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Equilibrium Fractionation of Clumped Isotopes in H,O Molecule:
Insights from Quantum Chemical Calculations
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2 ok ATFER &4 P FHYAe] H e ol 2] 3} (equilibrium isotope fractionation of stable
isotope)= &2 2] X155 5/ (vibrational properties)?l] 719181, A EH o] AFAI2E WollX A= thdst A&
A PP ES FFH 02 olFsle vl =g ok £ AFdME H,0 21 clumped 591949 54 4
s}EAIE o8-8t FrslaiTh 53], Aka FALA(°0, 0, POt 4 FALEGFE, TFE, ATTFa)
ZFo g A% H,0 Akl thal Ao} =4 9247 clumping A71S8 AHEH o2 AlLkelal, &% Wl

2 clumping A|7] W3} HE-g B H Ak Bzl HY Aol (bond lengthyet A2 (bond
angleyS BAte] Aol Fkalm | 247} 0.9631-0.9633 AT 104.59-104.62°% A4kt H,0 E21¢] 3742 3
T REo] e $9A FHot S8 ek hAsislon, ARt 4 Foeae] Wl o 2 o
g etk JETE RO E Ak S994 X3S0 HY UGS et T4 F 9L A et 9 &
W3} FE Bk 78 $994 289 clumping ¥-8-9] BE e 2agtlA 43 Ad dadAE A
Ak Al B9094 28] AtAel clumping =5 HD™0° thale] k7t 1.8681(HT™0), 1.1691(HT'70),
0.7038] (HDV0)Z YERsTE. Clumping®] A7 A, 7k 259 S71l we} Zasty ojaf J4aAAE Blth,

ol Ayl & B ANARA 0|88 Therdo] AES AR & A Ae Vost AEraE X
clumped T €4 29 AEE A2 YT Afoltt. FF, AAA NN o FADR 24 7192 B

o} Ao = olalfatr] $18te] M 2314 (anharmonicity) X&) e E S A4 Al ALY g I st
4718 AT A= H,0 224 ok A xS0 9 clumped 591948 S5 o] & 7Nte = 3 A48

st 7125 Agske vl ARE Aoz i)

SM0: Y T Ya #3h, FHYAR clumping, TH LA 23, FA3E A, I 54

Abstract: In this study, we explore the nature of clumped isotopes of H,O molecule using quantum chemical
calculations. Particularly, we estimated the relative clumping strength between diverse isotopologues, consisting
of oxygen (*°O, "0, and "*0) and hydrogen (hydrogen, deuterium, and tritium) isotopes and quantify the effect
of temperature on the extent of isotope clumping. The optimized equilibrium bond lengths and the bond angles
of the molecules are 0.9631-0.9633 A and 104.59-104.62°, respectively, and show a negligible variation among
the isotopologues. The calculated frequencies of the modes of H,0O molecules decrease as isotope mass number
increases, and show a more prominent change with varying hydrogen isotopes over those with oxygen isotopes.
The equilibrium constants of isotope substitution reactions involving these isotopologues reveal a greater
effect of hydrogen mass number than oxygen mass number. The calculated equilibrium constants of clumping
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reaction for four heavy isotopologues showed a strong correlation; particularly, the relative clumping strength
of three isotopologues was 1.86 times (HT'®0), 1.16 times (HT'70), and 0.703 times (HD'’O) relative to
HD™O, respectively. The relative clumping strength decreases with increasing temperature, and therefore, has
potential for a novel paleo-temperature proxy. The current calculation results highlight the first theoretical
study to establish the nature of clumped isotope fractions in H,O including 7O and tritium. The current results
help to account for diverse geochemical processes in earth’s surface environments. Future efforts include the
calculations of isotope fractionations among various phases of H,O isotopologues with a full consideration of

the effect of anharmonicity in molecular vibration.

Keywords: Stable isotope fractionation, Isotope clumping, Isotopologues, Quantum chemical calculations,

Vibrational properties
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AF-Edol| EAlsh= o S99 4e] BF gl
¥ 3}(equilibrium isotope fraction-ation of stable isotope)
= E549] 7% 54 (vibrational properties)l] 71213514,
o] AFALE YoM Ae st AHES BE
2o g olgfisle vl E=is Tt tFE AFEE F
H,0 E4= A £9] 70%E XA8k= sl s 443,
AFolM = B3 7] T 57 Iv Wste] deoE &
AN AL W WX s FE Wil £3HEA
U 2 AR 2 oFe Aed o' Holsh A Al
o] A4 gl A F8lollA 4 ARl A8S FEEitt
A ol o7 PAA H,0 A =2 IS
7 2R EA 7 th7] Foll E3tEo] 7] wiidl
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g FADA B3I AFEERH, L A8 F A
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slol] 7|Rkste] We}, Bk 59 18-4kA o] (8"°0)
7} L= A (paleothermometer)Z ©]-8-2 4= 3120] &
AR ol A wste] A Aol 7]ofstaL
ATHel, (White, 2013) and referneces therein].
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oJof|xje] e thgt g o] Q7T (Schauble, 2004;
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735 sk AlEe} Bt Lot 83 RO F
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9] §8¥0aS FYske = 7Sl H thEiler, 2007).
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015 7T 4 U THEiler, 2007). H,O 24| 34
B0g} T4 Atol9] clumping w4l E/do] RAEY
Sib(Liu et al., 2016), 17270 AEd4E 3L
Ak HA F919ae] EuEAS A7 B bt
gk 2 AolM = Ik Aaola o] FAALtS
o] &3k A FAILE] ofsigS 913 AFES] Yo
90/M0/P 0%t Fh T AT XGRS E T
oA ©@Y H,0 4] A8 2k dApe 7%
FA A} 71l o= clumping?] Al71E AEH o=
golel A2 ALFSIAAL, 1 AHENE 7} clumping
Ale]o] Aot 25 Wislol] WE clumping 4|71 W3} &
&% sk Bt

ol2%|

=2[2I4 Clumping M7 2| X2k}
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o8 F4E 7, HO 22 F
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9] A S E ool 2 XA A o] &
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2HD160<—>H216O+D216O )

/\9,] JJ:I:E [H] %_/\/\9,] _‘::EE [D]E}_T’_ §EQ.
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u IR W} ok A B9 AAS e 7zl
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ol we} BAA o7 F2ekA ZFET o]= X
B wge) BYE oJaIE - sl EolRe 5
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o] Yy FE ke 2ok
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Do QDY)

ThoF g2 (Eq. 1)°] FHRTE 9-HH0] T st
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J ( J 1000 Ao G

x41}(18 20,195 E9] F994 23 o] daggroln,
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Aol Hl&o|th A= clumping?] At AE %
4 Fe R, o] 75 ofEf e 2ol HejH Tk
(Wang et al., 2004; Eiler, 2007).
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Z3e] clumping W3-l thgh In(K/K*) 3+ AlAtsPA
o8 23] A& clumping Al 715 A #FslE 4
ATk Eq. 72 B3 Ay 0] &% oJEHAS UERAH,
webs 2o W A, ¢l W3t s ek &%
A A AH(geothermometry)Z AM-2 4= 1t}

SPlRA 2l eiefe| oA

A o] F9lUA el whet o] Aol |
shar, olel] whet Ake] 2E SA4do] sttt 115
Uz 9] wstel] 711k w4} HelAd o] wish= el st
2 BRoNA dASEBR, FAEE AlLte] f-8-381A o]
42 7 AUtk S99 2P| & B3 7 2
F-ul| &<(partition function, Q)& 8l HAHFHo =2
2248 4 QJTH(Seo ef al., 2007; Wang et al., 2004)
and references therein]. 3}8F ¥F3-2] HE AJ4+= Wk
=3 A E] Rl vEE AW EE, 54 A9
9194 Hu)| Al (partition coefficient, oy x| 8= =
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SItHEq. 8).
_(a/b)x [X][Y] K. 8
@by Pxpy] ®
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. o]/\é‘{L
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B ERoAE BAje] T2} soky BYS 4TS
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[(Yi et al., PRB, 2021; ©]'H3F, o], 2007; McQuarrie,
2007) and references therein]. FAHAloNA 2] 35 ¥
22 F7] $J8l A7 143 “(self-consistent field, SCF)
o] o] &Ht}. SCF W2 ool AL FHlE
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ALke] g g o] A7 EtH(McQuarrie, 2007; Frisch
et al., 2015) and references therein].

B =FolMe 7]~TA]°¥ 16 (Gaussian 16) Z=Z ©]

g3l FApste AALS 43 51 th(Frisch et al.,
2015). 71313 & A4k (geometry optimization)s} X5
A4t MP2 (second-order Moller—Plesset perturbation
theory; Moller and Plesset, 1934; Head-Gordon et al.,
1988), B3LYP (Becke, three-parameter, Lee-Yang-Parr;
Becke, 1993; Lee et al., 1988) /=tollA 6-311+G(2d,p)
713 A-gate] ALeislt. = Alkke MP2=2 %
Yt on, HAslel XE AtlA 22 714 Ee]
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Fig. 1. Three vibrational modes of water molecule (A) Bend-
ing of oxygen-hydrogen bond, (B) Symmetric stretching, and
(C) Assymetric stretching.

B3LYP Z¥= +7P£ glsto] A =S FR 3T
Te % 4§ BE 94 2 A% 234 A%
(harmonic oscillation)ys 714 3te] A4kttt

H,0 27k} 22 o] la 2zt o 2Ake] AF
REE Al 7ol Fig. 12 H,0 24ke] Al 7H4] 21
T REE At B 5994 X0 F U]
7 HO FAtol theh gApstet Alrke] Atz o] Al 7}
A mE9] A54E P,

Clumping HFO TEA: 71|

B
t 4
H
)

A A, Ak

A3t 4] RPFR A4k
o84 7—. Z39] Q produ S AR, o] 2EEH
7} B8 23] clumping WHg- NS ALkt
(Eq. 12). FA& kAol EAL 4 74 clumpingS
Y] 7A17} 2413H70-D, 7O-T, '*0-D, *0-T). &%=
2L AN 0=olA S 7HH o2 35571A] 8714] 73
$-ol| thal ALkslit.

Qproduct: HU1Q1 (121)
AB
KA*_B* =~ Qproduct *Qproduct (122)
AB AB
Qproduct ) Qproduct
Ba/b bQEroduct (123)
Qproduct

7 F 0D 2FORFH A& FAE, YA
BYYFERS wE F 74 23] AHA

clumping A|71& ¥]xs}$ich.

€ H,0 £42]
-‘4;{45}5 —";q”?" o] 338 Ag](bond lengthy2} 2
#2H(bond angle)lt}. ZHz} 0.9631-0.9633 Ak 104.59-
104.62°0]M (MP2 Al4xHE ), THU4 Z3 5ES

Vol. 36, No. 4, 2023

3t H,0 #4F2] Clumped 59194

194 S 24 359
0.9640 104.70
_ 104.65
< 0.9635 ala A z
K= [}
) eedA AA A A )
S 104.60 §
2 ¢ ¢ o A * i
g L 2 L 2R 2 £
g 0.9630 a
104.55
A O-H bond length
@ O-Hbond angle
0.9625 104.50

x=1 x=1 x=1 x=2 x=2 x=2 x=3 x=3 x=3
y=16 y=17 y=18 y=16 y=17 y=18 y=16 y=17y=18

Isotopologues
Fig. 2. Optimized internal variables (H-O-H bond angle and
O-H bond length) vs. isotopologue calculated at the MP2

energy level of theory. x is the atomic mass of hydrogen, and
y is the atomic mass of oxygen.
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T AN AFtolnt, & AXMA A= A3 3 5Y
43S Hlth(Park and Kim, 2010; Medders and
Paesani, 2015). B3LYP A4t A3t} MP2 ALt Aal=
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Table 1. Calculated vibrational frequency for each isotopologue of water molecule (unit: cm™), at varying energy levels of theory

. o]/\é‘{L

Frequency (cm™)

Energy level/Basis set Species Mode 1 Mode 2 Mode 3
%0 H 1604.49 3826.46 3955.27
%0 D 1174.35 2758.31 2898.24
%0 T 987.87 2297.21 2448.12
"0 H 1600.49 3824.81 3949.34
MP2 -
/6-311+G(2d,p) (0] D 1169.83 2753.18 2887.48
"0 T 983.09 2289.67 2434.26
50 H 1597.59 3821.14 3941.67
50 D 1165.7 2748.71 2878.05
50 T 978.75 2282.98 2421.95
%0 H 1618.62 3808.41 3912.82
%0 D 1184.95 2744.8 2867.82
B3LYP "0 H 1615.03 3804.18 3904.3
/6-311+G(2d,p) "0 D 1180.33 2738.68 2856.25
50 H 1612.18 3799.17 3895.39
50 D 1176.65 2732.47 2844.87
71l Wt W57t s, 54 $4 5914 " °
491 3§ AN ATl Ao Zl ufel 0 % e MR
HE57t Aastt 5 © Mode 3 g g g ® o o
H,O #7h8] A% F40] Qi Ak A27H Ael g °
ES A sl] wEol] 5ol AeS 7 23kl X o % &
A} (harmonic oscillator)Z ZAF &= Ut} Z3pzl% § 5 |
29 Feg= AEAe] 3k (reduced mass, w)el £ ol o © *
Aol W gt} o] & Higo R A& o 59
A2 23 2L A% R AFFS Y545} Rl o ¢
(normalize)alo] Hlmat 4= QlTh. 1 Aol Q%S 20 ©
x=1 x=1 x=1 x=2 x=2 x=2 x=3 x=3 x=3

(vpell b el AlgS w3 7Sl A+tste 2ls
“*(normalized frequency, v, )& “d2l3t 54 ALt
AE ¥ TH(Eq. 13).

_1 Kk
viT3n o (13.1)
_ Ay (13.1)
my+mg
v;‘=vi[p=ﬁﬁi (13.2)

Fig. 3:& 59194 23¢] wistel] & H,0 &2+
A& 4+tst A3E el ag=zelt}, 7te &2
T 23S YR, A= 2 H,°0 29 7
| gt 7 23e] ghe] 21 HAE JEeRith B |

2

Fig. 3. Normalized frequencies of H,O isotopologues (*H,"O)
with respect to those of H,'%0. x and y are the atomic mass

y=16 y=17 y=18 y=16 y=17 y=18 y=16 y=17 y=18

Isotopologues

of hydrogen and oxygen, respectively.
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FAs)st Ak 018-¢k H,0 #412] Clumped 591914 54 #4 361
Table 2. Vibrational partition function (Q) product of each isotopologue with varying tempearture
Q product for oxygen-hydrogen mode
. Temperature (C)
Species
0 5 10 15 20 25 30 35

H 6.3597 9.3978 13.684 19.649 27.844 38.965 53.882 73.672 x10®

%0 D 2.0779 2.7208 3.5257 4.5237 5.7502 7.2446 9.0508 11.217 x10”

T 22298 2.7725 3.4179 4.1793 5.0713 6.1089 7.3080 8.6854 x10™*

H 6.5279 9.6412 14.031 20.137 28.522 39.894 55.141 75.359 x108

70 D 2.1723 2.8417 3.6789 4.7161 5.9895 7.5398 9.4120 11.656 x10”

T 2.3567 2.9267 3.6037 44015 5.3350 6.4197 7.6719 9.1088 x10™

H 6.7458 9.9563 14.480 20.769 29.398 41.096 56.770 77.543 x10®

0 D 2.2590 2.9526 3.8194 4.8923 6.2086 7.8098 9.7422 12.057 x10”

T 2.4756 3.0711 3.7775 4.6091 5.5811 6.7094 8.0109 9.5028 x10™
SEAS) Haste] REF W) o] AlelZb Y ol AFA 7 clumping W30] BHYFE A4
a3, BE 2 $40) o 2 A0Z SN dha, olFe] Zugk Ale] JUBAE EAT Aol
Hoh. 3 e 20] Hxle the 7 R Hxjl H] oh BT 3 2l weh sk, x5 (HD"0

3 o = vebdt.

=2[®I4 Clumping 2 H
Table 2= %0 wa} AlAkd

S A~
Al

7} E99a 23l

2

FHIEE FHQ product)e|th. AXFE Q products 4749}

2 $994 71 Wk Fhshd,

QFZSt vk

TR At FUAaE A ] Wt o
N7 Wt B3 Lxd wet F7le, B2 2
woA  7HkEA ST
Fig. 4= Table 29} Eq. 125 o]} "0, 0%} &
50
® HT'®0
45 | |e HT'7O
® HD'7O
40 |
g 35
X
< 30 o—® ")
o © 9
25 o=@
20 | °
o ©
15 eo0© ©® % °

Z 7V w2l yEHT'®0, HTVO,

|
HD"09] In K) #to] A¥#H o= F7keiitt. 21 7=
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