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We report the physicochemical characteristics of novel Co-based pyrrolidinium analogs: (C4H;oN),CoCly
(PCC) and (C4H1oN)>CoBr4 (PCB). Both compounds consist of a zero-dimensional (0D) anionic network
and disordered pyrrolidinium cations. The structural origin of the anomalies observed in the electrical
measurements has been confirmed by DSC thermograms and X-ray analysis. The crystals under investi-
gations undergo a complex sequence of phase transitions: PCC at 347/353 K (phase | « phase Il) and
202/257 K (Il & 1) and PCB at 380/381 K (I « 11) and 256/302 K (Il < 1lI). The molecular motions of
cations in both compounds were analysed based on proton magnetic resonance (*H NMR and M)
measurements, while their magnetic properties were investigated in DC and AC modes. The DC data
show magnetic anisotropy, which was confirmed by high-field HF EPR measurements. The AC suscepti-
bility data of PCC reveal slow magnetic relaxation at the applied DC field with two relaxation channels.
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1. Introduction

Organic-inorganic hybrid materials based on metallohalides
(M = Co(u), Fe(u) Zn(u), Mn(u) Cu(u) etc.) form a large family of
compounds exhibiting structural phase transition (PT). Diverse
structures were found for these compounds, varying from zero-
dimensional (0D) clusters, one-dimensional (1D) chains, two-
dimensional (2D) layers to 3D frameworks. The structural
diversity is caused mainly by the versatile metal-halide bonds
and differing size and symmetry of the organic cations.
Increased interest has been observed recently in metallohalide
materials showing structural PTs, especially those exhibiting
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materials which exhibit dielectric and magnetic activity.

distinct dielectric anomalies. The crystal structures of 0D hali-
dometallates(i) contain discrete [MX,]*>~ components. Despite
their apparent structural simplicity, alkyl-ammonium and
phosphonium/arsonium tetrahalidometallates of d-block and
other metals ([NR,],'[MX,]"", where R = Me, Et, etc., X = Cl, Br
and n = 1 or 2) exhibit a rich diversity of ferromagnetic, ferro-
electric, ferroelastic and incommensurate phases (Sawada
et al.,' Shimizu et al.,* Styczen et al.,>* Zubillaga et al.,” Clay
et al.,® and Pressprich et al.”). Tetramethylammonium analogs
deserve special attention because these materials have become
canonical models for studying disordered incommensurate—
commensurate phase sequences (Lopez-Echarri et al.).® It has
turned out that for all materials in this class, the relationships
between phases are conditioned by the orientations of com-
ponent ions which undergo subtle changes with temperature
(Barreda-Argiieso et al.).

In the case of halidocobaltate(u) hybrids, literature reports on
organic-inorganic compounds exhibiting switchable dielectric
properties are quite rare, except for tetraalkyl-ammonium and
-phosphonium analogues. Most examples concern tetrahalidoco-
baltates(u) characterized by 0D structures with various polar
cations e.g;; 3-chloro-2-hydroxypropyl trimethylammonium,"°
(H,dabco-C,H;),"* 1,4-diisopropyl-1,4-diazonia-bicyclo-[2.2.2]
octane,” trimethylchloromethyl ammonium,"® (N,N-dimethyl-
benzylammonium),"*  triethylbenzylammonium,”  methyl-
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triphenylphosphonium,'® [NH,(C,Hs),],"” [(CH,),(NH;),],"® ethy-
lammonium,'® and methylammonium.*® Structural instability in
these compounds is due to the dynamics of the organic cations.
Ferroelectric properties within this type of compound are unique.
To the best of our knowledge, only three ferroelectrics have been
synthesized so far; the dimethylammonium analog -
[NH,(CH3),],CoCly,>" PT (P24/n — polar) and n-dodecylammo-
nium - (C1,H,5NH;),CoCl,.>* The most interesting appears to be
an organic-inorganic hybrid (diisobutylammonium);ClCoCl,,
with a high Curie temperature of 372.5 K and significant spon-
taneous polarization of 4.6 pC cm™>. This is the first example of a
hybrid photosensitive ferroelectric that is strongly sensitive to
specific wave band illumination.>

Recently, we have synthesized and characterized a novel
cobaltate(n) organic-inorganic hybrid based on the imidazo-
lium cation - (C3;N,H;),CoCl, (ICC).>* This compound was
found to undergo two structural PTs: a continuous one at
245.5 K (from phase I to II) and a discontinuous one at 234/
237 K (cooling/heating) (II — III). ICC crystallizes in the mono-
clinic space groups C2/c and P2,/c in phase (I) and (III), respect-
ively. The intermediate phase (II) appeared to be incommensu-
rately modulated. The dielectric spectroscopy and proton mag-
netic resonance ("H NMR) studies showed that the dynamics of
imidazolium cations contributes mainly to the PT mechanism
in ICC. Additionally, this analog revealed weak antiferro-
magnetic properties. In recent literature reports, pyrrolidine
appears more and more often as a cation with a permanent
dipole moment in organic-inorganic hybrids, which is associ-
ated with large possibilities of reorientation of the cation in the
crystal lattice.>*° This probably increases the chance of phase
changes and, consequently, promising physicochemical pro-
perties. Among the compounds, one can distinguish a group
containing metals M**: for example pyrrolidinium trichlorido-
cuprate (C,NH;,)CuCls, which crystallizes in o and f§ forms in
the C2/c space group.’”*' Studies with a more broad spectrum
were carried out for pyrrolidinium derivatives based on Mn(u):
(C4NH;o)MnCl; and (C,NH;,)MnBr;, which additionally exhibit
luminescence properties.*>** Moreover, it should be noted that
both compounds are ferroelectrics, and the bromide derivative
also exhibits ferromagnetic properties. Recently, we have syn-
thesized and characterized two pyrrolidinium analogs based on
Sb(m); (C4NH;0)3[Sb,Clo]** and (C4NH;,),[SbCl5].** In all pyrroli-
dinium halogenometallate hybrids dynamics of cations plays a
key role in the mechanism of PTs.

Halidocobaltate(ur) hybrids can be also obvious leaders in the
field of magnetic materials due to their ability to construct SIM
materials that exhibit slow magnetization relaxation, which may
have potential applications in high-density information storage,
spintronics and quantum processing. Experimental and theore-
tical calculations suggest that a high-spin Co(u) ion, which may
exhibit large magnetic anisotropy with a flexible zero field split-
ting parameter with both an easy-axis (D < 0) and an easy-plane
anisotropy (D > 0) depending on its coordination geometry and
the distortion degree of its surroundings, is an excellent candi-
date for building SIMs.>*?° In this respect, examples of SIMs
with this metal ion include trigonal planar,®” tetrahedral,>*>°
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square-pyramida trigonal bipyramidal,** octahedral,*’ pen-
tagonal bipyramidal,”® and square antiprism*> mononuclear
complexes as well as a few coordination polymers containing
six-coordinate cobalt(i) ions.*®

Special attention, for example, has been paid to establish-
ing a magneto-structural correlation based on D for low-co-
ordinated tetrahedral Co(i) mononuclear compounds, for
which the magnetic anisotropy can be considerably influenced
not only by the variations in the first and second coordination
spheres but also by the type of terminal ligand and the nature
of metal-ligand covalent bonding.””™*° In particular, it has
been shown that heavier and softer terminal ligands are able
to modify significantly the anisotropy of Co(u) centers.’®" The
breakthrough work of this area was the example of a homolep-
tic mononuclear compound [PPh,],[Co(SPh),] reported by
Zadrozny et al., which possesses a large negative ZFS para-
meter D, —70 cm™", and exhibits SIM behaviour in a zero static
magnetic field.*® So, a combination of the functional pro-
perties of both ingredients (organic and inorganic) makes this
field of research very attractive.

In search for new non-centrosymmetric cobaltate(i)
organic-inorganic hybrids we have embedded in the crystal
structure unsymmetrical pyrrolidinium cations. Herein, in the
process of designing new switchable dielectric PT materials,
we synthesized two 0D organic-inorganic hybrid compounds
based on Co(u): (C4H;(N),CoCl, (PCC) and (C4H;,N),CoBr,
(PCB), which exhibit a complex sequence of PTs. Moreover,
cation dynamics gives rise to interesting dielectric properties.
The molecular motions of pyrrolidinium cations have been
studied by means of relaxation measurements in proton mag-
netic resonance ("H NMR). The magnetic properties of mono-
nuclear Co(u) complexes were also studied. The results
obtained in this work suggest new pathways for further
research on ferroic materials based on cobalt-chloride/
bromide hybrid organic-inorganic derivatives.

2. Experimental
2.1 Synthesis

All reagents in the synthesis were of reagent grade purity and
were used as commercially obtained.

(C4H;oN),CoBr, (PCB) crystals were prepared by the reaction
of cobalt(u) bromide (CoBr,, Sigma-Aldrich 99%) dissolved in
distilled water and pyrrolidine (C,HgNH, Sigma-Aldrich
>99.5%) at molar ratio 1:1 in concentrated hydrobromic acid
(HBr, Sigma-Aldrich 48%). The mixture was left to stand for
several days and needle-shaped blue crystals were obtained.

(C4H1oN),CoCl, (PCC) blue needle like crystals were
obtained in a similar way (CoCl,, Sigma-Aldrich 99%) and con-
centrated 36% HCI was used. Both materials are highly
hygroscopic.

The results of the elemental analysis for C/N/H are close to
theoretical ones (Table S1t), and the experimental PXRD is
well consistent with the corresponding simulated one indicat-
ing the phase purity of the two title compounds (Fig. S17).

This journal is © the Partner Organisations 2022
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2.2 Thermal analysis

Differential Scanning Calorimetry (DSC) experiments were per-
formed on a PerkinElmer model 8500 differential scanning
calorimeter calibrated using n-heptane and indium, under a
nitrogen atmosphere in hermetically sealed Al pans on the
polycrystalline material.

Simultaneous Thermogravimetric Analysis (TGA) and
Differential Thermal Analysis (DTA) were performed on a
Setaram SETSYS 16/18 instrument in the temperature range
300-900 K with a ramp rate of 2 K min™" (Fig. S21). The scans
were performed in flowing nitrogen (flow rate: 1 dm® h™).

2.3 X-ray analysis

Diffraction data for PCB and PCC crystals were recorded on an
Oxford Diffraction Xcalibur four-circle diffractometer with Mo
Ko radiation (1 = 0.71073 A) equipped with an Atlas CCD detec-
tor (section 3 in the ESIt). The collected diffraction data for all
compounds were processed with the CrysAlis PRO program.>>
The structures were solved by direct methods using SHELXS or
SHELXT programs and refined by the least squares method on
F? by SHELXL software with the following graphical user inter-
faces of OLEX.>** Atomic displacements for non-hydrogen
atoms were refined using an anisotropic model. All hydrogen
atoms were placed in ideal positions and refined as riding
atoms with relative isotropic displacement parameters. The
crystal parameters, data collection and the refinement are
summarized in Table S2.7 The crystallographic data for the
material can also be obtained from the CCDC (no.:
2082868-20828717).

2.4 Dielectric measurements

The complex dielectric permittivity, ¢* = &' — ie”, was measured
with an Agilent E4980A Precision LCR Meter between 100 and
400 K in the frequency range between 135 Hz and 2 MHz. The
overall error was less than 5%. The dielectric permittivities of
the polycrystalline sample of PCC with about 16 mm? area and
1.2 mm thickness and the single crystal sample of PCB with
about 6 mm® area and 0.7 mm thickness were measured.
Conductive silver paste was stuck on the opposite faces of
materials and used as electrodes.

2.5 Optical measurements

The ferroelastic domain structures of the PCC and PCB crystals
were observed by means of an Olympus BX53 optical polariz-
ation microscope combined with a LINKAM THM-600 heating/
cooling stage. The temperature was stabilized to within 0.1 K
(more in section 4 (ESI{)).

2.6 Nuclear magnetic resonance

T, measurements were carried out as a function of tempera-
ture at 25 MHz using an ELLAB TEL-Atomic PS 15 spectro-
meter. The inversion recovery pulse sequence was used. The
temperature of the sample was varied from 83 to 420 K using a
UNIPAN 660 temperature controller operating on a Pt 100
sensor providing long time temperature stability better than

This journal is © the Partner Organisations 2022
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1 K. Single exponential magnetization decays were observed in
the whole temperature range. The estimated average error of
the measured T, values is 5%.

The second moment (M,) data of the '"H NMR line was
measured on an ELLAB CW continuous wave spectrometer at
the resonance frequency of 26.8 MHz. The second moment
values were calculated by numerical integration of the first
derivative of an absorption line and corrected for the finite
modulation amplitude (more in section 5 (ESI{)).

2.7 EPR and far-infrared magnetic spectroscopy (FIRMS)
studies

The high-field, high-frequency EPR spectra at temperatures
ranging from ca. 3 K to 290 K were recorded on a home-built
spectrometer at the EMR facility of the National High
Magnetic Field Laboratory (NHMFL). The instrument is
equipped with a superconducting magnet (Oxford
Instruments) capable of reaching a field of 17 T. Microwave fre-
quencies over the range 52-630 GHz were generated using a
phase-locked Virginia Diodes source, producing a base fre-
quency of 8-18 GHz, which was multiplied by a cascade of fre-
quency multipliers. The instrument is a transmission-type
device and uses no resonance cavity. Far Infrared Magnetic
Spectroscopy was performed at the NHMFL on a 17 T vertical-
bore superconducting magnet using a Bruker Vertex 80v
Fourier-transform infrared spectrometer. The evacuated
(~4 mBar) optical beamline was used for their coupling and
the experimental set-up was equipped with a mercury lamp
and a composite silicon bolometer (Infrared Laboratories), as
a THz radiation source and detector, respectively. Eicosane
pellets containing the studied compound were measured in
the spectral region between 18 and 730 cm™"' (0.55-22 THz)
with the resolution of 0.3 cm™' (9 GHz). Both the sample and
bolometer were cooled using low-pressure helium gas to the
temperature of 4.6 K. Transmittance spectra were calculated as
the THz intensity spectrum at each magnetic field divided by
the THz intensity spectrum averaged for all fields.

2.8 Magnetic data

The DC magnetic data were recorded using a SQUID magnet-
ometer (MPMS, Quantum Design) with ca. 22 mg of sample.
The susceptibility data were acquired at Bpc = 0.5 T between T
=1.8 and 300 K. This was corrected for the underlying diamag-
netism and transformed to the effective magnetic moment.
The magnetization data were recorded at low temperatures T =
2.0 up to Bpax = 5.0 T. No remnant magnetization has been
detected. The AC susceptibility data were obtained with the
same apparatus and the same samples using the amplitude of
the oscillating field B¢ = 0.3 mT. Three regimes were used: (i)
scan of the AC susceptibility as a function of the field up to
Bpc =1 T at T = 2.0 K for a set of four trial frequencies f; (ii)
scan of the AC susceptibility as a function of temperature for
22 frequencies of the oscillating field and a set of temperatures
ranging between T = 1.8 and 7.0 (8.0) K, all performed at the
appropriately selected field By = 0.2 (0.15) T.
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3. Results

3.1 Thermal properties

DSC measurements (Fig. 1) show the occurrence of one transform-
ation above and one below room temperature (RT). The transition
between I and II is characterized by a small temperature hysteresis
(1 K and 6 K, for PCB and PCC respectively), while the transition
between II and III reveals a very large difference between the
heating and cooling cycles: 46 K for PCB and 55 K for PCC.

The transition entropy for the PTs in PCB is significant:
ASg_m =7JK ' mol™" (380 K) and ASy_u) = 10.0 J K~ mol™!
(256 K). Both PTs are evidently first order and the ASy, value
proves the ‘order-disorder’ mechanism of these transitions. A
quite similar phase situation occurs in the PCC compound.
The corresponding transition entropy values are: AS(_y) =12 ]
K" mol™ (347 K) and AS(—m = 6.5 ] K~ mol~". It should be
noticed that total entropy changes for these two transitions for
PCB and PCC are comparable (17 and 18.5 J K™ mol™,
respectively). The thermal stability of the compounds deter-
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Fig. 1 DSC curves for (a) PCB (m = 13.250 mg) and (b) PCC (m =
12.985 mg) during cooling and heating samples.
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mined by TGA/DTA measurement is 400 K for PCC and 515 K
for PCB (Fig. S27).

3.2 Crystal structures of PCC and PCB

The room temperature phases of the title compounds, PCC and
PCB, are not isomorphous (more in the ESI (part 37)). The chlor-
ide analogue crystallizes in the monoclinic P2,/c space group type
with the monoclinic angle being very close to 90° (within the
experimental error). The measured crystal in this case demon-
strated typical twinning with the following twin matrix {-1 0 0 0
—1 00 0 1}. The independent part of the structure consists of four
[CoCLJ*~ anions and eight (C4H;oN)" cations (Z' = 4) (Fig. 2(a)).
The bromide analog crystallizes in the monoclinic P2,/n space
group with only one [CoBr,]*~ anion and two (C4H;oN)" cations
(Z = 1) in the independent part of the structure (Fig. 2(b)). The
monoclinic angle deviates by ~3.7° from a right angle.

One may notice the similarities in the crystal packing pro-
jections of room temperature phases of chloride and bromide
analogues (Fig. 3) as well as the relation between their cell
parameters (ac & 2-Cgr, b1 & gy Cal & 2-bpr, Vol & 4-Vg,). Both
chloride and bromide analogs exhibit solid-to-solid state PTs
above room temperature. Structural studies on both analogs’
high temperature phases were undertaken, but due to con-
siderable weakening of diffraction intensities they did not
provide reliable results. Both analogs seem to crystallize in
similar orthorhombic cells in the high temperature region.
The models of the high temperature phases’ structures were
proposed. The best fit was obtained for the refinement in the
Pna2, non-centrosymmetric space group with one [CoX,]*~
anion and two (C4H;oN)" cations (Z' = 1) in the independent
part of the structure for both chloride and bromide analogs.
Thus, it may be stated that there is a common prototype high-
symmetry phase for both analogs, which undergoes different
deformations on cooling to room temperature.

PCC: agr ~ 2 - bHT7 bRT ~ CHyT, CrT ~ 2 ayr, Ver =4 - Vyr

PCB : agr = Cur, brr = Gur, Crr = bur, Ver = Vur

The crystal structure packing motif is common for both
chloride and bromide analogs with the differences arising
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Fig. 2 The asymmetric unit of (a) PCC and (b) PCB at RT. Displacement ellipsoids are shown at the 20% probability level.
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RT

HT

Phase |

Fig. 3 Projection of the crystal structure packing of phases Il (RT) and |
(HT) of PCC and PCB.

from different deformations that take place during the HT —
RT PTs. In general, both RT phases are built from tetrahedral
[CoX4]*~ anions and (C,;H;(N)" cations in a 1:2 ratio. The
cation atoms form 5-membered rings and are characterized by
large thermal ellipsoids. The N atom positions were arbitrarily
assigned to the atoms that possess the lowest thermal vibrations
and produce the shortest donor-acceptor distances in the
potential hydrogen bonds with halide anions. Each (C4H;,N)"
cation binds two neighbouring [CoX,]*~ anions through the for-
mation of intermediate strength hydrogen bonds. Such type of
bonding results in the formation of H-bonded layers, perpen-
dicular to the g-axis direction in the chloride analog and
columns, parallel to the b-axis direction, in the bromide analog.

The mechanism of PT in both chloride and bromide
analogs, which occurs above-room temperature, involves
mainly the reorientation of pyrrolidinium cations and the
changes in their dynamic behaviour. The tetrahedra of
[CoX,]>” adjust themselves to the network of hydrogen bonds
formed with amino-groups of cations and do not undergo con-
siderable reorientations. In the RT phase of the chloride
analog, four independent but geometrically very similar
[CoCl,]* tetrahedra are present.

3.3 Dielectric measurements

The dielectric response (Fig. 4) confirmed the sequence of the
PTs recorded in the calorimetric measurements for PCA and
PCB. The temperature dependence of the real part of the
complex electric permittivity in the frequency range 0.1-2 MHz
for PCB (powdered sample) during the cooling cycle is shown
in Fig. 4(a). It is clearly seen that PCB undergoes two PTs at
380 and 256 K which are accompanied by the rapid decrease
in the ¢ with A¢’ ~ 4-5 and A¢' & 3, respectively. The PT (II —
III) leads to a drastic breaking of the single crystal sample thus
the measurements were carried out only during cooling. The
insert in Fig. 4(a) shows the ferroelastic domain structure
which was induced during the PT (I — II). A detailed descrip-
tion of the ferroelastic domains is presented in the ESI

This journal is © the Partner Organisations 2022
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Fig. 4 Frequency dependencies of the real part of the dielectric con-
stant (¢') at various temperatures for (a) PCB during cooling at 0.1 MHz;
(b) PCC during heating and cooling at 1584 Hz.

(section 4 (ESI) — Optical propertiest). In the case of PCC the
deformation of the sample through the lowest temperature PT
(I - HI) at 202 K is even more drastic than that for PCB thus
the dielectric response (¢'(T)) is illustrated only around the fer-
roelastic transition (I — II) which is well reversible (Fig. 4(b)).
One can observe a distinct dielectric increment, Ae' =~ 6,
measured at ca. 1.5 kHz. The low dielectric state (Phase II) rep-
resents ‘switch off’ and the high dielectric state (Phase I) indi-
cates ‘switch on’ thus PCC is a good candidate for tempera-
ture-induced dielectric switchable materials.

3.4 'H NMR spin-lattice relaxation time studies

The temperature dependencies of the 25 MHz proton nuclear
relaxation times (7;) for PCC and PCB are shown in Fig. 5.
Both temperature dependencies of 7; are comparable and
values of T, progressively grow from a fraction of a millisecond
to more than three milliseconds. The T; values measured for
PCC at high temperatures are about half as high as those for
PCB, while the low-temperature data for both compounds are
similar. It should be noted that such short times (typical
ranges of T, are from milliseconds to seconds) are the result of
the presence of >’Co atoms possessing unpaired electrons.

'H spin-lattice relaxation time in the studied compounds
consists of two contributions: the first one, 'H-"H, results
from the dipole-dipole interactions between protons of the
pyrrolidinium cations and the second one, the "H->°Co relax-
ation pathway, results from the dipole-dipole couplings of
protons with the unpaired electron spin of *°Co.>*2%28:34:35-57

1 1 T
T o Ty ¥t UGl
+ CuulJ(wn) + 4 (20wy))

where the /() are the spectral density functions being Fourier
transforms of time correlation functions describing the sto-
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Fig. 5 IH spin-lattice relaxation time T; versus temperature for PCB
(cyan points) and PCC (blue points) at 25 MHz and theoretical complete
fit (solid lines) and components (dotted lines) obtained as a sum of two
relaxation processes (eqn (4)).

chastic fluctuations of the dipole-dipole interaction. The spec-
tral densities taken at wy and wg are associated with different
correlation times, 7s,; and zeg 2, respectively, defined as 133,1_1
=7 "+ 1Ty and 7, ' =7, + 1/T, ., where T, . and T, . are
electron spin-lattice and electron spin-spin relaxation rates,
respectively,?>?*?%3435757 ¢ and Ciye, are relaxation dipole-
dipole constants. The Cyc, relaxation constant is defined as:
2 po rarsh\?
Crco = ES(S +1) (E@) (2)
where ryc, is an effective inter atomic distance, yy is the
proton gyromagnetic ratio and ys is the electron gyromagnetic
ratio, and S is the electron spin quantum number for Co(u) S =
3/2. As ys/yn = 650 the relaxation constants Cyc, and Cyy
become comparable for ryco = 8ryy. The Tipco contribution
dominates, when ryc, is smaller. As we noted above, the sig-
nificantly shorter spin-lattice times 7, for PCC and PCB
measured here confirm that the observed relaxation is mostly
due to the "H->°Co dipole-dipole interactions and 'H-"H may
be neglected. On the other hand, when we compare the contri-
bution of both spectral density functions J(ws) and J(wg) to
the overall relaxation we may conclude that the contribution
associated with J(ws) can be neglected as well, since wsz, > 1.
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As a result, we obtain the simplified expression for the 'H
spin-lattice relaxation time

o~ (3)

1
— =3C wy) =K ——L
72 = 30ncal(on) = Ky oty

This equation takes into account the fact that the corre-
lation time 7. is shorter than T; . and usually 7es; = 7c1. A
cursory analysis of measured relaxation times T; versus temp-
erature for PCC and PCB samples leads us to the conclusion
that the observed dependencies require at least two relaxation
mechanisms:

1 Tca Tc2

— =K : +K : (4)

1 2
T, 1+ wp?t.4? 1+ dws?z.,?

In Fig. 5 are drawn the theoretical temperature dependen-
cies of the relaxation time fitted using the above equation (see
also Table S11t). As shown in Fig. 5 the theoretical line for
PCB quite accurately coincides with the experimental data. In
the case of PCC, the dynamic parameters are the same except
the constant K;, which is nearly three times smaller than that
of PCB. This means that the low temperature relaxation
process for both compounds is practically the same and the
relaxation process due to the 'H-"°Co dipole-dipole inter-
actions at high temperatures is more sensitive to the physical
properties of the sample. In the case of PCC the fit line
matches the experimental points rather roughly, mainly due to
the presence of several PTs. A conclusion from the T; measure-
ments is that the lowest temperature transitions (I — III) are
the most sensitive to PT in both compounds. The visible
anomalies confirmed the main role of the pyrrolidinium
cation dynamics in the PT mechanisms. The results of the M,
measurements and discussion of possible motional state of
cations with temperature for PCC and PCB are presented in
the ESI (part 47).

We can briefly compare the basic features of the com-
pounds under investigation. Both materials exhibit two revers-
ible PTs connected with the dynamics of pyrrolidinium
cations. PCC and PCB are isomorphous in the paraelastic/fer-
roelastic phases, however in their intermediate phases (II) they
differ somewhat from a structural point of view.

The crystal structure packing theme is common to both
chloride and bromide analogs. Phase II is composed of tetra-
hedral anions [CoX,]*” and cations (C4H;,N)" in the ratio 1: 2.
The organic subnetwork consists of 5-membered pyrrolidine
rings which are characterized by a significant dynamic dis-
order. A pseudo-one-dimensional structure is formed as a
chain in which the [CoX,]*” tetrahedra are bridged by pyrroli-
dinium cations via a hydrogen bond system. High-temperature
PF (II — I) leads to an even greater disorder of the cations,
while the positions of the [CoX,]*” tetrahedra do not show sig-
nificant changes in positions. There is a common high sym-
metry (orthorhombic) prototype phase for both analogs, which
undergoes different deformations when cooled to room temp-
erature, resulting in the differentiation of unit cell parameters.
Significant entropy factors are consistent with the structural
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picture that indicates significant changes in cation dynamics
at the PT points for both compounds. Accordingly, all observed
PTs are described by ‘order-disorder’ mechanisms. X-ray
studies have shown that PT (I « I) is accompanied by a
change in the crystallographic system, and therefore these
transformations belong to the class of ferroic transformations
(2/mFmm2), according to the Aizu classification, accompanied
by the induction of ferroelasticity. This image is consistent
with the observation of crystals under a polarizing microscope
for which the ferroelastic domain structures in phase II were
observed for PCC and PCB. The proposed PT mechanisms
were also confirmed by "H NMR studies. PT (IIl — II) turned
out to be particularly active in both PCC and PCB,
accompanied by clear anomalies in the T, versus 1/T character-
istics. This proves that the change in the dynamic state of
cations plays a key role in the mechanisms of low-temperature
transitions. In turn, over phase I in PCC and PCB the pyrroli-
dine cations can perform twisted-envelope changes, and even
rotations around the pseudo-five-fold axis of symmetry of the
pyrrolidine ring.

3.5 Far-infrared magnetic spectroscopy

The EPR spectra of both compounds were of low quality reveal-
ing the presence of contamination with the spin Hamiltonian
parameters substantially different from those of the main
species seen in FIRMS (Fig. 6). In addition, the presence of
four slightly different cobalt moieties in PCC apparently pro-
duces a set of spectra with slightly different parameters,
making a precise simulation impossible. A large number of
spectra were recorded with various microwave frequencies and
the resonance fields were plotted as a function of frequency. In
each case, zero-field resonances were found at frequencies con-
sistent with those seen in FIRMS (Fig. 6). The FIRMS tran-
sitions, whose frequency does not change with the magnetic
field (like those at 34, 37, 43 and 50 cm™" in Fig. 6(b)), corres-
pond to the phonon (vibrational) modes. Transitions observed
at ~14 em™" in Fig. 6(a) and at 17 cm™" in Fig. 6(b) are depen-
dent on the magnetic field and therefore they are the magnetic

-—

N

Magnetic field [T]

20 25 30 35 40 45 50

View Article Online
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transitions occurring between the +1/2 and +3/2 Kramers
doublets. The frequency of these transitions at zero magnetic
field is equal to the ‘zero-field splitting’ between the Kramers
doublets and is related to the D and E parameters by
2v/D% 1 3E2.

The field-frequency dependencies reveal that both com-
plexes exhibit large D, and E parameters of 7.8 and 2.1 cm™,
respectively in PCB and 6.3, and 1.3 cm ™", respectively in PCC
(Fig. S14ft). Although these D and E values produce correct
zero-field frequencies, they must be treated as estimations due
to low spectrum quality.

3.6 Magnetic studies - DC susceptibility

Magnetic data were acquired with the help of a SQUID magnet-
ometer (MPMS, Quantum Design) at the applied field of B, =
0.5 T and, after correction for the underlying diamagnetism,
transformed to the temperature dependence of the effective
magnetic moment. Assuming g = 2.0, the expected high-temp-
erature value for the S = 3/2 spin system is peg = g[S(S + 1)]Y* =
3.87ug. The experimental data for PCC show a value of pegr =
4.53up at T = 300 K that implies g > 2 (Fig. 7). This value is
almost constant on cooling down to 7 K and then it drops
down owing to a zero-field splitting. The magnetization data at
T = 2.0 and Bpc = 5.0 T saturate to M; = My,o1/(Naps) = 2.66
which again confirms some zero-field splitting.

In fitting the magnetic data, the standard model of the
zero-field splitting has been employed with the spin
Hamiltonian (eqn (5)):

Hy =D(8,* — 8%/3)h™* + Bug (g, cos Sk + gy sin §)~"  (5)

where k denotes grids distributed uniformly over the meridian
(usually 16 grids) and 9y is the polar angle. The eigenvalues
enter the formulae of statistical thermodynamics for the mag-
netic susceptibility and magnetization; their mean values
mimic the powder average.”® An involvement of the rhombic
zero-field splitting parameter E is probably a too ambitious
task due to over parametrization.

Frequency [TH] —— (b)
0.2 0.4 0.6 0.8 1 1.2 1.4

+«——— Energy cm'] —mM8M8M8M8M8m™»

Fig. 6 (a) A color map of FIRMS resonances observed for PCC at 5 K showing a zero-field transition centered at 13-15 cm™* evolving into powder
patterns with an applied magnetic field. The tendency toward the blue color means the absorbance increases, whereas the yellow color corresponds
to the transparent regions. The width of the zero-field transition is probably associated with the presence of 4 slightly different Co moieties (see
Fig. 2); (b) a color map of FIRMS resonances observed for PCB at 5 K showing a zero-field transition at 17 cm™ evolving into powder patterns with
an applied magnetic field. Zero-field spectral features at 34, 37, 43 and 50 cm™ correspond to the phonon (vibrational) modes, which are nominally
field-independent until they anti-cross with the field-dependent transition at 17 cm™. The small shift of the phonon peaks with the applied magnetic
field is a spectral manifestation of the spin—phonon coupling.
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D/hc = +4.8 cm; g, = 2.07; Oxy = 2.45;
2w = -1 m3 mol!

Dihc = -4.8 cm™; g, = 2.44; Oxy = 2.28;
Zrm = -6 m3 mol”!

Fig. 7 Left — temperature evolution of the effective magnetic moment (inset: molar magnetic susceptibility in Sl units) for PCC; right — field depen-

dence of the magnetization per formula unit. Lines — fitted.

Both susceptibility and magnetization data with equal
weights formed the error functional and its minimization gave
the following set of magnetic parameters for PCC: D/hc =
+4.8 ecm™, g, = 2.07, gxy = 2.45; the additional correction refers
to the temperature-independent magnetism yry = —1 m?
mol ™" (it compensates uncertainties in the applied suscepti-
bility corrections); the discrepancy factors for susceptibility
and magnetization are R(y) = 0.0063 and R(M) = 0.069. The
magnetic data can be fitted also with a reduced set g, = gy, but
then the reproduction of the magnetization is a bit worse. The
sign reversal of D produces almost the same set of parameters,
but values of g,, and g, are interchanged so that D = A(g, — gx,)/
2 is fulfilled; the spin-orbit splitting parameter A/hc =
—172 ecm ™ for Co(u).

The magnetic data for PCB are shown in Fig. 8. It can be
seen that the fitting procedure gave D/hc = +7.0 em™, g, = 2.28,
&y = 2.35 yrm = 4.9 m® mol ', and the molecular-

field correction zj/hc = —0.06 cm™'; R(y) = 0.0075 and
R(M) = 0.066.

In order to estimate the sign of the D-parameter in tetra-
coordinate Co(u) complexes a detailed inspection of the X-ray
structure is helpful. Theoretical modelling using the general-
ized crystal field theory predicts that for the elongated tetra-
hedron (prolate disphenoid) of D,q symmetry (two angles <«
109 deg) the D-parameter is negative. On the contrary, for a
flattened tetrahedron (oblate disphenoid) of D,y symmetry
(two angles > 109 deg) D > 0 holds true. PCB shows only a
slight distortion from the tetrahedral geometry as Co-Br bond
lengths are 2.395, 2.390, 2.386, and 2.393 A. There are two
bond angles Br-Co-Br ~ 111° which refer to a flattened tetra-
hedron for which D > 0 is predicted. The X-ray structure of
PCC contains four different [CoCl,]>” units and in all of them
only two bond angles Cl-Co-Cl ~ 113°; this fact again leads to
a prediction of a positive D.

PCB B=05T T=20K

Lmol/ 10 M mol-!

0 L 1 1 1 1 I
0 50 100 150 200 250 300

Temperature [K] B[T]

PCB B=05T

T=20K

Ymo/ 10 M mol!

1 L ! !

50 100 150 200 250 3oc')
Temperature [K] B[T]

D/hc = +7.0 cm™; g, = 2.28; Oy = 2:55;
2 = 4.9 m® mol*; zji/he = -0.06 cm-!

Dihc = -8.0 cm™; g, = 2.36; Oxy = 2.36;
rm = 0.2 m3 mol; zj/hc = -0.07 cm""

Fig. 8 Left — temperature evolution of the effective magnetic moment (inset: molar magnetic susceptibility in Sl units) for PCB; right — field depen-

dence of the magnetization per formula unit. Lines — fitted.
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3.7 AC susceptibility

AC susceptibility data were acquired first at 7= 2.0 K for a set
of representative frequencies of the alternating field (f = 1.0,
11, 111, and 900 Hz) by ramping the magnetic field from zero
to Bpc = 1.0 T; the working amplitude Bxc = 0.3 mT was used.
Representative data for the complex PCC are displayed in
Fig. 9. There is no absorption signal for both complexes (out-
of-phase susceptibility component ") at the zero field owing
to fast magnetic tunneling. With the increasing external field,
this component for PCC rises, passes through a maximum,
and then attenuates; such a behavior confirms that the
complex PCC exhibits field supported slow magnetic relax-
ation. The position of the maximum, however, visibly depends
upon the frequency f of the oscillating field.

Subsequent experiments for PCC have been performed with
the amplitude Byc = 0.3 mT and the fixed external magnetic
field Bpc = 0.2 T (at which there is a maximum of the high-fre-
quency signal) for a set of frequencies of the oscillating field
ranging from f = 0.1-1500 Hz (Fig. 10). A dominating peak is
seen at the out-of-phase susceptibility " at frequencies f> 300
Hz. The peak position determines the relaxation time 7z = 1/
(2nfimax) that is 7(HF) = 324 ps at T = 1.8 K. On heating this
peak moves to higher frequencies so that the high-frequency
relaxation time decreases as shown in Table S12;f numerical
data were obtained through the fitting to the extended two-set
Debye model. There is an on-set of the low-frequency (LF)
relaxation channel seen as a minor peak in the y” vs. f graph.
The extracted relaxation time enters the Arrhenius-like plot as
shown in Fig. 11. The shift of the y” peak above the frequen-
cies limited by the used hardware does not allow applying the
high-temperature extrapolation to the traditional Orbach-
process equation in order to obtain the barrier to spin reversal
Uesr and the extrapolated relaxation time z,. To this end, the
complex PCC at low temperature shows a field supported slow
magnetic relaxation as a prerequisite of the single-ion
magnetism.

Slow magnetic relaxation involving single or manifold relax-
ation processes has been found in numerous heptacoordinate,
hexacoordinate, pentacoordinate, tetracoordinate and tricoor-

View Article Online
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Fig. 10 Frequency dependence of the AC susceptibility components
for PCC at Bpc = 0.2 T. Lines — fitted by the two-set Debye model.
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Fig. 11 Argand plot (left) and the Arrhenius-like plot (right) for PCC.

dinate Co(un) complexes reported in recent years, although
most of them exhibit magnetic relaxation only in an applied
external magnetic field.”>** One of the ultimate requirements
to observe this behavior is the presence of a large magnetic an-
isotropy, which generates an energy barrier for spin reversal,
therefore many studies aimed at finding the principles of its
controlled modification. On the basis of these studies it has
been proved that the magnetic anisotropy of Co(u) complexes
can be considerably influenced not only by the geometry of the

».(3) (b)
2.5 —e—1.0Hz
T=20K _, 11}z
2,04 —e— 111 Hz
- - —e—900 Hz
: g
IE o 154
£ £
®@ o
:g ;i 1,04
=
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0,04 o
.
0 T T T T T T T T T
0,0 0,2 04 0,6 0,8 1,0 0,0 0,2 04 0,6 08 1,0

Fig. 9 Field dependence of the AC susceptibility components for PCC at T = 2.0 K for a set of frequencies of the AC field. Lines serve as guide to

the eye.
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coordination sphere but also by the type of terminal ligand
and the nature of metal-ligand covalent bonding.®*”* In par-
ticular for high-spin Co(u) tetracoordinate complexes with a
tetrahedral geometry it has been shown that softer terminal
ligands such as sulfur and oxygen are able to modify signifi-
cantly the anisotropy of such a metal center.® Our study
reveals that also other ligands such as halides hold the key to
altering the magnitude and sign of the D value of complexes.
The observation of a positive D value for both complexes is
quite different from earlier prediction in the literature.”
However Vaidya et al.”* present examples of a series of mono-
nuclear tetrahedral Co(un) complexes with a general molecular
formula [CoL,X,] [L = thiourea and X = Cl, Br, I] with the same
sign but higher magnitude of the magnetic anisotropy for
chloride and bromide analogs. This study reveals that heavier
ligating atoms (such as iodide) with large spin-orbit coupling
enhance the metal-ligand covalency, which tends to stabilize
easy-axis magnetic anisotropy in contrast to smaller metal-
ligand covalency of the Co-Cl and Co-Br bonds stabilizing
easy-plane magnetic anisotropy in tetrahedral Co(u1) complexes.
A higher value of D in PCB than PCC confirms this hypothesis.
The smaller magnitude of D in our complexes can be the
result of only a slight distortion from the tetrahedral geometry
realized by the four similar Co-X bonds. Also, we rationalize
that the absence of slow magnetic relaxation behavior in PCC
and PCB under zero external magnetic field is due to the lack
of a pure ground state in both complexes, and further the
large E/D value effectively triggers QTM rather than a thermally
assisted Orbach process.

4. Conclusions

Single crystals of two organic-inorganic hybrids based on
pyrrolidinium-tetrahalidocobaltates were successfully syn-
thesized. They have 0D structures with isolated [CoX,]* tet-
rahedra separated by disordered pyrrolidinium cations. A
stepwise ordering of organic cations leads to two PTs: PCC at
347/353 K (I < II) and 202/257 K (I < III) and PCB at 380/
381 K (I « II) and 256/302 K (II « III). Optical observations
under polarized light and single crystal X-ray diffraction
measurements revealed that for both compounds the ferroic
PT (I — II) belongs to the ferroelastic type mm2F2/m in the
Aizu notation. This work confirms the assumption that intro-
ducing mobile organic cations into the tetrahalidocobaltate
network might construct compounds with multiple pro-
perties. The DC magnetic data show magnetic anisotropy,
which was confirmed by the high-field HF EPR measurement
together with the FIRMS method for determining the exact
large D value for PCC (4.80 cm™") and PCB (7.00 cm™'). The
AC susceptibility data confirm that only complex PCC exhi-
bits a slow magnetic relaxation under a small applied DC
field with two relaxation modes. To generalize, surrounding
a tetrahedral Co(u) ion by heavier donor ligands of similar
pls strength ought to stabilize easy-plane anisotropy with a
rather large E/D ratio.
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