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Periodic table
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Dmitri Mendeleev (1834~1907)

In 1869 the chamist Mendelsev of the Saint Petersturg Stats University
in Russia found the Periodic Law and created the Periodic Table of the
Elements using the 63 eiamonis ko ot the e by arranging them in
the order of (1) their atomic weights, and (2) the oxidation states. i.e..

the composition of compound bound with oxygen or chiorine (for example,
aodium makes NaGi and magnesium makes MECI). He found that the
elements with similar characteristics appeared periodically in the same
column. There were several blank cells for unknown elements in the Table,
for which he predicted the characteristics. Although Mendeleev's Periodic
Table did not get much attention at first. but once gallium was discovered in
1875 and germanium in 1886, with characteristics just as predicted, it
became trusted world-wide. Nowadays, the Periodic Table is the basis of
chemistry and physics that is used by everyone.

The year of 2019 is the 150th anniversary of the discovery of the Periodic
System of the Elements by Mendeleev.
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Relativistic effects: classical model

2 ~.

Classically...(Bohr’s model) Q
Ze? 4rreghn? Z%e*m, | Q
"Tamehn " Ze?m, 32nZeihin?
in the theory of relativity
m, vy(H) = ¢/137
mgel }
~ 0.6¢
\/1 — (v/c)? v1(HQ)
(mhet = m, (v < ¢))
e Tel \/1 — (U/C)Z orbital contraction
0.30 i orbital contraction ! E
0.25 1 e Db - rel _ n
’ , ! En™ = < En  stabviization

J1 = /c)?

Only if Z does not change.

— contraction and stabilization for s, p (p4,,) orbitals
the opposites for d, f orbitals

1 I 1 L | I 1 | I 1 1 | L 1

0 1 2 3 4 5 6 7
r(a.u.)
1) Tdurler, A.; Pershina, V. Chem. Rev. 2013, 113, 1237. 3

2) X B@— B (BE) [BETECLFORAR] . BAKSFES. 2019.



Relativistic effects: example

Energy / eV
3

|
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https://olympics.com/ja/olympic-games/tokyo-2020/medal-design

Au Non-rel
—
N
. ‘.,
-c... ;. Y : .‘...= Zs (d1OS)
TAE_-, 2D1/2
R i 3/2
—
ZD (dQSZ)

s Orbital of Au is stabilized.

— AE decreases, absorbing blue light.

1) Pyykko, P.; Desclaux, J., P. Acc. Chem. Res. 1979, 12, 276. 4
2) X B@— B (BE) [BETECLFORAR] . BAKSFES. 2019.



What makes elements metal?

* high electrical conductivity
* high thermal conductivity
* ductility

more strictly: the temperature dependence of the electrical conductivity *
When temperature rises...

metals: lower conductivity

others: higher conductivity

characters of single substances

Metals easily become cation in compounds.

Xmean
Ketelaar triangle
1) Hensel, F.; Slocombe, D., R.; Edwards, P. P. Phil. Trans. R. Soc. A 373, 20140477 . 5

2) YaTAN— T FoRERLESE (b)



Valence -{fi#i-
a) Number of bonds (&%)

* Coordinate bonds (dashed bonds) are not counted.

b) Valence (/& F1if)
the number of electrons that an atom uses in bonding
b=a+d

c) Oxidation number (E£1t %)
the charge remaining on an atom if covalent electron pair are
transferred to the more electronegative partner sometimes called
—ionic character - “ (%
¢ = (charge on compound) — (charge on ligands)

d) Formal charge (22 &)
the charge remaining on an atom when all ligands are removed homolytically
—covalent character

e) Coordination number (E2{iI£})

the number of atoms bonded to the atom of interest
(sometimes, number of atoms close to the atom)

formal charge oxidation number —_
Ii' .. T@ I?Ph3 AcO_ _OAc
H_(I;_H H,N—OH H—?—H ci-Pd"-Cl Bu;Sn—SnBujs 2 : :
H H PPh Ph
a)4 a)3 a)4 a)2 a4 a)3
b) 4 b) 3 b) 3 b) 2 b) 4 b) 3
c)-4 c) -1 c)+3 c) +2 c) +3 c) +1
d) 0 d) 0 d) -1 d) 0 d)o d) 0
e)4 e)3 e)4 e)4d e)4 e)3

1) Parkin, G. J. Chem. Educ. 2006, 83, 791. 6



Element 105: Dubnium

also called Hahnium (Ha) before 1997

Vanadium steel is used in hard tools.
Oxidation catalyst for preparation
of sulfuric acid. Reduces blood
sugar. Contained in some types of
mushrooms and sea squirts.

belonging to group 5 | 23 Vanadium
[Rn] 5f14 6d3 7s2
—+V oxidation state favored ;

50.94

no stable isotopes

Nb/Ti alloys superconducting magnet
coils (linear motor vehicles and image
diagnostic MRI devices). Ultra-thin
glasses (Nb-containing glass with
high refractive index). Heat-resistant
alloys (aircraft engines).

41 Niobium 92.91

Synthesized:

1 968 (J IN R, in USS R) Dental implants material. Miniature

243 22 261
95Am+ 1 0Ne—>1 05Db+5n

wave filter for mobile phones.

\\73 Tantalum 180.9

=

XY Rusaia

¥
$

1970 (LBNL, in US)

Dubna

W DJls)
249~ 1 5N 26001 +4n

Research based, Dubna, Russia.
98 ”105

105 Dubnium (268)

1) Barber, R. C.; Greenwood, N. N.; Hrynkiewicz, A. Z. et al. Pure & Appl. Chem. 1993, 85, 1757. 7
2) Tdrler, A.; Pershina, V. Chem. Rev. 2013, 113, 1237.
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Introduction

Prof. Tetsuya K. Sato

2003 Researcher @ Japan Atomic Energy Agency (JAEA)
2015-Assistant Principal Researcher @ JAEA

2017 Invited Researcher @ Helmholtz-Institut Mainz

2018 Invited Researcher @ Paul Schrerrer Institute
2019-Visiting Associate Professor@ Ibaraki University
2019-Visiting Associate Professor@ Tohoku University
2020-Visiting Scientist @ RIKEN

Research topic: Nuclear and radiochemistry
Superheavy element chemistry

Tandem Accelerator of JAEA
@Tokai-mura, Naka-gun, Ibaraki-ken
- One of the largest electrostatic particle accelerators

(Daccelerating anion — @stripping electron (making cation)
, — (@accelerating cation (same electric field; opposite direction)

1982 Operation started
1993 The superconducting booster was completed

1) https://asrc.jaea.go.jp/soshiki/grfHENS-gr/member.html
2) https://researchmap.jp/tetsuyaks
3) https://ttandem.jaea.go.jp/index.html



Dirac equation

Pershina’s calculation (1)
- introduction of relativistic effects -

Hy = E H = cap + fmc? + Vir)
-1 0 O 0 7
= O o : Pauli spin matrices p— O 1 O O
a_[a ]"'P'p =10 0 -1 o0
0 0 0 —1-
in a spherical potential ) i ) |
Puclt)y (0, 6, 9 -1 (=1+3)
0 — [q — r LR = < 2
S Qe (1) 1
—1 y .. (0, ¢, s) \ I (j=1 2)
i r i
4 d &K
cl———1Q,(r)+V(r)P(r)=¢PF(r
| d@TT)<> MRW=RO)
e (— 5= 5) P~ 262Q,0) + V(r)Qu(r) = Q,(0

1) Rosen, A.; Ellis, D., E. J. Chem. Phys. 1975, 62, 3039.
2) X B@— B (BE) [BETECLFORAR] . BAKSFES. 2019.



Pershina’s calculation (2)
- calculation of relativistic effects -

Relativistic effects on AOs

= Db
Nb Ta Ha Cl
0k dés! dis? 4352 s2p5
nr rel nr nr rel
C 5 7
o s S
~ DF = _..___ 6s —_—
> . N g—
(@) —“_ ™ e \vlr——
) 4d — #
- s "I
LLJ S 4
-10 - 5d i
6d
3p
acos oy
-15 | nr (left): calculated ignoring relativistic effects
rel (rignt): calculated considering the effects

1) Pershina, V.; Fricke, B. J. Chem. Phys. 1993, 99, 9720.



Pershina’s calculation (3)
- covalency of DbCI; -

TABLEIV. Effective charges on atoms ( Q) and atomic orbital populations

Energy level structure
- of some MOs (gl Cs;
| VCls NbCls TaCls HaCl
0 5 5 & 5=gb5CI5 . (A) AE
— Molecule Rye i, (A) Q q, 9p 94 q (eV)
-2 \. ,_/, T (n-"d"'
/ ko vCl;* 2.21 112 024 036 327 -+ 181
._l, - 2-18
-4} T e NbCl, 2.338 093 020 022 365 -+ 270
% ," L 2.241
2 » TaCl, 2369 (095 0.33 337 1399 3.10
> 5 - 2.227
g | HaCl, 2.42 0.81 033 332 1399 3.36
L = DbCl, 2.28
S ety e HaCl, 2.45 0.80 0.58 034 329 1399 3.25
I (o | 2.31
ol =TT @| HaCl 2.47 0.79 0.60 0.35 327 1399 3.18
B — e = — (n-1)d+ % 2.32
SS——<=77 +3p(Ch 3| PaCl, 2.44 098 0.13 0.13 209 170 2.68
e "~ ns+3p(Cl)
v The charge on Db (=Q) decreases.
(b)

—Db-Cl bond is predicted to be less ionic.

1) Pershina, V.; Sepp, W.-D.; Fricke, B. J. Chem. Phys. 1992, 96, 8367 . 12



To measure the chemical character of Db

A trace amount of Db compounds will be available.

— Only physicochemical parameters could be obtained.

a) Sublimation enthalpy: macroscopic parameter

Cl
Cl,M” J—
1 _CI.,
Cl,M7_ “MCl,
c|/MC|n — Gl e
Hsubl andoros
b) Adsorption enthalpy: microscopic parameter There should be a correlation.
Cl
ci,m”
_Cl

“H

Yem”

0,H O,H cl,M ° o,H
I I I |
i—?i—o—sii—i Hags i—?i—o—&ioi—;

1) Chiera, N., M.; Sato, T., K.; Tomitsuka, T.; Asai, M.; Suzuki, H.; Tokoi, K.; Toyoshima, A.; Tsukada, K.; Nagame, Y
Inorg. Chim. Acta 2019, 486, 361. 13
2) sk B — B (R%E) [BETHRCFORIR] . BABSEFS. 2019.




Isothermal Gas-Chromatography (1IGC)
- Measurement of DbCI; -

Ordinal set-up for measurement of volatilities

Reactive Quartz Watercooled
Gases Quartz Column Recluster Chamber
* Wool 4 {
X - | | .
Nﬂélear Gas-Jet . _ LT capillary

. - 7 , 1 -] —

aerosol /
Reaction |

Oven  chiorinati bn ¢ ARG —_O

| PIPS-Detectors <
problems I I I C:;s nuclear ﬁ "~
1) Db is sensitive to oxygen. ! ' | Chromatoaraoh 2€fection| L ROMA
(p(O,) must not exceed 10-1? atm) . grap
1000
trace <
H,O o ] . Inert Vacuum-
DbCl; —3» DbOCI; + 2 HCI £ %0 isothermal pump & Exhaust
}_.
2) Aerosols using for transportation 00 20 100 150 200 —
of Db bring some disadvantages. Position [cm] SKOtl>-|b
a) affecting the chromatographic surface Cruaber

b) contamination of non-volatile nuclear byproducts

c) deposition of aerosol particles if charged

1) Chiera, N., M.; Sato, T., K.; Tomitsuka, T.; Asai, M.; Ito, Y.; Shirai, K.; Suzuki, H.; Tokoi, K.; Toyoshima, A.;
Tsukada, K.; Nagame, Y. J. Radioanaly. Nucl. Chem. 2019, 320, 633.
2) Tdrler, A.; Eichler, R.; Yakushev, A. Nucl. Phys. A 2015, 944, 640.



Model experiment (1)

Improved set-up
tq 2 = 14.55 min Sedimentation loop

' Sicapent filter Gas- Jet oven
r]atGe+ 1 9F—>88Nb+xn 1 N2/O, (l’) He or N,
1% (02) Aerosol

natGd+ 1 9F—> 1 70Ta+xn Eg—‘ cocl material
o 2
~ ty/, = 6.76 min
103 MeV 1/2 Quartz Oxychlorinating
wool plug vjagent Quartz l :zéi(e:::

Carrier gas Beam Volatile column Copper Furnace
i : Aerosol
(He+N,) Target Reactive Compounds jacket particle

gas inlet \ /
L f \ r \ Y X / Y Clustering
7/ 0000000000000 O0 O00000POOOOOOO 000QO000000/000O0 0000000000000 0 Chamber
L ©

(=]

L \ | .. \ /
—_— e b L >
O ) © & —
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
) :
ReCOII 0000000000000 O 0000000000000 O0 000000000000 O0OO 0000000O0O0OO0O0OOO0OO To Co”ectlon
[o]
chamber \ ( A A ) site via transfer
|

|
Nuclear insulstor Section | l Section Il 150~600 °C I T capillary
: , Cooling
Reaction products (Reaction part) (Isothermal part) water
without aerosols MOCI, formation * pre-treated with chlorination gas
800~1000 °C _cl HCl
Cly 'V' _H Cl,M_ oM

S—s|—o s.—g — S—s|—o s.—g

1) Chiera, N., M.; Sato, T., K.; Tomitsuka, T.; Asai, M.; Suzuki, H.; Tokoi, K.; Toyoshima, A.; Tsukada, K.; Nagame, Y
Inorg. Chlm Acta 2019 486 361.

2) Chiera, N., M.; Sato, T., K.; Tomitsuka, T.; Asai, M.; Ito, Y.; Shirai, K.; Suzuki, H.; Tokoi, K.; Toyoshima, A5
Tsukada, K.; Nagame, Y. J. Radioanaly. Nucl. Chem. 2019, 320, 633.




Section I: Reaction temperature

Relative yields of volatile Nb/Ta compounds

8Nb (T.., = 873 K)

1004 = "
o MWoTa (T, =873K)
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.
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X
‘_’c. a) Formation of MOCI; was too slow.
© 60-
a>; b) > pressure was too low.
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1) Chiera, N., M.; Sato, T., K.; Tomitsuka, T.; Asai, M.; Suzuki, H.; Tokoi, K.; Toyoshima, A.; Tsukada, K.; Nagame, Y
Inorg. Chim. Acta 2019, 486, 361.

2) Chiera, N., M.; Sato, T., K.; Tomitsuka, T.; Asai, M.; Ito, Y.; Shirai, K.; Suzuki, H.; Tokoi, K.; Toyoshima, A5
Tsukada, K.; Nagame, Y. J. Radioanaly. Nucl. Chem. 2019, 320, 633.



Section lI: Gas-chromatography temperature

100 { Experiments |
Isothermal Gas-Chromatography 60 |
high temperatl_Jre — weak adsorption on quartz — Ta0CH,
— short retention g ~AH,4, = 126 + 1 kJ/mol
> 40- NbOCl,
This correlation depends on AH, .. —AH,qs = 102 + 2 kJ/mol
201 = NbOCI,
o Gas flow o TaOCl,
o, P —— Monte-Carlo sim.
o L 300 400 500 600 700 800 900
5 ‘ = | Tso% .
et — iso?
© N = tret. = T112
‘” Ay
o ‘ >
E 100 4 Experiments I
2 0
: i
Column length [cm] low Temperature [°C] high| |
Chemical species — AH g (this work) kJ/mol — AH g4 (literature) kJ/mol < 604 TaoCl,
NbOCl, 102 * 2 () 99 + 1 [12] - —AH, 4 = 130 £ 5 kJ/mol
103 = 3 ®) 92 [32) * A NbOClI,
102 = 4 average 94 + 13 [33]
96 + 3 [34] _AHads =103 + 3 kd/mol
63 [35]
74 + 2 [36] 20 ; ?fg.ls
a
TaOCls 126 + 1 @ 157 + 12 @ Two sets of ' Monie.Eariosim
(b) : 5 ’ -
ool ok o experiments (I, Il) were o ——"——== :
* average 5 300 400 500 600 700 800 900
149 = 5 [38] performed.

Tieor K

Iso?

1) Chiera, N., M.; Sato, T., K.; Tomitsuka, T.; Asai, M.; Suzuki, H.; Tokoi, K.; Toyoshima, A.; Tsukada, K.; Nagame, Y
Inorg. Chim. Acta 2019, 486, 361.
2) Tdrler, A.; Eichler, R.; Yakushev, A. Nucl. Phys. A 2015, 944, 640. 17



Conversion to 4AH_,,

A semi-empirical correlation between AH, , and AH, , can be
obtained using similar chemical species (oxychlorides).

60| ® E_xperimfantal
— 'ég’;aéf't literature data
7 AH® . (NbOCl;) = 128.5 [kJ/mol]
5 100
£ AH® . (TaOCly) = 170 [kJ/mol]
£100
T WOCI,
< 80 °
AH? . (NbOCI;) = 126 + 10 [kJ/mol]
. # ReO:Cl AH'  (TaOCl,) = 165 + 11 [kJ /mol]
" AH° oy = 1513 0.01)AHyg,- 28,73  26)
50 60 70 8 9 100 110 120 130
—-AH_,, kdJ/mol

ads?’

extrapolation

AH), ~—(1.513+0.01)AH _, — (28.73 £2.6) [kJ/mol]

1) Chiera, N., M.; Sato, T., K.; Tomitsuka, T.; Asai, M.; Suzuki, H.; Tokoi, K.; Toyoshima, A.; Tsukada, K.; Nagame, Y
Inorg. Chim. Acta 2019, 486, 361.

2) Chiera, N., M.; Sato, T., K.; Tomitsuka, T.; Asai, M.; Ito, Y.; Shirai, K.; Suzuki, H.; Tokoi, K.; Toyoshima, A3
Tsukada, K.; Nagame, Y. J. Radioanaly. Nucl. Chem. 2019, 320, 633.



Optimization of correlation

/Nl:tained AH, . were added to the dataset.

: 180
160| ® Experimental _ ® Experimental TaOCl, o
Linear Fit BiOCI Linear Fit
- 68% c.i. 160 | 68% c.i. BiOCI
140 1
140
= MoOCI —=
g 1204 - 2
}) ) 120 -1
5 100 - 5
T wocCl, ® MoO,Cl, 0
< ® <
80 H 80
60 - e ReO,Cl 60 ® ReO,Cl
AH’y, = <(1.513 £ 0.01)AH, . - (28.73 + 2.6) AH',, = ~(1.590 £ 0.01)AH,, - (34.68 % 2.06)
40 1 " 1 I " I 4 1 " 1 % 1 " I " 40 1 X I 1 " I 4 1 = I . I 5 1 % I
50 60 70 80 90 100 110 120 130 50 60 70 80 90 100 110 120 130

—-AH_,,, kdJ/mol —AH,_ 4, kJ/mol

This would be useful to extrapolate AH, ,,(DbOCI,).
1) Chiera, N., M.; Sato, T., K.; Tomitsuka, T.; Asai, M.; Suzuki, H.; Tokoi, K.; Toyoshima, A.; Tsukada, K.; Nagame, Y
Inorg. Chim. Acta 2019, 486, 361.

2) Chiera, N., M.; Sato, T., K.; Tomitsuka, T.; Asai, M.; Ito, Y.; Shirai, K.; Suzuki, H.; Tokoi, K.; Toyoshima, Aip
Tsukada, K.; Nagame, Y. J. Radioanaly. Nucl. Chem. 2019, 320, 633.
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Experiment set-up

Detector: measure a particles
mMANON and their energies-

’/ capillary

N -

W
£ * -

/1
A 7

F eaction part Iso;ls'lgjrﬁo irt \
| S

’———7\. b

\

7 or 15 pairs of Si PIN photodiodes /

Rotating wheel
Mylar foil

= 52% SF
m 48% a: = 8460 keV (I, = 70%)
- 8680 keV (I, = 30%)

= 2.6% EC

m 97.4% a: = 8565 keV (I, = 20%)
« 8595 keV (I, = 46%)
« 8621 keV (I, = 25%)
« 8654 keV (I, = 9%)

Counted only coupled two a-particles

24 events (=24 Db atoms) were detected. detected within 3.5*5 seconds
(to exclude background noises)

1) Chiera, N., M.; Sato, T., K.; Eichler, R.; Tomitsuka, T.; Asai, M.; Adachi, S.; Dressler, R.; Hirose, K.; Inoue, H.; Ito,
Y.; Kashihara, A.; Makii, H.; Nishio, K.; Sakama, M.; Shirai, K.; Suzuki, H.; Tokoi, K.; Tsukada, K.; Watanabe, E_.;
Nagame, Y. Angew. Chem. Int. Ed. 2021, 60, 17871. 21

2) Haba, H. EPJ Web Conf. 2016, 131, 07006.



Volatility of DbOCI,

Clustering (for detection) efficiency
may decrease when higher temp. ~
y g P AHO bl

-AH, 4 (NDOCl5) = 102 + 4 kJ mol”!
-AH, 4 (TaOCl,) = 128 + 5 kJ mol”

-AH, 4, (DbOCI;) = 130 + 6 kJ mol™ _(1°590 + O'Ol)AH ads

- 68% C.i. 2621, —(34.68 + 2.06) [kJ/mol]
_; (Ty2 = 34 5)

o 100 -----------= I""""'“, o Ol = =l

> 88\|h !’ 170Ta al P

S (=145 7 (T Q -

= | B /7.7 m_'_n_); _______ o (T?'f‘_>;< - }/_ A ERR——

& = 3/ .

7 ! \ Evaluation curve .
I % E . Q .~ gy from PT AH, subl (DbOCIB) = 1724+ 10 [kJ/mol]

-
0 — —
! Y ! T T T ' T T

100 200 300 400 500 600
Column temperature / °C

volatility: NbOCI, > TaOClI, = DbOClI,

more volatile than expected
decreasing the ionic character

1) Chiera, N. et al. Angew. Chem. Int. Ed. 2021, 60, 17871.
2) Eichler, B.; Turler, A.; Gaggeler, H. W. PSI Condensed Matter Research and Material Sciences Annual Iggport

1994/Annex FlIIA, 1995 77



1 Summary 18

.| H He
) 2 13‘ 14 15 16 17 e __J
, [ Li [Be [BCNOFNe
S ¢ 5 e 7 s 9 10
s [Na|[Mg [Al Si|P|S|cCI|Ar
I\ 3 4 5 6 7 8 9 10 1 12k Ju Js S Jv e
| K Ca][Sc][ Ti| V Cr][Mn Fe Co][N' Cu Zn][Ga Ge|As|Se| Br | Kr
19 Jl20 21 22 )23 24 25 J\26 Je7 28 29 J\30 31 32 J\33 34 35 36
s [Rb Sr][Y][Zr Nb Mo] Tc|[Ru Rh][Pd Ag Cd][ln Sn|Sb| Te| I |Xe
37 J\38 39 40 )41 a2 43 Jl44 a5 46  Jla7 T Jl48 49 50 151 |52 53 54
s |Cs Ba][57' ][Hf Ta w][Re Os Ir][Pt Au Hg][Tl Pb| Bi |Po| At|Rn
55 Jlse ~71 )72 Jlea s o7 72 Jo  Jleo 81 82  Jlez  Jles 85 86
2 [Fr a][sg"][Rf Sg][Bh Hs Mt][Ds Rg Cn][ h| FI[Mc[Lv | Ts |Og
e7  les ~103Jl104 | 106 = Juoz  Jlios  Jlios  Juo  Jlutn Mz Nz e Jlis Jlie Nz Jls

losing metallic characters

52874 K" [La][Ce][Pr][Nd][!?m][sm][Eu][Gd][Tb][Dy][Ho][Er][Tm][Yb][Lu]

66

R 2\ ) 0 el i (D

+ observing relativistic effects on chemical character - considering relativistic effects when calculating
S
- obtaining experimental physicochemical parameters - utilizing relativistic effects

1) https://lwww.jaea.go.jp/02/press2021/p21070701/

23



Appendix



Spin-Orbit splitting (classical model)

On the electron’s side, the nucleus orbits.
—A magnetic field is generated.

7 e? Q ~~~~~~~~~

SO me 2 02 742 ________________________________ -

l: orbital angular momentum (s, p, d, f...)
s: spin angular momentum (tor|)

J=l+s

The energies depend on not only / but also s.

1) http://cphys.s.kanazawa-u.ac.jp/20090303press/soi.html.



Pershina’s calculation (1)
- introduction of relativistic effects -

Dirac equation
Hvy = Ex, H = cap + pmc + V(r)
{caﬁgp —(2mc* —V(r)+e)p=0
copp — (e =V (r))p =0

in a spherical potential

o m { Pm;(r) Ym0, 0, 5) 1 !—l —1(j=1 +%)
nem — | Al = K= .
i (0 6, 5) = Z<$Vlm —v|im)Yy,, _, (6, 9)E, (s) Y, ,(0,¢): spherical harmonic function

Jf ¢(5-5) Q) + VIR = ¢ P0)
le(— 5= 5) PO =220 + V(NGQ,(1) = Q.1

1) Rosen, A.; Ellis, D., E. J. Chem. Phys. 1975, 62, 3039.
2) X B@— B (BE) [BETECLFORAR] . BAKSFES. 2019.



Contamination of NbOCI;

100 -
&
he,
o @®: NbCl; (p(O;) <1 ppm)
P l: NbCl; + NbOCl,
o 50 - &: NbOCl,
-—
o
o
c

0

100 150 200 250 300 350 400

Temperature [°C]

1) Tdurler, A.; Eichler, B.; Jost, D., T.; Piguet, D.; Gaggeler, H. W.; Gregorich, K., E.; Kadkhodayan, B.; Kreek; S., A;;
Lee, D., M.; Mohar, M.; Sylwester, E.; Hoffman, D., C.; Hibener, S. Radiochim. Acta 1996, 73, 55.



Extrapolation of 4H,,,,

correlation

5 AHg(aga)MC|4(g)

= MClaq)
4

AHPRIBM I [2 AHg(zsa)Clz AH?(ags) MCI4(g) N_,g(zga)MCI4 AHMOCI,(g) — AHMOCI,(s)

= AH_,,MOCI,
extrapolated
(s) @ e
AHf MC|4(5)
(298) 0(298)
0(298) T
s H M (4,5) (g) (kJ/mol) sHy e, aH g (ky/mol)
1000 1200 7r o 104
900 1000 - Ti/ﬂ'alc/ Ko X
~105/104 gt X A
soo} 7 800 - ﬁg,f/iégﬂ ==
Ta/Hf -l sem" - 105
£ Ta
7o0 10%400 Nb/Zr % Y Nb
Hf/La
600 ZriY s 400 A
800 Tissc / v 00 gopmt= 0Ty LT
/ . /__:;_,—JL—-’_: IO
300 350 400 450 500 550 600 650 700 750 800 400 450 500 S50 600 650 700 750 800 850 S00
0(298) 0(298)
aH M (3.4)(g) (kJ/mol) a H M(g) (kJ/mol)

1) Eichler, B.; Turler, A.; Gaggeler, H. W. PSI Condensed Matter Research and Material Sciences Annual Report
1994/Annex FlIIA, 1995, 77



