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Abstract—Cobalt triflate hexahydrate [Co(H,0)¢](CF5;S03), (I) is crystallized from aquos solution. The
dehydration of salt I at 200°C in an argon flow affords anhydrous salt Co(CF;S053), (II). The crystal struc-
tures of compounds I and II are determined from single crystal and powder X-ray diffraction data, respec-
tively. Compound I is isostructural to [Ni(H,O0)¢](CF3;503), and crystallizes in the space group P3ml, a =
7.3914(16), ¢ = 8.704(2) A, V = 411.8(2) A3, Z= 1. The structure of compound II (space group R3, a =
4.9996(1), ¢ = 31.3137(8) A, V= 677.86(3) A3, Z= 3) belongs to the structural type M(CF;SO5),, where M
= Mg, Ca, and Zn. In the structures of both compounds, the cobalt atoms are in the octahedral environment
of the oxygen atoms belonging to the water molecules (I) or triflate groups (II). In compound I, the
[CO(H20)6]2+ cations localized in the nodes of a regular triangular network are linked with the (CF;SO3)™
anions via hydrogen bonds to form layers parallel to the (001) plane. When compound I is dehydrated to form
compound II, the [CoOg] octahedra are coupled via the p;-CF3;SO5 group with the retention of the layered
structure. The synthesized compounds are characterized by IR spectroscopy, TG/DTA/MS. The results of
studying the magnetic properties of compounds I and II indicate no magnetic ordering at low temperatures
and correspond to the paramagnetic behavior of compounds I and II at high temperatures with a considerable
contribution of the spin-orbital interaction to the effective magnetic moment of the cobalt atom.
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INTRODUCTION

Anhydrous triflates exhibit the properties of Lewis
acids and are used as catalysts in diverse organic reac-
tions. Trifluoromethanesulfonic acid CF;SO;H and
its salts, trifluoromethanesulfonates (triflates), find
wide use in nucleophilic substitution reactions. For
example, methyl and ethyl triflates are more reactive
by approximately 25000 times than the corresponding
tosylates, and the hydrolysis of ethyl triflate is an Sy2
process [1]. Interest in triflates is due not only to their
use as catalysts. Many triflates remain poorly studied
up to presently, including lacking data on their crystal
structures and thermal stability. In addition, the study
of the magnetic properties of triflates is of certain
interest, which is due to a possibility of accomplishing
low-dimensional magnetic ordering or geometry-con-
ditioned frustration [2]. The present published data on
the crystal structures of d-element triflates are rather
restricted. For instance, the data are available on the
structures of some 3d-metal triflate hexahydrates
M(CF;S0;),,6H,0, where M = Fe [3] and Ni [4],

and only an information about the synthesis and
some properties of triflate heptahydrate [Co(H,0)¢]-
(CF;50;),,H,0 is published [5]. There are also data
on the structures of several triflates of divalent metals
M(CF;S05),, where M = Mg, Ca, Ba, Zn, and Cu [6]
and properties of anhydrous triflate Co(CF;S0;), [5,
7]. In this work, we present the synthesis and crystal
structures of  cobalt triflate hexahydrate
[Co(H,0)4](CF;S05), (I) and anhydrous triflate
Co(CF;S05), (IT). The synthesized compounds were
characterized by IR spectroscopy, and their thermal
stability and magnetic properties were studied.

EXPERIMENTAL
Trifluoromethanesulfonic acid (CF;SO;H, 99%,
extra pure, ACROS), basic cobalt carbonate

Co(OH),,(CO;),_, (analytical grade), and distilled
water were used.

Samples of compound I were stored under the
mother liquor in sealed weighing bottles or as crystal-

745



746

line samples in sealed weighing bottles. Samples of
compound IT were stored in a glove box of the trade
mark “Spectroscopic systems” with a controlled argon
atmosphere (p(0O,), p(H,0) < 0.1 ppm).

Synthesis of [Co(H,0)](CF;S03), (I). Compound I
was synthesized by the gradual concentrating of an
aqueous solution prepared by the dissolution of basic
cobalt(II) carbonate in 30% trifluoromethanesulfonic
acid as follows:

Co(OH),, (CO;),_, +2CFESO;H + (5— x)H,0
= [Co(H,0),](CF;S0;), + (1 - x)CO,.

A red-orange solution is formed due to the interac-
tion of the starting substances (regardless of their
ratio). The storage of the solution at room temperature
in air for 7 days results in the crystallization of orange-
red rhombohedral crystals of compound 1.

IR for I (v, cm™'): 3600—3200 v(OH), 1648, 1615
8(OH), 1229, 1187 V(CF3), v,(SO;), 1028 v(SO,),
767, 719 v(C—S), 8(CF3), 633 8,(SO5) [7, 8].

Synthesis of Co(CF;S03), (II). Conditions for the
synthesis of compound II were chosen on the basis of
the thermal analysis results. A polycrystalline single-
phase sample of compound II was obtained due to
holding compound I in a platinum crucible at 200°C
in an argon flow for 3 h. To prevent the interaction of
compound II with water vapors, all synthetic proce-
dures and sample storage were carried out under an
inert atmosphere, and a scotch amorphous to X rays
was used in X-ray diffraction (XRD) studies.

IR spectra were recorded on a Perkin Elmer Spec-
trum One spectrometer equipped with an attenuated
total reflectance (ATR) accessory for recording in the
wavenumber range from 580 to 4000 cm™".

Thermogravimetric analysis (TG), differential
thermal analysis (DTA), and mass spectrometry (MS)
of gaseous decomposition products were carried out
on a NETZSCH STA409 PC/PG analyzer equipped
with a NETZSCH QMS403C quadrupole mass ana-
lyzer in an argon flow using a gas flow rate of
20 mL/min and a heating rate of 5°C/min in the tem-
perature range from 20 to 800°C.

A polycrystalline sample of compound I was stud-
ied by the synchrotron radiation X-ray powder diffrac-
tion technique (A = 0.35451 A, 7= 200 K) (European
Synchrotron Radiation Facility (ESRF), 1D22,
Grenoble, France).

The XRD powder data for compound II were
obtained at room temperature using a high-resolution
Guinier camera (Image Plate Huber G670, CoK,
radiation, A = 1.79028 A, Ge(111) monochromator,
angle range 3.000—100.300 26°, increment 0.005).
Under in inert atmosphere, the samples pretriturated
in an agate mortar were deposited on a lavsan film
amorphous to X rays and immobilized on a cassette of
the diffractometer with the Kapton® scotch amor-
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phous to X rays. Some samples were studied using a
Rigaku D/MAX 2500 diffractometer (reflection
geometry, CuK,, radiation, A = 1.540598 A, graphite
monochromator).

The PDF-2+ databases [9] and the STOE
WinXPow [10] and JANA2006 [11] program packages
were used for XRD powder data processing.

Additional data on the crystal structure of com-
pound II are available at the Fachinformationszen-
trum Karlsruhe database (ICSD no. 2141865; crys-
data@fiz-karlsruhe.de).

XRD of compound I was carried out on a STOE
StadiVari Pilatus 100 K diffractometer (Cuk, radia-
tion, A = 1.54186 A). Structural data were processed
and examined during structure solution and refine-
ment in the WinGX program shell [12]. An absorption
correction was applied analytically taking into account
an uncertain shape of the crystal used for structural
experiments. The measured reflection intensities were
corrected to the Lorentz and polarization factors. The
structure of compound I was solved using the
SHELXT program [13]. Cobalt, sulfur, and oxygen
atoms were found initially. Carbon, fluorine, and
hydrogen atoms were determined from the difference
Fourier syntheses. The positions of non-hydrogen
atoms were refined anisotropically, and those of
hydrogen atoms were refined isotropically in the full-
matrix approximation using the SHELXL program
[14]. The crystallographic data and parameters of the
XRD single-crystal experiment for compound I are
given in Table 1. Selected interatomic distances for the
structure of compound I are listed in Table 2 [4, 5].

Additional data on the crystal structure of com-
pound I are available at the Fachinformationszentrum
Karlsruhe database (ICSD no. 1941425; crys-
data@fiz-karlsruhe.de).

The temperature (}(7)) and field (M(B)) depen-
dences of the magnetization at 2—300 K and 0—-9 T,
respectively, were measured on an MPMS-XL7
SQUID magnetometer (Magnetic Property Measure-
ment System, Quantum Design) and a vibromag-
netometer implemented in the Physical Property
Measurement System (PPMS, Quantum Design). To
prevent a change in the hydrate composition of the
samples, they were stored and measured in sealed glass
ampules under an argon atmosphere. The weight of
the measured samples ranged from 15 to 25 mg.

RESULTS AND DISCUSSION

A polycrystalline sample of compound I prepared
by the trituration of the crystals was studied by the syn-
chrotron radiation X-ray powder diffraction technique
at 200 K. The positions and relative intensities of
reflections on the X-ray pattern of compound I resem-
ble those for nickel triflate  hexahydrate
[Ni(H,0)4](CF;S03), [4] (Fig. 1). Such a similarity
suggests the formation of an isostructural compound
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Table 1. Crystallographic data and structure refinement parameters for compound I

Parameter

Value

Empirical formula
Space group

a, A

¢, A

v, A

Z

Pcalcs & €M™
Radiation (A, A)
Range of 4, k, [
Range of 20, deg
T,K
WU, cm™
Number of reflections collected/independent/I > 26([)
R

Number of refined parameters

3

1

int

Data completeness, %
GOOF

R,

wRy, (I 226(1))

Residual electron density (max/min), e A3

C,H,0,F¢S,Co
P3ml (no. 164)
7.3914(16)
8.704(2)
411.8(2)

1
1.876

CuK,, (1.54186)
—8<h<T,—1<k<8 —10</<10
5.08—66.13
293(2)
11.695
2358/307/197
0.056
31
98.1
0.996
0.049
0.110
0.301/—0.419

Table 2. Interatomic distances (A) in the structures of compounds I and II compared with the isostructural analogs

[Ni(H,0)¢](CF;3505), [4] and Zn(CF;505), [6]

Bond [Co(H,0)4](CF3505),* | [Ni(H,0)6](CF5S03), Co(CF35035),* Zn(CF;S05),
M-0O 2.074(5) 2.035(2) 2.032(1) 2.069(2)
S—-0 1.447(4) 1.443(2) 1.508(2) 1.445(3)
C-S 1.809(15) 1.830(6) 1.758(5) 1.820(2)
C-F 1.321(6) 1.322(3) 1.376(2) 1.302(3)

* This work.

[Co(H,0)4](CF;S05), (I). All reflections on the pat-
tern were indexed in the trigonal crystal system (space

group P3ml) with the unit cell parameters a =
7.3592(2), ¢ = 8.72103(4) A, R, =0.106.

A regular increase in the unit cell parameters com-
pared to [Ni(H,0)](CF;S05), (@ = 7.368(3), ¢ =
8.672(4) A [4]) is attributed to an increase in the ion
radius of the Co?" cation (high-spin state, coordina-
tion number 6: 1(Co?") = 0.745 A, r(Ni2*) = 0.69 A).

The IR spectrum of compound I correlates with
that of anhydrous cobalt triflate [15], and the bands
were assigned according to published data [8]. As
compared to the data for the anhydrous salt [15], the
appearance of a broad peak in a range of 3200—

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 48

3600 cm~! in the IR spectrum indicates the presence
of water of crystallization. The symmetric vibration
band v,(S0O,) is shifted to the short-wavelength range,
which is possibly associated with different coordina-
tion modes of the triflate anion as in [5, 7].

The TG and DTA analyses combined with the MS
analysis of the gaseous decomposition products
showed that compound I decomposed in two stages
(Fig. 2). The first stage (dehydration) starts immedi-
ately after the heating onset and ceases at 135°C. A
plateau is reached after the loss of 22.77% initial mass,
which corresponds to the removal of all the water of
crystallization and formation of anhydrous salt II via
the following reaction (theoretical mass loss 23.2%):
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Fig. 1. (a) Experimental, (b) calculated, and (c) difference XRD patterns of [Co(H,0)¢](CF5SOs3), obtained in the synchrotron

radiation (A = 0.35451 A, 200 K).

[Co(H,0),](CF;S0;), = Co(CFESO0;), + 6H,0.

According to the TG data, compound Il is stable in
a wide temperature range up to 460°C. A temperature
range of 460—520°C exhibits a sharp mass loss equal to
55.93 wt % of the initial mass, which corresponds well
to the formation of CoF, (theoretical mass loss
55.91%), and no formation of water molecules is
observed. The XRD powder data for the sample
after TG analysis confirm the formation of cobalt flu-
oride CoF,. Thus, at temperatures above 460°C com-
pound II decomposes to form CoF, (Fig. 3) [16].

TG, %

100
90 |- ; 1—22.77%
80 |- A

70
60
50
40
30
20 1

100 200 300 400 500 600 700
T,°C

Fig. 2. Thermogravimetric (TG) dependence of a change
in the relative weight and the main ion currents in the mass
spectrum (MS) of the gaseous decomposition products for
sample I (mass numbers of the corresponding ion currents
are presented).
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The XRD pattern of the obtained sample of com-
pound II is shown in Fig. 4. All reflections on the pat-
tern were indexed in the hexagonal crystal system with
the parameters a = 4.9996(1), ¢ = 31.3137(8) A. The
systematic reflection quenchings (hkl: —h + k+ [= 3n)

correspond to the space group R3 characteristic
of anhydrous triflates of doubly charged -cations
M(CF;S0;),, where M = Mg, Ca, and Zn [6]. It
should be mentioned that compound II is extremely
hygroscopic: even a short contact of compound II with
air led to the appearance of an impurity of crystalline
hydrate 1.

The structure of compound I (Fig. 5) consists
of layers formed by the [Co(H,0)¢] octahedra and

Intensity, arb. units
100

80 -

60

40

20

10 20 30 40 50
20, deg

Fig. 3. Comparison of the XRD pattern of the crystalline
product of the decomposition of sample II with the theo-
retical XRD pattern of CoF, (bar XRD pattern) [16]).
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Fig. 4. Region of the XRD patterns of sample II (CoK, radiation). Upper XRD pattern was obtained in a longer XRD experiment.
Sign * marks the reflection of an impurity of compound I. Reflection indices correspond to the hexagonal cell with the parame-

ters a = 4.9996(1), ¢ = 31.3137(8) A.

(CF;S0,) triflate groups arranged along the [001]
direction. The octahedra contain six equal Co—O
contacts linking the cobalt atom with the oxygen
atoms of the water molecules. The layers are formed
due to hydrogen bonds formed by the hydrogen atoms
of the water molecules and oxygen atoms of the triflate
group (O,—H 0.87(5), H...0 1.98(5), O,,...0 2.817(4) A,
0,—H...0 161°).

In the layers parallel to the (001) plane, the
[Co(H,0)4] octahedra are arranged according to the
regular triangular network motif (Fig. 6, a@). The CF;
groups are directed to the interlayer space in such a
way that the minimum distance in the (001) plane
between the fluorine atoms from the adjacent layers is
3.045A.

The structure of compound II was refined by the
Rietveld method according to the XRD powder data
using the structure of Zn(CF;S0O;), [6] as the starting
model. The crystallographic data and parameters of
the XRD powder experiment for compound II are
given in Table 3. Selected interatomic distances are
listed in Table 2. The experimental, calculated, and
difference XRD patterns are shown in Fig. 6.

It should be mentioned that the structures of com-
pounds M(CF;S0;),, where M = Mg, Ca, and Zn,
were solved [6] using the synchrotron radiation X-ray
powder diffraction data. The disordering of the O and
F atoms (arranged at distances shorter than 0.05 A
from each other) over three positions with fixed occu-
pancy of 0.333 was introduced into the structural
model. The structural model with one crystallograph-
ically independent position of O and one position of F
was used in this work. The O atom is included in the
first coordination sphere of cobalt, which makes its
disordering poorly probable. The situation with a pos-

@)

ceecce
TOTMOoOwYAN

Fig. 5. Structure of [Co(H,0)¢](CF3503),: views along
the (a) c and (b) b axes.
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Fig. 6. (a) Experimental, (b) calculated, and (c) difference XRD patterns of the structure of compound II refined by the Rietveld
method. The region (gray) corresponding to an impurity of compound I formed with an increased time of an XRD experiment

was excluded from refinement.

sible disordering of the CF; groups is much more
complicated. These groups of the adjacent layers in the
structure of compound I lie in one plane creating ste-
ric hindrances for their free rotation, whereas the CF;
groups in the structure of compound II are completely
separated (the separation width can be estimated as
2.71 A), which assumes a possibility of free rotation. A
similar rotation is known even for larger fragments of

Table 3. Crystallographic data and selected parameters of
the XRD powder experiment for compound II

Parameter Value
Empirical formula C,04F¢S,Co
Fw 357.1
Space group R3 (no. 148)
a, A 4.9996(1)
c, A 31.3137(8)
v, A3 677.86(3)
VA 3
Peater g cm 2.62

Radiation (A, A)
Range of 20, deg

CoK,/1.79028
8.440—100.005

T,K 295

u, cm~! 12.89
Number of points 18313
Number of observed reflections 105
Number of refined parameters 31

Ry, Reyp 0.0603, 0.0179
Ry, Ry, 0.022, 0.030
GOF 1.66
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molecules, such as methylated cyclopentadienyl [17].
Several preferable positions of the CF; groups in the
structure of Co(CF;S05), are most probable, but they
cannot be determined using laboratory powder dif-
fraction data. Therefore, in this work we restricted our
consideration by the structural model with one inde-
pendent position of the F atom.

The dehydration of compound I with the forma-
tion of compound II is accompanied by the retention
of the layered structure due to binding the [CoOg]
octahedra by the p;-(CF;S0;) groups (Fig. 7). The tri-

angular motif of Co?* cation arrangement is retained.

The structure of compound II as compared to
compound I exhibits a regular insignificant shortening
of the Co—O distance (Table 2) together with a sub-
stantial (from ~7.4 to ~5 A) shortening of the distance
between the adjacent [CoOg]/(CF;S0;) groups in the
layer. This results in the displacement of the layers rel-
ative to each other along the [001] direction by (1/3,
1/3, 0) and trebling of the ¢ parameter. In the structure
of compound II, the CF; groups are separated with a
cavity, whereas the F atoms of the adjacent layers in
compound I lie nearly in one plane.

The behavior of the temperature dependences of
the magnetic susceptibility ((7)) for compounds I
and II (Fig. 8) can be described by the Curie—Weiss

Cow

law x = %, + in a wide temperature range of

15—300 K for compound I and of 90—300 K for com-
pound II. The temperature dependences Y (7)
(Fig. 8a) for compounds I and II were measured in the
field B = 0.1 T. The dependences of the inverse sus-
ceptibility 1/(y — %) are shown in Fig. 8a (inset) and
demonstrate a linear behavior at high temperatures
according to the Curie—Weiss law and a deviation
from linearity at low temperatures, which possibly
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Fig. 7. Structure of Co(CF3503),: views along the (a) a and (b) ¢ axes (atoms of one layer).

indicates a contribution of effects of the spin-orbit
interaction of the cobalt ions and crystalline field
effects. The M(B) dependences for compounds I and
II measured at 2 and 300 K are shown in Fig. 8b.

No features of long-range magnetic order are
observed for cobalt triflates at low temperatures. The
data on x(7) and M(B) obtained for both samples
qualitatively correspond to the paramagnetic behavior
in the whole temperature range studied (2—300 K)
with a considerable contribution of the spin-orbit
interaction to the magnetic properties. The low-tem-
perature dependences M(B) were described by the sum
of the Brillouin function and a linear contribution pre-
sumably corresponding to the Van Vleck paramagne-
tism [18] as follows:

2J +1 2J +1g;15/B
M(B) = N; J cosh
(B) 8ilp [ 27 ( W kT

~ L cosh [L MH + %o B.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 48

For compound I, the optimum g factor was 3.32
and the full angular moment (J) was 0.72 at 2 K. For
anhydrous salt II, the g factor is 3.84 and J is close to
the theoretical value equal to 1/2. So high g factors
correspond to the literature data for Co?" in the octa-
hedral environment [19]. It is also well known for the
cobalt compounds that the full angular moment is
close to J = 1/2, which differs from the spin-only value
S=3/2.

The deviation from the Curie—Weiss law can be
due to a contribution of exchange interactions of the
short-range order, the spin-orbit interaction, or a con-
tribution of defects/impurities. The negative Weiss
constants 0 = —5.6 K for compound I and 6 = —54 K
for compound II show that the antiferromagnetic
exchange interaction prevails in the magnetic subsys-
tem. The Curie constants Cqy = 2.53 emu/(mol K) for
compound I and C¢y = 3.96 emu/(mol K) for com-
pound II give the estimate of the effective magnetic
moment (U.) equal to 4.5 and 5.6 Ug, respectively.
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K CO(CF}SO3)26H2O
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b
M, py/fu ®)
3.0
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20F
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0.5+ Co(CF;S0;),6H,0 300 K
0 2 4 6 8 10
B, T

Fig. 8. (a) Temperature dependences of the magnetic sus-
ceptibility x(7) for compounds I (blue) and II (red) mea-
sured in the cooling mode in the field (FC) B = 0.1 T
(inset: dependences of the inverse susceptibility (y —
XO)_I(T)) and (b) the field dependences of the susceptibil-
ity for compounds I and II measured at 2 and 300 K
(approximation of the experimental curves by the Brillouin
function is shown by black lines).

These values substantially exceed the theoretical spin-
only value for high-spin Co?" with § = 3/2

(Weir = 24 S(S +1) = 3.87 ug). This indicates a sig-
nificant contribution of the spin-orbit interaction to
the magnetic moment, which corresponds to the data
of the M(B) field dependences. A comparison with the
published data [5] demonstrates a similarity of the
obtained values. The value of . for the hydrate is
somewhat higher and equals 4.87 g, which can be due
to impurities or to the fact that this characteristic is
presented for the compound with a different composi-
tion: Co(CF;50;),"7H,0. The magnetic moment for
the anhydrous salt is somewhat lower than that deter-

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 48

mined by us and equals 5.31 ug, which can be related
to an impurity of crystalline hydrate.

Our data for compound I, including quantitative
results, show a similarity with the known molecular
magnets based on Co(Il) ions in the octahedral envi-
ronment of the ligands. A similar behavior of % (7) and
M(B) was observed for a square magnetic 2D lattice of
Co(II) [20], Co(II)-based molecular clusters of vari-
ous dimensionalities [21], and a triangular magnetic
2D sublattice of Co(OH), [22] and corresponds to the
theoretical concepts on the behavior of the Co(II)-
based molecular magnets [23]. At the same time, a
fairly high Weiss temperature 6 = —54 K for com-
pound II indicates a sufficiently strong magnetic
exchange interaction between the cobalt ions, which
can approximately be estimated by the equation }J =
30/(S(S + 1)) = —43 K. The absence of magnetic
ordering properties down to low temperatures (2 K)
and the triangular motif of the cobalt ions in the struc-
ture indicate that the frustration of exchange interac-
tions can strongly contribute to the magnetic proper-
ties of this compound. However, it should be kept in
mind that a similar pattern can be provided by a strong
contribution from the spin-orbit interaction thus vio-
lating the obtained Weiss temperatures. The first-
principles calculations of the magnetic subsystem of
cobalt triflates with allowance for the spin-orbit inter-
actions should be performed for a more precise
description of the magnetic subsystem.
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