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Abstract

Kinetic isotope effects (KIEs) during the inorganic hydration of carbon dioxide (CO2) in aqueous solution cause reduced
stable carbon and oxygen isotope ratios (13C=12C and 18O=16O) in the reaction product carbonic acid (H2CO3) or bicarbonate
ion (HCO�3 ), relative to CO2. While such KIEs are of importance in various physicochemical, geochemical, and biological
systems, very few experimental and theoretical studies have attempted to determine the magnitude of the carbon and oxygen
kinetic isotope fractionation (KIF) during hydration of CO2. Here I use transition state theory (TST) and quantum chemistry
calculations to investigate the reaction rates of isotopic reactants CO2 þ nH2O (n = 1–8) along the hydration pathway to
H2CO3 or HCO�3 . Locating transition states is difficult and the quantum chemistry calculations time-consuming at large n.
My results suggest that the hydration mechanism for n = 1–3 is unlikely to be the dominant pathway producing KIFs during
CO2 hydration in aqueous solution; hydration mechanisms for n P 4 appear more likely. For n = 4–8, the predicted KIF
based on MP2/aug-cc-pVDZ calculations at 25 �C is �1.023–1.033 and �1.013–1.015, for carbon and oxygen, respectively.
However, these values are uncertain and the results of the present study suggest that new experimental work is required to
accurately determine the KIF of carbon and oxygen during CO2 hydration.
� 2014 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The hydration of carbon dioxide in aqueous solution
plays a central role in numerous physicochemical, geochem-
ical, and biological systems (for review, see Kern, 1960).
Understanding the molecular mechanism and determin-
ing/predicting the rate of the hydration reaction both theo-
retically and experimentally continues to be a highly active
research area (Nguyen et al., 1997, 2008; Stirling and Pápai,
2010; Wang et al., 2010; Wang and Cao, 2013). In addition,
kinetic isotope effects (KIEs) during the hydration of CO2

and dehydration of HCO�3 provide insight into various geo-
chemical processes, including formation of cryogenic car-
bonates, non-equilibrium isotope effects in speleothem
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calcite, diffusion-reaction coupling in boundary layers,
air–sea gas exchange, mineral precipitation in surface and
deep-sea corals, and more (e.g. Clark and Lauriol, 1992;
Mickler et al., 2004; Zeebe and Wolf-Gladrow, 2001;
Guo, 2008; McConnaughey, 1989; Adkins et al., 2003;
Uchikawa and Zeebe, 2012).

Despite its geochemical significance, very few experi-
mental studies have attempted to determine the kinetic iso-
tope fractionation (KIF) during hydration/dehydration of
CO2/HCO�3 (Marlier and O’Leary, 1984; Clark and
Lauriol, 1992; Guo, 2008). Moreover, the available data
is inconsistent (see Section 5.2). To the best of my knowl-
edge, there has been no theoretical study so far on KIF dur-
ing CO2 hydration and only one theoretical study on KIF
during HCO�3 dehydration (Guo, 2008). The present study
provides insight into the hydration mechanism and
estimates the kinetic fractionation of carbon and oxygen
isotopes during CO2 hydration based on transition state
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theory (Section 2) and and quantum chemistry calculations
(Section 3). The theoretical results obtained here (Section 4)
and and results from earlier experimental studies will be dis-
cussed in Section 5.

2. THEORY

2.1. Isotope effect in transition state theory

For the reader unfamiliar with the application of transi-
tion state theory (TST) to isotope effects, a brief summary is
given here. The rate constant of a chemical reaction based
on TST may be written as (Eyring, 1935):

k ¼ kB T
h

j K(; ð1Þ

where kB and h is Boltzmann’s and Planck’s constant,
respectively, T is temperature (in Kelvin), j is a transmis-
sion coefficient, and K( is the equilibrium constant between
the activated state molecules in the transition state (index
() and the reactants (A;B; . . .). The equilibrium constant
can be determined from statistical mechanics:

K( ¼
Q(

QAQB . . .
; ð2Þ

where Qi’s are partition functions (Urey, 1947; Bigeleisen
and Mayer, 1947). While absolute values of rate constants
for chemical reactions may be difficult to predict accurately
based on TST, rate constant ratios for isotopic molecules
are often more reliable:

k
k0
¼ j

j0
K(

K 0
(

¼ j
j0

Q(

Q0
(

Q0AQ0B . . .

QAQB . . .
; ð3Þ

where primes denote quantities of the isotopically heavier
molecule (hence k=k0 > 1 for normal isotope effects). Appli-
cation of statistical mechanics then leads to the following
expression for the rate constant ratio (for review, see
Bigeleisen and Wolfsberg, 1958; Kubicki, 2008; Wolfsberg
et al., 2010):

k
k0
¼ j

j0
x(

L

x0(L
� Rr � RA � RB � . . .� ðRT Þ�1

¼ j
j0

x(
L

x0(L
� Rr � Ru � Rexc � Rzpe ð4Þ

where RA;RB; . . . ;RT are partition function ratios (PFRs) of
reactant molecules (A;B, . . .) and TS (missing one vibra-
tional mode), x(

L is the TS’s imaginary frequency of decom-
position (see below), and:
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r
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where r’s are symmetry numbers, ui ¼ hcxi=kBT , and xi’s
are the fundamental vibrational frequencies of the mole-
cules. Ellipsis indicate that the first term on the right is to
be repeated for all reactant molecules. For linear molecules,
the sums run from 1 to 3n� 5 and 3n� 6 for reactants and
TS, respectively. Note that the TS is missing one vibrational
degree of freedom. This decomposition mode corresponds
to translation along the reaction coordinate, also referred
to as a nongenuine vibration with imaginary frequency x(

L .
The transmission coefficient j takes into account the

classical effect that a system with sufficient energy to sur-
mount the energy barrier may still be reflected; j also takes
into account the quantum mechanical effect of tunneling,
which allows a system to tunnel through the energy barrier
even though it has insufficient energy in a classical sense.
Significant effects from tunneling should be expected for
light elements such as hydrogen but much less so for carbon
and oxygen e.g. (Melander and Saunders, 1980; Felipe
et al., 2003). Thus the assumption j=j0 ¼ 1 is made here.
However, effects from reflection and tunneling on the rate
constants cannot be excluded and it needs to be kept in
mind that such effects are not included in the calculations
presented here (see Section 5). Given the fundamental
vibrational frequencies of the reactant molecules and TS
(xi’s) obtained from quantum chemistry calculations (see
below), rate constant ratios k=k0 were calculated using Eq.
(4) and Eqs. (5)–(8) with j=j0 ¼ 1.

2.2. Carbon isotope ratios and rate constants

In order to evaluate the predictions for the KIF during
CO2 hydration as obtained here, one must be able to com-
pare theoretical and experimental results. For example,
consider the formation of a small amount of H2CO3 from
a large pool of CO2 in aqueous solution (O = 16O, if not
stated otherwise):

12CO2 þH2O!k 12CO2 þH2O
� �( ! H12

2 CO3

13CO2 þH2O!
13k0 13CO2 þH2O
� �( ! H13

2 CO3:
ð9Þ

It is easy to show that the reaction constants and carbon
isotope ratios of H2CO3 (instantaneous, no reverse reac-
tion) and CO2 are related by:
13k0

k
¼

13RH2CO3

13RCO2

ð10Þ

where 13k0 and k is the rate constant for dissolved 13C16O16O
and 12C16O16O, respectively. The concentrations of these
two isotopologues will be denoted by ½3�d and ½2�d for short
(notation follows Gao and Marcus, 2001). Furthermore,
H13

2 C16O16O16O
� �

¼ ½3�z and H12
2 C16O16O16O

� �
¼ ½2�z. Then

the rate expressions for reactions (9) read:

d½2�z=dt ¼ _½2�z ¼ k ½2�d
d½3�z=dt ¼ _½3�z ¼ 13k0 ½3�d :

ð11Þ

For the formation of a small amount of H2CO3 from a
large reactant CO2 pool, we may assume the 12CO2 and
13CO2 concentrations to be constant. Hence ½2�z ¼ k ½2�d�
t and ½3�z ¼ 13k0½3�d � t. Using the definition of carbon iso-
tope ratios in H2CO3 and CO2, we can write:
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13RH2CO3

13RCO2

¼ ½3�z=½2�z½3�d=½2�d
¼

13k0½3�d=k ½2�d
½3�d=½2�d

¼
13k0

k
: ð12Þ

Thus, the 13C/12C rate constant ratio for the hydration of
CO2 is simply equal to the carbon isotope ratio of instanta-
neously formed H2CO3 divided by the carbon isotope ratio
of the CO2 reactant pool. While the result for carbon iso-
topes seems intuitively obvious, for oxygen isotopes it is
not (see below). If the carbon isotope ratios of H2CO3

and CO2 can be determined analytically, theory and exper-
iment can be directly compared. Note that in practice,
13RH2CO3

may be determined indirectly after quantitative
conversion of H2CO3 to HCO�3 and/or CO2�

3 (all kinetically
produced carbonate must be extracted from solution to
capture the KIE).

2.3. Oxygen isotope ratios and rate constants

The relationship between isotope ratios and rate con-
stants is more complex for oxygen than for carbon. First,
multiply substituted isotopologues in CO2 and H2CO3 are
possible for oxygen. Second, different oxygen isotopes can
substitute in non-equivalent positions in the molecules
(Fig. 1), leading to isotopomers with different properties
(Guo, 2008). Third, the mass of the oxygen coming from
the water during hydration needs to be considered.

In the following, the different oxygen positions in the
reacting CO2 and H2O molecules and at the transition state
will be denoted by a, b, and c (for illustration of n = 1, see
Fig. 1). The positions may be characterized as follows: (a)
passive (O on CO2, not involved in H-transfer at TS), (b)
active (O on CO2, involved in H-transfer at TS), (c) water
oxygen (Ow), forming new C–Ow bond. Simply based on
these positions, the largest KIF can already be expected
for C and Ow, as these positions are associated with the
largest bond changes and hence changes in partition func-
tion ratios between reactants and TS (see Section 2.1).

The hydration reaction involving n water molecules may
be written as:
Fig. 1. Transition state geometry for CO2 þ nH2O at n = 1 (TS-1)
based on MP2/aug-cc-pVDZ level of theory. Black = carbon,
red = oxygen, white = hydrogen. Arrows indicate the normal mode
of decomposition, corresponding to translation along the reaction
coordinate. Labels a, b, and c indicate different oxygen positions in
the reacting molecules (see text). (For interpretation of the
references to color in this figure legend, the reader is referred to
the web version of this article.)
CO2 þ nH2O! ðCO2 þ nH2OÞ(

! H2CO3 þ ðn� 1ÞH2O; ð13Þ

where CO2 þ nH2O refers to a pre-reaction complex
(Nguyen et al., 1997, 2008; Wang and Cao, 2013). For
n > 1, the pre-complex geometry is generally non-symmet-
ric with regard to oxygen exchange on CO2. Thus, in gen-
eral, positions a and b not only differ in the TS structure
but also in the CO2 pre-complex (see Fig. 6). Considering
the different positions and all 16O and 18O combinations
leads to the following reactions:

fsg 66þ 6 !k 666 fSg

fag 86þ 6 !
k0a

866 fAg

fbg 68þ 6 !
k0b

686 fBg

fsg 66þ 8 !
k0c

668 fCg

fag 86þ 8 !
k0d

868 fDg

fbg 68þ 8 !
k0e

688 fEg

ff g 88þ 6 !
k0f

886 fF g

ff g 88þ 8 !
k0g

888 fGg;

ð14Þ

where symbols in braces on the left and right are abbrevia-
tions for the concentrations of isotopologues/isotopomers
of CO2 and H2CO3, respectively. For instance, a ¼ ½86� ¼
C18O16O; A ¼ ½866� ¼ H2C18O16O16O, etc. (notation after
Gao and Marcus, 2001; Uchikawa and Zeebe, 2012). Note
that the concentrations of molcules a ¼ ½86� and b ¼ ½68�,
for instance, correspond to the positions a and b as
described above (Fig. 1). Furthermore, ½6� ¼ H16

2 O
� �

,
½8� ¼ H18

2 O
� �

, and Rw ¼ ½8�=½6�.
In analogy to carbon isotopes, I define an overall KIF

for oxygen (18O/16O):

18k0

k
:¼

18RH2CO3

18RCO2

; ð15Þ

where 18RH2CO3
is the instantaneous oxygen isotope ratio of

H2CO3 formed from CO2 and H2O without back-reaction.
If the 18R’s of these compounds can be determined analyt-
ically relative to a standard, the oxygen KIF can be mea-
sured (in practice, 18RH2CO3

may have to be determined
indirectly). Reactant CO2 and H2O are assumed to be in
equilibrium with respect to oxygen isotopes. Note that
18k0 represents an overall rate constant but is not associated
with a single, elementary reaction. The oxygen isotope
ratios are given by (in e.g. H2CO3 count total ½18O� ¼ U
vs. total ½16O� ¼ V ):

18RH2CO3
¼ Aþ Bþ C þ 2ðDþ E þ F Þ þ 3G

3S þ 2ðAþ Bþ CÞ þ Dþ E þ F
¼ U

V
ð16Þ

18RCO2
¼ aþ bþ 2f

2sþ aþ b
¼ X

Y
¼ x

y
; ð17Þ

where U, V, X, and Y are total oxygen concentrations and x

and y are total oxygen abundances.
Fortunately, only a subset of the isotopologues/isotopo-

mers (cf. Eq. (14)) need to be considered to determine the
oxygen isotope ratios of H2CO3 and CO2. For instance, if
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the oxygen isotopes in CO2 were stochastically distributed,
then:

18RCO2
¼ xy þ yxþ 2x2

2y2 þ xy þ yx
¼ 2xy þ 2x2

2y2 þ 2xy
¼ x

y
: ð18Þ

To derive this result, consider the probability for two con-
secutive draws of oxygen atoms from a pool. For a stochas-
tic distribution, the overall 18O/16O ratio would also be
simply given by:

18RCO2
¼ 2xy

2y2
¼ x

y
¼ aþ b

2s

� �
stoch:

; ð19Þ

which would only require considering reactions involving a,
b, and s. However, the distribution of 18O/16O in the CO2

pre-complex is not exactly stochastic, one reason being that
a–b because the two positions are energetically non-equiv-
alent. Such differences may be evaluated by assuming 18O
fractionations in a, b, and f relative to the stochastic
distribution:

a0 ¼ aa xy

b0 ¼ ab yx

f 0 ¼ af x2;

ð20Þ

where primes denote abundances of CO2 molecules. Writ-
ing Eq. (17) in terms of abundances and inserting yields
(s0 ¼ y2):

18RCO2
¼ xyðaa þ abÞ þ 2af x2

2y2 þ xyðaa þ abÞ
¼ axy þ af x2

y2 þ axy

¼ ax
y
� y þ af a�1x

y þ ax
¼ ax

y
� C; ð21Þ

where a ¼ ðaa þ abÞ=2. Because x� y, C is very close to 1.
Calculated partition function ratios for a/s, b/s, and f/s rel-
ative to water typically differ by less than 2& (see Ka and
Kb below), indicating that the distribution of 18O/16O in
the CO2 pre-complex is very close to the stochastic distribu-
tion. Even if aa; ab, and af were in the order of ±10&, C
would differ from 1 by only 0.06&. Hence, the following
is a very good approximation for the current purpose:

18RCO2
’ ax

y
¼ ðaa þ abÞx

2y
¼ a0=y þ b0=y

2y
¼ a0 þ b0

2y2

¼ aþ b
2s

: ð22Þ

Similar arguments yield:

18RH2CO3
’ Aþ Bþ C

3S
: ð23Þ

As a result, only paired reactions involving a, b, and s

(for CO2) and A, B, C, and S (for H2CO3) will be considered
in the following. The rate expressions for these reactions
read:

_S ¼ _½666� ¼ k ½66�½6� ¼ k s ½6�
_A ¼ _½866� ¼ k0a ½86�½6� ¼ k0a a ½6�
_B ¼ _½686� ¼ k0b ½68�½6� ¼ k0b b ½6�
_C ¼ _½668� ¼ k0c ½66�½8� ¼ k0c s ½8�:

ð24Þ
Assuming again a large, equilibrated reactant pool, s, a, b,
[6], and [8] can be taken as constant. As a result, _S; _A;
_B; and _C are constant, leading to S ¼ k s ½6� � t, etc. It fol-
lows that A=S ¼ _A= _S ¼ ðk0a=kÞða=sÞ, B=S ¼ _B= _S ¼ ðk0b=kÞ
ðb=sÞ, and C=S ¼ _C= _S ¼ ðk0c=kÞð½8�=½6�Þ. Note that the last
rate expression in Eq. (24) for _C involves [8], rather than
[6]. It may also be written as _C ¼ k0c s ½6� Rw. Thus, com-
pared to the other rate expressions, it also involves the iso-
tope ratio of the water.

One more step is necessary to calculate isotope ratios
from reactants and rate constant ratios (Eqs. (22) and
(23)) because concentrations such as a; b, etc. and isotope
ratios a=s; b=s, etc. can not easily be evaluated. However,
ratios such as ða=sÞ=Rw may be evaluated using partition
function ratios determined from quantum chemistry calcu-
lations (see below). Hence, write 18RCO2

, for example, as:

18RCO2
¼ ½a=sþ b=s�=Rw

2=Rw
: ð25Þ

Recall that a; b, and s are equilibrium reactant concentra-
tions and consider the following equilibria for substitutions
in the pre-complex (in which generally ½86�–½68�):

66þ 8� 86þ 6; Ka ¼
½86�½6�
½66�½8� ¼

Qa=Qs

Q8=Q6

¼ a=s
Rw

ð26Þ

66þ 8� 68þ 6; Kb ¼
½68�½6�
½66�½8� ¼

Qb=Qs

Q8=Q6

¼ b=s
Rw

; ð27Þ

where Q’s are partition functions. Thus, we have:

18RCO2
¼ Ka þ Kb

2=Rw
: ð28Þ

Note that the oxygen isotope ratio of water, Rw, ultimately
drops out of the calculation (see below). The ratio 18RH2CO3

is evaluated similarly, but in this case by dividing numera-
tor and denominator by ðS � RwÞ instead of ðs� RwÞ and
using the rate expressions (Eq. (24)) to eliminate
A=S; B=S, and C=S. The individual terms are:

A=S
Rw
¼ k0a

k
a=s
Rw

½6�
½6� ¼

k0a
k

Ka

B=S
Rw
¼ k0b

k
b=s
Rw

½6�
½6� ¼

k0b
k

Kb

C=S
Rw
¼ k0c

k
s=s
Rw

½8�
½6� ¼

k0c
k
;

ð29Þ

yielding:

18RH2CO3
¼

k0a
k Ka þ k0b

k Kb þ k0c
k

3=Rw
ð30Þ

and thus finally:

18k0

k
¼

18RH2CO3

18RCO2

¼ 2

3
�

k0a
k Ka þ k0b

k Kb þ k0c
k

Ka þ Kb
: ð31Þ

For convenience, one may define K :¼ ðKa þ KbÞ=2 (see
Table 4). Note that for all pre-complexes tested here, Ka

and Kb were nearly identical (difference <2&). If
Ka ¼ Kb ¼ K, the expression above can be simplified to:

18k0

k
¼ 1

3

k0a
k
þ k0b

k
þ k0c

k
K�1

� �
; ð32Þ



Fig. 2. Schematic illustration of equilibrium and kinetic isotope
fractionation (KIF) of carbon and oxygen during CO2 hydration
and HCO�3 dehydration in water. Numbers to the left and right of
the d13C and d18O axis, respectively, indicate approximate equilib-
rium d-values. Kinetic isotope effects are illustrated in the center.
The d13C of HCO�3 and the d18O of water are arbitrarily set to zero.
Both reaction products HCO�3 and dissolved CO2 unidirectionally
produced by hydration of CO2 and dehydration of HCO�3 are
depleted in carbon isotopes relative to the reactants (left axis). The
difference in carbon KIF is equal to to the equilibrium fraction-
ation between HCO�3 and CO2 of �9& at 25 �C (Zhang et al.,
1995). The oxygen isotope composition of HCO�3 unidirectionally
produced from dissolved CO2 and H2O without fractionation is
�27& at 25 �C, the average of the reactant compositions (right
axis). Deviations from that value indicate isotope effects due to
different rate constants for different isotopologues/isotopomers (see
text). Arrows in blue and red labeled ’KIF hydration’ are the KIFs
theoretically determined here (Eqs. (10) and (31)). (For interpre-
tation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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which is just the average of the individual rate constant
ratios, except for the third term. The factor K�1 arises
because the oxygen KIF is defined relative to CO2, rather
than H2O (Eq. (15)). In this definition, the fractionation
for positions a and b between the TS and CO2 depends
on the KIF associated with k0a=k and k0b=k but is indepen-
dent of the bulk isotope composition of CO2. However,
the isotope ratio associated with position c of the TS (rela-
tive to CO2) depends on k0c=k, as well as the bulk isotope
composition of the water (see text following Eq. (24)).
Because oxygen isotope equilibrium was assumed between
reactant CO2 and H2O (see above), the calculation yields
the factor K�1, representing the pre-complex CO2-water
equilibrium (Eqs. (26) and (27)). Note also that if there were
no differences in rate constants k0i ¼ k

� �
, Eq. (31) simplifies

to:

18aav :¼ 2=3þ 2=3ðKa þ KbÞ�1
; ð33Þ

which represents the average oxygen isotope ratio of reac-
tants ðCO2 þH2O) relative to that of CO2 (see below).

2.4. Summary of carbon and oxygen isotope fractionation

The relationship between equilibrium and kinetic frac-
tionation of carbon and oxygen isotopes for CO2 hydra-
tion/HCO�3 dehydration in water is illustrated in Fig. 2.
Note that in the following the KIF for (i) CO2 þH2O!
H2CO3 and (ii) CO2 þH2O! Hþ þHCO�3 will be treated
synonymously for two reasons. First, it turns out that the
hydration step in water may proceed via (ii), rather than
(i) (see below). Second, if the KIF is determined analytically
by quantitative conversion of dissolved carbonate to HCO�3
and/or CO2�

3 (all kinetically produced carbonate is
extracted from solution), then the KIFs associated with
pathways (i) and (ii) cannot be distinguished from one
another. However, it needs to be kept in mind that in reality
there is an offset between the isotopic compositions of
H2CO3 and HCO�3 , with equilibrium values being estab-
lished quasi-instantaneously (e.g. Eigen et al., 1961; Zeebe
and Wolf-Gladrow, 2001).

The present calculations provide an estimate for the car-
bon KIF during CO2 hydration, 13k0=k (Fig. 2 and Eq. (10)).
The difference in the carbon KIF for the hydration of dis-
solved CO2 and the dehydration of HCO�3 is equal to the
equilibrium fractionation factor between HCO�3 and CO2

(Fig. 2), which has a value of �9& at 25 �C (Zhang
et al., 1995) (only approximate values are used in the illus-
tration to simplify the discussion). Thus, the present results
may be compared to experimentally determined values for
the carbon KIF either during CO2 hydration or HCO�3
dehydration – in case of the latter, the equilibrium fraction-
ation needs to be taken into account.

The present calculations also provide an estimate for the
oxygen KIF during CO2 hydration, 18k0=k (Fig. 2 and Eq.
(31)). Without fractionation/subsequent oxygen exchange,
the isotope ratio of HCO�3 unidirectionally produced from
CO2 and H2O is simply given by the average of the reactant
ratios:

18RHCO�3
¼ 2=318RCO2

þ 1=318RH2O: ð34Þ
Assuming CO2–H2O equilibrium and dividing by 18RCO2

gives:

18RHCO�3
18RCO2

¼ 2=3þ 1=3K�1
eq ; ð35Þ

where Keq ¼ 18aðCO2�H2OðlÞÞ. Eq. (35) is identical to Eq.
(31) for Keq ¼ K and k0i=k ¼ 1, cf. Eq. (33). In other
words, the overall oxygen KIF expressed here as an iso-
tope ratio (Eq. (31)) is just the average of the reactant
isotope ratios in case the rate constants were all the same
(k0i ¼ k). Thus, the deviation from this average value mea-
sures the oxygen KIE during CO2 hydration due to differ-
ences in isotopic rate constants for different
isotopologues/isotopomers. For example, dissolved CO2

equilibrated with water at d18OH2O ¼ 0& has a d18O-value
of �41& (Beck et al., 2005) and hence the d18O of the uni-
directionally produced HCO�3 would be �27& (average
reactant value, see Fig. 2). Thus, a deviation in the mea-
sured HCO�3 value from 27& would indicate the effect of
the rate constants on the oxygen KIE during CO2

hydration.
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3. QUANTUM CHEMISTRY CALCULATIONS

The rate constant ratios required to determine the carbon
and oxygen KIF during CO2 hydration were obtained using
quantum chemistry calculations. Locating equilibrium struc-
tures, which represent minima on the potential energy sur-
face (PES) is relatively easy. Locating TS structures is
much more difficult as these geometries represent saddle
points on the PES (e.g. Jensen, 1995). Although initial trial
structures for the CO2 þ nH2O TS were adopted from the lit-
erature (Nguyen et al., 1997, 2008; Wang and Cao, 2013),
locating TSs indeed turned out to be challenging and the
quantum chemistry calculations time-consuming at large n.
Even when mode following was turned on and runs were ini-
tiated very close to a TS (located at a different level of theory),
TS geometry searches often drifted towards a different TS or
did not converge at all after several hundred iterations.

Note that directly using previous TS geometries and fre-
quencies (Nguyen et al., 2008; Wang and Cao, 2013) to
determine KIFs for all n = 1–8 was not an option here.
KIFs at different n need to be determined at the same level
of theory to allow for a meaningful comparison. However,
several geometries adopted from Nguyen et al. (2008)
(n = 1–4) and Wang and Cao (2013) (n = 5, 6, 8) had been
obtained at different levels of theory by both groups. Note
also that while e.g. Nguyen et al. (2008) used a higher level
of theory (MP2/aug-cc-pVTZ vs. MP2/aug-cc-pVDZ used
here), it ultimately turned out that different TS geometries
at higher n seem to have a much larger effect on calculated
KIFs than a more complete basis set (see below).

Searches for equilibrium (pre-complex) and TS geome-
tries were performed using the quantum-chemistry package
GAMESS (Gordon and Schmidt, 2005) in parallel execu-
tion on a 88-CPU Linux cluster. For the structures studied
here, all geometry optimizations were followed by Hessian
runs to check whether the normal mode analysis yielded
indeed exactly zero and one imaginary frequency (x) for
equilibrium and TS geometries, respectively. Different basis
sets and levels of theory were tested, including B3LYP/6-
311+G(2df,2p) and MP2/aug-cc-pVDZ (B3G and MP2Z
in the following), similar to those used in recent quantum
chemistry studies of CO2 hydration (Nguyen et al., 2008;
Wang and Cao, 2013). B3G gave somewhat higher values
than MP2Z, for instance, for the KIF of carbon at 25 �C
(by �1.5& and �3& at n = 3 and n = 6, respectively).
However, B3G strongly underestimated the 13C equilibrium
fractionation between HCO�3 and CO2(g) at n = 7, while
MP2Z yielded too low values for the 18O equilibrium frac-
tionation between CO2/HCO�3 and H2O (see Section 4.1).
For several equilibrium/TS geometries, stationary points
located at MP2Z (zero/one imaginary x) did not corre-
spond to stationary points at B3G (one/two or more imag-
inary x). Obviously, neither of the two methods is perfect.
However, results at different n can only be compared when
internally consistent, i.e. when obtained with the same
method (in the following MP2Z, unless stated otherwise).

Pre-complex structures, intermediate states, and final
reaction products were obtained using IRC (intrinsic reac-
tion coordinate) runs starting at the previously located TS.
IRC runs were usually performed at the HF/aug-cc-pVDZ
level, except for TS-8b (full MP2/aug-cc-pVDZ level, see
below). All stationary geometries obtained during IRC runs
were re-optimized at the full MP2/aug-cc-pVDZ level before
the structures were employed for frequency and isotope cal-
culations. Continuum solvation methods were also tested,
including the Polarizable Continuum Model (PCM) for
water. However, switching PCM on (all else being equal)
occasionally produced additional imaginary x’s, i.e. indicat-
ing non-equilibrium or non-stationary points on the PES as
affected by the solvation model. At this stage it is not clear
whether this behavior is due to inadequacies in the solvation
method or whether such structures are actually non-station-
ary in real aqueous solutions. The results reported below
were obtained without solvation models.

4. RESULTS

4.1. Test: Equilibrium fractionation factors

A first-order test for the quantum chemistry methods
employed here is to check calculated carbon and oxygen
equilibrium fractionation factors against values that are
known from experimental studies. Equilibrium fraction-
ation factors for several compounds relevant for the present
study have been measured quite accurately, including
13a HCO�3 –CO2ðgÞð Þ;

18aðCO2ðgÞ–H2OðlÞÞ, and 18a HCO�3 –H2OðlÞð Þ. Theo-

retical equilibrium fractionation factors were calculated
here as described in Zeebe (2009, 2010). Both MP2Z and
B3G yield fundamental frequencies in close agreement with
experimental values for all molecules (Fig. 3). One excep-
tion is the frequency of the bicarbonate CO–H stretching
mode (xCO–H), which is typically overestimated in quantum
chemistry calculations relative to the observed value in
solution (Rudolph et al., 2006, 2008; Guo, 2008). However,
this has no effect on the calculated carbon isotope fraction-
ation because xCO–H (�3000 cm�1) falls in a much higher
frequency band than the HCO�3 -modes that are sensitive
to carbon mass (�600–1600 cm�1). Omission of the CO–
H stretch from the calculations yielded no change in the
predicted 13aðHCO�3 –CO2ðgÞÞ. The same holds true for the calcu-
lated kinetic fractionation of stable carbon isotopes.

However, the CO–H stretching mode does affect oxygen

isotope fractionation. For example, 18a HCO�3 –H2OðlÞð Þ
increases with xCO–H, when keeping the frequency ratio
xCO–H=x0CO–H constant. Thus, because the quantum chemis-
try calculations tend to overestimate xCO–H, one might

expect 18a HCO�3 �H2OðlÞð Þ to be overestimated as well, pro-

vided that the theoretical frequency ratio is accurate. How-
ever, the opposite is the case (Table 1), suggesting that the
overestimated CO–H stretch does not lead to excessively
large values for the calculated oxygen isotope fractionation.
On the other hand, potential errors in the calculated ratio
xCO–H=x0CO–H cannot be excluded. In summary, while the
overpredicted CO–H stretching mode has no effect on the
calculated carbon isotope fractionation, it is a potential
source of error in the calculated oxygen isotope fraction-
ation. This applies to both the HCO�3 equilibrium fraction-
ation, as well as kinetic effects associated with the CO–H
stretch in the CO2 þ nH2O transition state.
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Table 1
Comparison between calculateda and experimental equilibrium
fractionation factors at 25 �C.

Methodb 13a HCO�3 –CO2ðgÞð Þ
18aðCO2ðgÞ–H2OðlÞÞ

18a HCO�3 –H2OðlÞð Þ
MP2Z 1.0069 1.0358c 1.0277c

B3G 1.0045 1.0415c 1.0290c

Exp. 1.0079d 1.0412e 1.0311f

a All frequencies unscaled. a’s involving HCO�3 based on
HCO�3 � H2Oð Þ7-cluster.

b MP2Z = MP2/aug-cc-pVDZ, B3G = B3LYP/6-
311+G(2df,2p).

c Using 18aðH2OðlÞ�H2OðgÞÞ ¼ 1:0094 (Majoube, 1971).
d Zhang et al. (1995).
e O’Neil et al. (1975).
f Uchikawa and Zeebe (2013).
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Excluding the bicarbonate CO–H stretch, the calculated
frequency scaling factors for both MP2Z and B3G were
close to 1.0 for the combined frequencies of CO2, H2O
and HCO�3 � ðH2OÞ7 (Fig. 3). Hence unscaled frequencies
were used in the present study. Note that the HCO�3 fre-
quencies and fractionation factors involving HCO�3 were
calculated based on a HCO�3 � ðH2OÞ7-cluster. This cluster
corresponds to the reaction product of CO2 þ nH2O (except
for one proton) at n = 8, the largest n considered here to
determine kinetic isotope fractionations. Considering an
even larger hydration shell (n J 10) is important for accu-
rately calculating equilibrium oxygen isotope fractionation
between dissolved carbonate species and water (Zeebe,
2009). However, in the present context it is more important
to evaluate the quantum chemistry results at smaller n, cor-
responding to the number of water molecules and cluster
sizes used to determine the KIF. Moreover, it turned out
that the calculated KIF for oxygen was rather insensitive
to n (see below).
The results obtained with MP2Z show good agreement
with the observed 13C equilibrium fractionation between
HCO�3 and CO2(g) at 25 �C based on the HCO�3 � ðH2OÞ7-
cluster (Table 1). B3G underestimates this value by more
than 40%. However, this result is sensitive to conformation
and often shows better agreement for larger clusters (Rustad
et al., 2008; Hill et al., 2014). On the other hand, MP2Z
yields too low values for the 18O equilibrium fractionation
between CO2 and H2O, while B3G shows good agreement.
Based on calculations for the HCO�3 � ðH2OÞ7-cluster,
MP2Z and B3G both underestimate 18a HCO�3 �H2OðlÞð Þ (by
�2& and 3&, respectively), possibly due to a small number
of hydrating water molecules included in the simulations
(e.g. Zeebe, 2009; Hill et al., 2014). The bottom line is that
while a few results for the calculated equilibrium fraction-
ation factors indicate poor performance of the quantum
chemistry methods, others are encouraging. Note, however,
that even a good performance in terms of equilibrium frac-
tionation is no guarantee for accurate predictions of KIFs
due to additional uncertainties, including the predicted tran-
sition state geometry and transition state theory itself (Sec-
tion 2.1). Unless stated otherwise, calculated results for
KIFs will be reported for MP2Z below for consistency rea-
sons (see Section 3), with the caveat that the results may
have uncertainties similar to or larger than those for equilib-
rium fractionation factors.

4.2. CO2 þ nH2O transition state geometries

4.2.1. n ¼ 1; 2; 3
The transition from CO2 þ nH2O to H2CO3 encom-

passes three major changes in molecular structure, which
may be illustrated for n = 1 (in the following, oxygen indi-
ces will indicate positions, see Fig. 1). (I) Formation of the
new C–Oc bond, (II) breaking of the water Oc–H bond, and
(III) formation of the new Ob–H bond. For n = 1, the pro-
ton involved in II and III is the same. All three changes
occur simultaneously and there is only one TS along the
reaction path. For n ¼ 2 and 3, the proton transfer occurs
via a proton relay along the chain of two and three water
molecules, respectively (Fig. 4). Nevertheless, all changes
still occur essentially simultaneously, and for the structures
probed here, there is only one TS along the reaction path
for n 6 3 (concerted pathway).

4.2.2. n ¼ 4; 5; 6; 8
For n P 4, the reaction proceeds stepwise through a

HCO�3 –H3Oþ intermediate state and a second TS appears
(TS-n-2), separating processes I + II (TS-n-1) from the pro-
ton relay and the formation of the new Ob–H bond (Figs. 4
and 5). Note that a direct reaction pathway CO2 þH2O!
HCO�3 and a stepwise hydration mechanism have been dis-
cussed earlier (Eigen et al., 1961, 1964; Stirling and Pápai,
2010). The stepwise hydration mechanism was also identi-
fied in quantum chemistry calculations for n P 5 (Wang
and Cao, 2013) and was found here for n = 4 as well. The
total MP2Z energies (Et) of TS-4-2 and TS-4-1 are nearly
identical and �22 kcal mol�1 higher than Et of the pre-com-
plex R-4 (Table 2 and Fig. 5). However, the calculated car-
bon KIF for TS-4-2 is close to zero and �22& lower than



Fig. 4. Transition state geometries at n = 3 (TS-3) and n = 4 (TS-4-
1) based on MP2/aug-cc-pVDZ level of theory. Arrows indicate the
normal mode of decomposition. Note proton relay and H-transfer
to Ob in TS-3, which is absent in TS-4-1.
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Table 2
Properties of selected geometries: transition state (TS), reactant
pre-complex (R), and intermediate state (I).

d(C–Oc) (Å) x(
L (cm�1) Energy (a.u.)a

TS-1 1.7011 1707.04i �264.351897
TS-2 1.6082 1101.34i �340.653409
TS-3 1.5665 841.70i �416.921037
R-4 3.1487 – �493.257519
TS-4-1 1.5986 534.16i �493.222882
I-4 1.4836 – �493.224384
TS-4-2 1.4467 519.93i �493.222870
TS-5 1.6210 601.00i �569.503460
TS-6 1.6292 597.35i �645.780878
TS-8a 1.6333 586.72i �798.339978
R-8b 3.3438 – �798.375285
TS-8b-1 1.8253 176.85i �798.340359
I-8b 1.4093 – �798.347251
TS-8b-2 1.3776 924.01i �798.344488

a Total MP2 energy (MP2/aug-cc-pVDZ).

R.E. Zeebe / Geochimica et Cosmochimica Acta 139 (2014) 540–552 547
for TS-4-1 (see below). TS-4-2 is associated with the proton
relay, whereas the formation of the C–Oc bond is already
complete, i.e. the carbon atom is already part of the
HCO�3 -structure. Thus, TS-4-2 is not relevant for determin-
ing the carbon KIF during CO2 hydration. Rather, the car-
bon KIF is governed by the rate limiting step for the C–Oc

bond formation, i.e. the step from R-4 to TS-4-1.
All TSs for n P 4 for which KIFs were determined below

(corresponding to TS-n-1 or simply TS-n) show the separa-
tion of the proton relay from processes I + II. For n = 8,
two different TS geometries were tested (Fig. 6). In TS-8a,
the CO2 + H2O reaction center is peripherally hydrogen-
bonded to a cage-like structure of seven water molecules,
which subsequently facilitate the proton relay. In TS-8b,
the reaction center is hydrogen-bonded to a cluster of five-
water molecules on one, and two on the opposite side, where
the five-water cluster is involved in the proton transfer. The
different geometries lead to different properties of the TS.
For instance, the distance along the forming C–Oc bond is
�0.2 Å longer in TS-8b than in TS-8a (Table 2). Also, for-
mation of the C–Oc bond (I) and breaking of the water
Oc–H bond (II) occur essentially simultaneously in TS-8a.
In contrast, IRC runs at the full MP2Z level revealed that
in TS-8b, process II only occurs after process I is nearly
complete (i.e. after the C–Oc distance has dropped from
1.83 to 1.48 Å).

The calculated difference in total energies (DEt) for both
TS-4-1 and TS-8b-1 relative to the respective pre-complex
energies is �22 kcal mol�1 (Fig. 5). An experimental value
for the Gibbs energy of activation (DG() for CO2 hydration
in water at 25 �C was recently given as 21.8 kcal mol�1

(Wang et al., 2010). However, the agreement of the numbers
is coincidental as DEt and DG( are different quantities. The
experimental value for DG( is based on the Eyring relation-
ship between rate constant and DG( ¼ DH( � T DS(,
where DH( and DS( are the enthalpy and entropy of acti-
vation, respectively. Estimation of DG( from quantum
chemistry calculations requires additional steps that include
consideration of level of theory, correlation methods, zero-
point energies, solvation models, basis set-specific frequency
scaling factors, etc. The details have been discussed else-
where and values of �19 kcal mol�1 (n = 4, in water) and
17–26 kcal mol�1 (n = 8, in water) in agreement with obser-
vations have been reported (Nguyen et al., 2008; Wang and
Cao, 2013).

4.3. 13C=12C kinetic isotope fractionation

Based on the transition state geometries described
above, the KIF for stable carbon isotopes (13k0=k) during
CO2 hydration was calculated for n = 1–8 using the equa-
tions given in Sections 2.1 and 2.2. For both carbon and
oxygen, the results will be reported as the inverse ratio



Fig. 6. Transition state geometries at n = 8 (TS-8a and TS-8b) based on MP2/aug-cc-pVDZ level of theory. Note elongated C–Oc and
reduced H–Oc distances in TS-8b relative to TS-8a.

Table 3
Results for carbon KIF at 25 �C.a

n RA
b RT x(

L =x
0(
L k=13k0

1 1.1918c 1.1846 1.0039 1.0101
2 1.1916 1.1829 1.0058 1.0133
3 1.1915 1.1788 1.0033 1.0141
4 (1) 1.1914 1.1758 1.0098 1.0232
4 (2) 1.1914 1.1910 1.0010 1.0014
5 1.1916 1.1772 1.0103 1.0226
6 1.1918 1.1771 1.0108 1.0234
8 (a) 1.1913 1.1770 1.0110 1.0233
8 (b) 1.1913 1.1703 1.0144 1.0326

a All results obtained at MP2/aug-cc-pVDZ; all frequencies
unscaled.

b b-factor of CO2 � nH2O pre-complex.
c Non-stationary (one imaginary x).
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k=M k0 (M ¼ 13; 18) to obtain simple numbers > 1 for nor-
mal isotope effects. When expressed as a d-value, Mdðk=k0Þ
refers to:

Mdðk=k0Þ ¼ ðk=M k0 � 1Þ � 1000: ð36Þ

The calculated kinetic isotope fractionation for carbon
increases slightly from 10& to 14& as n increases from 1
to 3, jumps suddenly by about +9& between n = 3 and
n = 4, and remains fairly constant for n = 4–6 (Table 3
and Fig. 8). The jump corresponds to the switch from a
one-step hydration mechanism to a multi-step hydration
mechanism at n P 4 as described above. The largest contri-
bution to the jump (�6.5&) is due to the change in the ratio
of the decomposition mode, x(

L =x
0(
L (Table 3). In TS-3, the

entire water chain facilitating the proton relay is involved in
the nongenuine vibration along the decomposition path
(Fig. 4). However, in TS-4-1, the decomposition mode
almost exclusively involves the C–Oc–H group that partici-
pates in the formation of the new C–Oc bond and the break-
ing of the water Oc–H bond (Fig. 4), lowering x(

Lj j by
�300 cm�1 (Table 3). As a result, the decomposition mode
for n = 4 is more sensitive to carbon mass than for n = 3,
which explains the increase in x(

L =x
0(
L . Note that the jump

in the carbon KIF is solely due to changes in the TS and not
in the pre-complex as there is virtually no change in the
b-factor (RA) of the CO2 � nH2O pre-complex between
n = 3 and n = 4 (Table 3). The remainder of the jump
(�2.5&) is due to a general decline in RT as n increases
(recall that k=k0 / RA=RT , see Eq. (4)). The carbon bonding
in the TS progressively weakens and RT drops with increas-
ing n, relative to the pre-complex (Table 3).
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For n = 8, the two different TS geometries (TS-8a and
TS-8b, see Fig. 6) lead to significantly different values for
the calculated KIF of carbon, with k=13k0 being about 9&

larger for TS-8b (Table 3 and Fig. 8)). The carbon atom
is less strongly bound in TS-8b (closer resembling a
CO2- than a HCO�3 -structure), hence giving a smaller RT

and a larger carbon KIE. In addition, x(
L is substantially

lower and the C–Oc distance larger in TS-8b (Table 2).
The decomposition mode in TS-8b largely consists of a dis-
placement of the bend CO2 skeleton against the mostly
rigid water unit. In contrast, the decomposition mode in
TS-8a also involves breaking of the water Oc–H bond. This
makes x(

L more sensitive to carbon mass in TS-8b relative
to TS-8a. As a result, the calculated x(

L =x
0(
L ratio and

hence the predicted carbon KIF is larger for TS-8b.
For most TS geometries tested here, the predicted tem-

perature dependence of the carbon KIF for CO2 hydration
is relatively weak over the temperature range T C ¼
0–100 �C, except for TS-8b (Fig. 7). Over this range, the
temperature slope is about +0.5, �2.0, and �5.7&/
100 �C, for n = 2, 8(a), and 8(b), respectively. The contribu-
tion of the decomposition mode (x(

L =x
0(
L ) to the KIF is

independent of temperature. Hence the temperature depen-
dence is determined by the ratio RA=RT (Eq. (4)). Because of
similarities in several genuine vibrations of the pre-complex
and TS, RA and RT also show a similar temperature depen-
dence, particularly for small n. For example, at n ¼ 2; RA
and RT both drop in nearly identical fashion by �7%
between 0 and 100 �C. Over this range, RT drops slightly
quicker than RA, leading to a small increase in k=13k0 with
temperature at n = 2. However, for TC > 120 �C, the oppo-
site is true, leading to a decrease in k=13k0, which finally
approaches the high-temperature limit x(

L =x
0(
L (Fig. 7).

4.4. 18O=16O kinetic isotope fractionation

As expected, the smallest oxygen KIF is predicted for
position a (passive, see Section 2.3), with k=k0a varying
between �2& and 5& for n = 2–8 (Table 4). The predicted
KIF is larger for position b (active), with values for k=k0b of
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Fig. 7. Calculated temperature dependence of kinetic carbon
isotope fractionation for the CO2 hydration reaction CO2þ
nH2O at different n based on MP2/aug-cc-pVDZ.
up to �11&. Except for TS-8b, an inverse KIE is predicted
when considering only k=k0c, which measures the KIF in
position c relative to 16O/18O in water (Section 2.3). In
other words, oxygen in position c is calculated to be more
strongly bound in the TS than in H2O, which is plausible
given the (albeit loose) C–O bond in the TS vs. the O–H
bond in water. Predicted values for k=k0c range roughly
between �16& and 0& (the latter applies to TS-8b with
largely unaltered H–Oc–H water molecule). However,
because the oxygen KIF is defined relative to CO2 (rather
than H2O), the relevant quantity for position c is K � k=k0c
(see Section 2.3), which varies between �27& and 37&.
Finally, because the overall oxygen KIF is basically an
average of the KIF for the three positions (Eq. (32)),
k=18k0 varies between �10& and 15& for n = 1–8 (Table
4 and Fig. 8)). The values of k=18k0 and 18a�1

av (Eq. (33)) dif-
fer only slightly, indicating a small contribution of different
isotopologue-/isotopomer rate constants to the total oxy-
gen KIF.

5. DISCUSSION

The present study predicts a substantially larger carbon
KIF during CO2 hydration for n P 4 compared to n < 4
(Fig. 8)). While absolute values calculated here carry con-
siderable uncertainties (see below), the predicted carbon-
to-oxygen ratio of the KIF is probably more robust. For
n < 4, the calculated ratio is similar, while for n P 4, the
carbon KIF is larger than the oxygen KIF by a factor of
�1.5 to 2.2 (TS-8b). The stepwise hydration mechanism is
responsible for the larger carbon KIF for n P 4. The mech-
anism involves a larger number of water molecules partici-
pating in the proton relay and hence appears more likely to
be the dominant pathway in aqueous solution. Thus, I sug-
gest that during CO2 hydration in aqueous solution, the
carbon KIF should be significantly larger than the oxygen
KIF, which can be tested experimentally.

5.1. Theoretical and computational uncertainties

As mentioned above, transition state theory as applied
here is subject to uncertainties, including unknown effects
from transmission and tunneling (although tunneling effects
should be much smaller for carbon and oxygen than e.g.
hydrogen, see Melander and Saunders, 1980). In addition,
the present calculation of partition functions is based on
the harmonic approximation, ignoring possible effects of
anharmonicity in the molecular vibrations. Computational
limitations include uncertainties in the predicted TS geom-
etries due to imperfect basis sets, correlation methods, and
solvent effects. In order to simulate solvent effects in aque-
ous solution more realistically, n > 8 may be desirable, par-
ticularly for oxygen isotope fractionation (e.g. Zeebe,
2009). Unfortunately, computations with large n turned
out to be cumbersome and computationally expensive for
the current system. Alternatively, solvation models may
be applied, which have their own limitations, however
(see Section 3).

As a result, one important limitation of the present
study is the small number of different TSs at a given n that



Table 4
Results for oxygen KIF at 25 �C.a

n k=k0a k=k0b k=k0c K � k=k0c
b 18a�1

av k=18k0

1c 0.9985 1.0052 0.9925 1.0361 1.0142 1.0130
2 1.0022 1.0028 0.9844 1.0270 1.0140 1.0105
3 1.0024 1.0106 0.9938 1.0333 1.0129 1.0153
4 1.0042 1.0082 0.9934 1.0337 1.0132 1.0152
5 1.0032 1.0067 0.9917 1.0289 1.0122 1.0128
6 1.0038 1.0067 0.9905 1.0286 1.0125 1.0129
8 (a) 1.0046 1.0062 0.9937 1.0310 1.0122 1.0138
8 (b) 1.0037 1.0048 1.0000 1.0371 1.0121 1.0150

a All results obtained at MP2/aug-cc-pVDZ; all frequencies unscaled.
b K ¼ ðKa þ KbÞ=2, see text.
c Pre-complex non-stationary (one imaginary x).

Fig. 8. Calculated carbon and oxygen kinetic isotope fractionation
for the CO2 hydration reaction CO2 þ nH2O at different n based on
MP2/aug-cc-pVDZ.

Table 5
Results from experimental studies for carbon and oxygen KIF
during CO2 hydration (k’s) and HCO�3 dehydration (k�’s).

k=13k0 13aðHCO�3 �CO2Þ k�=13k0�
a Temp. k�=18k�

a

(�C)

(1.0069)b 1.0077b (1.0147)b 24
1.0130c 1.0090c 1.0220c 25?
1.0197 d 1.0121e 1.0320f 0

0 1.0060-1?f

a HCO�3 dehydration.
b Marlier and O’Leary (1984). Subsequently cited by same group

with different value, see c.
c O’Leary et al. (1992).
d Calculated.
e Zhang et al. (1995).
f Clark and Lauriol (1992), see text.
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could be sampled to determine KIFs, particularly at larger
n (Fig. 8). Because the number of possible TSs usually
grows quickly with n, ideally one might like to combine
quantum chemistry and molecular dynamics approaches
to sample as many TSs as possible. However, to obtain
accurate energy barriers, frequencies, etc., a high level of
theory is required, which makes this approach very expen-
sive. Future theoretical studies of the present system should
also improve the treatment of tunneling and recrossing,
which may require tools such as variational transition state
theory (e.g. Truhlar and Garrett, 1984).

Despite the theoretical and computational uncertainties,
there are at least three aspects of the calculated results that
lend confidence in the methods applied. First, the predicted
molecular frequencies of relevant equilibrium structures are
in excellent agreement with observations, except for the
bicarbonate CO–H stretching mode (Fig. 3). Second, the
calculated equilibrium fractionation factors based on
MP2Z are in reasonable to good agreement with experi-
mental values, more so for carbon than for oxygen (Section
4.1). Third, while the two items above are relevant for
testing equilibrium geometries, the agreement between
observed and predicted energy barriers for the CO2
hydration in water (see Section 4.2.2) suggest that quantum
chemistry calculations at sufficiently high level of theory are
also capable of accurately predicting CO2 þ nH2O transi-
tion state geometries (Nguyen et al., 2008; Wang et al.,
2010; Wang and Cao, 2013). The overall magnitude of
uncertainties associated with the calculated KIFs is esti-
mated to be similar to or larger than those for equilibrium
fractionation factors (see Section 4.1).

5.2. Experimental studies

Marlier and O’Leary (1984) reported a carbon KIF for
CO2 hydration in water of 6.9& at 24 �C (Table 5). How-
ever, the study was subsequently cited by the same group
with a value of 13.0& (O’Leary et al., 1992). Clark and
Lauriol (1992) reported a carbon KIF for HCO�3 dehydra-
tion in water of 32.0& at 0 �C. Taking into account a
�12& equilibrium fractionation at 0 �C between HCO�3
and dissolved CO2 (Zhang et al., 1995), yields a KIF for
the hydration reaction of 19.7& (Table 5). The discrepancy
between O’Leary et al. (1992) and Clark and Lauriol (1992)
of about 7& in k=13k0 appears much larger than might be
explained by differences in experimental temperatures of
25 K. For comparison, the strongest dependence of k=13k0

on temperature was calculated here for TS-8b (Fig. 7),
declining by only 1.8& between 0 and 25 �C. Thus, the
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the currently available experimental data for k=13k0 appear
to be inconsistent. Guo (2008) performed similar experi-
ments as Clark and Lauriol (1992) but did not report a
value for the carbon KIF during HCO�3 dehydration based
on the data.

The results obtained here for the carbon KIF at n P 4
(Fig. 8) are more compatible with the larger value based
on Clark and Lauriol (1992). One of the experimental chal-
lenges is to prevent re-equilibration (i.e. hinder the reverse
reaction), otherwise the KIE will not be fully expressed.
Experimentally determined KIFs then represent minimum
values, which may tend to fall below theoretical values.
This could be the case here for the predicted carbon KIF
at n P 4, which is larger than the experimental values.
However, drawing firm conclusions appears difficult at this
stage, given computational uncertainties and inconsisten-
cies between experimental studies. Nevertheless, note that
Guo (2008) calculated a value of �30& for the carbon
KIF during HCO�3 dehydration at n = 2 and 25 �C based
on B3LYP/cc-pVTZ(-f), which is also more consistent with
the larger dehydration value given by Clark and Lauriol
(1992).

In addition, Clark and Lauriol (1992) reported a value
for the oxygen KIF during HCO�3 dehydration of �6&

at 0 �C. While the notation of 18O/16O rate constant ratios
is inconsistent in that paper, the data in Fig. 3 and Table 3
of Clark and Lauriol (1992) shows that CO2 was enriched in
18O by �6& relative to CaCO3 and hence HCO�3 by infer-
ence. In contrast, for the dehydration reaction, Guo (2008)
calculated that CO2 would be depleted in 18O by �7& rel-
ative to HCO�3 . The bottom line is that oxygen isotope data
on the KIF during hydration/dehydration of CO2/HCO�3
seem even more sparse and inconsistent than for carbon.
This author is not aware of a systematic experimental study
on the oxygen KIF during CO2 hydration.

McConnaughey (1989) reported 13C and 18O depletions
in rapidly precipitated carbonates from film solutions.
However, the solution pH was not controlled in those
experiments and varied widely (7.4–8.5) and hence the rela-
tive contributions of hydration and hydroxylation to the
observed isotope fractionation are unknown. Also, for the
experimental setup, equilibrium isotope fractionation fac-
tors were not determined (rather estimated) and the data
obtained does not allow a mass-balance calculation to track
the partitioning of, say, carbon isotopes among gas, liquid,
and solid phase. Relative to the calculated calcite-solution
equilibrium, the reported 13C and 18O depletions in the pre-
cipitated CaCO3 at 1, 4, and 21 �C were �4–5& and
�16&, respectively (McConnaughey, 1989). These num-
bers may reflect KIFs during CO2 hydration/hydroxyl-
ation. However, this is uncertain due to a lack of control
over mass fluxes and pH in the experiments. It remains
unclear whether the precipitation was truly quantitative,
whether the reaction time for precipitation allowed for
re-equilibration between HCO�3 and CO2, and whether
the values (if accurate) would apply to hydration or
hydroxylation, or a combination of both. In summary,
the currently available data on KIF during CO2 hydra-
tion/HCO�3 dehydration is unsatisfactory and hampers a
conclusive comparison between theory and experiment.
6. CONCLUSIONS

The present study provides estimates for the kinetic frac-
tionation of carbon and oxygen isotopes during CO2 hydra-
tion ðCO2 þ nH2OÞ based on transition state theory and
quantum chemistry calculations. The results indicate that
a concerted hydration mechanism (n = 1–3) is unlikely to
be the dominant pathway producing KIFs during CO2

hydration in aqueous solution; a stepwise hydration mech-
anism (n P 4) appears more likely. For n = 4–8, the pre-
dicted KIF based on MP2/aug-cc-pVDZ calculations at
25 �C is �1.023–1.033 and �1.013–1.015, for carbon and
oxygen, respectively. However, these values should be taken
with caution, given theoretical and computational uncer-
tainties (cf. Section 5.1). Experimental data on kinetic iso-
tope effects during CO2 hydration/HCO�3 dehydration are
sparse and inconsistent. New and systematic experimental
work is needed to fully understand the hydration/dehydra-
tion mechanism in aqueous solution and to accurately
determine the magnitude of the associated kinetic isotope
effects.
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