 and 8.26 cm>® K mol~! at 2 K for 1 and 2, respectively
(Figure 4). Magnetization (M) versus field curves for 1 and 2 at 2, 4, and 6 K are shown in
insets to Figure 4. Both complexes exhibit quite similar M(H) dependences with the values
of 5.02 N and 5.04 N at 5000 Oe for 1 and 2, respectively.

12-
9
6
31

o 1 2 3 a4 5 ] o 1 2 3 4 5

B/T B/T
0 T T T T 0 T T T T
0 100 200 300 0 100 200 300
T/K T/K
(@) (b)

Figure 4. Temperature dependences of x,T for 1 (a) and 2 (b). Insets: magnetization vs. field plots
at different temperatures (2, 4 and 6 K). The red solid lines show the corresponding results of the
SA-CASSCF/SO-RASSI/SINGLE_ANISO calculations.



Magnetochemistry 2022, 8, 151 5o0f 14

7" cm® mol™

7"/ cm® mol™

[N
I

o
3
1

0.0 4=

Both complexes 1 and 2 show SMM properties at zero applied field as evidenced by
the presence of the frequency and temperature dependent maxima of the out-of-phase
xm "' component of the AC magnetic susceptibility (Figure 5a,b). The relaxation times
T at2 K are 0.5 and 3.4 ms for 1 and 2, respectively. The frequency dependences of the
in-phase x»' component of the magnetic susceptibility and the Cole-Cole diagrams are
given in the Supplementary Materials (Figures S6 and S10). As the temperature increases,
the intensity of the maxima decreases sharply without a shift in frequency thus indicating a
temperature-independent relaxation regime. Temperature-dependent relaxation processes
dominate above 10 K since positions of the maxima move with temperature. The relaxation
times at 10 K are found to be 0.3 ms for 1 and 1.5 ms for 2. Positions of the maxima reach
the upper limit for the AC frequency measurement range v = 10* Hz at 18 K and 21 K for 1
and 2, respectively.

7" cm® mol™

T
100 1000 10000
v/ Hz

(@)

8K

H,, = 1000 Oe

N
o
=
2"/ cm® mol™
o
(9]
)

vl Hz

() (d)

Figure 5. Frequency dependences of the out-of-phase AC susceptibility for 1 (left) and 2 (right) at
zero (a,b) and 1000 Oe DC field (c¢,d). Temperatures are shown in increments of 2 K.

It should be noted that for complex 1 at low temperatures, an asymmetric broadening
of the maximum on the frequency dependence of x" is observed, which cannot be
described by the broadening parameter a in the generalized Debye model. Instead, the
two-component Debye model has to be used to properly fit the experimental data in
the temperature range of 2-12 K. In the meantime, the generalized Debye model fits the
experimental data rather well at temperatures above 14 K (Table S4). The origin of the
second component remains unclear and we will not focus on it in further discussion.
Note only that such an effect was earlier observed for cobalt (II) system exhibiting SMM
properties at zero DC field [30]. The presence of two relaxation processes in dysprosium
complexes has been already reported [31,32].

The optimal DC field has been determined from the frequency dependences of x’
and x)/" at 10 K and the applied fields in the range of 0-5000 Oe (Figures S7 and S11).
The field dependences of the relaxation time 7 (Figures S8 and 512) show that quantum
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In(7)

=2

tunneling of magnetization (QTM) dominates at low fields. Suppression of QTM resulting
in elongation of relaxation times is observed at 1000-2000 Oe DC field.

At the optimal DC field (H = 1000 Oe) the relaxation time significantly increases
(Figure 5¢,d). Thus, at 10 K 7 = 1.8 ms for 1 and 6.8 ms for 2. Although positions of the
maxima reach the upper limit of the AC frequency measurement range v = 10* Hz exactly
at the same temperatures as in the case of zero DC field.

The Arrhenius plots of the In(7) are non-linear (Figure 6), indicating the contribution
of processes other than Orbach. Fitting to the experimental data at zero and 1000 Oe DC
field was performed according to the following equation, which includes two temperature-
dependent relaxation processes, Orbach and Raman, as well as temperature-independent
QTM process.

1= To_l-eXp(—ueff/kBT) +CT"+ TQTM_l

The best-fit parameters are shown in Table 1. It can be seen that at low temperatures
and zero DC field, the QTM process dominates for both complexes, while the Raman and
Orbach processes dominate at temperatures above 10 K. At the applied DC field, there is
no contribution of QTM, while the Raman and Orbach processes remain. The involvement
of the direct process 7! = AH*T is not required for a correct description of the In(t) vs.
1/T dependences for both complexes. Additionally, for both complexes, the temperature
dependences of the relaxation time merge at temperatures close to 20 K (Figure 5). It
can be assumed that T becomes almost field-independent in the high-temperature region,
which indicates the dominance of the Orbach process. The values of the energy barrier U
extracted from the fits prove to be the same at zero and 1000 Oe DC fields. It can be also
seen that Ueg values are much higher for 1 than for 2.

=0

H,. = 1000 Oe H, =1000 Oe
-4 c —44 . dc
-6 -6 a °
H, =0 0Oe H, =0 Oe
- od ~
-84 * -8
10 -10
-124 12
0.0 0.1 0.2 0.3 0.4 05 0.0 0.1 0.2 0.3 0.4 0.5
T/K! T/ K

(b)

Figure 6. Temperature dependences of the relaxation times 7 for 1 (a) and 2 (b) at zero (black) and
1000 Oe (red) DC field. Solid lines are the theoretical curves obtained with the best-fit parameters
given in Table 1.

Table 1. Best-fit parameters for relaxation processes occurring in 1 and 2 at zero and 1000 Oe DC field.

Parameter 1 2
Hgy, Oe 0 1000 0 1000
Uy, cm ™1 198(2) 197(1) 124(10) 123(6)
To, S 1.1(2)-10~ 1 1.5(1)-10~1 4.9(9)-107° 4.5(7)-107°
CRaman, S~ LK™ 8.0(9)-1073 1.21(8)-10~* 1.3(6)-10~2 4.3(8)-10~3
NRaman 5.3(2) 6.65(2) 4.4(7) 4.4(9)

TQT™, S 4.8(4)-10~* - 2.9(6)-1073 -
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In addition, complexes 1 and 2 show different QTM contributions. It can be seen
that relaxation time Tqm\ for 1 is about an order of magnitude shorter than for 2. This
is somewhat unexpected, since there are both intra- and intermolecular short contacts
in 2 that form a supramolecular assembly. Usually, the complexes experience a stronger
QTM effect because of the existence of intermolecular interactions [33]. The most effective
way to experimentally assess the effect of intermolecular interactions on QTM is the study
of isostructural diamagnetic derivatives (usually Y) doped with a small amount of Dy
analogues [34,35]. Relaxation time Torp and the energy barrier U.g height are not related
to each other. For example, a compound with a high barrier can have a large contribution
from QTM and vice versa [15].

All mononuclear complexes of general formula [DyIH(acac)g(L)] with bidentate ligand
L known to date are shown in Table 2. A direct comparison of the effect of hfac and acac
on complexes [Dy(hfac)s;(phendione)] [36] and [Dy(acac);(phendione)] (2) shows the same
trend as indicated in the Section 1. It can be seen from Table 2 that the energy barriers
Ul of the previously studied complexes lie in the range of 29-130 cm ™!, and the complex
with the dppz ligand has the highest barrier. Our complex 2 has a barrier that is close to
this highest reported barrier, while the barrier for complex 1 proves to be higher than the
barriers for all complexes reported to date.

Table 2. The energy barriers (Ue¢s) for complexes of general formula [DyHI(acac)3(L)] with bidentate
ligand L.

Compound ! Uess Ref.
[Dy(acac);(H,0),] 459 cm™! (66.1 K) [34]
[Dy(acac)s;(phen)] 444 cm~! (63.8 K) [16]
[Dy(acac)3(dpq)] 94.5 cm™~! (136 K) [17]
[Dy(acac)s(dppz)] 130 cm 1! (187 K) [17]
[Dy(acac);(dppn)] 28.9 cm~! (37.2K) [18]

[Dy(acac)s(tmphen)] 90.9 em~! (130.4 K) [14]

[Dy(acac);(12)] 112 em~! (162 K) [15]

[Dy(hfac)s;(phendione)] 2 83 cm~! (119 K) [36]
[Dy(acac)s(phendione)] 124 cm~1 (178 K) This work, complex 2
[Dy(acac)s(dmdophen)] 198 cm~! (284 K) This work, complex 1

1 phen—1,10-phenanthroline; dpg—pyrazino|[2,3-f][1,10]phenanthroline; dppz—dipyrido[3,2-a:2’,3'-c]phenazine;
dppn—benzo[i]dipyrido[3,2-a:2’ 3'-c]phenazine; tmphen—3,4,7,8-tetramethyl-1,10-phenanthroline; 1z—2,4-
diamino-6-pyridyl-1,3,5-triazine; phendione—1,10-phenanthroline-5,6-dione; dmdophen—2,2-dimethyl-1,3-
dioxolo[4,5-f][1,10]phenanthroline. 2 this complex is added to the Table for direct comparison of hfac and
acac since it has the same L ligand as complex 2.

2.3. Quantum Chemical Calculations

The ab initio quantum chemical calculations have been performed on the electronic
structure of isolated Dy(III) complexes with X-ray geometry using the OpenMolcas [37,38]
without including a weak intermolecular interaction between Dy(Ill) ions. The eight
lowest Kramers doublets (KDs) and g-tensors calculated for 1 and 2 using CASSCF/RASSI
approach are summarized in Table 3.



Magnetochemistry 2022, 8, 151

8 of 14

Table 3. The ab initio computed energy levels (cm~!) and associated g-tensors of the eight lowest
KDs for 1 and 2.

1 2
KD
Energy 8x 8y 8z Energy 8x 8y 8z
1 0.0 0.015 0.022 19.438 0.0 0.011 0.016 19.138
2 130.5 0.514 0.789 15.862 115.1 0.191 0.255 15.601
3 206.4 2316 4.452 10.287 1845 0.198 0.373 12.578
4 236.5 2.859 5.488 10.271 2243 4.489 6.262 8.314
5 2795 1.262 1.543 13.633 263.7 2.717 3.348 12.569
6 328.6 0.057 0.079 18.791 313.4 0.537 0.746 18.581
7 4205 0.075 0.116 19.206 402.6 0.027 0.057 19.047
8 563.1 0.014 0.029 19.693 546.3 0.005 0.011 19.703

The calculated effective g, components of g-tensors are 19.438 and 19.138 for ground
KD of 1 and 2, respectively, which are close to the Ising-limit value of 20 for a pure
Mj =15/2 ground state; thus, both complexes have significant axial anisotropy for Dy(III)
centers. The ground state wave functions of complex 1 (93% | £15/2>) and 2 (87% | £15/2>)
show the dominant contributions of the uniaxial magnetic anisotropy of the Dy(IIl) ions
(Table S8), which is typical for phenanthroline based 3-diketonate Dy(IIT) complexes [10,24,36,39—41].
It should be noted that for complex 1, the contribution of the main component | +15/2> is
somewhat higher and the ground KD in 1 is purer than in 2 in the sense that it contains a
smaller number of contributions of different | M;> states (Table 3 and Table S8). The axial
character of the magnetic anisotropy tensor of the ground KDs with close g, values for
Dy(IlI) ions in both complexes leads to the similarity of DC magnetic data (Figure 4).

The effective barriers 198 and 124 cm~! (Table 1) of the thermally assisted Orbach
relaxation mechanism extracted from AC magnetic measurements are in good agreement
with the energy gaps between the ground and second excitation states 206.4 cm~! for 1 and
the gap between the ground and first excitation states 115.1 cm ! for 2 (Table 3).

Magnetic relaxation pathways can be estimated on the basis of transition magnetic
moments (Figure 7). The matrix elements of the transition magnetic moments suggest the
probability of transition between two different states of the molecules [42]. The comparison
of two calculated magnetic relaxation pathways confirms some difference in the dynamic
magnetic properties for both complexes. The non-diagonal items of the transverse magnetic
moments between ground and second excited states (0.12 pp for 1 and 0.052 ug for 2) show
that the Orbach mechanism between these states is more preferable for 1 while for complex
2 the Orbach relaxation proceeds through the first excited state. Additionally, note that
the matrix elements of the transition magnetic moments for TA-QTM processes in 1 are
larger than in 2 (red arrows on Figure 7). This is in good agreement with the gy times
determined from AC magnetic measurements. It can be assumed, that the main channel
for QTM in 1 is TA-QTM through first and second excited states.

The directions of the principal magnetic axes in 1 and 2 do not coincide with the 4-fold
axes in SAP and with each other (see Figure 8). The easy axis in 1 is almost parallel to
the bond with the closest oxygen atom of one acac™ ligand. It seems to be a typical axis
direction in Dy based complexes [20,43,44]. In contrast, the easy axis in 2 is almost parallel
to the Dy-N bond of phendione ligand. It should be noted that, in both complexes, the
charges on donor atoms, according to the LoProp analysis [45], are almost the same and
equal to ~—0.34e for N and ~—0.75e for O atoms.
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Figure 7. Computed possible magnetization relaxation pathways for 1 (a) and 2 (b). The red arrows
show QTM and TA-QTM via ground and higher excited KD, respectively. The blue arrows show the
Orbach process for the relaxation. The green arrows show the mechanism of magnetic relaxation.

(b)

Figure 8. The molecular structures of 1 (a) and 2 (b) together with the easy axis (magenta) of ground
KD obtained within the ab initio SA-CASSCF/RASSI-SO/SINGLE_ANISO calculation. Color code:
red = oxygen, blue = nitrogen, gray = carbon, white = hydrogen.

3. Conclusions

Two mononuclear complexes [Dy(acac)s(dmdophen)] (1) and [Dy(acac)s(phendione)]- CH;CN
(2) were obtained and structurally and magnetically characterized. Auxiliary neutral lig-
ands dmdophen and phendione differ just in the peripheral substituents. The Dy(III) ions in
both complexes display similar N,Og eight-coordinate environment with square-antiprism
geometry. Both 1 and 2 show SMMs properties at zero applied DC field. Relaxation at
zero DC field includes two temperature-dependent processes, Orbach and Raman, and
temperature-independent one, QTM. At 1000 Oe applied DC field the QTM process is
completely suppressed, and the relaxation is described by the combination of the Raman
and Orbach processes. The effective barriers for the thermally assisted Orbach relaxation
mechanism determined from the AC magnetic measurements (198 and 124 cm ! for 1 and
2, respectively) are in good agreement with the ab initio calculated energy gap 206.4 cm™!
between the ground and the second excited level for 1 and the gap 115.1 cm~! between the
ground and the first excited level for 2. This result clearly shows that even small structural

effects of neutral ligands can play an important role in increasing the value of the spin
reversal barrier.
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4. Experimental Details
4.1. Materials and Methods

All chemicals were purchased from commercial sources unless otherwise noted. El-
emental analysis (C, H and N) was performed on a Vario EL cube (Elementar GmbH)
elemental analyzer. 'H NMR spectrum was recorded with a Bruker Avance IIT 500 MHz
BioSpin spectrometer using the deuterated solvent signal as a lock. The FT-IR spectrum of
microcrystalline powder was recorded on a Bruker ALPHA spectrometer with the ATR
(attenuated total reflectance) module. Powder X-ray diffraction studies were performed on
an Aeris (Malvern PANalytical B.V.) X-ray diffractometer.

4.2. Synthesis

Ligand 1,10-Phenanthroline-5,6-dione, (phendione, 4) is commercially available.

Ligand 2,2-Dimethyl-1,3-dioxolo[4,5-f][1,10]phenanthroline, (dmdophen, 3) was syn-
thesized according to [46,47]. Additionally, TH-NMR (500 MHz, CDCl3, 296K): & = 9.06 (dd,
2H, ] =4.3 Hz and 1.7 Hz), 8.24 (dd, 2H, ] =8.2 Hz and 1.7 Hz), 7.59 (dd, 2H, | = 8.2 Hz and
4.3 Hz), 1.85(s, 6H) ppm. Anal. Calcd (%) for C15H12N20,-0.5H,0 (261.28 g/mol): C 68.95,
H 5.02, N 10.72; found: C 69.58, H 4.98, N 10.51. FI-IR spectrum is depicted in Figure S1.

Complex [Dy(acac)3(H,0),]-H,O (5) was obtained according to the previously re-
ported procedure [48] with slight modifications.

Ten % water solution of ammonia (0.55 mL, 1.5 mmol) was dropwise added under
intense stirring to solution of Dy(NO3)3-5H,0 (219.3 mg, 0.5 mmol) and acetylacetone
(0.154 mL, 1.5 mmol) in water-ethanol mixture. White precipitate was filtered off and
thoroughly washed with water. Yield 174 mg (67.7%). Anal. Calcd (%) for C15H,7;09Dy
(513.87 g/mol): C 35.06, H 5.29; found: C 35.07, H 5.04. FT-IR spectrum is depicted on
Figures S1 and S2.

4.2.1. Synthesis of [Dy(acac)3;(dmdophen)] (1)

Acetonitrile solution (2.5 mL) of 5 (51.4 mg, 0.1 mmol) and dmdophen 3 (26.1 mg,
0.1 mmol) was left for slow evaporation of the solvent. Yellow powder formed for a few
days. Yield 50.7 mg (71.2%). Anal. Calcd (%) for C3yH33N2OgDy (712.10 g/mol): C 50.60,
H 4.67, N 3.93; found: C 50.82, H 4.97, N 4.01. FT-IR spectrum is depicted in Figure S1.
As follows from the powder XRD measurements, the sample is a monophase crystalline
material (Figure S3). Single crystals were obtained by recrystallization from ethanol.

4.2.2. Synthesis of [Dy(acac)s;(phendione)]-CH3CN (2)

Warm acetonitrile solution (2 mL) of phendione 4 (21.0 mg, 0.1 mmol) was added to a
solution of 5 (51.4 mg, 0.1 mmol) in 1.5 mL of acetonitrile. X-ray quality orange crystals
were formed upon leaving the mixture undisturbed. Yield 49.6 mg (69.8%). Anal. Calcd (%)
for Cy9H3yN3OgDy (711.07 g/mol): C 48.99, H 4.25, N 5.91; found: C 49.36, H 4.57, N 6.13.
FT-IR spectrum is depicted in Figure S2. As follows from the powder XRD measurements,
the sample is a monophase crystalline material (Figure S4). Freshly obtained powder was
used for magnetic measurements, because the release of the acetonitrile solvate molecule
is observed.

4.3. X-ray Data Collection and Structure Refinement

X-ray data for a single crystal of 1 (at 100 K) and 2 (at 150 K) were collected on a CCD
diffractometer Agilent XCalibur with EOS detector (Agilent Technologies UK Ltd., Yarnton,
Oxfordshire, UK) using graphite-monochromated MoK, radiation (A = 0.71073 A). The
structure was solved by direct methods and refined against all F> data (SHELXTL [49]). All
non-hydrogen atoms were refined with anisotropic thermal parameters, positions of hydro-
gen atoms were calculated and refined with riding model constraints. The X-ray crystal
structure data have been deposited with the Cambridge Crystallographic Data Center, with
reference codes CCDC 2211014 and 2211015. Selected crystallographic parameters and the
data collection and refinement statistics are given in Table S1.
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The crystalline structure of 2 involves acetonitrile (the solvent) molecule, which is
weakly bound with the surrounding molecules and thus easily leaves the crystal destroying
it. It is impossible to determine hydrogen atoms at the terminal carbon atom of the solvent
molecule using the difference synthesis, as well as to unambiguously calculate them
geometrically. The crystalline structure could not be refined with high accuracy, which
results in arising level B alerts in the checkcif report.

4.4. Magnetic Measurements

DC and AC magnetic properties of powdered samples of 1 and 2 were measured at a
vibrating sample magnetometer of a Cryogen Free Measurement System (Cryogenic Ltd.,
London, UK). The temperature dependences of the magnetic moment M(T) were measured
upon cooling at T = 2-300 K in static magnetic field H = 5000 Oe. The temperature change
rate was 2 K/min. The field dependences of the magnetic moment M(H) for both complexes
were recorded at temperatures 2, 4, and 6 K in the field range of 0-50,000 Oe. The field
change rate was 1000 Oe/min.

The measurements were carried out on polycrystalline samples moistened with min-
eral oil to prevent the crystals orientation in DC magnetic field. The prepared samples were
sealed in plastic bags. The magnetic susceptibility x was determined taking into account
the diamagnetic contribution of the substance, using the Pascal scheme, and the bag and
mineral oil contribution.

The AC measurements for 2 were carried out in 4 Oe oscillating field in the absence
and with the application of DC magnetic field H = 1000 Oe. The AC magnetic behavior
for 1 was studied using the Quantum Design PPMS-9 physical property measuring system
with the option of measuring dynamic (AC) and static (DC) magnetic susceptibility. During
AC susceptibility measurements, an alternating magnetic field amplitude was Hyc = 1-5 Oe
in the frequency range of 10,000-10 Hz. The relaxation time T was extracted at each
temperature using the Debye model to fit simultaneously the frequency dependence of the
out-of-phase x)1” and of the in-phase susceptibility xa.

4.5. Computational Details

The ab initio calculations have been performed using OpenMolcas program [37,38].
The [.ANO-RCCA8s7p5d3f2g1h.] basis set for Dy atom, [ ANO-RCCA3s2p1d.] for N and
O atoms, [.ANO-RCCA3s2p.] for C atoms and [. ANO-RCCAZ2s.] for H atoms have been
employed. The ground state f-electron configuration for Dy(IlI) is 4f° having °H,s pmultiplet
as the ground state. Initially, we have generated the guess orbitals from seven Dy(IIl) based
starting orbitals to perform the CASSCF calculations, with 9 electrons being in 7 active
orbitals with an active space of CAS (9,7). Using this active space, 21 sextets, 224 quartets
and 490 doublets have been computed using the configuration interaction (CI) procedure.
Then, all these 21 sextets, all 224 quartets and 98 doublets have been mixed to compute
the spin-orbit states using RASSI-SO module. After computing these spin-orbit states, the
corresponding g-tensors and CF parameters for eight low-lying Kramers doublets (KD)
have been extracted using SINGLE_ANISO code [50]. The Cholesky decomposition for two
electron integrals has been employed throughout the calculations to reduce the disk space.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /magnetochemistry8110151/s1, FI-IR spectra for 1, 2, dm-
dophen (3), phendione (4) and [Dy(acac)3(Hy0),]-H>O (5) (Figures S1 and S2); powder X-ray diffrac-
tion patterns of polycrystalline sample for 1 and 2 (Figures S3 and S4); crystal data and structure
refinement for 1 and 2 (Table S1); selected bond lengths and angles for 1 and 2 (Table S2); the local
symmetry of Dy(IIl) ion for 1 and 2 defined by the continuous shape measure (CShM) analysis
with SHAPE software (Table S3); short intra- and intermolecular contacts in crystal pacing of 1 and
2 (Figure S5); frequency dependences of the in-phase (a) and out-of-phase (b) AC susceptibility,
Cole-Cole plots (c) for 1 at zero DC field and temperatures from 2 to 20 K (Figure S6); Frequency
dependences of the in-phase (a) and out-of-phase (b) AC susceptibility, Cole-Cole plots (c) for 1 at
10 K and DC fields 0-5000 Oe (Figure S7); field dependence of the inverse relaxation time 7 1for1at
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10 K (Figure S8); frequency dependences of the in-phase AC susceptibility (a) and Cole-Cole plots
(b) for 1 at 1000 Oe DC field and temperatures from 8 to 20 K (Figure S9); frequency dependences of
the in-phase (a) and out-of-phase (b) AC susceptibility, Cole-Cole plots (c) for 2 at zero DC field and
temperatures from 2 to 20 K (Figure S10); frequency dependences of the in-phase (a) and out-of-phase
(b) AC susceptibility, Cole-Cole plots (c) for 2 at 10 K and DC fields 0-5000 Oe (Figure S11); field
dependence of the inverse relaxation time 7! for 2 at 10 K (Figure S12); frequency dependences of
the in-phase (a) and out-of-phase (b) AC susceptibility, Cole-Cole plots (c) for 2 at DC field 1000 Oe
and temperatures from 8 to 20 K (Figure S13); best fit parameters for 1 and 2 at zero and 1000 Oe DC
fields (Tables S4-5S7); SINGLE_ANISO computed wave function decomposition analysis for lowest
KDs of Dy(Ill) ions in 1 and 2 (Table S8).
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