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Abstract: Superheavy elements(SHEs), defined as elements with atomic numbers greater than 103,
represent a frontier in nuclear and chemical sciences. These elements, which include rutherfordium(Rf)
through oganesson(Og), are not exist in nature and currently can only be artificially synthesized using
heavy-ion accelerators. The production of SHEs is characterized by extremely low yields, often resulting in
only “ one-atom-at-a-time” level, and all their isotopes have short half-lives, typically ranging from
milliseconds to seconds. These characteristics preclude their detection through conventional chemical
analysis techniques, resulting in limited understanding of their chemical properties and behavior. In
addition, with the increasing atomic number, relativistic effects become increasingly pronounced,

significantly impacting the physical and chemical properties of SHEs. Consequently, the chemical behavior
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of SHEs deviates markedly from periodicity-based predictions for their lighter homologs. To be precise, the
position of a new element in the periodic table can only be definitively assigned after verifying its chemical
property. Therefore, investigating the chemical properties of SHEs is a critical research issues in nuclear
chemistry. In this case, gas phase chromatography technique was developed as a distinctive and effective
method for examining the volatility, adsorption enthalpy, and other essential physicochemical parameters
of short-lived SHEs. Through such approaches, researchers can infer the chemical behavior of single atoms
of superheavy elements and compare them with predictions from relativistic quantum chemical
calculations. This review systematically explores advancements in the gas-phase chemistry of SHEs,
encompassing historical developments, experimental methodologies, recent discoveries, status and progress
in China. Its objective is to clarify the impact of relativistic effects on their electron configurations and their
precise positions within the periodic table. The article reviews the discovery process of SHEs, from the
pioneering efforts in the late 20th century until more recent achievements in synthesizing of the heaviest
element, and highlights significant technological advancements in their chemical research, including the
developments of target preparation and gas chromatography technology. Moreover, the detailed insights
into recent experimental methods and results concerning carbonyl complexes of seaborgium(Sg),
bohrium(Bh), hassium(Hs), meitnerium(Mt) and their homologues, as well as the chemical properties of
copernicium(Cn), nihonium(Nh), flerovium(Fl), and even moscovium(Mc) in their elemental states are
presented. Recent studies confirm that, although the chemical properties of SHEs generally follows the
periodic trends observed in their lighter homologs, they also exhibit deviations due to the strong relativistic
effects on the electron configurations. From a future perspective, anticipated advancements in experimental
techniques and theoretical models will further elucidate the underlying principles of the periodic table and
enable the exploration of heavier elements.
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1 H Periodic Table of the Elements 2,  He
AN
hydrogen helium
110078, 1 0082] 2 13 14 15 16 17 40026
3 Lif4 Be| mrs — 1 Hl— 5 B[6 c[7 N[8 of9 F[10 ,_ Ne
ﬁ = . P =
(L E= o % o | A
lithium beryllium hydrogen—{ boron carbon nitrogen oxygen fluorine neon
s e o o oo fré
[6.938, 6.997] 9.0122 [1.0078, 1.0082] [10.806, 10.821] | [12.009, 12.012] | [14.006, 14.008] | [15.999, 16.000] 18.998 20.180
N M A i P ] Ar
11,EW312 9 13% 1AFS|5 1652:517/:018/,
< I+ Uil L i
sodium magnesium aluminium silicon phosphorus sulfur chlorine argon
22000 | 2304, 28300 3 4 5 6 7 8 9 10 11 12 sgm  |@ooaszsose) | soors | (2059, 52076 | 55446, 35457 | o 792 50,969
19 %$ K |20 4;‘@ Ca|21 %) Sc |22, Ti|23 4 Cr|25 Mn [ 26 é}: Fe|27 %‘E Co|28 f% Ni |29 %Iﬂ Cu| 30 > Zn|31 For Ga[32 ,  Ge[33 ,ﬁq] As| 34 Se| 35 o Br SS/S Kr
L R T
potassium | calciom | scandium | fitanium | vanadium | chromium | manganese iron cobalt nickel copper zinc gallum | germanum | arsenic | selenium | bromne | krypton
39.098 40.078(4) 44.956 47.867 50.942 51.996 54.938 55.845(2) 58.933 58.693 63.546(3) 65.38(2) 69.723 72.630(8) 74.922 78.971(8) 179. %’:.’:‘9 807] 83.798(2)
37, Ro[38 . srlse Ylao, ~z|4r, Nolaz Mo[43, Toles Rulas, Rn[4s, Palar _ Ag[48 _ Cdlas in[50 ,_sn|s51 sb[s52_, Te[53 1|54, xe
i e | | | 5 w7 o filt s
rubidium strontium yttrium Zzirconium niobium molybdenum | technetium ruthenium rhodium palladium silver ‘cadmium indium tin antimony tellurium iodine xenon
85468 87.62 88.906 91.224(2) 92.906 95.95 101.07(2) 10291 106.42 107.87 11241 114.82 18.71 121.76 127.60(3) 126.90 131.29
55 Cs |56 ﬂ Ba 57-71 72 Hf [ 73 Ta |74 W|75 Re (76 N Os |77 Ir| 78 Pt|79 Au| 80 Hg | 81 TI| 82 - Pb(83 , =~ Bi|84 Po| 85 At| 86 = Rn
# M| mR | A H oA & | R o h oA
caesium barium lanthanoids hafnium tantalum tungsten rhenium osmium iridium platinum gold mercury thallium lead bismuth polonium astatine radon
13291 13733 178.492) 18095 18384 18621 19023(3) 19222 19508 19697 2005 |r20ass, 20039 | 2072 20898
87 , ., Fr|(88 Ra 104 Rf [ 105 Db | 106 Sg| 107 Bh( 108 Hs | 109 Mt [ 110 Ds| 111 Rg| 112 Cn| 113 Nh| 114 FI| 115 Mc| 116 Lv| 117 Ts| 118 O
5 " b T B e B T i e Tl N ™ S ™ B "B ™ ’
H 1) Loy N RZN P
francium radium rutherfordium dubnium seaborgium bohrium hassium meitnerium | darmstadtium | roentgenium | copernicium nihonium flerovium moscovium | livermorium tennessine oganesson
57 ,,_la[58, . cCe[59 prleo, Nd[e1, _Pm62, sm[es , Eules Gd[es, To[es  Dy[e7, Ho[es Ef6o , _Tm[70  vo[71 Lu
it 1 Z L 3
lanthanum cerium neodymium | promethium | samarium europium | gadolinium terbium dysprosium | holmium erbium thulium ytterbium Iutetium
138.91 14012 14091 144.24 150.36(2) 151.96 157.25(3) 158.93 162.50 164.93 167.26 168.93 173.05 174.97
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Fig.3 Graphs show the temperature distribution of thermal(a) and isothermal chromatography(b); graphs show the

thermal chromatography deposition peak(c) and isothermal chromatography penetration curve(d)"”)
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Fig. 6 The valence electron configurations of central atoms
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Table 1 Chemical information on the Mo/W, T¢/Re, Ru/Os, and Rh/Ir carbonyls!?!!

i3 Hir LT [ineée ] A2 4% TeflonZ& i Fi A&/ (I emol ") SO R T FHE/ (kJemol ™)
6 18 Mo(CO),. W(CO), 100 —3842(Mo), —46.5:2.5(W) —39+2(Mo). —46.5+2.5(W)
7 17 Te(CO)s. Re(CO)s 25 —43+2(Tc), —43+3(Re) —4322(Tc), —43+3(Re)
8 18 Ru(CO);. 0s(CO)s 75 —33(Ru), —43.5(0s) ~351(Ru). —43.5(0s)
9 17 Rh(CO);. Ir(CO), 20 —36(Rh), —37+3(Ir) —3743(Rh), -37+3(Ir)
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Fig. 7 Experimental setup diagram for

synthesizing Sg carbonyl complexes**!
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Fig. 8 Synthesis and detection of carbonyl complexes of

short-lived Re isotopes”!

32 BRSBETENSHEULERR

1) Copernicium(Cn, Z=112) il Flerovium(FI,
Z=114)

Cn #l F1 B9 H 7 56 25 0 B 90 3 23 ) ok
[Rn]5f'46d'%7s? Fil [Rn]5f'46d'07s*7p?, X ffi 15 Cn K
FIYE 73 040 o o 28 R 50 12, 14 TR — B3, f
F Hg(Z=80) J Pb(Z=82) Z F . -1 H3f HE I,
Cn Fl FI LB A 0 & 52 )2 454, W] g R 3t
H 2E L Rn(Z=86) (1) 5 % & 14 20 B L A7 F 58 45
th, Cn A1 F1 AT fig 5 Hg AHARL, T/ B3 05 4 s Fe bk,
AT LR T P, Cu B Au %4 )8 R, T
TEX LI, Yakushev 45281 | ] #Ca HE I %5 i K
SR Ah R LE S Cnl20, JETESE AL AL R 48 A Nd LA
7R R A Hg(Z=80) [Al (i R AE S IR . B 5¢ 1A
BA A b R FH 3% 180 B Au 5K Pd i PIPS #4007,
TR T He 78 5t 4 Jm 2 T A4 W B 1 0 G4
o MRERBA, 764 B S Hg( T,,=49 s ) [F] L
F LI ROR A 80%. HE T Hg 5 Cn fb2 1 B AH
oL i 15, 38L 3 S0 N W8 2 3 %) 4 A4 SF = 1F,
1B 52 B 52 36 v oA A I 3 AT A SF {7528, SEE Uk
W, Cn JLER 15 Au., Pd 2 1 19 AH 5L A 5 2 B



a4l En WESEOBEITR A ET R R

357

59 F Hg Jo &, X O P 18 5 o0 K 19 2% 1 1k 24 4
PESRHE T OCHE ) SR TE SR

Giggeler 55 BU A 22 Cn 78 Au 2% 1 A0 W B 44
FERE T — TR S5 o 1% 5L 50 A T COLD #R I 25 P
B, TE 4 I g1 2 TR N K G A B, T 1BE B A -35 °C
5185 C 1Y% S BB . SL I g B 7 4
Mk 40 MeV 19 SF FifF . (HMRFEEMN I, X
SF 4 /) 25 (8] 4345 5 5] 26 Wa D () R OB 0 A7
— 2, UESE Cn WL HRE 5 R W% R AHABLEY,

SR, Ji BERIF 58 R fE 5 BI% S0 06 1Y 45 L, Se e
Bt s 2 A Kl 0t o AR AR 20D, B T
0.2 s W& SF AR, i F IR A %6 & 1 1% i i
[ (29 4s), To R 22 5 WA 0.2 s 1Y v ]
ey, R R L R R SC B 2 ¥ . GSI A1 Dubna
WF 5% BT HH 4k A0F 2 1) Ak 2 2 56255 5 K A2 i B )
AEJE B L 2 s BRI, 76 1 100 i 1 S 56 mp 24 oK A
) 1T B R T-25°Cn 19 o AR REPY, 13X — 45 R
S Y aE— 25 T SR AR LR Y Cn AR iR AR

16 ) 48Ca B 3% 17 238U R A S 86 K W, B
227 il P2 A FL (Z=114) BRI % 42 e BT 5T
Cn WAL T o 22 07 DA SR 3 F A% 2 1, 2 PRy
W2 ) 24 ffi F4$Ca S 1 A i F1 B JS 5248 £ Cn B,
J o7 AT S S Y, AN R, XOR O 5 i — A i
PSSR, PR A 0 L AR A R P, AR A
HAT R KL WA Cn T4 WX — R
FRAERG B2 A SCa IR %2 15 22Pu B, ) FE AL G
o A 22Pu(#8Ca, 3n) 27F1 JZ 1 38 T8 W58 5] 1) o AR B
i 9 ZEMT B

Eichler %53 XF Cn fb 2% M 5 i F 55 v, 19

PRI 28 M50 32 %F (1x1 em?®) Si #4800 8 20 B, H:
F—T8E A 50 nm JEAY Auv )2 . IZSLE R A
% 58 4 B AE 17, #F— 2B R G R BOK
O3, BRI IR IR TR UK E 1T G B T 6
YER . SR, 763 BEARF 29100 C B, {750 ik 58
S HEBR VK2 BB 1o

e YL Sy 2.2 s RO B0, %52 e iy
BEH 68%. FH*%Ca HUUE M IR 2% 7 242Pu 41, Ik
R 2 T 5 S AR B34 LR 9 A, S A
H Cn 7€ Au 3 I 9 W2 B 4% B Rn &5 L {H EE Hg I
B 455 B3, JEHE S Y Cn 76 Au 2% 181 A4 W2 BE 4
=52 kJ/mol, 5 # i 3+ 815 | 19— 44 kI/mol?7 ¥
Ao SR, *8Ca H U5 24Pu ¥E M 1 2K TR
7= A T K R [A4 26 . X 26 R 2 7E (3%
HEd B A T ®AT AR, T A I M7, i 435
29F] K B2 AR BE C I AR . SR, DA
1 Cn. Hg. Rn #l F1 5 {: 7£ COLD £ &% | (14 fif
BN 10(a—d) B3 fioR .

& 10Ca) &R T Jhg =4 "*SHe( T1,=49 s, JK
ke ) & 2Rn (2 FHAE) UL i . B E 10
AT, "SSHg ARSI 25 A E AL BT 3R DO, 1 R Y
PUFLTF COLD ¢ & ) 11 B f9 IR TR X 3. 4
A 7R He A1 R 76 4 2 T A4 W BEHGS 43 900 A
AH ( Hg ) < =50 kJ/mol F1 AH,4( Rn ) =—19 kJ/mol,
5wk BE — 2. | 10(b) B/R T COLD % & N
MCn = 4HLE o AR E . & 10(c) ME 10(d)
A3 0 SR T AR — YRS 56 I F A AN 2T R
SR RS0 L B ) S5 A0 A 28R R Y HLAAR T
U & . BT =5, WEoT A RS FLAE

287F1
+0.16 1
048 09 1
- | I .
Rt BRI | PKIZSR
1
1
*$Cn 0 WCp Cp 283Cp W0y
38702 28 5T 21°C -39 C —124°C
.54 MeV. 9.37 MeV 9.47 MeV ' 9.52 MeV' 9.52 MeV 9.35 MeV
Z79Ds 279DS 279DS 279Ds 279Ds 279]:)s
0.20 +0.05 7:0.592 s 7:0.536 s 7:.0.072s 7:0.088 s 7:0.773 s
Y 0.04° SF SF SF SF SF
SF (108+123) MeV||(127+105) MeV||(112+n.d.) MeV||(94+51) MeV| |(85+12) MeV|

K19 2TF1 e Ho7- (A% R 0 A P Bt (7)), LA K S WL 21 (192535 Cn 1) 38 AR B (A7) B3]

Fig. 9 Decay properties of *’Fl and its daughter nuclides(left)!”, and the observed decay chain of **Cn in experiments(right)?**!
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Fig. 10 The deposition distribution characteristics of Hg, Rn,
Cn, and F1 observed in the COLD detector
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Fig. 11 Experimental setup at TASCA and deposition pattern of 2**2%°F] as well as '*Pb,'#>—'®*Hg, and ?'’Rn[*")
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Fig. 12 Experimental setup diagram to investigate the chemical properties of Nh and Mcl*”!
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Fig. 13  Distribution of Nh and Mc on the surface of the COMPACT detector at room temperature®®”!
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