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Two cobalt hydroxysulfates Na,Co3;(OH),(SO4)3(H20)4 (1) and Co3(OH)2(HSO4)2(SO4)(H,0)4 (2) have
been prepared and characterized by single-crystal X-ray diffraction, thermal analysis, and magnetic
measurements. The structure of 1 consists of helical Co3(OH), ferrimagnetic chains that are connected
by us- and ug-sulfates into a two-dimensional anionic [C03(OH)2(SO4)3(H20)2]2_ layer. The adjacent
[C03(OH)2(SO4)2(H20)2]271ayers in 1 are further linked by Na™ ions into a three-dimensional framework.
The related compound 2 also consists of helical Cos(OH), ferrimagnetic chains but has a two-dimensional
layered structure due to the absence of Na™ ions and partial replacement of sulfates by hydrosulfates.
Preliminary magnetic measurements show that 1 and 2 have similar behavior. A detailed magnetic study
of 1 reveals a stepped hysteresis loop at 2 K with a coercive field of 1800 Oe and remnant magnetization
of 2.8 Nf attributed to the different anisotropy axes of Co(Il) spins in the helical Cos(OH); chain. Field-
cooled (FC) and zero-field-cooled (ZFC) magnetization measurements show that 1 has a blocking
temperature ca 28 K. The study of frequency dependence of real y,,' component of ac susceptibility by
the equation ¢ = ATY/[TtA(log w] exhibits that 1 is close to a spin glass. The fitting of Arrhenius law
reveals that 7o seems a little longer but the U/kg is normal for a typical single-chain magnet following
Glauber dynamics. The —zv value of 3.3 obtained by the conventional critical scaling law of the spin
dynamics 7 = 1o (T, — T¢/Ty)~*" is out of the range for various spin glasses. The plot of dlog(T)/dlog(xT)terro
versus 7 eliminates the phase transition to long-range ordering and suggests that 1 is a real one-dimensional
system. The unusual slow magnetic relaxation behavior of 1 is tentatively ascribed to be a ferrimagnetic
chain with spin-glass-like dynamic relaxation, possibly arising from the movement of the domain walls.

[Dy(hfac)_;{NIT(C6H4OPh)}],5 (hfacac = hexafluoroacetyl-
acetonate; NIT(R) = 2-(4'-R)-4,4,5,5-tetramethylimidazoline-
1-oxyl-3-oxide), [Co(2,2'-bithiazoline)(N3),] (bt = 2,2'-
bithiazoline),6 [Mn;(saltmen),-Ni(pao),L,](A), (saltmen =
N,N'—1,1,2,2-tetramethylethylenebis(salicylideneiminate), pao
= pyridine-2-aldoximate, and A = anion),”® [(Tp),Fe-
(CN)6Cu(CH30H)*2CH30H], (Tp = Tris(pyrazolyl)hydro-
borate),gcatena-[Fe(ClO4)2{Fe(bpca)2}]C104 (Hbpca = bis-
(2-pyridylcarbonyl)amine), 10 [CoCu(2,4,6-tmpa)>(H20),]
4H,0,"" [Mn;05(0,SePh)s(0,CMe)(H,0)],'* and [Mn;0-

Introduction

One-dimensional magnetic compounds, especially showing
single-chain magnetic properties, are currently of ongoing
interest for the design and synthesis of new molecule-based
magnets.' The creation of single-chain magnets (SCMs) arose
from Glauber’s theoretical work in which he suggested that
the conditions to be fulfilled to observe slow magnetic
relaxation in a one-dimensional compound were as follows:
(1) it must behave as an Ising ferro- or ferrimagnetic chain
and (ii) the ratio J/J' has to be larger than 1 x 10* (J and J'

being the intrachain and interchain magnetic interactions,
respectively).’The slow magnetic relaxation and a hysteresis
loop in SCMs below the blocking temperature make them good
candidates for potential high-density information storage in low-
dimensional materials. Well-documented examples of single-
chain magnets include [Co(hfacac),(NITPhOMe)],**
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= 3,5—ditert—butylsadicylaldoxime).13 Interestingly, some two-
and three-dimensional frameworks such as [Co3;(OH),(trans-
1,2-chdc),], (trans-1,2-chdc = trans-1,2-cyclohexanedicar-
boxylate),'* [Cos(OH),(bime),(HO-BDC),], (bime = 1,2-
bis(imidazolyl)ethane, HO-BDC = 5-hydroxyisophthalate),'
and [Cos3(OH),(btca),]+3.7H,O (btca=benzotriazole-5-car-
boxylate)'® also show SCM-like behavior. Within these
frameworks, Ising magnetic chain building units are separated
by solvent molecules, poor electron transmitted o-bonding
linkers or very long z-bonding linkers. It is clear that the
anisotropy of the high-spin cobalt often produces a barrier
for the orientation of the magnetization. It is worthwhile that
the slow magnetic relaxation phenomenon is common to
SCMs, single molecule magnets, supermagnets, and spin-
glass magnets. In some interesting cases where magnetic
behavior shows a transition from a one-dimensional to three-
dimensional system, the assignment of magnetic behavior
in these cases is obscure. For example, chainlike compound
[Ni(N3)(bmdt)(N3)]-DMF (bmdt = N,N-bis(4-methoxylben-
zyl)-diethylenetriamine) shows a very interesting magnetic
behavior between a SCM and a spin glass."”

On the other hand, there is reviving interest in cobalt
hydroxysulfates to both chemists and physicists because the
hydroxides often in ¢3 mode are coordinated to cobalt atoms
providing favorable Co—O—Co magnetic exchanges and the
sulfates provide weaker exchanges via Co—O—S—0—Co. 822
In 2001, Rosseinsky presented two new cobalt hydroxysul-
fates containing modified brucite-like cobalt—hydroxide
layers bridged by ethylenediamine or dabco.'® They are
canted antiferromagnets where the moments within one
ferrimagnetic layer oppose those in the neighboring layers
and show a further metamagnetic transition at fairly low
applied fields. In 2004, Vilminot et al. reported the structure
and magnetic properties of a ferromagnetic phase, Cos-
(OH)6(S04)2(H20)4, which consists of truly brucite layers
bridged by an inorganic Co(H,0)4(SO4),.>° Subsequently,
the magnetic structures of Cos(OH)s(SO4)2(H,0O)s and
Co3(OH)(SO4)2(H0); have been determined.”' In addition,
Rao et al. reported an organically templated cobalt sulfate
[HoN(CH;)4NH;][NH4]2[CosFe(SO4),] that has frustrated
kagome lattice.*>

The choice of the building block is very important in the
design of one-dimensional magnets. To obtain a magnetic
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ground state, the magnetic chains should be ferromagnetic,
ferrimagnetic, or canted antiferromagnetic chains. On our
research of porous magnetic metal organic frameworks, we
reported ferrimagnetic Cos3(OH), chain-based compounds
[Cos(OH)(btca),] +3.7H,0 and [Cos(OH),(btca),].'® The role
of solvent molecules between magnetic chain building units
is highlighted by field-induced metamagnetism of the
dehydrated phase [Cos3(OH),(btca),] and SCM-like behavior
of the hydrated phase [Cos(OH),(btca),]+3.7H,0. To further
check the influence of different linkers on the magnetic
behaviors of Cos;(OH), chain-based compounds, we have
synthesized two cobalt hydroxysulfates Na,Co3(OH),(SO4)s-
(H20)s (1) and Cos3(OH)2(HSO4)2(SO4)(H20)4 (2). The
structure of 1 has been suggested®>** and the structure of
the corresponding K salt has been solved.? In 1 and 2, the
intrachain cobalt atoms are linked by us-hydroxides with
Co-++Co distances of 3.0-3.6 A, whereas the helical
Co3(OH); chains are linked by sulfates in Co—O—S—0—Co
fashion with Co+++Co distances of 5.5-6.0 A. Because of
poor electronic transmission of o-bonding sulfates and larger
interchain Co-++Co distance, the interchain magnetic interac-
tion is expected to be weaker than intrachain interaction,
which may provide a chance to study the transition from
one-dimensional to three-dimensional magnetic system. We
report herein the unusual slow magnetic relaxation in 1,
which contains helical Co3(OH); ferrimagnetic chains linked
by sulfates.

Experimental Section

General Remarks. The FT-IR spectra were recorded from KBr
pellets in range 400—4000 cm ™" on a Nicolet 5DX spectrometer.
XRPD data were recorded in a Bruker D8 ADVANCE diffrac-
tometer. Thermal analyses were carried out in air using SET-
ARAM LABSYS equipment with a heating rate of 10 °C/min.
The magnetic measurements were performed with Quantum
Design SQUID MPMS XL-7 instruments. The diamagnetism of
the sample and holder were taken into account.

Syntheses. Na,Cos(OH)(SO4)3;(H20)4 (1). A mixture of CoSOy*
7H,0 (0.4 mmol), cyclohexane-1,4-dicarboxylic acid (0.4 mmol),
NaOH (1 mmol), water (2 mL), and ethanol (4 mL) in a molar
ratio of 1:1:2.5:270:170 was sealed in a 15 mL Teflon-lined
stainless container, which was heated to 160 °C and held there
for 96 h. After cooling to room temperature, block-like single
crystals of 1 (ca. 35%) were obtained. IR (KBr): 3485s, 1719w,
1178s, 930w, 680w.

Co3(OH)5(HSO4)2(SO4)(H20)4 (2). A mixture of CoSO4+7H,0
(0.4 mmol), hypoxanthine (0.2 mmol), water (2 mL), and
acetonitrile (4 mL) in a molar ratio of 1:0.5:270:190 was sealed
in a 15 mL Teflon-lined stainless container, which was heated
to 140 °C and held there for 96 h. After being cooled to room
temperature, blocklike single crystals of 2 (ca. 30%) were
obtained. Compounds 1 and 2 can be synthesized in the absence
of cyclohexane-1,4-dicarboxylic acid and hypoxanthine but we
found that the use of cyclohexane-1,4-dicarboxylic acid in 1 and
hypoxanthine in 2 was helpful to obtain single crystals of good
quality. IR (KBr): 3441s, 3146s, 1640w, 1400s, 1110m, 617w.
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Table 1. Crystallographic Data for Compounds 1 and 2

formula H1<)C03Na201;;S3 H12C030]gS3
fw 617.03 573.07

cryst syst orthorhombic orthorhombic
space group Cmc2y Cmc2,

a (A) 19.785(3) 18.250(4)

b (A) 7.2793(9) 7.5988(16)
c(A) 9.9663(13) 9.813(2)

V (A% 1435.4(3) 1360.9(5)

V4 4 4

Pealed (g cm ™) 2.855 2.797

w (mm~ ") 4.027 4.179

F(000) 1220 1140

size (mm?) 0.31 x 0.12 x 0.04 0.18 x 0.07 x 0.04
no. of reflns 3230/1509 2765/1464
Tmax! Tmin 0.8555 and 0.3683 0.8506/0.5200
data/params 1509/9/141 1464/9/134

S 1.051 1.020

R 0.0281 0.0266

WR," 0.0705 0.0620

APmax! Apmin (€ A73)  0.469 and —0.523 0.406 and —0.607
@Ry = SFy-FJZF,, WRy = [EW(F-F2) IEw(F,3)*]"2.

X-ray Crystallography. Data were collected at 298 K on a
Bruker Apex diffractometer (Mo Ko, 1 = 0.71073 A). Lorentz-
polarization and absorption corrections were applied. The
structures were solved with direct methods and refined with full-
matrix least-squares technique (SHELX-97). Analytical expres-
sions of neutral-atom scattering factors were employed, and
anomalous dispersion corrections were incorporated. All non-
hydrogen atoms were refined anisotropically. The crystal-
lographic data are listed in Table 1; selected bond lengths and
bond angles are given in Table 2.

Zhang et al.

Results and Discussions

Description of Structures. Compound 1 crystallizes in
orthorhombic space group Cmc2; and the asymmetric unit
consists of one sodium ion, two Co(II) ions, two hydroxides,
one and a half sulfate ions, and two water molecules, as
shown in Figure la. The Co(1) and S(2) atoms are located
in the special positions. The Co(1) site adopts an octahedral
geometry, coordinated by two hydroxides and four oxygen
atoms from three sulfates. The Co(1)-O distances are in the
range of 2.059(5)—2.174(5) A. The cis and trans O—Co(1)—O
angles are in the range of 79.58(17)—97.20(9)° and
165.29(17)—174.40(18)°, respectively. The Co(2) site also
adopts an octahedral geometry, coordinated by two hydrox-
ides, three oxygen atoms from three sulfates, and one water
molecule. The Co(2)—O distances are in the range of
2.053(4)—2.155(4) A. The cis and trans O—Co(1)—0 angles
are in the range of 81.44(14)—101.68(16)° and 169.46(18)—
172.73(18)°, respectively. The adjacent Co(1)Os and Co(2)Os
octahedra are corner-shared, whereas two adjacent Co(2)Og
octahedraareedge-shared. The Co(1)++*Co(2)and Co(1)++*Co(2g)
distancesare 3.675and 3.607 A, respectively. The Co(2)«++Co(2d)
distanceis3.122 A. The Co(1)—0(9)—Co(2), Co(1)—0(9)—Co(2d),
Co(1)—0(8)—Co(2g), and Co(1)—0O(8)—Co(2 h) angles are
118.93(15), 118.93(15), 125.86(13), and 125.86(13)°, re-
spectively. The Co(2)—0(9)—Co(2d) and Co(2g)—0O(8)—Co(2
h) angles are 94.72(18) and 97.96(18)°, respectively. Bond

Table 2. Bond Lengths (A) and Angles (deg) for 1°

Co(1)—0(8) 2.059(5)
Co(1)—0(9) 2.066(5)
Co(1)—0(2) 2.078(3)
Co(1)—0(2d) 2.078(3)
Co(1)—0(5) 2.151(4)
Co(1)—0(7e) 2.174(5)
Co(2)—0(3) 2.053(4)
Co(2)—0(8f) 2.069(3)
Co(2)—0(9) 2.122(3)
Co(2)—0(1a) 2.134(4)
Co(2)—0(6e) 2.138(3)
Co(2)—0(1W) 2.155(4)
S(1)—0(4) 1.462(3)
0(8)—Co(1)—0(9) 92.64(18)
0(8)—Co(1)—0(2) 91.16(11)
0(9)—Co(1)—0(2) 97.20(9)

0(8)—Co(1)—0(2d) 91.16(11)
0(9)—Co(1)—0(2d) 97.20(9)

0(2)—Co(1)—0(2d) 165.29(17)
0(8)-Co(1)-0(5) 92.96(17)
0(9)-Co(1)-0(5) 174.40(18)
0(2)—Co(1)—0(5) 82.69(9)

0(2d)—Co(1)—0(5) 82.69(9)

0(8)—Co(1)—0(7e) 172.54(16)
0(9)—Co(1)—0(7e) 94.82(17)
0(2)—Co(1)—0(7e) 87.90(11)
0(2d)—Co(1)—0(7e) 87.90(11)
0(5)—Co(1)—0(7e) 79.58(17)
0(3)—Co(2)—0(8f) 172.73(18)
0(3)—Co(2)—0(9) 96.01(14)
0(8H)—Co(2)—0(9) 81.45(14)
0(3)—Co(2)—0(1a) 83.62(14)
O(8f)—Co(2)—O(1a) 100.13(14)
0(9)—Co(2)—0(1a) 169.46(18)
0(3)—Co(2)—0(6e) 94.11(15)
0(8f)—Co(2)—0(6e) 92.61(15)
0(9)—Co(2)—0(6¢) 88.10(15)

S(1)—0(2) 1.472(3)
S(1)—0(1) 1.474(3)
S(1)—0(3) 1.478(4)
S(2)—0(6d) 1.465(3)
S(2)—0(6) 1.465(3)
S(2)—0(7) 1.474(5)
S(2)—0(5) 1.476(4)
Na(1)—O(4a) 2.308(4)
Na(1)—O0(6b) 2.351(4)
Na(1)—~O(2W) 2.381(5)
Na(1)—O(1Wc) 2.393(5)
Na(1)—0(lc) 2.541(5)
Na(1)—0(3c) 2.952(5)
O(1a)—Co(2)—O(6e) 81.44(14)
0(3)—Co(2)—0(1W) 84.63(15)
O(8f)—Co(2)—O(1W) 89.20(16)
0(9)—Co(2)—0(1W) 101.68(16)
O(12)—Co(2)—O(1W) 88.79(14)
0(6e)—Co(2)—O(1W) 170.22(14)
0(4)—S(1)—0(2) 109.46(18)
04)—S(1)—0(1) 109.6(2)

0(2)—S(1)—0(1) 110.3(2)

0(4)-S(1)-0(3) 109.3(2)

0(2)—S(1)-0(3) 110.2(2)

O(1)—S(1)—0(3) 108.0(2)

0O(6d)—S(2)—0(6) 108.7(3)

0(6d)—S(2)—0(7) 110.31(18)
0(6)—S(2)—0(7) 110.31(18)
0(6d)—S(2)—0(5) 108.51(17)
0(6)—S(2)—0(5) 108.51(17)
O(7)—S(2)—0(5) 110.5(2)

Co(1)—0(8)—Co(2g) 125.86(13)
Co(1)—0(8)—Co(2 h) 125.86(13)
Co(2g)—0(8)—Co(2 h) 97.96(18)
Co(1)—0(9)—Co(2) 118.93(15)
Co(1)—0(9)—Co(2d) 118.93(15)
Co(2)—0(9)—Co(2d) 94.72(18)

“ Symmetry codes: (a) x, —y + 1,z — 1/2; (b) x + 1/2, —y + 1/2, z — 1/2; (¢) —x +1/2, —y + 3/2, z — 1/2; (d) —x, y, z; (e) —x, —y, z — 1/2; (f)

—x,—y+1,z—12;(x, —y+ 1L z+ 1/2;(h) —x, =y + 1,z + 1/2.
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valence sum calculations>° [Co(1) = 2.00 and Co(2) = 1.94]
and the values of the bond distances indicate the valence
state of both Co atoms to be +2. Interestingly, the Co atoms
are bridged by us-hydroxides to form a helical Co3;(OH),
ferrimagnetic chain (antiferromagnetic, Co(1) and Co(2);
ferromagnetic, two Co(2) sites) (Figure 1b).?” In 1, the edge-
or corner-sharing of Co(1)Og, Co(2)Og, and SO4 polyhedra
results in two-dimensional anionic [Co3(OH),(SOy4)s3-
(H,0),]*~ layer in which the interchain shortest Co-++Co
distance over O—S—O bridge is 5.78 A (Figure Ic). The
anionic [C03(OH)2(SO4)3(H20)2]27 layers are linked by
sodium ions via Na—O bonds into a three-dimensional
neutral structure (Figure 1d).

Compound 2 also crystallizes in orthorhombic space group
Cmc2, and the asymmetric unit consists of two Co(Il) ions,
two hydroxides, one hydrosulfate, half-sulfate and two water
molecules as shown in Figure le. The assignment of
hydrosulfate is required by charge balance. The Co(1) and
S(2) atoms are located in the special positions. The Co(1)
site adopts an octahedral geometry, coordinated by two
hydroxides and four oxygen atoms from three sulfates. The
Co(1)—O distances are in the range of 2.084(3)—2.174(4)
A. The cis and trans O—Co(1)—O angles are in the range of
77.83(16)—96.68(16)° and 166.17(16)—176.50(17)°, respec-
tively. The Co(2) site also adopts an octahedral geometry,
coordinated by two hydroxides, three oxygen atoms from
three sulfates, and one water molecule. The Co(2)—0O
distances are in the range of 2.072(3)—2.148(3) A. The cis
and trans O—Co(1)—O angles are in the range of 82.68(14)—
99.77(15)° and 169.80(15)—173.09(15)°, respectively. Simi-
lar to 1, the helical ferrimagnetic Co3;(OH); chain is formed
in 2. Because of the absence of sodium ions, the edge- or
corner-sharing of Co(1)Og, Co(2)Os, HSO4 and SO, poly-
hedra results in two-dimensional neutral [Co3(OH),(HSOy),-
(SO4)(H,0),] layer (see Figure 1c). The adjacent layers are
packed in AB fashion and the water molecules are filled
between adjacent layers (see the Supporting Information,
Figure S2).

Magnetic Properties. The temperature dependence of the
magnetic susceptibility for 1 and 2 in the temperature range
2-300 K under a 1000 Oe applied field was studied with in
a Quantum Design SQUID MPMS XL-7. The y,T value at
300 K is 10.18 cm® K mol ' for 1 and 9.30 cm® K mol '
for 2, and decreases with lowering temperature down to a
minimum value of 7.07 cm® K mol™" at 80 K for 1 and
5.42 cm® K mol ™! at 70 K for 2 (Figure 2). Upon further
cooling, the y,T value rapidly increases to a maximum of
340.90 at 30 K for 1 and 228.04 at 23 K for 2, and then
decreases to 26.40 for 1 and 12.93 for 2 at 2 K. The fitting
of Curie-Weiss law in the temperature range 90-300K gives
C=1270 cm’ K mol™!, § = =712 K for 1, and C =
10.44 cm® K mol ™', = —70.9 K for 2. The C values in 1
and 2 correspond to the effective magnetic moment 5.82 ug
and 5.28 ug per Co, which are higher than the expected spin-
only value of 3.87 ug for a high spin Co(Il) ion, attributed
to well documented orbital contribution. Neglecting the
magnetic superexchange over three-atom bridges, hydroxide

(26) Brown, 1. D.; Altermatt, D. Acta Crystallogr., Sect. B 1985, 41, 244.
(27) Livage, C.; Egger, C.; Ferey, G. Chem. Mater. 1999, 11, 1546.
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bridged Co—O chain is mainly responsible for the magnetic
behavior. The superexchange topology of Co sites in the
Co—O chain is shown in the Supporting Information, Chart
S1. To simulate the magnetic behavior of 1 and 2, we need
a three-coupling-constant model. However, because the
Co(1)+++Co(2) distances over O(8) and O(9) sites (3.675 and
3.607 A) are approximately equal, it is rational to ap-
proximately assume J; = J». The three-coupling-constant
model is simplified as two-coupling-constant model (see the
Supporting Information, Chart S2). The spin Hamiltonian
expression is

n
H=-2J z ScoilScoittup T Scoittdown) ~
n

T
J Z SCo,i+ 1 ,upSCO,i+ 1,down
i

where J is the intrachain coupling between Col and Co2
and J' is the intrachain coupling between Co2 ions. To the
best of our knowledge, there is lack of an analytical
expression for such a two-coupling-constant model. Col and
Co2 atoms over a single-hydroxide bridge have a larger
Co--++Co distance of 3.6 A, whereas Co2 and Co2 atoms
over a double-hydroxide bridge have a shorter Co+++Co
distance of 3.1 A. Thus one may expect that J' is much larger
than J and classic spin § = 3 is first formed by two
ferromagnetic Co(2)Og octahedra. Therefore, regular ferri-
magnetic chain is formed.

IfI: _2JZ SCo,i(SCO,H-l,up + SCo,i-H,down) =

—2J z SCo,iS’Co,H»l

where Sc, i1 = Scoitiup T Scoi+idown = 3-

Correcting spin—orbital coupling and interchain antiferro-
magnetic coupling by 6,?® the analytic expression for the
above regular ferrimagnetic chain is available.?

¥ = NB&SS + D)/3KT — 0)(g* (1 + w /(1 — u) +
0 —w /(1 + u)

u = coth(x) — V&, x = J/%T

g = (g3 1 82,0 = (g, — 8,)2

g = &lSu(SHD). g = 8ulSy(Syt+D)

JO = WSS+ 1S, (S, +1)

S, =3/2;8, =3

Assuming g, = g, and fixing 0 = —10 K, the best fitting
(solid line) gives J = —9.2(1) cm™ ', g, = g» = 2.52(1), R
=98 x 10 ®for1, and J = —9.0(1) cm !, 8= g =
2.28(1), R = 4.0 x 107% R = [((uDobsa = (mDeatcal”/
[(XmT)obsd]2~

Preliminary measurements on field-dependent magnetiza-
tion, field-cooled magnetization, and ac magnetic susceptibil-
ity show that 1 and 2 have similar magnetic behavior (Figures
2—7 and the Supporting Information, Figures S3-S5), and
thus only 1 was further studied in detail. Field-cooled
magnetizations of 1 in 500-50000 Oe applied dc fields show
abrupt increase below 38 K (Figure 3), indicating the onset
of spontaneous magnetization. The saturation effect can be
clearly seen below 20 K. The magnetization of 1 at 2 K first
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Table 3. Bond Lengths (A) and Angles (deg) for 2°
Co(1)—0(2a) 2.084(3) Co(2)—0(lc) 2.072(3)
Co(1)—0(2) 2.084(3) Co(2)—0(8d) 2.100(3)
Co(1)—0(8) 2.100(4) Co(2)—0(3) 2.103(3)
Co(1)—0(9) 2.102(4) Co(2)—0(09) 2.111(3)
Co(1)—0(7b) 2.173(5) Co(2)—0(6b) 2.121(3)
Co(1)—0(5) 2.174(4) Co(2)—O(1W) 2.148(3)
S(1)—0(4) 1.455(3) S(2)—0(6) 1.473(3)
S(1)—0(1) 1.467(3) S(2)—0(6a) 1.473(3)
S(1)—0(3) 1.473(3) S(2)-0(7) 1.476(5)
S(1)—0(2) 1.483(3) S(2)—0(5) 1.477(4)
0(2a)—Co(1)—0(2) 166.17(16) 0(1¢)—Co(2)—0(8d) 95.79(13)
0(2a)—Co(1)—0(8) 91.59(10) 0O(1¢)—Co(2)—0(3) 85.31(11)
0(2)—Co(1)—0(8) 91.59(10) 0(8d)—Co(2)—0(3) 173.09(15)
0(2a)—Co(1)—0(9) 96.74(8) 0O(1¢)—Co(2)—0(9) 169.80(15)
0(2)—Co(1)—0(9) 96.74(8) 0(8d)—Co(2)—0(9) 83.38(12)
0O(8)—Co(1)—0(9) 89.52(16) 0(3)—Co(2)—0(9) 96.75(12)
0(2a)—Co(1)—O0(7b) 88.01(10) O(1¢)—Co(2)—O0(6b) 82.68(14)
0(2)—Co(1)—0(7b) 88.01(10) 0(8d)—Co(2)—0(6b) 99.77(15)
0(8)—Co(1)—0(7b) 176.50(17) 0(3)—Co(2)—0(6b) 87.14(13)
0(9)—Co(1)—0(7b) 93.98(16) 0(9)—Co(2)—0(6b) 87.43(14)
0(2a)—Co(1)—0(5) 83.11(8) 0O(1c)—Co(2)—O(1W) 92.43(13)
0O(2)—Co(1)—0(5) 83.11(8) 0O(8d)—Co(2)—O(1W) 89.21(14)
0(8)—Co(1)—0(5) 98.68(16) 0(3)—Co(2)—O0(1W) 83.92(13)
0(9)—Co(1)—0(5) 171.80(17) 0(9)—Co(2)—0(1W) 97.72(15)
0O(7b)—Co(1)—0(5) 77.83(16) 0(6b)—Co(2)—O(1W) 170.14(13)
Co(2e)—0(8)—Co(2f) 93.32(16) Co(1)—0(9)—Co(2a) 120.33(13)
Co(2e)—0(8)—Co(1) 125.92(12) Co(1)—0(9)—Co(2) 120.33(13)
Co(2f)—0(8)—Co(1) 125.92(12) Co(2a)—0(9)—Co(2) 92.67(16)

“ Symmetry codes: (a) —x, y, z; (b) —=x, =y, z — 1/2; (c)x, =y + L,z = 1/2; (d) —x, =y + 1,z — 1/2; () x, =y + 1,z + 1/2; () —x, =y + 1,z +

172.

increases slowly with increasing field and then shows a sharp
transition to a saturated value of 3.3 N3, consistent with the
ferrimagnetic value per Cos unit (Figure 4). Interestingly, 1
exhibits a stepped hysteresis loop at 2 K with a coercive
field of 1800 Oe and remnant magnetization of 2.8 Nj
(Figure 5). Similar stepped hysteresis loop is also discov-
ered in cobalt-radical single-chain magnet [Co(hfacac),-
(NITPhOMe)],? and authors pointed out that this reversible
steps in the hysteresis loop arises from the different anisot-
ropy axes of Co(II) spins in the helical chain. Field-cooled
magnetization (FCM) and zero-field-cooled magnetization
(ZFCM) measurements under an applied field of 100 Oe
show the irreversibility below ca. 28 K, which is defined as
the blocking temperature (Figure 6). The temperature de-
pendence of the ac susceptibilities for 1 in zero applied static
field with an oscillating field of 5 Oe and frequencies of 1,
10, 100, 300 and 997 Hz was studied. As shown in Figure
7, both real y' and imaginary )" components in the ac
susceptibility show frequency dependent maxima. This fact
indicates a cooperative freezing of individual magnetic
moments, characteristic of spin-glasses, superparamagnets
or single-chain magnets.?® The frequency dependence of real
x' component of ac susceptibility was studied by equation
@ = AT{[TiA(log w)], where Tt is the freezing temperature
and o is the frequency, and the estimated value of ¢ for 1
is 0.02, which is close to normal value for spin glass.*
However, the Arrhenius law 7 = 7y exp(—U/kgT) (7 is the
relaxation time, 7o is the pre-exponential factor, and U is
the energy gap) holds and the fitting gives a set of parameters:

(28) Kumagaia, H.; Okab, Y.; Inouea, K.; Kurmoo, M. J. Phys. Chem.
Solids 2004, 65, 55.

(29) Kahn, O. Molecular Magnetism; Wiley—VCH: Weinheim, Germany,
1993.

(30) Mydosh, J. A. Spin Glasses: An Experimental Introduction; Taylor &
Francis, London, 1993.

7o = 1.1 x 107% s and U/kg = 129 K (Figure 8). The
resultant 7y seems a little larger but the U/kp is normal for a
typical SCM following Glauber dynamics. This dependence
on frequency can also be fitted by the conventional critical
scaling law of the spin dynamics (Figure 9), as described
by v =10 (T, — T¢/Ty)" ", giving 1o = 1.49 x 1073 s, —zv
= 3.3, and Ty = 8.9 K (T% is the critical temperature for a
spin glass phase), the obtained —zv value is out of the range
(from 4 to 12) for various spin glasses.*®

To investigate the magnetic behavior of 1, we can fit the
experimental data to 45 K using the non-critical-scaling
theory with the following simple phenomenological equa-
tion>"

AmT = C, exp(a/kyT) + C, exp(BJ/kyT)

where aJ < 0O indicates the antiferromagnetic interaction
within the chain, which is responsible for the initial high
temperature decay of y,7. 8J > 0 denotes the ferromagnetic-
like interaction, which leads to the increase in y,7T below
80 K. C, + G, roughly equals the Curie constant at high
temperatures. The best fit gives C; = 12.35, aJ/kg = —60.2
K, C, = 0.072, and SJ/kg = 226.6 K (Figure 10).

The plot of dlog(T)/dlog(%T)sero Versus T is shown in
Figure 11. Here (¥ Dferro = ¥mT — 12.35 x exp(—60.2/T)
describes the ferromagnetic contribution, which is obtained
by subtracting the antiferromagnetic component that domi-
nates at the high temperature regime from the total y,,7". As
can be seen, the data in the temperature window from 35 to
120 K show nearly a straight line that roughly intersects the

(31) Magnetism: Molecules to Materials; Miller, J. S., Drillon, M., Eds.;
Wiley—VCH: Weinheim, Germany, 2005; Vol. 5, Chapter 10, p 347.
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Figure 1. (a) Coordination environments of Co sites; (b) Co3(OH), helical
chain; (c) polyhedral view of two-dimensional anionic [Co3(OH)2(SO4)3
(H,0),)* layer; (d) polyhedral view of three-dimensional structure
formed by connection of [Co3(OH)2(SO4)3(H20),]* layers via sodium
ions in 1; (e) the coordination environments of Co sites in 2. The Co,
S, and Na are shown in purple, yellow, and blue octahedra, respec-

tively.

Chem. Mater., Vol. 20, No. 6, 2008

2303

A ] o exp.
( ) < 350 OO cal.
g 300+ o
¥ 250 ©
© o Fit from 300 - 100 K
§ 200 ° g,=g,=252(1)
150 5 J=-9.2(1) cm-1
NE100- = - 10 K (Fixed)
R=98E+$
50|
Q.
04 S2nlelelolct=Ct
0 50 100 150 200 250 300
T/K
(B) o ex
p.
250+ o cal.
- o]
S 200 o
£ %o
¥ 150 o Fit from 290 - 100 K
" ° g,=g, = 2.28(1)
o 1004 2 J=-9.0(1) cm-1
= 8= 10 K (Fixed)
e 50 R=4.0E-6
R o
0- Qurnocces ©
0 50 100 150 200 250 300
T/K

Figure 2. Measured (cycle) and fitted (line) yn7 versus 7 curve per Co3
unit for 1 (a) and 2 (b) recorded at a field of 1000 Oe.
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Figure 3. Field-cooling magnetization of 1 under various applied fields.
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Figure 4. M versus H curve of 1.

horizontal coordinate axes at the origin. This behavior may
rule out the phase transition to long-range ordering of this
system above 0 K, and suggests that 1 is indeed a real 1D

system. 1731
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Figure 5. Magnetic hysteresis loop of 1 recorded at 2 K.
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Figure 6. Field-cooling (FC) and zero-field-cooling (ZFC) magnetization
of 1.
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Figure 7. Frequency dependence of the ac susceptibility of 1 measured at
Hy,. = 5 Oe.

Thermal Properties. Thermogravimetric analysis for 1
and 2 in air atmosphere and under 1 atm. pressure at the
heating rate of 10 °C min~ ' was performed on a polycrys-
talline samples. As shown in Figure 12, the initial weight
loss of 14.8% (calcd 14.6%) in the temperature range of
170-450 °C corresponds to the removal of five water
molecules (four water molecules from 1 itself and the fifth
water being the product of reaction: 20H™ = H,0 + 0%").
The intermediate possibly has the empirical formula
Na,Co30(SO4);. The XRPD pattern of the intermediate
shows that it is noncrystalline (see the Supporting Informa-
tion, Figure S6). No weight loss occurs in the temperature
range of 450-710 °C, indicating that the intermediate is
stable. The second weight loss of 23.2 (calcd 23.1%) in the
temperature range of 710-980 °C is in agreement with the

Zhang et al.
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Figure 8. Frequency dependence of ac yn" for 1 was fitted by Arrhenius
law 7 = 7 ¢ exp(—U/kgT).
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Figure 9. Frequency dependence of ac yn," for 1 was fitted by the
conventional critical scaling law of the spin dynamics as described 7 = 19
(Ty-To Tr)™".
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Figure 10. Fitting of experimental data using the non-critical-scaling theory
with the following equation ym7 = C; exp(a/kgT) + C, exp(BJ/ksT).

decomposition of two SO,>~ sulfate groups as SOs. The final
residue at 980 °C is 62.0%, which is poorly crystalline
mixture of Na,SO4 and CoO confirmed by XRPD patterns
(see the Supporting Information, Figure S7).

Na,Co;(OH)(SO,);(H,0), — Coy(SO,); + SH,0

Na,Co0,0(S0,); —Na,S0, + 3Co0 + 280,

As shown in Figure 12, the initial weight loss of 20.8%
(calcd 18.8%) in the temperature range of 260-400 °C
corresponds to the removal of six water molecules (four water
molecules from 2 itself and the other two being the product
of hydroxide and proton). The XRPD pattern of a sample
heated at 500 °C for 30 min shows that the intermediate is
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Figure 11. Plot of dlog(T)/dlog(}mT)terro versus T in 1. (ymTD)ferro has been
obtained by subtracting from the total y,,7, the antiferromagnetic component,
which dominates at high temperature regime.
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Figure 12. TGA curve of 1 in air stream at the heating rate of 10 °C/min.

poorly crystalline beta-CoSO; (see the Supporting Informa-
tion, Figure S8). No weigh loss occurs in the temperature
range of 550-710 °C. The second weight loss of 38.1% in
the temperature range of 710-900 °C is in agreement with
the decomposition of two SO4>~ groups sulfates as SOs. The
final residue of 41.1% (calcd 41.8%) is poorly crystalline
Co304 indicated by XRPD patterns (see the Supporting
Information, Figure S9).
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Co,(OH)2(HS0,),(SO,)(H,0), — Coy(S0,), + 6H,0

Conclusion

Two helical Co3(OH), chain-based cobalt hydroxysulfates
have been structurally determined using single-crystal X-ray
diffraction. Preliminary temperature dependence of the
magnetic susceptibility, field-dependence of magnetization,
field-cooled magnetization, and ac magnetic susceptibility
measurements show that 1 and 2 have similar ferrimagnetism
and slow magnetic relaxation. 1 reveals a stepped hysteresis
loop at 2 K with a coercive field of 1800 Oe and remnant
magnetization of 2.8 N attributed to the different anisotropy
axes of Co(Il) spins in the Cos(OH), helical chain. Field-
cooled magnetization and zero-field-cooled magnetization
measurements show blocking temperature of 1 ca. 28 K. The
study of frequency dependence by equation ¢ = AT{/[TiA(log
)] shows magnetic behavior of 1 is close to a spin glass.
However, the Arrhenius law holds and the fitted Ulkg is
normal for a typical SCM following Glauber dynamics. The
obtained zv value by the conventional critical scaling law
of the spin dynamics v = 7o(T, — T¢/Ty) " is out of the range
for various spin glasses. The plot of dlog(T)/dlog(¥T)tero
versus 7 eliminates the phase transition to long-range
ordering and suggests that 1 is a real 1D system. Compound
1 is tentatively ascribed to be a ferrimagnetic chain with
unusual spin-glass-like dynamic relaxation. The usual slow
relaxation behavior possibly arises from the movement of
the domain walls.
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