Lecture 15
Physical Principles of Isotopic
Fractionation

Isotope Fractionation

1. Non-equilibrium (unidirectional) effects

a. Diffusion/effusion

b. Evaporation/condensation

c. Kinetic (bond breaking/making)

d. Metabolic (combination of all the above)
2. Equilibrium effects

a. Bond strength

b. Availability of states (statistical mechanics)

1(a) Effusion vs. diffusion

In an ideal gas at thermal equilibrium, all molecules
have the same translational kinetic energy.

Imagine two isotopes (a and b)
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Diffusion

Diffusion coefficient:
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Consider N, in O,
Typically higher pressure behavior

Diffusion of Isotopic Species in Gases

For two isotopic species of gas a
a='2C'%0,, m, = 44.00
a’ = 13C1%0,, m, = 44.99
Diffusing in air — m,, = 28.92

1
D, _Dixcon _ [44.00 +28.92 44.99x28.92 ji

D, Doy \44.00x28.92 44.99+28.92

=1.0044 = 1.0113

Diffusion of Isotopic Species in Condensed Media

Expected for CO, in H,O on the basis of reduced mass

Diacor _y 03,
13C0O2

D
Observed: —292 —1.00087
13c02

Difference indicates that H,0-CO, interactions
(e. g., H-bonding) are very significant

Chemical Equilibria: Phase Change

H,0,, + HDO,, 5 HDO,, + H,0,,,
AG® =AG (HDO ;) + AG} (H,0,,)) -[AG (H,0()) + AG} (HDO )]
=—57.817 + (-54.634) - [(-56.687) + (-55.719)] = —0.045 kcal/mol

-AG® 45
= -
RT 1.987-298.16

InK = K =1.0789

Alternatively,
H,0,, S H,0 AG° =2053 cal/mol o
2V = HaY(g) _>LOH20 =1.0789
HDO(, S HDO(,, AG® = 2098 cal/mol Pupo




« Alpha is measure of enrichment/depletion in
reaction
— is a positive number generally very close to 1 (e.g., 0.998

or 1.013)
* e.g. addition of some carbon by chemical reaction
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* |sotope Ratio Anomaly
— better than carrying a lot of decimals
— fractional deviation from some standard
— “delta” for “difference” or “deviation”
—usually in “per mil” (parts per 1000)
— can be negative or positive
)
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Always relative to
reference standard

General Rules

 Lighter isotopes move faster

* lighter isotopes form weaker bonds
— effect strongly depends on binding energy
— covalent bonds generally weaker, more strongly affected
* isotope effects generally stronger for bigger relative
mass differences
— directly proportional for same element
« e.g. 160, 170, 180 : 3180 = 2 x 8170
* isotope effects stronger at lower temperatures
easT>> ool
e forlow T, a ~ 1/T2
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Partitioning between phases

Fraction of remaining vapor

. E.g.,oxygen iSOtOpe Jo__ors 0% 0% 0
partitioning between o«
vapor and droplets in a
cloud

* 1.005< a<1.015
(liquid heavier) 30 5 10 0 2

Cloud temperature (*C)




Partitioning between phases

» Vapour-droplet partitioning in a cloud RL = aRV
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Hydrogen & oxygen isotopes tend

to correlate in nature
» Hydrogen effect ~ 10x Oxygen
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latitude
trend?

Latitude Trend in Precipitation

« Latitude trend: due to temp. effect?

—a depends on temperature
— temperature decreases | )
poleward
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Isotope fractionation:
the Rayleigh Equation

» Describes how the ratio changes with
progressive removal of material, e.g. by
evaporation from a water droplet:

f = fraction left

R, =aR, 2y _ pa




R, o
The Rayleigh Equation &, ~

» For a vapor where droplets are forming ... o = 1.008
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For evaporation
» For the backwards reaction, then the
effectis /o g —q ,R,

1
R =0, ,R,=—R,
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* e.g. for evaporation of a droplet 2 fe
— the remaining liquid is given by

1
— the vapour is given by &:lﬁzlf;"

Multiple Steps

» Multiple fractionations multiply
e.g., for two sequential reactions
R,=> R, =>R,
R, = 015R;
R3

ay3R, =y ,055 Ry=ay 3R

* in general then,

aTolal :al 'a2 an :Hai
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Multiple Steps

*Since 5 = (@, —1)x1000

» A convenient approximation is
Opp =0+, + 83 +...= D5,

for small &’s only (kind of a binomial
expansion approximation)




The hydrologic cycle

Successive distillations increases effect poleward

Precipitation gets lighter toward poles
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Hydrogen & oxygen isotopes tend
to correlate in nature
» Hydrogen effect ~ 10x Oxygen
* poleward B
lightening ’ st prsiation
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Fractionation factors are related to, but not
necessarily equal to, equilibrium constants
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o= molecular symmetry number. 1 for a heteronuclear diatomic
molecule, 2 for homonuclear diatomic... 12 for methane.

See Schauble, 2004

Energy Levels for a Simple Harmonic Oscillator

Lowest level, n =0, has
energy = hv/2. This is the
Zero-Point Energy, ZPE.

1 |k

V=—
2\ 1

k is the force constant

M Crie, 1999 M is the reduced mass

v, and in turn the ZPE,
@ @ is thus mass-dependent.




Energy Levels in Isotopically Substituted Molecules

;; The ZPE of the
8 bond with the

light i i
+ zero-paint energy (1) g t SOtOpe S

greater than that

ro-point eneray (h) - of the bond with
the heavy
isotope.

Distance between atoms —
Zeebe & Wolf-Gladrow, 2001

In an exchange reaction, the question is which
molecule has the greater AZPE

C1602 + Hzlxo oy Clxomo + H2160

AG (H,0) =-56.7 keal/mol I -
?
AGS(CO,) =-92.3kcal/mol —=—= N i
S 2
AZPE oy | 1 4y | Greater AZPE for CO,
o . u;, | pulls equilibrium to
Vibrational frequencies right, favors accumu-

from spectroscopic data lation of 180 in CO,.

Factors favoring large AZPE

And thus leading to concentration of the heavy isotope

Low temperatures
Stiff bonds
Short
Strong (multiple bonds)
Atoms with similar electronegativities

“The heavy isotope goes preferentially to the chemical com-
pound in which the element is bound most strongly.” Bigeleisen,
J. (1965) Chemistry of Isotopes, Science 147, 463-471.

Kinetic Isotope Effects

Bonding in transition
THE state is weaker than in
reactants.

Activation energy for
light isotopic species is
therefore smaller.

Poltential Energy

h

-k,

a

k=Ae RT

transition
reactants state products —

Reaction Coordinate . . . .
Zeebe & Wolf-Gladrow, 2001 L]ght 1sotopic species

react more rapidly.




Primary and Secondary
o : Carbon Kinetic Isotope Eftects
Kinetic Isotope Effect Terminology

c3
Normal = Light isotopic species reacts more rapidly ) H*
. . . . HaC _ M 5 HC_H 4 co,
Inverse = Heavy isotopic species reacts more rapidly / \ 9] Pyruvate \ﬂ/
. . . .. . . c-2 O Decarboxylase
Primary = Isotopic substitution at a position to which a chemical - c1
bond is made or broken influences the reaction rate
Secondary = Isotopic substitution at a remote position influences 12 C-1 c-2 C3
the reaction rate - 1007 1.015 1.001
k

DeNiro, M. J. & Epstein, S. (1977) Mechanism of carbon isotopic
fractionation associated with lipid synthesis. Science 197,261-263.

Coexistence of Equilibrium
and Kinetic Fractionations

12

CO, + H,0 — H* + HCOy —* —1.013
k

12
H*+HCOy — CO,+ H,0 — -1.022
k

Q

1.022
B atncosicor =1.00897

/' 1.013

Equilibrium fractionation




