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Field induced slow magnetic relaxation in a zig-zag chain-like 
Dy(III) complex with the ligand o-phenylenedioxydiacetato

Juraj Černák,*a Katarína Harčarová, a Larry R. Falvello, b Ľubor Dlháň, c Ján Titiš d and Roman Boča d

The new complex [Dy(PDOA)(NO3)(H2O)2]nnH2O  (1) (H2PDOA is o-phenylenedioxydiacetic acid) was isolated from 
the reaction of dysprosium(III) nitrate and H2PDOA in a 1:1 molar ratio. Its crystal structure is formed of neutral zig-
zag chains in which the nona-coordinated Dy(III) atoms (O9 donor set) are linked by PDOA ligands with a chelating-
bridging coordination mode. DC and AC magnetic studies revealed that 1 behaves as a field-induced SMM with 
three relaxation channels. The derived values, considering the Orbach relaxation process, of the barrier to spin reversal 
and the extrapolated relaxation time are U/kB = 59.5 K and 0 = 6.3 × 10-10 s, respectively. Ab initio calculations support the 
experimental results.

Introduction 
Since the discovery of Single Molecule Magnets (SMM)1 the 
lanthanide complexes have been intensively studied, as  the 
significant magnetic anisotropy and large magnetic moments of 
the lanthanide centers make them ideal candidates for SMMs.2 
The main driving force for such studies include the potential 
applications of magnetic materials based on  lanthanides (and 
other entities) in the area of high density data storage, 
spintronics and quantum computing.3 The key indicator for 
suitable SMMs is the effective energy barrier for reversal of 
magnetization, Ueff. Attaining the highest possible value of this 
indicator is one of the main challenges in inorganic chemistry at 
present.

Among the lanthanide ions, Dy(III) and its complexes are 
good candidates for the preparation of SMMs as Dy(III) displays 
bistable ground state spin and a high magnetic anisotropy 
arising from the 6H15/2 state.4 Factors that enable the tuning of 
the magnetic anisotropy of the Dy(III) complexes include the 
composition of the coordination sphere (usually O-donor 
ligands) and its symmetry; and an important role can also be 
played by the intra- and intermolecular interactions.5 As a 
consequence, the quest for SMM based on Dy(III) has resulted 

in a large number of Dy(III) complexes having been synthesized 
and studied during the last few years.2a,5b,6 At present, to the 
best of our knowledge, the highest value of the energy barrier 
Ueff = 2217 K (1541 cm-1), with the blocking temperature TB = 80 
K, was achieved for a Dy(III) metallocene cation 
[(CpiPr5)Dy(Cp*)]+ (CpiPr5 = penta-iso-propylcyclopentadienyl, 
Cp* = pentamethylcyclopentadienyl).7

From a structural point of view Dy(III) complexes can be 
mononuclear, polynuclear, with the simplest case being 
dinuclear, or polymeric. Mononuclear complexes are suitable 
for attaining high values of Ueff, so it is not surprising that the 
highest value was reported for this type of dysprosium(III) 
complexes.2e,7,8 The dinuclear {Dy2} complexes are interesting 
as they can be used to study the influence of the exchange 
interaction between the lanthanide ions on the SMM 
properties.4a,5b,6c,9 Dy(III) complexes with various higher 
nuclearities up to {Dy76} have also attracted broad 
interest.2e,6a,6b,10 The disadvantage of these Dy(III) complexes 
with various high nuclearities is usually low SMM activity due to 
the presence of fast quantum tunnelling.6a,6d,11 A large number 
of Dy(III) complexes with polymeric structures have been 
studied, too.6g,12 In these complexes the DyDy interatomic 
distances seems to be an important parameter. In the case of 
short bridging the contribution from the exchange interactions 
can be important, while those with longer separations between 
the Dy(III) atoms, due to negligible exchange interactions, 
behave effectively as SIMs.6g,13

An efficient multi O-donor ligand for the synthesis of 
lanthanide complexes is PDOA (H2PDOA is o-
phenylenedioxydiacetic acid). A search in the Cambridge 
Structural Database (CSD)14 yielded 36 hits for a combination of 
the PDOA ligand and a lanthanide atom. Various coordination 
modes were found, e.g. tetradentate chelating in 
[Yb2(PDOA)3(H2O)6]·4H2O,15 pentadentate chelating-bridging in 
[Ce(PDOA)(NO3) (H2O)3]·H2O,16 hexadentate chelating-bridging 
in [Pr(PDOA)(NO3)(H2O)2],17 or purely bridging PDOA 
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coordinated in a bis(chelating)-fashion in 
[Dy2(PDOA)3(H2O)6]·3.5H2O6g or in a bis(monodentate) fashion 
in [Sm2(PDOA)3(H2O)6]·2H2O.18 It should be noted that often 
two different bonding modes are present in the same crystal 
structure. 

We have previously synthesized and structurally 
characterized two Dy(III) complexes with PDOA, namely the 
polymeric complex {[Dy2(PDOA)3(H2O)6]·2H2O}n with a ladder-
like arrangement of Dy(III) atoms and its dinuclear analogue 
[Dy2(PDOA)3(H2O)6]·3.5H2O. Both complexes exhibited field-
induced slow magnetic relaxation with similar quantitative 
characteristics.6g In the present study we report our results on 
the synthesis and characterization of the new complex 
[Dy(PDOA)(NO3)(H2O)2]nnH2O (1) along with its crystal 
structure, and static/dynamic magnetic properties. 

Results and discussion 
Synthesis and identification 
From the mostly ethanolic reaction system (ethanol:water vv 
ratio was 15:1) containing dysprosium nitrate hexahydrate and 
H2PDOA in molar ratio 1:1 under mild conditions (reflux) the 
title complex [Dy(PDOA)(NO3)(H2O)2]nnH2O  (1) separated (Fig. 
1). Previously, from an analogous aqueous reaction mixture 
with a molar ratio of 2:3 for the starting materials, a dihydrate 
{[Dy2(PDOA)3(H2O)6]·2H2O}n (CSD refcodes NUDWAL01 for T = 
173 K and NUDWAL for T = 296 K) with a ladder-like crystal 
structure was isolated.6g,18 The addition of bpy to the reaction 
mixture (bpy = 2,2′-bipyridine), intended as an auxiliary ligand, 
resulted in the isolation of a higher hydrate 
[Dy2(PDOA)3(H2O)6]·3.5H2O (LATKUP) with a dinuclear 
structure, in which, however, the bpy did not enter into the final 
product.6g These results indicate that in the presence of a 
sufficient amount of the PDOA ligand (here 1.5 mole per mole 
of Dy(III)), this ligand is preferentially used for saturation of the 
coordination sphere of the Dy(III) atom as well as for 
compensation of the +3 charge of the central atom. On the 
other hand, the use of a lower PDOA:Dy molar ratio (1:1) led to 
incorporation of the nitrate anion as an additional co-ligand  
fulfilling both purposes, charge compensation as well as 
saturation of the coordination sphere of the Dy(III) atom. We 
note here that there was a previous report of a Dy(III) complex 
with PDOA and with phen (phen = 1,10-phenantroline) as an 
auxiliary ligand (VODGOL).19

The IR spectrum of 1 is rich in information; the positions of 
the absorption bands are gathered in the experimental section. 
A characteristic signal is a broad, strong absorption band 
centred around 3376 cm-1 which in accord with the literature20 
was assigned to (OH) vibrations of the water molecules. 
Further characteristic absorption bands are those arising from 
asymmetric and symmetric vibrations ν(COO) of the carboxylate 
groups. Their positions at 1597 and 1458 as well as at 1433 cm-

1 are in line with the corresponding bands found at 1580 cm−1 
and 1433 cm−1 in the analogous {[Dy2(PDOA)3(H2O)6]·2H2O}n.6g 
The presence of aromatic rings manifests itself by sharp 
absorption bands observed at 1500 cm-1; the corresponding 

band was observed at 1499 cm−1 in the IR spectrum of 
{[Dy2(PDOA)3(H2O)6]·2H2O}n ].6g  

The phase identity and purity of the bulk sample was 
corroborated by powder diffraction methods. Figure S1 shows 
a comparison of the experimental diffraction pattern and that 
modelled by LeBail profile fitting.21 It is worth noting that the 
unit cell volume using the LeBail method (1480.3 Å3, T = 295 K) 
is larger than the cell volume from single crystal data (1472.6 
Å3, T = 123 K; Table S1) in line with the temperature change.

Fig. 1. Zig-zag chain formed by Dy(III) atoms in 1. The thermal ellipsoids are drawn 
at 50 % probability level. Hydrogen atoms bonded to carbon atoms are omitted 
for clarity. Dashed lines represent hydrogen bonds. Symmetry codes: i: x, 0.5 – y, 
–0.5 + z; ii: x, 0.5 – y, 0.5 + z; iii: x, y, z - 1.

Crystal structure 
The crystal structure of 1 is comprised of Dy(III) atoms which are 
linked by the bridging-chelating ligand PDOA into zig-zag chains 
running along the c-axis (Fig. 1, Fig. S2); the crystal structure is 
completed by one water solvate molecule per formula unit. 
Similar zig-zag chains were reported in the analogous Ce(III) 
complex [Ce(PDOA)(NO3)(H2O)3]H2O}n (VOWDOC) in which a 
chelating nitrato ligand also entered into the Ce(III) 
coordination sphere;16 the main difference with respect to 1 is 
that the Ce(III) atom upon coordination of three aqua ligands 
exhibits deca-coordination, presumably due to its larger ionic 
radius (1.25 Å) with respect to the smaller Dy(III) atom (1.083 
Å).22 Incorporation of a nitrato co-ligand in the coordination 
sphere of lanthanide complexes with PDOA was reported in five 
additional complexes with general formula 
[Ln(PDOA)(NO3)(H2O)2], namely in complexes with Ln = Ce,  
(VOWDIW, VOWDIW01),16,17 Ln = La [La(PDOA)(NO3)(H2O)2] 
(UWAJUZ),17  Ln = Pr [Pr(PDOA)(NO3)(H2O)2] (UWAJOT),17  and 
Ln = Gd [Gd(PDOA)(NO3)(H2O)2] (FAKKAG).23 

The Dy1 central atom is nona-coordinated by four oxygen 
atoms from the triply chelating PDOA ligand, two aqua ligands, 
one chelating nitrato ligand and an additional oxygen atom 
from the bridging function of the neighbouring PDOA ligand, 
yielding an O4Oˈ2Oˈˈ2Oˈˈˈ donor set. As analysed by the program 
SHAPE24 the shape of the DyO9 coordination polyhedron 
approximates to a muffin shape (symmetry Cs) (Fig. 2).
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Fig. 2. View of the coordination polyhedron of the Dy(III) atom in 1. Symmetry 
code: i: x, 0.5 – y, –0.5 + z.

The Dy–O bond lengths (Table 1, Table S2) lie in the range 
2.3150(18) (O10 aqua ligand)-2.606(2) Å (O8 atom from the 
nitrato ligand). In the similar complex 
{[Dy2(PDOA)3(H2O)6]·2H2O}n the Dy-O bonds fall into a 
somewhat broader range, 2.2652(17) – 2.6477(16) Å.6g 
Noteworthy is the marked asymmetry (2.4898(19) Å and 
2.606(2) Å) of the two Dy-O bonds in 1 from the chelating 
nitrato ligand. Similar values of 2.482(5) and 2.608(5) Å for Dy-
O bonds from a chelating nitrato ligand were reported for 
[NHEt3]2[Dy2(μ-NO3)2(NO3)2(HL)2] (Et = ethyl, H3L=N′-(2-
hydroxy-3-methoxy-5-nitrobenzylidene)-2-(hydroxyimino) 
propanehydrazide).25 The mean O-Dy-O bite angle of the 
chelate rings in the PDOA ligand is 64.85 while the 
corresponding angle within the nitrato ligand (49.98(6) is 
considerably more acute. These values are close to those of 
63.11 and 49.71(16) found in the analogous complexes 
{[Dy2(PDOA)3(H2O)6]·2H2O}n and [NHEt3]2[Dy2(μ-NO3)2(NO3)2 

(HL)2], respectively.6g,25

Table 1 Dy-O bond distances (Å) in 1.   
Dy1-O1       2.3398(18) Dy1-O3         2.4699(17)
Dy1-O4        2.4321(17) Dy1-O5         2.3350(17)
Dy1-O6i        2.3308(18) Dy1-O7       2.4898(19)
Dy1-O8         2.606(2) Dy1-O10    2.3150(18)
Dy1-O11     2.4024(18)
Symmetry code: i: x, 0.5 – y, –0.5 + z. 

The space between the zig-zag chains is occupied by O-HO 
hydrogen bonds with participation of aqua ligands, the water 
solvate molecule and some oxygen atoms from carboxylate and 
nitrate groups (Table S3, Figure S2). The geometric parameters 
associated with these HBs (OO distances are in the range 
2.701(3) - 2.891(3) Å and the O-HO angles exhibit values in the 
range 158(3)-175(3)) indicates their medium strength. These 
hydrogen bonds mediate an approach of the Dy(III) atoms in the 
neighbouring chains, with a shortest inter-chain DyDyiv (iv: -x, 
-y, -z) distance of 7.0295(3) Å; this value is rather close to the 
distance between the Dy(III) atoms within the chains, 6.1978(3) 
Å.

Magnetic properties 

The molar magnetic susceptibility for 1 has been transformed 
to the effective magnetic moment and its temperature 
dependence is shown in Fig. 3. The room temperature value eff 
= 10.5 B stays almost constant down to T ~ 100 K when it 
gradually decreases to eff = 9.6 B. The molar magnetic 
susceptibility on cooling increases monotonically over the 
whole temperature range. 
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Fig. 3. Temperature dependence of the effective magnetic moment (left) and the 
field dependence of the magnetization per formula unit (right). Full lines – fitted.

The single Dy(III) centre possessing the electronic ground 
multiplet 6H15/2 implies jDy = 15/2, and gDy = 4/3 and thus the 
high-temperature value of eff(HT) = g[j(j + 1)]1/2 = 10.6 B. The 
magnetization per formula unit adopts a value of M1 = 
Mmol/NAB = 5.9 at B = 7.0 T and T = 2.0 K. The expected 
saturation value at high field is M1(HF)= j·g = 10. However, the 
multiplet splitting causes a marked reduction at low 
temperatures.

The DC susceptibility and magnetization data were fitted 
simultaneously by employing a simple spin Hamiltonian #

(1)1 2 2 2
B

ˆ ˆ ˆ( / 3)J z z zH g B J J J     
r

h h
with J = 15/2 and  representing an axial distortion parameter. 

The fitting procedure converged to gJ = 1.314 and /hc = 9.7 
cm. A small molecular field correction zj/hc = 0.024 cm 
reproduces a hook in the low-temperature effective magnetic 
moment. A similar hook for χM.T values between 4.25 and 1.8 K 
was observed for the polymeric Dy(III) complex with a similar 
chromophore DyO2O2O5 arising from MSA, two aqua and one 
chelating nitrato ligands, namely {[Dy(MSA)(NO3)(H2O)2]·2H2O} 
(H2MSA = 2-methylenesuccinic acid; [Dy-MSA]n).26 

The AC susceptibility data was taken first at low 
temperature T = 2.0 K and a set of four representative 
frequencies of the oscillating magnetic field; the BDC rises to 1.0 
T (Fig. 4). There is no evidence for an out-of-phase susceptibility 
signal at zero field. The same behaviour was observed for two 
other Dy(III) complexes with PDOA ligands with known crystal 
structures, namely {[Dy2(PDOA)3(H2O)6]·2H2O}n [Dy2]n with a 
ladder-like crystal structure and its dinuclear analog 
[Dy2(PDOA)3(H2O)6]·3.5H2O ([Dy2]).6g On the other hand, in the 
above mentioned [Dy-MSA]n complex the presence of one 
relaxation process at zero-field was reported.26

It can be seen from Fig. 4 that the maximum of the out-of-
phase susceptibility ’’ for 1 appears at ca BDC = 0.15 T and then 
the response attenuates progressively with the magnetic field. 
This field has been selected for the detailed mapping as follows. 
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Temperature evolution of the AC susceptibility components 
is presented in Fig. 5 for 20 frequencies ranging between f = 0.1 
and 1000 Hz. It can be seen that the devitrification point, when 
the in-phase components merge and the out-of-phase 
components vanish, is at ca 7 K. Above this temperature the 
usual paramagnetic behaviour occurs.
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Fig. 5. Temperature dependence of the in-phase and the out-of-phase 
susceptibility for various frequencies f = 0.1 – 1000 Hz.

The same data set has been rearranged to obtain Fig. 6 
where the susceptibility components are plotted as functions of 
the frequencies f of the oscillating field for a set of 
temperatures. Just this function can be fitted to an extended 
Debye model. Since three maxima are visible in the out-of-
phase susceptibility, the three-set Debye model containing 10 
free parameters has been applied: the adiabatic susceptibility 
S, three isothermal susceptibilities Tk, three distribution 
parameters k, and three relaxation times k. Note that there 
are 40 experimental points for each temperature so that there 
is no overparameterization. A standard deviation is associated 
with each free parameter as listed in the ESI.

It can be seen that at low temperature T = 1.9 K the low-
frequency (LF) and the intermediate-frequency (IF) relaxation 
channels prevail and the data analysis yields the mole fractions 
x(LF) = 0.39 and x(IF) = 0.54. The corresponding relaxation times 
are as long as (LF) = 1.17(7) s and (IF) = 0.088(16) s, 
respectively. Under the same conditions, the high-frequency 
relaxation time is as short as (HF) = 0.36(9) ms. On heating, 
dramatic changes are visible: (i) the height of the LF and IF peaks 
(referring to the isothermal susceptibilities) rapidly decrease 
which manifest themselves in a rapid decrease of the mole 
fractions x(LF) and x(IF); at the same time the height of the HF 
peak increases until a maximum and then it disappears as well.

The existence of multiple relaxation processes in the case of 
Dy(III) based SMMs is not uncommon, especially in the case of 

Dy(III) complexes containing several crystallographically 
independent metal centres.  By way of example,  we can 
mention a dinuclear complex [Dy2Lz2(C6H5CO2)6]·2CH3CN (Lz = 
6-pyridin-2-yl-[1,3,5]triazine-2,4-diamine),27 the tetranuclear 
complex [Dy4(L)4(HL)2(C6H4NH2COO)2(CH3OH)4]5CH3OH (H2L =  
N-(2-carboxyphenyl)salicylidenimine),28 or the heptanuclear 
complex 
[(Co4Dy3L4)DyL(O)2(OMe)2(ac)4(H2O)2(NO3)2](NO3)3CH3OH 
1.5H2O (where H2L is the [1+1] condensation product of 3-
methoxysalicylaldehyde and 2-amino-2-methyl-1-propanol).29 
We note that in both analogous Dy(III) complexes containing 
PDOA ligands, [Dy2]n and ([Dy2], only two relaxation processes 
were observed.6g
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Fig 6. Frequency dependence of the susceptibility components for fixed 
temperature. Lines – fitted.

The fitted data was used in constructing the Argand diagram (Fig. 
7 – left) and the Arrhenius-like plot (Fig. 7 – right). Three high-
temperature data of the HF channel have been used for a linear fit, 
ln = b[0] + b[1]T1, which allows an estimate of the barrier to spin 
reversal and the extrapolated relaxation time when the Orbach 
relaxation process  = 0exp(U/kBT) is considered: U/kB = 59.5 K and 
0 = 6.3 × 1010 s. A somewhat higher barrier to spin reversal 
associated with analogous relaxation times (71.6 K and 6.3 × 10-10 s; 
97.8 K and 2.4 × 10-11  s) were observed in similar Dy(III) complexes 
with the PDOA ligand, [Dy2(PDOA)3(H2O)6]·2H2O and 
[Dy2(PDOA)3(H2O)6]·3.5H2O, respectively.6g 
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Fig. 7. The Argand diagram (left); Arrhenius-like plot (right), full curved line – fitted, 
dot-dashed – high-temperature (Orbach-only) process. 

Careful inspection of Fig. 7 shows an unexpected effect: on 
cooling the relaxation time referring to the HF channel is 
shortened. This reciprocating thermal behaviour is better seen 
in Fig. 8. The experimental data was fitted to an extended 
relaxation formula 

Page 4 of 8New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
3 

Ju
ly

 2
02

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
B

ir
m

in
gh

am
 o

n 
7/

24
/2

02
0 

2:
19

:4
6 

PM
. 

View Article Online
DOI: 10.1039/D0NJ02276D

https://doi.org/10.1039/d0nj02276d


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins

Please do not adjust margins

 (2)1 1
0 Bexp( / ) l k

sU k T CT E T      
which includes the Orbach process, the phonon bottleneck 
process, and the “strange” relaxation process.6f,30-34 The fitting 
procedure gave U/kB = 60(3) K, 0 = 6(3) × 1010 s, C = 193 Kl s1, 
l = 1.56, Es = 1.0 × 104 K s1, and k = 2.8. The Orbach-process 
parameters match the high-temperature approximation and 
the small value of the exponent l confirms that the phonon 
bottleneck process applies instead of the formally analogous 
Raman term. The “strange” process needs to be added in order 
to reproduce the low-temperature data. Most probably this 
refers to the second solution for the phonon bottleneck 
process.35
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Fig. 8. The temperature evolution of the relaxation time for the high-frequency 
relaxation channel. Full curve – fitted by eqn (2). 

A literature survey has shown that among the nona-
coordinated Dy(III) complexes with a similar coordination 
environment (one chelating nitrato ligand, at least two aqua 
ligands and additional O-donor ligands with a DyO2O2O5 
chromophore, slow magnetic relaxation was reported only for 
two complexes. AC magnetic measurements of the previously 
mentioned {[Dy(MSA)(NO3)(H2O)2]·2H2O} indicated the 
presence of only one relaxation process at zero-field and the 
calculated values of the energy barrier and relaxation time were 
1.88 K and 0.24 × 10−6 s, respectively.26 In the case of the second 
complex, namely {Dy2(NO3)2(H2O)10(CB[6])}·4NO3·14H2O (CB[6] 
= cucurbit[6]uril) with a dinuclear structure, under an applied 
field of 1000 Oe only a weak out-of-phase signal was observed, 
so its field-induced SMM nature is questionable.36

Ab initio calculations on complex 1 yielded the value of 10.6 
B for the calculated effective magnetic moment at room 
temperature (Fig. S3). On cooling, the value of eff gradually 
decreases, roughly following the experimental behaviour. The 
magnetization adopts a value of Mmol/NAB = 5.1 at B = 7.0 T and 
T = 2.0 K, which again corresponds to the experiment. The 
calculated values of the g-factor components reflect 
considerable magnetic anisotropy (g1 1.51, g2 1.99, g3 4.68) 
(Table S5). The ground electronic multiplet for the Dy(III) ion is 
6H15/2 which is further split by the effect of the ligand field 
(DyO9) to mj states. The calculated SOC corrected energies of 
multiplets within all considered states are shown in Table S6. 
Kramers doublets of the jDy = 15/2 ground multiplet form an 
energy barrier for spin reorientation whose height is  = 586 
cm–1 (Fig. S5). To clarify the magnetic relaxation, the transition 
magnetic moments were also calculated which suggest fast 
tunnelling processes especially for Kramers doublets with 
higher energies.

Experimental

Materials and methods
Dysprosium(III) nitrate hexahydrate, Dy(NO3)3·6H2O (99.99 %), 
o-phenylenedioxydiacetic acid, H2PDOA (98 %), ethanol (99.8 %) 
and sodium hydroxide, NaOH (p.a.) were purchased from 
commercial sources and used as received.

CHN analysis was carried out on an Elementar vario MICRO 
analyser. Infrared spectra were recorded on a Bruker Tensor 27 
FT-IR (Bruker Optik GmbH., Germany) spectrometer using the 
KBr technique in the range of 4000 – 400 cm-1. X-ray powder 
patterns were measured on a RIGAKU D-Max/2500 
diffractometer with rotating anode and RINT2000 vertical 
goniometer, in the 2 range 5–50  using a step of 0.02 and Cu 
K1 radiation ( = 1.54059 Å). The measured powder diffraction 
pattern was fitted by the LeBail method21a incorporated in the 
program JANA2006.21b 

Single-crystal X-ray data were collected at 123(2) K on an 
Oxford Diffraction Xcalibur diffractometer equipped with a 
Sapphire3 CCD detector and a graphite monochromator 
utilizing Mo-K radiation ( = 0.71073 Å). Absorption corrections 
were based on the multi-scan technique using CrysAlisPro.37 It 
was possible to index a minor second component, estimated at 
approximately 6% of the volume of the sample. This was 
included in the integration step, in order to ameliorate any 
effects of reflection overlap. Nevertheless, the separation of the 
major and minor domains was sufficient to permit the 
obtention of a single-domain data set, complete to beyond 0.84 
Å resolution and with average redundancy greater than 10, for 
the major component alone. That data set was used for 
structure solution and refinement. The structure was solved by 
SIR9238 and refined against the F2 data using full-matrix least 
squares methods with the program SHELXL-2018/3.39 
Anisotropic displacement parameters were refined for all non-
hydrogen atoms. The hydrogen atoms bonded to carbon atoms 
were included at idealized positions and refined as riders with 
isotropic displacement parameters assigned as 1.2 times the Ueq 
values of the corresponding parent atoms. Hydrogen atoms of 
the aqua ligands and water molecules were located in a 
difference map and refined with restrained geometry and 
constrained isotropic thermal parameters with Uiso(H) set to 
1.5Ueq of the parent oxygen atoms. The crystal and 
experimental data are given in Table S1 and selected geometric 
parameters are given in Tables 1 and S2. Possible hydrogen 
bonds are gathered in Table S3. Some geometric parameters 
were calculated using the program PARST.40 The structural 
figures were drawn using Diamond.41

CCDC 1992422 (complex 1) contains the supplementary 
crystallographic data for this paper. These data can be obtained 
free of charge via 
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the 
Cambridge Crystallographic Data Centre, 12 Union Road, 
Cambridge CB2 1EZ, UK; fax: (þ44) 1223-336-033; or e-mail: 
deposit@ccdc.cam.ac.uk.

Magnetic data were measured on a SQUID magnetometer 
(MPMS-XL7, Quantum Design) using the RSO mode of detection 
with ca 40 mg of the sample encapsulated in a gelatin sample 
holder. The magnetic susceptibility taken at B = 0.1 T was 
corrected for the underlying diamagnetism. AC susceptibility 
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measurements were done with an oscillating field BAC = 0.38 mT 
for twenty frequencies ranging between f = 0.1 –1000 Hz and a 
temperature interval T = 1.9 – 7.0 K; 10 scans were averaged for 
each temperature-frequency point. The use of a small DC 
magnetic field BDC = 0.15 T was essential to yield the out-of-
phase susceptibility response.

Ab initio calculations
Ab initio calculations were performed with the ORCA 4.2.1 
computational package using the truncated experimental 
geometry of complex 1 (monomeric Dy unit).42 The relativistic 
effects were included in the calculations with the second-order 
Douglas-Kroll-Hess (DKH)43 procedure together with the scalar 
relativistic contracted version of the def2-SV(P) basis function 
for all elements, except the Dy atom. For Dy, the SARC2-DKH-
QZVP basis function was used.44 The calculations were based on 
state average complete active space self-consistent field (SA-
CASSCF) wave functions. The active space of the CASSCF 
calculations for 1 was comprised of nine electrons in seven 
metal-based f-orbitals. The state averaged approach was used, 
in which 21 sextet states were equally weighted. The spin-orbit 
effects were  included through quasi-degenerate perturbation 
theory in which an approximation to the Breit-Pauli form of the 
spin-orbit coupling operator (SOMF) was utilized.45

Synthesis of [Dy(PDOA)(NO3)(H2O)2]nnH2O  (1) 
0.228 g Dy(NO3)36H2O (0.5 mmol), 0.113 g H2PDOA (0.5 mmol), 
15 ml of ethanol and 1 ml of a 1 M aqueous solution of NaOH 
were placed in a 50 ml boiling flask. The mixture was heated 
under reflux with stirring for 1 hour. The precipitated white 
powder was separated from the colourless solution by filtration 
(yield 20 %) and after several days colourless crystals suitable 
for a single crystal study separated from the filtrate. Yield: 13 % 
(crystals).

Conclusions
Under mild conditions the title complex 
[Dy(PDOA)(NO3)(H2O)2]nnH2O (1) was isolated from the system 
based on dysprosium(III) nitrate and PDOA in molar ratio 1:1. A 
single crystal X-ray study revealed that its crystal structure is 
built up of electroneutral zig-zag chains with Dy(III) atoms nona-
coordinated (O9 donor set) by one chelating nitrato ligand, two 
aqua ligands and a PDOA ligand with a chelating-bridging 
coordination mode. A magnetic study revealed that 1 exhibits a 
field-induced slow magnetic relaxation characterized by three 
relaxation channels. The relaxation time associated with the 
low-frequency channel is as long as (LF) = 1.17(7) s, and the 
corresponding mole fraction is x(LF) = 0.39 at T = 1.9 K with an 
external field BDC = 0.15 T. On heating this channel is suppressed 
in favour of the high-frequency channel. The relaxation time 
referring to the HF channel is shortened on cooling. High-
temperature & high-frequency data yield the parameters of the 
Orbach relaxation process: U/kB = 44.6 K and 0 = 1.1 × 10-8 s. 
The experimental magnetic data were corroborated by 
theoretical calculations.
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