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First principles calculations of equilibrium isotope fractionations for complexes
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Abstract

The equilibrium isotope fractionation factors between complexes in nature fluids play a key role in using sta-
ble isotope to trace the evolution process of nature fluids. However, due to the limitations of experiments, it is dif-

ficult to accurately determine the isotope fractionation factors between complexes. Based on the first principle,
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quantum calculation is an important method to obtain the stable isotope equilibrium fractionation factor between
different complexes, which cannot be obtained by experimental method for various extreme conditions. It is nec-
essary to simulate the dynamic characteristics of solution and the interaction between water molecules when ap-
plying the first principle to calculate the equilibrium isotope fractionation factors between complexes. At present,
there are two methods to simulate the environment of aqueous solution in geological fluid, explicit solvent model
and implicit solvent model, which have been successfully applied to the calculation of equilibrium isotope frac-
tionation factors of many elements. In this study, we systematically introduce the two models, and compare the
advantages and disadvantages of the two models in calculating reduced isotope partition function ratio (RPFR or
B) value. The results show that the differences between the two methods are mainly reflected in three aspects:
(D for computing time, due to the small number of atoms and a single structure of implicit solvent model, the cal-
culation time is less; however, due to the large number of atoms and complex structure of the explicit solvent
model, the calculation takes a long time under the same calculation and theoretical level with the implicit solvent
model; @ For different configurations, the implicit solvent model has only one configuration, which cannot evalu-
ate the effect of configuration on 3 values, while the explicit solvent model can effectively evaluate the influence
of configuration on the results by establishing different initial configurations; 3 The implicit solvent model de-
fines the aqueous solution environment around the solute as a continuum of uniform dielectric constant, which
does not fully consider the dynamic characteristics of water and the interaction between water molecules, which
may lead to large errors in the calculation results. The explicit solvent model can well express the dynamic charac-
teristics of water and the hydrogen bond formed between water molecules, which lead to more accurate calcula-
tion results. The comparative study of the two models shows that the explicit solvent model can better simulate
the interaction between water molecules and solutes, and the calculated equilibrium isotope fractionation factors
between complexes is more accurate, which can provide a basis and reference for choosing which model to use in
the calculation of isotopic fractionation in the future.

Key words: geochemistry, first principles, isotope fractionation, complexes, ore-bearing fluids, explicit sol-

vent model and implicit solvent model
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13 3% 119 - flir 4318 R AL, W1 O \H . C1,Fe Mg, Si.Cu,
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[Sn*'Cl,] [Sn*'CL]

K1 LS B E RIS B A 2% 5 ) 70 1454
a. [Sn**CL,]; b. [Sn**Cl,]" (4} Sun et al., 2022)
Fig. 1 Complexes molecular structure of optimized implicit solvent model
a. [Sn**Cl,]; b. [Sn?*Cl,] (after Sun et al., 2022)

FEAE (Liu et al., 2005; Li et al., 2009; 2011; Wu et al., molecular dynamics (FPMD)) X} [Sn** Cl,]F1[Sn? Cl;]
2015; Gao et al., 2018; Wang et al., 2019; Gao et al., WAV ATEMITE ., B N2 %EY
2021) . &l 2a.b 3 F 8 XA FIB R X [Sn*CL]  TEW T P A Sh A FRAESEA TR, TR FINVT #4
FISn> CL] 45 b4k &, I AT DL 7R [Sn* Cl,] 8 11 % & 2E (NVT thermodynamic ensemble ) (H[) 7£
FI[Sn> CL] % &l Bl B /K 7> 728 . Sun 55 (2022) BRI v 5 750 (o), IR FR (V) AR EE ()
JO7 ) 55 — 1 D B4 - ) ) % 7 ik (first-principles [ 5@ ANAE, ) (P) I BE i () SRR BCR). T

[Sn"CL]

2 e AR I 2455 W 00 T 45
a. [Sn* CLI(H,0)5, (" J2:2x2x2); b. [S0?CL](H,0), (2 :2x2x2)
@ IR CUR T LA FR O i A FR/R HIET s S EF0R Sn i1 8 6308 Na J5U 15 R 4 431 3 1 2 B840 58 1R H,0 431 2 1)
JE IR 2 (18 Sun et al., 2022)
Fig. 2 Complexes molecular structure of the optimized explicit solvent model
a. [Sn**C1,](H,0)s, (super cell: 2x2x2); b. [Sn?'Cl,]"(H,0)s, (super cell: 2x2x2)
Colors for atoms: chlorine, green; hydrogen, white; tin, purple; sodium, yellow; the dotted line shows the hydrogen bond formed between

H,O molecules after molecular dynamics simulation (after Sun et al., 2022)
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REOTHESRER AR A WE T fr i
Fo 2 Bt 2 R R AL 3 5 1Y B L Se A1 Sn [A] fi 3

ZER(F 1), M0~350 °C, DLRa A FIB 15 1Y
[Sn2"C1,] HY BAEEFE A 1.002 084~1.000 406, [Sn*"Cl,]
1 BTG A 1.005 445~1.001 082, A i v 77 455 50
T 59 [Sn?* CLT F [Sn* Cl,] 4 B {8 78 Bl 43 5]
1.002 385~1.000 473 #1 1.006 877~1.001 394 (Sun et
al., 2022) , HAEXS Sn> Cly 2% & W AT 4> T8 )1 2F 1t
FE A 1A K T5 Sngs &, I Y Sn2*Cly 45 &
Yy LT Bk 4, BCA T 2 o CLAT O, 1 B =X % )
BRI L IO AL . AR 1105 45 R R W, 7 1H 2 i
BE A5 R [A) — PS8 11 550 1Y B MR Y AR Ak ok
[Sn*Cl,] > [Sn?>*CL]", X 51 A4 th @ o A 6] 7 R
AR R R S5 8 A0 — 2L (She et al., 2020; Wang
et al., 2021), HLFifi % &5 A9 55 [Sn** C1L,] A1 [Sn? Cly]-
() BIELARIZHT AT (K 4a.b) . BIRIX AR fL 2
— R EE 2 RS AL B AY BAE A B R A 25 5,
FE25°CHAF T, [Sn?* Cly] 7 Fa X A i 200 A 7
B B2 9 1.001 755 F11.002 014, [Sn**Cl,]H B

F1 2MERTEMAREITTEH BEW0~350 °C)
Table 1 B values for different elements calculated by the two models (0~350 °C)

SEwipllel

RERnE [

HKEY) RLEE/°C ) BRI
0 1.002084 1.002385
25 1.001755 1.002014
100 1.001126 1.001302
Sn**Cly Sun et al., 2022
200 1.000703 1.000816
300 1.00048 1.000559
350 1.000406 1.000473
0 1.005445 1.006877
25 1.0046 1.005829
100 1.002974 1.003793
Sn*Cl, Sun et al., 2022
200 1.001865 1.002394
300 1.001277 1.001644
350 1.001082 1.001394
B(OH), 25 1.2313
Liu et al., 2005
B(OH),-(H,0),, 25 1.2267
Se0,> 25 1.0350
Lietal, 2011
Se0,>-24H,0 25 1.0243
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Fig.3 Variation trend of temperature and energy with time of [Sn*'Cl,] and [Sn*"Cl,]" complexes during molecular dynamics
(FPMD) simulation
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BRI 25
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Ge(OH), (9) F1 V¥ O(H,0)s2* (17) 5% (Jarzecki et al.,
2004; Li et al., 2009; 2011; Wu et al., 2015) , %f & =
RS IL B N O A X B S Sy ALy A a1 8 S = Rl BU
P G B E W or T 03 I 32 A% BT AR,

RFERTELAS /N BRI AT 315558 B, H 15856 iU i
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JEFHCH B, B 1), Sn(E2), GefllSe(#£2),
BABEWIH AR H W E R 20~154(5K2)
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YA BN R B A R (2~10 4 ), PR A4 5 B
AR B30 [] 1) B 21 KPR I 2O AR TS A 4%
B WA AN (Gaussian B0 ) |, FERT L e 7
B Pl s A AR IR 28 5 W Rt T BE RS 2 1T
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2.2 FFMEENTER K S FEANEEIRT B ERI 2N
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Table 2  values of Ge, Se and B complexes with different numbers of water molecules and different configurations

(A, B, C and D represent different configurations)

Ge 551 B ORI Se#5 4 B S5 3k

6 MK STy 44K R 6 KA T 2 A Ay 7
Ge(OH),-(H,0), A 1.02199 Se0,>-6H,0 A 1.036819
Ge(OH),-(H,0), B 1.021889 Li et al., 2009 Se0,*-6H,0 B 1.036826 Lietal., 2011
Ge(OH),-(H,0), C 1.022125 127K 55T 2 A F 1
Ge(OH),-(H,0), D 1.022101 Se0,-12H,0 A 1.037314

127K 519 4 e £ Se0,2-12H,0 B 1.03741
Ge(OH),-(H,0),, A 1.022136 187K 41 2 - 7Y
Ge(OH),-(H,0),, B 1.022019 Se0,>-18H,0 A 1.037697
Ge(OH),-(H,0),, C 1.021919 Se0,>-18H,0 B 1.037862
Ge(OH),-(H,0),, D 1.022096 244K 53T 24 2

I8 ANIK G F1 44 Hay 7Y Se0,-24H,0 A 1.038032
Ge(OH),-(H,0),, A 1.022167 Se0,*-24H,0 B 1.038291
Ge(OH),-(H,0),; B 1.022096
Ge(OH),-(H,0),, C 1.022031 B#%GY B BB IR
Ge(OH),-(H,0),, D 1.022173 B(OH),-(H,0), 1.2274

247K 53 FH 4 e 7 B(OH),-(H,0),, 1.2266
Ge(OH),-(H,0),, A 1.022191 B(OH),-(H,0),, A 1.2266
Ge(OH),-(H,0),, B 1.022122 B(OH),-(H,0),, B 1.2269 Liu et al.,2005
Ge(OH),-(H,0),, C 1.022247 B(OH),-(H,0),, C 1.2271
Ge(OH),-(H,0),, D 1.022216 B(OH),-(H,0),, 1.2267
307K G 44 T

Ge(OH),-(H,0),, A 1.022204
Ge(OH),-(H,0),, B 1.022167
Ge(OH),-(H,0),, C 1.02203
Ge(OH),-(H,0), D 1.022016

RN 2 A B.C.D N 4R R AYHAED) , HA
[F) R R BB AT — 2 25 5 (3R 2) , R WA ALE 52 )
BIAMIIH R Z — , RN AE T A b 28 5 0 14 V- A O3
TR AR BT B e B R 520 . WnET 1155 B .Se . Sn I
Ge 25 G BAE , 43 )38 it e N7 Z AR AR T B
{HL, I S5 2SR HIAS R 4 B 5545 B A A9 P B VR 4%
G BAE , T REA AL U TR 25 SR A 52 e (3 2)
(Liu et al., 2005; Li et al., 2009; 2011; Wu et al.,
2015),

I P RS R0 5 Jo o] Pl /K B 58 AP T 2
ot B PRUTZ O AN e R G VAl K 2 7 B0 A2 4
XPTHEEAE R SE e o I 2 RS AL DU R 3 e A o
JEl RIS I — Z2 90 (R 7K 3 3 S AN () 1) A A A R 1)
(6,12 18,24 F130) K PPAl 7K 73 K it 22 55 %1 B
LAY (F22) 2, Liu 45 (2005) 3158 B(l) i
ANRIR BT A6, 322 1 i o S LR 7K - K (6

12.8.24 F130), i+ 5 ny 45 SR R W, Bl 5 K 43 FEmy
B, 25 K2 () 1 BB 25 S i R AT, T 30 7K 43
- #i 71 B(OH), - (H,0),,_C il 34 4~ /K 43 ¥ f #1 B
(OH);~(H,0);, Z [H] /4 B{EAH 25 47 0.0004 (£ 2) , X Fil
24 T H ET A SR K 2R B [l % 208K 7] 2 AN
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Fig. 4 1000Inp (a) and 1000Ina (b) values of Sn**Cl, and Sn**

Cl, complexes calculated by two models
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