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Bigeleisen-Mayer/a =,

Urey :

The Thermodynamic Properties of Isotopic Substances.

LiIvERSIDGE LECTURE, DELIVERED BEFORE THE CHEMICAL SOCIETY IN THE RoOvAL
InsTITUTION ON DECEMBER 18TH, 1946.

By Harorp C. Urevy.
(Institute of Nuclear Studies, University of Chicago.)

THE JOURNAL OF CHEMICAL PHYSICS VOLUME 15, NUMBER 5 MAY,

Calculation of Equilibrium Constants for Isotopic Exchange Reactions

. Jacor BIGELEISEN AND MariA GOEPPERT MAYER
Argonne National Laboratory, Chicage, Illinois™ and Instituie for Nuclear Studies, University of Chicago

b | (Received February 5, 1947)

Ipointed out that the possibility of chemical separation of isotopes is a quantum effect.
rinits a direct calculation of the difference in the free energies of two isotopic molecules.
and approximation methods are given which permit a rapid calculation of equilibrium
ts if the frequency shifts on isotopic substitution are known. Several applications are

1947
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On the proper use of the Bigeleisen—Mayer equation
and corrections to it in the calculation of isotopic
fractionation equilibrium constants

Qi Liu?, John A. Tossell ¢, Yun Liu ®*

= Srare Key Lm'mr.-:rmr} af Ore f_}e;mw{ Geochemisiry, Institure af Geochemistry, Chinese Academy of Sciences, Guivang 550002, China
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ical corner-stone of stable isotope geochemistry for decades. It is nec-
i the approximations and the Teller—Redlich product rule employed
> the publication of the Bigeleisen—Mayer equation in 1947, many
they either directly used experimentally observed Mlundamental frequen-
“City contributions, or used harmonic frequencies from guantum chem-
to fit the experimentally observed Mundamentals. Such errors have
n of equilibrium isotopic fractionation. Moreover, many researchers
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Richet et al. (1977)

* Anharmonicity of ZPE
« Anharmonicity of Vibrational Excited States

* Vib-Rot Coupling of ZPE

 Vib-Rot Coupling of Vibrational Excited States
* Quantum Mechanical Rotation
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Liu, Tossell, Liu (2010):

« Anharmonicity of ZPE (AnZPE)
 Anharmonicity of Vib Excited States (AEXC)
* Vib-Rot Coupling of ZPE (VrZPE)

* Vib-Rot Coupling of Vibrational Excited States (VrEXC)

e Quantum Mechanical Rotation (QmCorr)

« Centrifugal Distortion (CenDist)
Hindered Internal Rotation (Torsion)
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The theory of equilibrium isotope fractionations for
gaseous molecules under super-cold conditions

Yining Zhang “°, Yun Liu**

* State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550002, China
® University of Chinese Academy of Sciences, Beijing 100049, China
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Abstract

It is necessary to build a proper theoretical method that can precisely describe isotope fractionation processes under super-
cold (<200 K) conditions, because there have been many isotopic data obtained in our solar system that are related to such
processes. However, current methods of isotope fractionation calculation, i.e., the Bigeleisen-Mayer equation and its higher-
order energy corrections, may not be applicable to super-cold conditions. Here, we have checked important assumptions and
higher-order corrections that can affect isotope fractionations of gas-phase molecules under super-cold conditions and devel-
oped a new theoretical method for calculating equilibrium isotope fractionation factors. Compared with previous works, we

have added three new corrections into our calculation, 1.e., nuclear-spin weights for quantum mechamcal rofation, correction
for Born-Oppenheimer approximation (BOA), and inversion splitting effect for non-planar molecules such as NH;. We fur-
ther examined gaseous molecules of geochemistry and cosmochemistry relevance, e.g., H,, HF, HCl, H,0, H,S, HCHO, NH;,
CH, and their deuterated isotopologues. We found that the correction for BOA, which was rarely considered in previous stud-
ies, is important for those gaseous molecules under super-cold conditions. In case of D/H, *C/'>C and '*0/'®0 exchanges
among organic molecules, BOA correction cannot be ignored even at ambient or higher temperature conditions. Most isotope
fractionation trends at super-cold conditions reported here are quite different from their counterparts at ambient or higher
temperature conditions. The method proposed here will extend our capability in interpreting equilibrium isotope fractiona-
trione to ciiner-cnld conditione i the calar evetem

* Nuclear-spin weights for
quantum rotation
+ B-OIZIHIBIE

* Inversion splitting effect for
non-planar molecules
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The correction for BOA (Born-Oppenheimer Approximation)

BOA: The kinetic motions of electrons and nuclei are
iIndependent.
Correction: Coupling between the electronic and

nuclear wavefunction



The correction for the Born-Oppenheimer Approximation via

DBOC (Diagonal Born-Oppenheimer Correction)

DBOC Firstly proposed by Born and Huang (1956).

A first-order perturbative energy correction for the BOA.

e ™ 1 2 e
LIS WoEW
{ 2m, ° Ame,lr, —RPJ 2 BO
[*) ;‘) electron, g = —e 1 1
proton, g = +e // > 2 e
/ BRI E L WoFY i,
[ 2m, " 2m, ° Apg,r, —Rp‘] 1 Non-BO

-13.59828667 eV  -13.60569253 eV  0.00740586 eV 0.00739960 eV

H: Fopoc includes > 99.9% non-BO energy



Hyper-clumping of 25NN in atomsphere

SCIENCE ADVANCES | RESEARCH ARTICLE

ATMOSPHERIC SCIENCE

Extreme enrichment in atmospheric '°>N'°N

Laurence Y. Yeung,'* Shuning Li,"" Issaku E. Kohl,? Joshua A. Haslun,? Nathaniel E. Ostrom,>
Huanting Hu," Tobias P. Fischer,® Edwin A. Schauble,”? Edward D. Young?*

Molecular nitrogen (N,) comprises three-quarters of Earth’s atmosphere and significant portions of other planetary
atmospheres. We report a 19 per mil (%o) excess of >N'°N in air relative to a random distribution of nitrogen iso-
topes, an enrichment that is 10 times larger than what isotopic equilibration in the atmosphere allows. Biological
experiments show that the main sources and sinks of N, yield much smaller proportions of '>N'*N in N,. Electrical
discharge experiments, however, establish '°N'>N excesses of up to +23%o. We argue that '>’N'°N accumulates in
the atmosphere because of gas-phase chemistry in the thermosphere (>100 km altitude) on time scales comparable
to those of biological cycling. The atmospheric '>N'>N excess therefore reflects a planetary-scale balance of biogeo-
chemical and atmospheric nitrogen chemistry, one that may also exist on other planets.

Copyright © 2017
The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim t
original U.S. Governmet
Works. Distributed
under a Creative
Commons Attributior
NonCommercial
License 4.0 (CC BY-NC



Equilibrium clumping of 5N*5N in atomsphere
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The theoretical treatment of Polyakov
G(T,P,m")-G(T,P,m)
_ F(T,v*,m*)—F(T,v,m)+ PAV

oV

F(T.V,m)-F(T,V,m) \

First-order of Taylor expansion

. oF (T,V,m")
~F(T,V,m")+ AV —F (T,V,m)+PAV

The two ways to obtain Helmholtz free energy:

€ Quasi-harmonic

@€ Intrinsic anharmonic
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%1 (An%HU) %2 (In238U)

<r,>12=5 82 (fm) <r,>12=5.85 (fm)

BN FERIERNE TFEERE . |U°=-280522068 (au)

238+ = -28052.1095 (a.u.)




Coulomb Potential

Large nucleus {r,)
Small nucleus (r,)

\Point nucleus

0
Distance from Nucleus

-2.x 10°

Magnified potentials
around the nucleus

= s
-3.x 10°

= A
=l

[ Gaussian-type finite : oo
nuclear models L fiviclaus
= T 105 (Ubul
Pointcharge | i
model 0.00001 0.0000
0.0001 0.0002 0.0003 0.0004

r

Distance from the nuclear center (a.u.)

(Schauble, 2007)
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R,, = 5.8337(41) fm R,, = 5.8571(33) fm

1fm=10""m
238 |6+ 235] |4+ = 238] |4+ 2351 16+
http://www-nds.iaea.org/radii/#ref Uus™ + U U™ + U

AE = 4.030x10° eV

Bigeleisen (1996, JACS)
K:, = 1.00108 (433 K)
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agnesom | :imﬁlu’n Sticon plms sdn bﬂ :lbo
11 1 13 14 15 16 17 18
Na | Mg Al| Si | P S | Cl| Ar
22.920 24.305 26.982 28066 30.974 32.065 35453 29.918
potassium calcium scatvdium titanim vanagum cheomium | manganese iron coball nickel oopper znc gallsm germanum arsenic salenium tecmine keyplon
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K | Ca Sc| Ti|V |Cr Mn|(Fe |Co| Ni [Cu|(Zn | Ga|Ge|As | Se | Br | Kr
29.008 40078 43,556 47.867 S0S42 51.996 54.928 55245 58,933 58693 52,516 65.39 69.772 72.61 74.972 78.95 79.904 83.80
yiirium Zkconum nicbium - E T - mosum S————— e e s i i odine
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb | Sr Y | Zr | Nb | Mo C|RUfRh|Pd|Ag|Cd| In | Sn | Sb | Te I | Xe
85468 3252 £8 906 91.224 92.906 95 04 98] 101 67 !9‘2;9I 106.42 |07;§7 112.41 &32 1.1847.1 121.76 127.60 |26,‘90 131.29
55 56 57-70 71 72 73 74 75 76 80 81 82 83 84 85 86
Cs|Ba| ¥ |LUu|Hf | Ta| W | Re|Os Hg| Tl [ Pb| Bi | Po| At | Rn
132.91 137.33 174.97 178.49 190.95 183 84 19521 190.23 200.59 204 38 207.2 208 98 120 121 1227]
francum e SRV rer— —
87 88 89-102 103 104 105 106 107 108 112 114
Fr | Ra|*>| Lr | Rf | Db| Sg | Bh | Hs Uub Uuq
1223 1226] 1262] [261] 1262] [269] 1264 1269 1277) 259
Imn;a?mm oassm 2 y.-?gymu o Gyt"l“ ™ pmme;n'um ST Wsénm ayspéossnm holén;m i ;'n _mlTlé.m“_ ylle%um
*Lanthanide series O =
La||Ce | Pr |Nd |[Pm|Sm| Eu Dy|Ho| Er | Tm| Yb
128.9% 140.91 14 BT 164.93 168.93
actnium thorum proladinum wankm neplunium pulonum amencum callomum ensteniun fermum mendaelevium) nobalium
** Actinide series 89 90 92 95 100 101 102
Ac| Th | Pa] U |Np| Pu|Am Cf| Es | Fm|Md| No
[227] 23204 Z231.04 [2327] 1z44] [242] 1251 [252] [2571 1259] [25%
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Modeling nuclear volume isotope effects in crystals

Edwin A. Schauble’
Department of Earth and Space Sciences, University of California, Los Angeles, CA 90095
Edited by Mark H. Thiemens, University of California at San Diego, La Jolla, CA, and approved April 4, 2013 (received for review September 18, 2012)

Mass-independent isotope fractionations driven by differences in  difference in electron densities inside the nucleus of the relevant
volumes and shapes of nuclei (the field shift effect) are known in  atoms in the fractionating species (10). This electron density at
several elements and are likely to be found in more. All-electron  the nucleus, indicated by |¥(0)|", is called the contact density:
relativistic electronic structure calculations can predict this effect
but at present are computationally intensive and limited to - ( v 2 v 3) < 2 >

z : SE s o [ [W(0 - %0 Ars <) 1
modeling small gas phase molecules and dusters. Density func- N I ( )"‘I | ( ')B| aai G (1]
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Nuclear Field Shift Effect in Isotope Fractionation of Mercury during Abiotic Reduction in the Absence

of Light EIb 2
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T T prises more than 90%, of the Hg in ambient air (3, 4). It has
Isntnplc compos.tlon and low solubility in water and consequently can be transported
Fractionation of Merc“rv in Great long distances in the atmosphere without being deposited

(2, 4). In contrast, RGM and Hg, are imuch more reactive and
deposit readily, either close to sources (5) or upon oxidation
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Methods 1
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Relativistic electronic structures with
four-component wave functions

Software package: Diracl3.1
All-electron, Dirac-Hartree-Fock (DHF)

Theory

Gaussian exponent § : £=3/(2<r?>)
Calculate systems with less than 20

atoms

Methods 2
STEEFIKE R

Relativistic effects : Scalar relativistic

effects (ZORA)

Software package: ADF (ADF module,
BAND module)

All-electron, Density Functional Theory
(DFT)

Kinetic Isotope Effects (KIES)
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Method I

Modeling nuclear volume isotope effects in crystals

Edwin A. Schauble’
Department of Earth and Space Sciences, University of California, Los Angeles, CA 90095
Edited by Mark H. Thiemens, University of California at San Diego, La Jolla, CA, and approved April 4, 2013 (received for review September 18, 2012)

Mass-independent isotope fractionations driven by differences in  difference in electron densities inside the nucleus of the relevant
volumes and shapes of nuclei (the field shift effect) are known in  atoms in the fractionating species (10). This electron density at
several elements and are likely to be found in more. All-electron  the nucleus, indicated by |¥(0) 3, is called thc|c0ntact density: |
relativistic electronic structure calculations can predict this effect

but at. present are computationally intensive and Iimited to 7. (|‘P(0)4|:-—|‘l‘(0),,|:>A<r
modeling small gas phase molecules and dusters. Density func- .

»
sotopes > ’ l 1

Software: ABINIT
Method: DFT-PAW
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Method I

0.0
PAW (Schauble, 2013) GGA-PBE-TZ2P
01} Hg, Sn, Cd = _a

i - HgS—-Hg0 -0. 26033 -0. 17887
02k " - Hg2C12-HgO -0. 33041 -0. 27881
- - Hg2C12-HgS -0. 07008 —0. 09994
0.3 - aHg-Hg2C12 -0. 34031 -0. 1741
.4 i aHg—-Hg0 -0. 67071 -0. 45291
| . . aHg-HgS -0. 41038 —0. 27404
05k n Cds-Cdo -0. 06002 -0. 05479
- aCd-CdS -0. 18005 -0. 09012
-0.6 - aCd—Cdo —0. 18005 -0. 14492
57 i Sn02-SnF4 -0. 04003 -0. 03191
l - aSn—SnF4 -0. 39026 —0. 49347
08k aSn—Sn02 -0. 35023 —0. 46156
i SnC12-SnF4 -0. 76037 —0. 73947
-O.S_*Og : -ols : _0'7 : -ols ' _0'5 : _0'4 : _0'3 : _0'2 : _0'1 : B0 SnC12-Sn02 -0. 72034 -0. 70757
: : ' ' : ' : : : : SnC12-aSn -0. 37011 -0. 24601

1000Ina,, (PW) (%)
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Fang and Liu (in preparation)
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A8235  (UO,2* ) U4+(aq)) 161%) experlment

exp

(Wang et al., 2015) )

A238/235UNV+MD(U022+(aq) 'U4+(aq)) =['1-49 %0
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Table 2 The comparison of NVE-driven fractionations (in £2°>Tl) of Tl-bearing species relative to Tl atom at 298 K

Schauble (2007)* Fujii et al. (2013)° Fujii et al. (2013)° Yang and Liu (2015)¢ This study
Dirac04 GRASP2K UTChem Dirac04 ADF
Tl Tl 0.00 0.00 0.00 0.00 0.00
TI" TI" —2.20 — 221 —1.57 —2.30 —1.78
TI(H,O0)" — 1.68 — 1.59
TICL 0.04 —0.24
TIO — 2.83 2.17
TI(H,0)3 —1.10 —1.90 — 146
TI** T+ 25.50 25.68 25.01 25.40 21.45
TI(H,0)** 18.98 12.28
TICI*T - 6.77 5.22
TIO* —0.18 —1.78
TI(H,0):+ 19.70 19.50 12.31

"Results are implemented by Dirac04 from Schauble (2007)

PResults are implemented by package GRASP2K from Fujii et al. (2013)
“Results are implemented by UTChem program from Fujii et al. (2013)
Results are implemented by Dirac04 from Yang and Liu (2015)

Fang and Liu (2019)
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Tl Isotope compositions of reservoirs of Earth
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Fe-Mn sediments Low-T altered oceanic crust
£205T] = +4~+12 205T] = 612

Upper mantle
g205T1 =-2.0

MnO,(s) + Tl*(aq) + 4H" (aq)  TI3*(aq) + Mn?*(aq) + 2H,0

Fang and Liu (2019)
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0°C 25°C 100°C
TlI_HxBir_pH8_2h(aq) vs. TlI*(aq) - 10.45 9.57 7.65
TI_HxBir_pH8_2h(aq) vs. TICl(aq) 9.97 9.13 7.30
TI_HxBir_pH8_336h(aq) vs. Tl*(aq) 8.39 7.69 6.14
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How to produce isotope anomalies in mantle by using extremely small

isotope fractionations: A process-driven amplification effect? .

Yining Zhang 2, Yun Liu 1.
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The nuclear-volume effect can be ignored for Oxygen
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A 4-component relativistic calculation at

CCSD(T)/aug-cc-pVTZ level by DIRAC 14.0
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URSHEBR{L R TER :
isotope NA half-life DP

233U trace 1.592 X 10% 229Th
234 0.005% 2.455 X 105y 230Th
235U 0.720% 7.04 X 108y 231Th
236U trace 2.342X10%y 232Th
238U 99.274% 4.468 X 10% ; 23‘:“

: 2Py

BT M &L [Rn] 5f 6d! 7s2
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Fang and Liu (in preparation)
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Correction ages
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11 12 13 14 15 16 17 18
Na | Mg Al | Si | P S | Cl|Ar
22.990 24.305 26.982 28.066 30.974 22.065 35453 29.918
potassivmn caldum scatvdium tilanim vansgum chromium | mangsnese iron coball nickel oopper zkc adlum germanum arsenic selenium troming keyplon
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K | Ca Sc| Ti|V |Cr Mn|(Fe |Co| Ni [Cu|(Zn | Ga|Ge|As | Se | Br | Kr
29.008 40078 44.566 A7.867 S0.942 51.996 54.938 55845 58933 58693 532 546 65.39 69.723 7261 74.972 78.965 79.904 83.80
yitrum Zroconum nicbium e WET M —————— MOTUIM gk = —— bt sl i e ——— odine
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb | Sr Y | Zr  NbjMo| Tc |Ru|Rh|Pd|Ag|Cd| In | Sh | Sb | Te I | Xe
85468 87.62 58906 91.224 92.906 9504 1983 101 067 102.91 106.42 107 87 112.41 114.82 118.71 121.76 127.60 126.90 131.29
it " ilhs — T — st —— Dstating
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Cs|Ba| * |[LUu|Hf | Ta|W |Re|Os | Ir | Pt |[Au|jHg| Tl | Pb| Bi | Po| At | Rn
132.91 137.33 174.97 17849 120.95 183 84 185.21 190.23 192.22 1565 08 196.97 200.59 20438 207.2 208.98 1209 216§ §227]
francum TSRO qubnum " EERASLIC s e o uranm ﬁ B
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Fr|Ra|>*>| Lr | RfF | Db| Sg| Bh | Hs | Mt |Uun UquUub Uuq|
[223 [226] 1262] [261] 1262] [266] {264) [269 [268) 1271] [272) 1277] 289
Tt [ e nesdymm || rromctim | s | ew e | e e e T
*Lanthanide series 57 58 59 60 61 62 63 6 67 68 69 70
La||Ce | Pr |Nd |[Pm|Sm| Eu Dy|Ho| Er | Tm| Yb
128,91 140.91 (145 —Iﬂ-*— 164.93 168,93
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