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Fitting thermodynamic models to ultraviolet-visible absorption spectra yielded the
distribution of the cobaltous aqua and chloro complexes and their molar attenuation coefficients.
The X-ray absorption near edge structures and the extended X-ray absorption fine structures
spectra of the individual species were assessed dividing a series of spectra by the distribution
obtained through the fitting analysis. Then, the structure analysis was conducted using the
decomposed EXAFS spectra of the individual species. However, the most possible complex
structure for each species could not be fixed. The most possible structures were determined by
comparing the single point energies between the observed structures and the optimum structures
calculated using ab-initio technique. It was confirmed that there were three complexes of
[Co" (H20)]* ", [Co"Cla(H20)4]°, and [Co"Cls]* " and their stability constants were determined.
The analysis procedure conducted in the present work consisted of ultraviolet-visible/X-ray
absorption spectra, fitting analysis of thermodynamic models, and ab-initio calculation. The
distribution and the structures of the cobaltous aqua and chloro complexes were determined with
the benefit of the mutual compensation for the disadvantages of the other analyses.

[Keywords] Cobaltous chloro complex, UV-vis absorption spectrum, X-ray absorption fine
structure, Structure analysis, Thermodynamic model fitting analysis, Factor analysis, Ab-initio
calculation
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Fig.1 The flowchart of the analysis conducted in the present study. The signs at the upper right corner of the boxes

indicate the related sections or figures.
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BN TDOIEBEDRIER E L TRV F—% KD
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Table 1 The compositions of the sample solutions.

UV-vis absorption*

X-ray absorption i

Total C1 Total Co' Path length, Total C1 Total Co" Path length,
/mol-dm™3 /mmol - dm™ lyvis/ MM /mol-dm™3 /mmol-dm™ Ixaps/mm

0.102 51.0 50 1.0 500 1
0.575 51.4 50 2.0 500 1
1.07 50.6 50 3.0 500 1
1.55 50.8 50 4.0 500 1
2.03 50.8 50 5.0 500 1
2.51 50.6 50 6.0 500 1
3.00 50.5 50 7.0 500 1
3.55 50.3 50 8.0 500 1
3.99 50.6 50 8.4 200 1
4.45 50.5 50 9.4 200 1
4.90 50.4 50 10.4 200 1
5.41 50.9 50 114 200 1
5.87 50.7 50

6.41 50.7 20, 50

6.89 50.8 10, 50

7.39 51.3 5, 50

7.84 50.8 2, 50

8.38 51.0 2, 50

8.84 50.8 1, 50

9.25 50.5 1, 50

9.76 50.6 1, 50

10.2 50.6 1, 50

10.6 50.4 1, 50

* The CI concentration were assessed as the sum of Cl from HCI and CoCl, - 6H20. The concentrations of HCI were
analyzed using neutralization and those of Co' were determined by chelate titration.
T The concentrations of Cl and Cu were determined by their charges.

32 BHRIRIRIRARS kL

UV-vis A7 MVIZH ARG kX 2k B8
SR RTELE AR 3 LT V=770 2 F W THEIE L
7z, HIBITR L TIER—ATA1 ViEEY —7
FIEZTTVY, 340 nm 72 5 760 nm D K #iFH %
SrfRAE | nm THRAXS BHE VR LAEL, F
ZRO 1. FETICIE B R S ERIT L 72 A
X7 BVEMERLZ. 340 nm 225 760 nm 125
i B PRI 13 160 cm ™' /25 29 320 cm !
T, /MEAEZE 40 cm ' &L, ZHBEIC 3RS
TA I KDBNFEET O, RCLBENKG6

102

mol-dm > LA EDFEHZ B W TIE, UV-vis A X
27 FIVAKI 17 000 em ™' Z 85I LT, WRINERE
IMRKELBES. 20D, FEE Q) #H
BN THRELREEEZHWTHEZ{TWY, &
HFE R < S MR L 2.

B 5 N7 UV-vis ARY MLV %& Fig2 IZTRT.
ClBENTE TH DML, A TRINDHIN
W THh s, CLIRENESSZ2IZON Bk
W— ORINABH NS, FFFIZ B TR
NBWIMNEELS 720, HZNE I A DL
B il T NTBNDXD G EZ TS, FHIE
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IR A Z 55 DER RS D3 U, I B,y
EEOMMER NNl TW5EELZ 5N,
Z DR T/RIBIRIZEE O S WL AaZz 26
T2, 4 CLEENHK 6 mol-dm > LL LI/ 5 &,

50.7 mmol-dm~* Co"Cl, in HCI solutions

fnnm

0.102 ——————— 10.6MCI

= 1500

x1 | %50 |

w

and molarity of species, ec/ m™'

Product of molar attenuation coefficient
<

L s
20000 24000
Wavenumber, v/ cm™'

. I n
16000

T T T N [ T T | 1 1 1
700 600 500 400

Wavelength, A/ nm

Fig.2 UV-vis absorption spectra of cobaltous aqua
and chloro complexes in hydrochloric acid solutions.
The ordinate shows the product of molar attenuation
coefficients and molarities of cobaltous species.
The capital alphabets represent changes in spectral
characteristics as the increase in the HCI molarities.

C M5 Co DWILAEL B, HIZ C i co b
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n5.
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. BV ORI EICHYU 5. AS
X #RIE Si(111) ZFIH U 7z Z#E &0 a1
Hefbxng, HEZER &Tﬁm}ﬁbwﬁ
Bl X BREE A A F o N—NE, TN
100% N2 & 50% No/Ar IZFHFEL 7=.

Fig.3 1245 5 3172 XANES (a) 3 X OV EXAFS X
N7 MV (b) #7779, XANES 3 X U EXAFS X
N7 RIVORAFITERI R E DN D B
N5 BETELTEZLSNSDIZCL H0
D2DTHB®D, P2 HITROREKEL T

(a) (b)
2.0 ————— e —
i A ! nm
L ST 1 O nr—mea
[ | | — s 1AM -~ \ 1
= = ]
S o = | ]
< 2
2 2
s g
g "
E | (S5
g 0.0 g -
7705 710 :
1 i 1 1 1 1 1 1 ' 1 1 s 1 1 1 1 1
7680 7720 7760 7800 3 5 7 9 1

Energy, £/ eV

Wavenumber, k/ A™’

Fig.3 X-ray absorption spectra of cobaltous aqua and chloro complexes in hydrochloric acid solutions. The

XANES spectra (a) and the EXAFS spectra (b).
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4.1.1 SEBBORE

BN Co LMk DR 2 RET B, 3.2
HiTOEMERMITIC L 0 3 MO Co' Hkw
SERKDBGFENETINS. 22T, Xo#
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Sum of 8y, ¥ 8y / -

i 5 10 15
Number of components, N/ -

Fig.4 The sum of the difference quotients of each
element in the column vectors in one of the Unitary
matrices obtained by the singular value decomposition
of A’ defined by Eq. (2) as a function of the component
number.
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K, §72b B [Co"(H0)]"", [Co"Cla(H:0)]’,
[Co"CL(H0) > DA G DN S 125 B2

EFITHS. T2 TIEHO0 DEEE x 12D
TIEEE L.
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R-factor 2 RIZ/RT.

R-factor of (014) =9.68x 10°
R-factor of (024) =7.51x10°
R-factor of (034) =76.6x10° (7)
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Fig.5 The distribution of the cobaltous aqua and chloro complexes in hydrochloric acid solutions (a) and the
molar attenuation coefficients of the individual species (b). These are obtained based on the method described in
Section 2.1. using the optimized thermodynamic parameters listed in Table 2. The coordination numbers of H,O
would be determined in Section 4.2.
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Fig.6 The absorption spectra of the cobaltous aqua and chloro complexes in hydrochloric acid solutions in the
range 13 250 em ' to 17 750 cm . The normalized absorption (a), where the maximum intensities in absorption
spectra were normalized to a unity. The comparison in absorption between the optimized spectra using the (024)
model (solid lines) and the original spectra (diamond symbols) (b).
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the EXAFS spectra (c) of the individual species.
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Fig.8 Results of fitting the theoretical models to the EXAFS spectra of the individual species of [CoH(H20)6]2+ (a),
[Co"Cla(H20)4]" (b), and [Co"Cls]*~ (c). Contributing paths are also displayed with the raw and the fitted EXAFS
spectra and the residuals.

112 XD DES 53



X #it / SRAV RTINS e D B2 T OVARITIC & 2 MR VA 2 /N)) S HALPISE R D 531 & it OPE & 55— RIRTRIC & 2 WGE

Y

Coordination number of Cl

(CI, H,0) = (4, 0)

&

[CoCl,]*, tetrahedron

S

© Cakulated
Q Observed

w
—r

T
£
o

Y L LT TR
2 23 24 5
Distance between Co and ClL e, o/ A

Coordination number of H,O
Energy relative to optimised configuration
AE [ keal-mol '

(Cl, H,0) = (0, 6) (Cl, H,0) = (2, 4) (

[Co{H,0),]", octahedron [CoCli{H,0)]". octahedra

© Calculated
O Observed
SR AE = 6 keal:mol

© Calculated
O Observed

AE [ keal-mol™

v
o

Distance between Co and Cl, rey /A
-
in
T
o
]
rd

Energy relative to optimised configuration,

@

Il 1 g
19 10 21 22 20 25 0

Distance between Co and O, re, o/ A Distance between Co and O, re,o/ A

Fig.9 The energy curves and the energy surface maps of the cobaltous aqua and chloro complexes; i and j
of (i, j) indicate the coordination numbers of Cl and H>O, respectively. The plots of the determined geometric
configurations, that is (Cl, H2O) = (0, 6), (2, 4), and (4, 0) are bright and the others are dimmed.
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Fig.10 The structures of the cobaltous aqua and chloro complexes.
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ETCOWMGITRIESMM LTI DS &
L TR WS SRR T X MY, RERATEE
TIEHDHDOD, Figd THEM LD ICER
ME-oEFVLTHY, MROHBEIHAMR
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HIWTHAETH 5.

I 5T, BHEOCIEMEDOHAGDENS
R D DERIRT 2 ENWSHENH > 7=, 8
I 5 TRANGRANDESIEZ 0 & 6 EIREL
A, CIERMEOMAGDEITRAT?21
f@lic7esd. LU s, fidkdO&EK ClEL
BOHEEHikE CLRMENT 1T OHMT 5% &
WHEIHE > T CLEMI D AGDOE 2R
W E, 7272 1 HOEMBOMAGHEDHA
EEETNEIXL, oAb EERFIL 72
W, DFD, BETLRWHIZIE L WEAE DR
AEDEDHEET 25650 H0, Holibmz
AN EL< 725,

Co LMk DA, ClIEEEE T T Cl
BB 4 TH B Z &L, ZNETORENS
METH->7= """, £, Co'ld Cl FHWE
WRICHEML, KIFROBERN TSI ET, Kk
IND CLELE Z 0 EIRO D T EMTEZD,
(014), (024), (034) M5725 3 HLO CLENLELD
HAadbRERNLUEZ. TOF TR EWEE
TIED A ZHHT5MAEDEEERL, Co
HACS IR AT 2 15 7=

42 Hi T, Co" HALMEE IR/ 1 2 F W TEEK
@B D XANES, EXAFS A7 MLV &R, #
ERT 2T O /2. MG Tl HFEL RN
RORITITRLT 5 EEZTWED, RIFKT
@ (024) EFT IV TIIERBT 2H1T D7 > .
FEFF % )% EXAFS A7 NVRITIX, T#E
T DR DG RIEARTH Y TH 5 &)
RERGENH 5720, BIIFETIVOED ]
BOHEIHHATEZEIFEZADRNETH 5.

RBRIC 422 IICBNT, FFHEFHEICK
DIk U 721818 &, UV-vis/XAFS A7 b
FRIT T 7oA & UM U 72, BB — R BEHR
WS TR TH B, ClLEALE 0 DR DI,
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RIS 3L F — 278 1 keal mol ™' AN D & D73
| DR TE /2. CLENIEL 2 DERTIE, &/h
DA TV F—313 7.6 keal -mol ' TH > 7=.
Fig.7 (a) DV/RT X DIZ, ClEAIEL 2 DEFRDE
IV RIIMD 2 DITHRT/RhI W=D, B5h
7= XAFS 55 T% ClENTEK 2 D SR D B3 13
iz, FDD, B/NOMR TRV F =N
ClEAr%c 0, 4 DERICHEE L TREN S 1]
HEMND D, HHEBERMNICEZ D Z IR
THDRD, INDERBITEDORNTHS. Cl
FCATEL 4 DIBEIE, FHEPUA T & E DU AR S
DO TR IV F—7A8 1 keal-mol ' AN TH >
7S, BRIV DA E R U EERO R
H 0 X0 EMEAREED ZEE TH 2 & Db
EEDHIENTER.

DI O FIEICE D, Co' MLk
BRET DI LRI 72, #EDREITRI
T5Z &L, BNFTETIVORGEEZEMTH O,
ZOZLEEERT S,

41 T UV-vis IZ U CEM L /=%, EJ
% XANES A X7 KL & EXAFS AX7 ML
OEHABMF L. LL2aN5, XANES 2
N7 8VH EXAFS AXZ RLE, Fig7 IZRT
X 512, [Co"(H0)6] T & [Co"Cla(H20)]° D &
AR BITEO, MHTOE—EMETdH 5 8HA
BOPRETEWETH 7. UV-vis AT ML
TlE, &HEOBIVICRET Figs ITRT X
IXFNTNEHMEAL TS0, Bl%E
FIVRITIZIZERTH B, HFAXT RILORH
% FRRD T, fENTFIEOBUE RN & IEE 2 R
HZENMHETHS.

ARFFETHRA L = AL THBIEERE TER
WEEIE, S SICEREGTREICK D ET O
L2 E BT NN MR IC X B GEEE T R &
Thd. HFHEFEO-DOFELIETHS
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SAC-CI #£%° EOMCC 1%, BH D X Uv-
vis X7 MVOFEOERNDHZ Y. HET
HELiR U 72 &K 512 UV-vis & XANES I3, E T
L2 KT DAEEBUR R ETH D, KOMHEE
IBRMEEMAIREZ EE A 5N 5. £/, XANES
2R MVOHE—REEREICK 2 HEEITE
UV-vis AR NV OB & [FERIT K L.
AHFGE T S N2 $HARER] O XANES AT K
E, EHEZXZ MVELUTHEATRETH O,
SHOFITERFORBIZFGT 200 LS
Nn5.

5. 1

AWFFEIZB W T, HClLKIEH P ICERL 72
Co" HAL W $EIA D UV-vis 2 X7 k)L & XAFS
AR MIVEHEL, BT T IV &
EXAFS A X% k)V®D FEFF 1T & % W15 it 2 Bk
LT, Co' MWK D N &AL e
U7z, EBTHRE L ke U LT, 2 s
H.0 Befi 255, RMERZZOBETETIVE
KEL, HF—RETREICX MG ZERELL,
KETROZME S TRV F—EE L
THEZREL, FMOZLBEZHLEL -

Z OfE R, IE/\HRRETH S [Co"(H0)6] T,
ClEEAL FmicH A Z/\HAEETH D
[Co"Cla(H20)4]°, TEPUE ARSI T & B[Co"Cla)’”
DTFIEMERTE, BHEROREETER T IRE
L7z

AWFFE TR U 72T Fikid, MEREEE, A5
Bafhd, B FIREICKE U TR BME
b9 2 $EAR AR MRATICISH TRE T H 5. SR D
59 2L KR T, INETEENS OH
MIZ X OBREITDOGEMELN ST, ks
HEHASMNTTSHZEICKD, KOEEMNRE
MNERE S 72D, BRARUGEIT DN B & HIFE
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BRI L TE 7. XAFS A7 MIVEEHTIC UV-
vis B4 25 TOVIRMT & 55— R BT R R AT &

BHEZ LT, MITHSRYE O#HIF % KiE
ICHERT 2 Z EMTER. RFEDN, MEERE
THOFEBICEHMT2HDEEZ TN,
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