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Cobalt complexes of BODIPY as precatalyst for the
photooxidation of water and DHN

Qiu-Yun Chen’, Meng-Yun Kong, Pei-Dong Wang, Su-Ci Meng, Xiao-Lei Xu

A cobalt complexes with intramolecular d-n interactions can be a light driven precatalysts to the

oxidation of water.
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To develop molecular catalysts for the generation of dioxygen, the photophysical properties of cobalt

complexes of boradiazaindacenes (BODIPY) derivatives were studied. It is found that the intramolecular
energy transfer due to d-r interaction between boradiazaindacenes (BODIPY) and the cobalt central in
aqua-cobalt complexes, which confirmed by DFT calculation, leads to the quenched fluorescence
emission recovered completely. The effect for link spacers (benzyl groups) on the intramolecular d-r
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interaction was discussed. Results show that cobalt complexes of BODIPY derivatives can be a photo-

sensitizer and a good blue LED light driven precatalyst to the oxidation of water. The dioxygen
generation was further confirmed by the photooxidization of 1,5-dihydroxylnaphthalene (DHN) catalyzed
by cobalt complexes using water as the oxygen source. This will give a new path to design photo-active

complexes to be used as PDT in hypoxic environments.

15 Introduction

Light-activated water oxidation is the crucial step of artificial
photosynthesis and fundamental reaction of solar-energy
conversion in both natural and artificial photosynthetic systems.*
An earth-abundant system for evolving oxygen from water is
photosystem Il (PSII), which can cause the photoinduced removal
of electrons and protons from metal-aquo intermediates via low-
energy pathways, eventually powered by visible light. Visible
light induced removal of electrons and protons from metal-aquo
intermediates via low-energy pathways can carry out by the
bioinspired water oxidation catalysts (WOCs).>* Since Nocera’s
report on a Co-based water oxidation catalyst (WOC), catalysts
made of cobalt have received increased attention due to their
advantages of low cost and good activity.> Two representatives of
homogeneous cobalt catalysts of WOC are the Co(ll)
w0 pentapyridine complex and the Co(ll) porphyrin complex.®
Generally, homogeneous water oxidation to form dioxygen
proceeding only in the presence of Ru(bpy)s®* (bpy=2.2’-
bipyridine). A common feature for those reported Co(ll)
complexes, which are capable of water oxidation, is that they
need Ru(bpy)s2* (bpy=2,2’-bipyridine) as the photosensitizer and
persulfate (S,0g)% as the sacrificial electron acceptor.
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Non-ruthenium photosensitizer is rarely reported.
Boradiazaindacenes (BODIPYs) are very popular fluorophores
with high quantum yields, large extinction coefficients and a
longer absorption wavelength and fluorescence emission in the
ss visible spectral region.? The cobalt(11)/(111) redox potential can be
tuned by the change of lewis base interaction and self-exchange
electron transfer.®™* The dinuclear Co(I1)Co(lIIl) mixed-valence
complex of  tridentate ligand N-methyl-N,N-bis(2-
pyridylmethyl)amine (L) has been reported as electrocatalytically
s0 water oxidation catalysis.*> The redox and kinetic properties of
photogenerated intermediates and reactive transients can be
changed by the tunable set of ligands. Thus, the conjugation of
BODIPY (organic photosensitizers) and Co(ll) complexes of
di(picolyl)amine through a linker may form a visible light driven
65 catalysts to the oxidization of water. Generally, energy donor and
energy acceptor were widely used to construct triplet
photosensitizers based on fluorescence resonance energy transfer
(FRET). If there is intramolecular fluorescence resonance energy
transfer from the photoexcited sensitizer to ground-state triplet
70 oxygen (°0,) in BODIPY-based cobalt(Il) complexes, BODIPY-
cobalt(11)-water system could be used to generate O, in hypoxic
environments. By following this strategy, we report the solution
behaviour and photophysical properties of three BODIPY-based
fluorescent cobalt(ll) complexes of BDA (BDA® = 8-[di(2-
75 picolyl)amine-n-benzyl]-4,4-difluoro-1,3,5,7-tetramethyl-4-bora-
3a,4a-diaza-s-indacen; n= meta- (m-BDA), or para- (p-BDA))
(Fig.1, Scheme 1).

Results and discussions

The solution behaviour and photophysical properties

s The [(M-BDA)CoX]X (X= Cl (Col), or NOs (Co02)) was
obtained by mixing BDA with cobalt(ll) salt in MeCN solution,
the solution behaviour was studied by ES-MS and UV-vis spectra.
The main peak at m/z (%) = 297.42 (100) corresponds to species
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[(m-BDA)Co]*, which indicates the 1:1 ratio for m-BDA and
Co®" in Col (Fig. Sl1a). The main peak for Co2 in MeCN at m/z
(%) = 656.06 (100) corresponds to the species [(m-
ES-MS data demonstrate that the [(m-
s BDA)Co]" core is stable in ES-MS condition. In MeCN-H,0
solution, the coordinated NO3™ group in [(m-BDA)Co+NO5]" can
be replaced by solvent molecules. When p-BDA was used, [(p-
BDA)Co+NO37]" (Co3)) was obtained. The main peaks for Co2
and Co3 in MeCN-H,O are m/z (%) = 656.06 (100)
10 corresponding to the species [(m-BDA-g)Co(CH;CN)(H,0)]" (or
for Co3), demonstrating the
existence of aquo-cobalt complexes (Fig. S1, Scheme 1)). The
UV spectra of m-BDA had bands at 229, 262, 312 and 499 nm
(Fig.1, Fig. S2). The band at 499 nm can be attributed to the m-*
15 transition of the BODIPY structure. The coordination of Co?"
with m-BDA causes the r-n* transition at 230 nm and 260 nm
blue shifted to 204 nm and 258 nm, respectively. The peak
intensity at 499 nm in Co2 is larger than that in Co3 indicating

BDA)Co+NO;T".

[(p-BDA-e)Co(CH3CN)(H,0)]"

that metal-ligand interaction among Co1-Co3 may be different.

1.0
Expt.
- — -Calc.
0.8 s
D ol
g o6 “?p%l)‘ .
= .
g a
= Peak 1 ¢ ”‘ o
g 04 \ @}:‘_tttz
£ 1 . 2
< A
0.2 " ’L
. ;0 ¢
-~ ‘
I, S
0.0 . L INT - oy i
200 400 500 600 700 800
Wavelength (nm)
5]
&
=
=
2
ot
2
2
<

1 1 . 1
200 300 400 500 600 700 800
Wavelength (nm)

20

Fig.1a Absorption spectra of complexes Co3 (A) and Co 2 (B) in MeCN-
H,0 (9:1) obtained from experimental observation (in black line) and TD-
DFT/PCM calculation (in blue line). For the latter, a Lorentzian function

has been adopted with the spectral line width set to be 70 nm. The

25 theoretical spectra are right shifted by 60 nm for the complex Co3 and 40

nm for the complex Co2 from TD-DFT excitation energies.

Based on the similar species for Co2 and Co3 in MeCN-H,0O (9:1)
solution with different absorption intensity in 498 nm, TD-

DFT/PCM calculation was carried out. Figure 1(b, c) make a

30 comparison between the scaled absorption spectra of Co2 and
Co3 in MeCN-H,0 (9:1) solution with the Lorentzian functions™
and the experimental result, displaying a qualitative agreement in
the shape of the absorption spectra. Based on species, the
calculated UV—vis absorption bands (m—n") for peakl and peak2

ss are located at 260 (peakl) and 460 nm. The dipole-allowed
vertical excitation energies of aqua-metal species [(m-BDA-
)Co(CH3CN)(H,0)]" (Co2) or [(p-BDA)Co(CHsCN)(H,0)]
(Co3) are mainly assigned to be z—x transitions. As
schematically illustrated in Fig. 1b and Fig.1c, the = orbitals of

40 peak2 in complex Co3 are mainly contributed from p orbitals of
C and N atoms in ligands, and 3d orbital of Co atom and p orbital
of O atoms has great contribution to the z orbitals of peak2 in
complex Co2. The z orbitals are dominated by the p orbitals of C
and N atoms in ligands for complex Co2 and Co3.

I\ A

v SRR R

LUMO+6¢ (2pc) LUMO+14¢ (2pc + 2pn) LUMO+15g (2pc + 2pn)
n* T 7!'
HOMO-9,, (3d co+ 2po) HOMO, (2pc) HOMOg (2pc)
"\ 4»_.' 4
*
b { X‘ v l\ ‘/”

45

Fig.1b Assignment of the strongest absorption peak (Peak 2) of [(m-
BDA-¢)Co+CH3CN+H,0]" (Co2). The molecular orbitals are obtained
through DFT calculations at the B3LYP/LanL2DZ*+6-31G™ level.
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so Fig. 1¢ Assignment of the strongest absorption peak (Peak2) of [(p-BDA-
)Co+CH;CN+H,0]" (Co3). The molecular orbitals are obtained through
DFT calculations at the B3LYP/LanL2DZ*+6-31G* level.
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Based on the 3d orbit of Co atom has contribution to the =
orbitals of in Co2, solvent effect on complexes has been studied
s5 by fluorescence titration. The emission of the complex Co2 was
weaker than that of m-BDA. It indicates that the coordination of
Co(ll) ions results intramolecule non-emission energy transfer.
However, the quenched emission can be recovered upon addition
of water (Fig.2 and Fig.S3). Because 3d orbital of Co atom and p
60 orbital of O atoms has great contribution to the z orbitals in Co2,
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the coordination of water with Co2 leads to the fluorescence
emission of m-BDA at 509 nm recovered completed with the
quantum yield ®=0.615 for Co2 (®= 0.610 for m-BDA, Table S1)
when excitated at 460 nm (MeCN:H,O = 6:1, v/v). So, Co2 can

s be a “turn-on” fluorescence sensor of water. The increase effect
for same amount of H,O, MeOH, EtOH is in the order of H,O>
MeOH> EtOH. Compared with Co2, Col and Co3 is less
sensitive to water. As for m-BDA, the H,O can decrease the
emission. Experimental results demonstrate that water molecules

10 can coordinate with central Co(ll) atom of Co2 with the change
of intramolecule energy transfer between m-BDA and metal ions
based on the effective d-r interaction (Scheme 1).
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Fig.2 Fluorescence intensity changes of cobalt complexes and ligand
15 (1uM, 3 mL) in the presence of different additives (15 mL). The
excitation wavelength was 460 nm.
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Fig. 3 Cyclic voltammograms of Co2 (1 mM) in 0.1 M TBAP in

20 MeCN (black line) and in MeCN:PB (PB=phosphate buffer) v/v= 6:1, red

line) and irradiated by blue LED light (4 W) for 5 min (blue line). a.
pH=7.2; b, pH 8.5.

Col:L=L,=CI;
Co2: Li=L,=NOy

Co3 : Ly=L, =NOy

[p-BDACO(OH)(CH,CN)]*
25 Scheme 1 Formation of aqua-cobalt complexes, the intramolecular d-x
interaction in Co2 and poor d-x interaction in Co3.

Electrochemical properties

Characterization of Col-Co3 by cyclic voltammetry in MeCN (or
aqueous phosphate buffer at pH 7.2) shows an irreversible peak at
30 0.76 V (or 0. 89 V and 0.89 V), assigned to the Co(ll)/Co(lIl)
redox potential (Fig. 3 and Fig. S4). In aqueous phosphate buffer
(PB), the intense anodic wave beginning at 1.24-1.32 V
(reference electrode, SCE) indicates the oxidation of water 5.
The catalytic water oxidation was supported by the presence of
35 cathodic waves at -0.680 V and -0.61 mV for Col and Co2 in pH
7.2, respectively. There is no obvious cathodic wave in the range
of 0 - -0.7 V for Co3 and Co(NOs3),. These show that Co2 may be
a photochemical pre-catalyst for the oxidation of water. Scanning
cathodically in the phosphate buffer (pH 8.5) a cathodic wave for
20 Co2 appeared in — 0.65 V, which shifted to — 0.57 V when
irradiated with LED light. These indicate Co2 catalyzed water
oxidation influenced by pH and light. Moreover, the LED light
enhanced catalytic current was observed when Co2 coated FTO
was used as working electrode confirming that the water
45 oxidation catalyzed by Co2 is assisted by LED light (Fig. S4d).

Table 1 Cobalt(ll) complexes catalyzed water oxidation

Page 4 of 7

o 0, Vo TOF
additives . g TON
i @M  @M/min) (51
Col S,08°
(pH=72) 145.8 15.58 0.09 48.6
Co2 H.0 3435 35.37 0.19 114.45
S,08%
(pH=72) 448.9 45.97 0.26 149.62
S:05" 402 41.40 0.23 134
(pH=10.1) : '
Co3 S,08% 0 ] ) )
(pH=7.2)
m-BDA H,0 0 - B, B

A water oxidation was carried out in MeCN-water (or 0.08M Na,S;0g in
phosphate buffer ( v/iv=2:1) with complexes (1 mM ) at 298 K.
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Fig.4 O, production from an aqueous solution containing Co2 in MeCN-
0.08 M phosphate buffer containing 0.08M Na,S;0g (v/v=2:1), pH 7.2.
(Co2 concentration: 4, 0.2 mM; 3%, 0.4 mM; o, 0.6 mM; %, 0.8 mM,;
+,1.0 mM; o, 1.7 mM. ) at 25 °C.

Water oxidation catalyzed by complexes

The complexes catalyzed water oxidation was further confirmed
by measuring the blue LED light (4w) irradiated oxygen
evolution. Consideration on potential application in biological
environment, water oxidation was carried out in phosphate buffer
(pH 7.2). The obvious oxygen bubble can be observed when the
complexes (Col and Co2) were added to MeCN-H,O/Na,S,0g
solution. The turnover frequency (TOF) of Col and Co2 is 0.09 s
! and 0.26s* at MeCN-H,0/Na,S,05 solution (Table 1). This
value is comparable to the values reported for many using the
Ru"(bpy)s2*/S,05% system mononuclear noble metal WOCS, such
as cobalt porphyrins (CoTPPS) (TOF~ 0.17 s%),™ In this system,
measurements were also carried out in the MeCN-H,O, as
controls. The TOF value greatly decreased indicating S,0s>
could be an electron acceptor for the complex catalyzed water
oxidation. It was found that rate and the total amount of oxygen
produced in Co2-H,O system depend on the Co2 concentration,
showing saturation-inhibition behaviour (Fig. 4). A number of
control experiments were carried out to verify that [(m-
BDA)Co(CH5CN)(H,0)]" (Co2) is the pre-catalysis. The free m-
BDA, Co(NOs3), and complex Co3 featuring the analogous ligand
(p-BDA) can’t catalyze the oxidation of water to release
dioxygen under identical conditions. Moreover, in black, less
oxygen can be monitored indicating that Co2 catalyzed oxidation
of water is driven by LED light. Experimental results demonstrate
that the combination of m-BDA and Co(NO3z); forming Co2 is
essential for the catalytic activity. Although the main components
of [(p-BDA)Co(CH4CN)(H,0)]* (Co3) and [(m-
BDA)Co(CH5CN)(H,0)]" (Co2) in MeCN-H,0 are similar, the
Co3 with an analogous ligand p-BDA can't oxidize water to
release dioxygen. We deduce that the effective electron transfer
between m-BDA and central metal ions based on the interaction
between 3d orbit to = orbit is a necessary factor for the Co(ll)
complexes catalyzed water oxidation. Nam found that
[Co"(Megtren)(OH,)]?" is the precatalyst in light-driven water
oxidation, which decompose to give cobalt oxide nanoparticles
which are the real catalyst.® However, dynamic light scattering
(DLS) measurement of the solution after photochemical oxidation
does not reveal the presence of any dispersion due to
nanoparticles formation. All these results suggest that Co2 may

be a molecular precatalyst to the oxidation of water, and ES-MS
data show the existence of [(m-BDA)Co]** core in the after
reaction system (Fig. S1c). The possible mechanism is shown in
Scheme 2.
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S,04 3| 4 1,0
( H; (,

[(m-BDA)Co]*"
Scheme 2 Possible mechanism for Co2 catalyzed water oxidation.
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Photooxidation of DHN

The light-driven water oxidation catalysed by Co2 was further
confirmed by the photoexcited oxidation of

s5 dihydroxylnaphthalene (DHN) using water as oxygen source. It is
reported that DHN can react with singlet oxygen producing
juglone.® Upon addition of water to the MeCN solution of Co2,
the absorption of DHN at 301 nm decreased and the absorption of
the product juglone at 427 nm increased gradually (Fig. 5a).
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Fig.5a UV-vis absorption spectral change for the photooxidation of DHN

(1.0x<10*M) using Co2 (5x10°M) as the photo-sensitizer in
CH3CN:H,0=9:1 solution. a-g= 0, 0.5, 1, 2, 3, 4, 5 h). Irradiation with
blue LED light (440-480 nm, 4 W-cm®).
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Fig.5b UV-vis absorption spectra for the photooxidation of DHN (1.0%<10°
*M) using m-BDA (5x10°® M) as the photo-sensitizer in CH;CN:H,0=9:1
solution. a-g=0, 0.5, 1, 2, 3, 4, 5 h). Irradiation with blue LED light (440-
480 nm, 4 W-cm).

70 When m-BDA was used, nearly no absorption at 427 nm
appeared. Control experiments carried out in MeCN solution, no
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juglone band at 427 nm appeared (Fig. 5b). Therefore,
experimental results demonstrate that the O, does come from the
photo-irradiated oxidation of water catalyzed by Co2. Moreover,
the intramolecular d-m interaction in Co2 increases the
intersystem crossing yield and makes possible the photoenergy
transfer from photoexcited-BODIPY moiety to ground-state
triplet oxygen (%0,) to generate 'O, (Scheme 3). When the
photooxidation of DHN was carried out in CH3CN:D,O (viv =
9:1) system in the presence of Co2, bleaching of the 498 nm band,
belonging to BODIPY core in m-BDA, and indeed obvious
formation of juglone band at 427 nm indicate that the 'O, is
stable in D,O and BODIPY core can be destroyed by a fair
amount of juglone (Fig. S5a). The limited life time for singlet
oxygen in water makes the BODIPY core is stable. The rate of
!0, produced in CHsCN/H,0 system is 0.113 AA/h, which
increases to 0.153 AA/h in CH3CN/D,0 system in the first one
hour. While in the subsequent 4 h, the rate of 'O, produced in
CH3CN/D,0 system is 0.025 AA/h, which is near twice as much
in  CH3CN/H,O system (Fig. S5b). Experimental results
demonstrate the LED light-driven production of 10, in Co2-H,0
(or C02-D,0) system. A common method to generate ‘O, is by
energy transfer from a photoexcited sensitizer to ground-state
triplet oxygen (0,). This strategy is the basis of current PDT, but
requires the presence of oxygen at the target site. However, tumor
cells are often hypoxic. Here, the LED light-driven production of
0, in Co2-H,0 system gives a new way to the formation of
singlet oxygen without any exogenous of oxygen gas.
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Scheme 3 The photooxidation of DHN catalyzed by Co2.

Conclusions

The different metal-ligand interaction in aqua-metal species [(n-
BDA)Co(CH;CN)(H,0)]" (n= meta- or para-) were studied. DFT
calculation confirmed that the 3d orbits of Co atom have great
contribution to the z orbitals of UV-vis absorption bands in Co2.
Fluorescence titration results demonstrate that the coordination of
water with the central cobalt ion in Co2 leads to the recovered
fluorescence emission of BDA due to the possible intramolecular
electrostatic interaction. Moreover, effective LED light driven
intramoleculer electron transfer makes Co2 can be a pre-catalyst
to the oxidation of water to release dioxygen. Thus, Co2 can be a
photochemical and good white LED light driven pre-catalyst to
the oxidation of water. Photooxidation of DHN shows generation
of Y0, during the process of the LED-light driven the oxidation of
water in Co2-water system. This gives new path to generate *O,
using water as oxygen source. Our results demonstrate that the
conjugation of BODIPY (organic photosensitizers) and Co(ll)
complexes of di(picolyl)amine through a proper spacer may form
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a light driven catalysts for the oxidization of water If the effective
intramolecular d-n interaction exists. This will give new path to
design photo-active complexes to be used as PDT in hypoxic
environments.

Experimetal section
Materials and measurements

8-[di(2-picolyl)amine-n-benzyl]-4,4-difluoro-1,3,5,7-tetramethyl-
4-bora-3a,4a-diaza-s-indacen; n= meta- (m-BDA), or para- (p-
BDA).® All the fluorescence spectra and absorption spectra were
measured in the mixture solution of tris(hydroxymethyl)amino-
methane (Tris) solution and DMSO (Tris-DMSO) (Tris: DMSO
=9:1, v/v) at pH 7.4. Mass spectra were measured on a Finnigan
LCQ mass spectrograph. Fluorescence spectra were determined
on a Varian Cary Eclipse fluorescence spectrophotometer.
Absorption spectra were determined on a Shimadzu UV-Visible
2450 spectrophotometer. Cyclic voltammograms were recorded
using a CHI-730 chemical workstation and a platinum working
electrode (PE), a platinum-wire auxiliary electrode, and a
saturated calomel reference electrode (SCE). Bu,;N*CIO, (TBAP)
from Sigma—Aldrich was used as the supporting electrolyte at a
concentration of 0.1 M. Potentials are reported relative to Fc*/Fc
in TBAP/MeCN; the potential of ferrocene is 0.415 V against
SCE. The C, H and N microanalyses were performed on Vario
EL elemental analyzer. The molar electrical conductivities in
DMF solution containing 10™ mol L™ complex were measured at
25+0.1°C using a BSA-A conductometer. Thermogravimetric
analysis was carried out in nitrogen atmosphere with a heating
rate of 10 °C min™ using a Shimadzu DT-40 thermal analyzer.

Computational Details

Density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) calculations were performed to
rationalize the experimental absorption spectra by using the
Gaussian 09 program.” The complexes were optimized at the
B3LYP/LanL2DZ*+6-31G* level. Here, the basis set 6-
31G*+LanL2DZ* (using 6-31G™ basis set for C, N, O, B, F, and
H atoms, adding the f-type polarization functions to Co atom at
the basis set LanL2DZ) was employed in view of the influence of
d and f functions on the absorption spectra. The exponent, 2.78 of
f orbital for Co atom was selected as those in previous work.*®
The vertical electronic excitation energies of complexes were
then obtained through TD-DFT calculation at the same level.

Synthesis of complexes

Synthesis of [(m-BDA)CoCl,]-H,O (Col): m-BDA (104 mg,
0.19 mmol) were mixed with CoCl, 6H,0 (46 mg, 0.19 mmol) in
10 ml CH3CN and then stirred for 1 h to give dark red solution.
After cooling to room temperature, ethyl ether was added and
dark red powders (102 mg) were obtained. Yield 81%. Anal.
Found: C, 56.65; H, 5.03; N, 10.32. Calcd. (%) for
CsH3BCI,CoF,NsO: C, 56.19; H, 4.98; N, 10.24. UV-vis
(MeCN/nm) (ex10*, dm® mol™ cm™): 230 (4.64), 314 (0.91), 498
(5.42). IR(KBr,v/em™): IR(KBr,v/em™): 3418 m, 3065-2846 m,
1604 m, 1528 s, 1420 s, 1280 s, 1183 s, 755 m, 964 5. A (S cm?

100 mol™): 15, The thermal analysis (TG) of Col was shown in Fig

S6a.
Synthesis of [(m-BDA)Co(NOj3),](CH;CN)-(H,0), (Co2): Co2

This journal is © The Royal Society of Chemistry [year]
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was synthesized using same process as Col except
Co(NOz), 6H,0 (112 mg, 0.21 mmol) was used. Yield 81%. 102
mg, 83%. Anal. Found: C, 51.42; H, 5.01; N, 14.15. Calcd.(%)
for CgH3zgBCOF;NgOg: C, 51.29; H, 4.90; N, 14.08. UV-vis

s (MeCN/nm) (ex10, dm®mol™ em™): 204 (10.31), 263 (2.67),
314 (1.81), 498 (7.86). IR(KBr,v/cm™): 3405 m, 3002-2846 w,
1621 m, 1530 s, 1393 s, 1295’5, 1196 s, 741 m, 969 5. Ay, (S cm?
mol™): 19. The thermal analysis (TG) of Co2 was shown in Fig S
6b (left).

10 Synthesis of [(p-BDA)Co(NOs3),](Co3): Co3 was synthesized
using same process as Co2 except m-PDA (108 mg, 0.20 mmol)
was used. 96 mg, 75 %. Anal. Found: C, 53.32; H, 4.66; N, 13.25.
CalCd(%) for C32H328COF2N705: C, 53.50; H, 4.49; N, 13.65.
UV-vis(MeCN/nm)(ex10™, dm*mol™ cm™): 230 (3.32), 263

15 (1.12), 312 (0.56), 498 (7.12). IR(KBr,v/em™): 2969-2931 w,
1608 m, 1535s, 1470 s, 1366 s, 1300 s, 1198s, 800 m, 977 s. Ap
(S cm? mol™): 19. The thermal analysis (TG) of Co3 was shown
in Fig S 6b (right).
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