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Abstract
Carbon-bound hydrogen in sedimentary organic matter can undergo exchange over geologic timescales, altering its isotopic composition. Studies investigating the natural abundance distribution of 1H and 2H in such molecules must account for
this exchange, which in turn requires quantitative knowledge regarding the endpoint of exchange, i.e., the equilibrium isotopic
fractionation factor (aeq). To date, relevant data have been lacking for molecules larger than methane. Here we describe an
experimental method to measure aeq for C-bound H positions adjacent to carbonyl group (Ha) in ketones. H at these positions
equilibrates on a timescale of days as a result of keto-enol tautomerism, allowing equilibrium 2H/1H distributions to be indirectly measured. Molecular vibrations for the same ketone molecules are then computed using Density Functional Theory at
the B3LYP/6-311G** level and used to calculate aeq values for Ha. Comparison of experimental and computational results for
six diﬀerent straight and branched ketones yields a temperature-dependent linear calibration curve with slope =
1.0810.00376T and intercept = 8.4040.387T, where T is temperature in degrees Celsius. Since the dominant systematic
error in the calculation (omission of anharmonicity) is of the same size for ketones and C-bound H in most other linear compounds, we propose that this calibration can be applied to analogous calculations for a wide variety of organic molecules with
linear carbon skeletons for temperatures below 100 °C. In a companion paper (Wang et al., 2009) we use this new calibration
dataset to calculate the temperature-dependent equilibrium isotopic fractionation factors for a range of linear hydrocarbons,
alcohols, ethers, ketones, esters and acids.
Ó 2009 Elsevier Ltd. All rights reserved.

1. INTRODUCTION
Studies of the natural abundance distribution of the
stable isotopes of hydrogen (1H and 2H) have facilitated
many important scientiﬁc ﬁndings, ranging from the fundamental basis for isotope eﬀects (Urey et al., 1932; Urey
and Rittenberg, 1933) to ecological studies (Estep and
Hoering, 1981; Sternberg et al., 1984), paleoclimate reconstructions (Feng and Epstein, 1994), and the origins of
petroleum hydrocarbons (Schoell and Whiticar, 1982;
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Whiticar et al., 1985). More recently, the ability to measure 2H/1H ratios in individual lipid compounds has enabled many new applications, including the biochemical
basis for biosynthetic fractionations (Sessions et al.,
1999; Chikaraishi et al., 2004a,b; Zhang and Sachs, 2007;
Zhang et al., 2009), apportioning marine versus terrestrial
sources of lipids (Chikaraishi and Naraoka, 2003; Li et al.,
2009), reconstruction of paleoenvironment (Dawson et al.,
2004; Krull et al., 2006), more detailed paleoclimate studies (Pagani et al., 2006; Sachs et al., 2009), the role of H
transfer in source rock maturation and petroleum generation processes (Schimmelmann et al., 1999, 2004), and the
origin of extremely 2H-enriched compounds in carbonaceous meteorites (Huang et al., 2005; Gourier et al., 2008).
Hydrogen in organic molecules is aﬀected by a variety of
exchange processes that can lead to changes in isotopic
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composition without concomitant changes in molecular
structure (Sessions et al., 2004; Schimmelmann et al.,
2006). The timescale for such exchange is highly dependent
on organic structure, and ranges from seconds for loosely
bound H (such as in OH and NH moieties) to millions of
years for aliphatic C-bound H at room temperature
(Schimmelmann et al., 2006). For studies of individual lipids seeking to reconstruct original biotic or environmental
variables, identifying and avoiding such exchange is key
(e.g., Andersen et al., 2001; Pedentchouk et al., 2006).
For other studies seeking to understand the diagenesis
and thermal maturation of sedimentary organic matter
(e.g., Schimmelmann et al., 1999; Dawson et al., 2005),
the extent and results of exchange are of primary interest.
Regardless, in all cases interpreting empirical data requires
knowledge of the 2H/1H distribution expected to result
from exchange, i.e., the temperature-dependent equilibrium
isotopic fractionation factor (aeq). To cite just one example,
observations that sedimentary leaf-wax lipids have very different d2H values than co-occurring water have been used
to argue that H exchange in n-alkanes is very slow (Yang
and Huang, 2003). However, such arguments cannot be
developed quantitatively unless the resulting equilibrium
fractionation is accurately known.
Estimates of equilibrium 2H/1H fractionations are also
relevant to isotopic studies of bulk organic hydrogen, where
the contribution from rapidly exchanging H positions must
be accounted for (Schimmelmann, 1991). This is typically
achieved experimentally by forcing isotopic exchange with
water vapors having diﬀerent 2H/1H values (Schimmelmann et al., 1999; Sauer et al., 2009). The results of this differential exchange allow the contribution of exchangeable
positions to the bulk H pool to be calculated. However, further calculation of the 2H/1H ratio of non-exchangeable H
by mass balance requires knowledge of the equilibrium
fractionation factors for exchangeable H positions, which
are diﬃcult to obtain experimentally. Only a few estimates
for essentially pure substances (e.g., cellulose) are currently
available (Schimmelmann, 1991).
To date, there have not been any precise estimates for
aeq values in organic compounds larger than methane. Isotope exchange experiments proceed far too slowly for most
aliphatic H, with exchange half-lives typically 105–106 years
at 200 °C for aromatic and saturated hydrocarbons without
catalysis (reviewed by Sessions et al., 2004). Partial exchange with 2H2O is commonly employed to amplify d2H
shifts (Koepp, 1978; Larcher et al., 1986), but this approach
precludes measuring equilibrium fractionations because
equilibrium is not reached. Similarly, mineral catalysts
and/or high temperatures which speed equilibration often
promote side reactions, including rearrangement and oxidation, which confound measurements of pure equilibrium
partitioning (Sessions et al., 2004). A few experimental
studies have employed isomerase enzymes to catalyze 3H
incorporation into the methyl group of malate (Thomson,
1960) and pyruvate (Meloche et al., 1977) at 35 °C and thus
deduced the equilibrium fractionation for 2H/1H exchange.
While useful for some organic species, this approach is not
suitable for many molecules that interest organic geochemists, particularly hydrocarbons.
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Theoretical calculation of aeq, the alternative approach,
was ﬁrst developed by Urey (1947) and Bigeleisen and
Mayer (1947) based on the vibrational energy diﬀerences
between isotopologues. Although proven to yield accurate
results for many isotopic systems, theoretical calculations
have not generally been applied to hydrogen isotopes in organic molecules for several reasons. Calculation of the reduced partition function ratio (b factor) requires known
molecular vibrational frequencies — generally based on
spectroscopic measurements — which are not available
for most 2H-substituted organic molecules relevant to natural systems (Richet et al., 1977; O’Neil, 1986). Computational methods based on molecular simulations, including
empirical force ﬁelds (Hartshorn and Shiner, 1972) and
ab initio modeling (Liu and Tossell, 2005; Hill and Schauble, 2008; Otake et al., 2008) do not require measured vibrational frequencies as inputs, but are accompanied by
unknown, and potentially large, systematic errors. This is
primarily due to several necessary approximations, including the omission of anharmonicity, rotational corrections,
and rotation–vibration coupling terms, which are potentially signiﬁcant for hydrogen isotopic exchange at room
temperature (Richet et al., 1977). Finally, the theory is
based on ideal gases, whereas many natural fractionation
processes take place in aqueous solution where interactions
with solvent molecules could signiﬁcantly aﬀect internal
vibrational modes and contribute to uncertainty (Jancso
and Van Hook, 1974).
As a consequence of these diﬃculties, theoretical estimates for aeq values reported to date are of high precision
but poor or unknown accuracy. For example, the overall
uncertainty in reported aeq values between aliphatic H
and water is typically ±100& (Van Hook, 1968; Knyazev
et al., 1992; Sessions et al., 2004), almost as large as the
fractionation itself. Nevertheless, theoretical calculations
provide the only plausible means for estimating aeq values
in the huge number of varying organic structures that are
encountered in the natural environment. Thus the most eﬃcient way forward is to use empirical and/or experimental
data to calibrate a subset of theoretical calculations, which
can then be used to eﬃciently evaluate a much larger range
of related structures.
Here we demonstrate one approach to using experimental equilibration data to calibrate theoretical estimates of
aeq values. Organic H positions adjacent to carbonyl groups
(denoted as Ha) undergo rapid equilibration with water H
via keto-enol tautomerism under acid or base catalysis
(Appendix A), with exchange half-lives varying from minutes to a few years depending on temperature and pH
(Amyes and Richard, 1996; Richard et al., 2001). By equilibrating ketones with waters of varying d2H values and
measuring the resulting d2H values of the ketones at equilibrium, the value of aeq for Ha positions can be derived.
Multiple experiments using diﬀerent molecular structures
and diﬀerent temperatures yield an appropriate calibration
dataset for theoretical calculations.
In this paper, we describe the experimental and theoretical methods used to obtain aeq values for exchangeable H
in ketones, and report the values of aeq between 0 and
100 °C in seven diﬀerent structures. We discuss potential
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sources of error in the experimental measurements and theoretical calculations, and possible applications of the experimental–theoretical calibration. In a companion paper
(Wang et al., 2009), we use the calibration dataset presented
here to calculate aeq values for C-bound H in a much wider
range of organic molecules with n-alkyl skeletons that are
relevant to natural environments.
2. NOTATION AND NOMENCLATURE
Throughout this paper, H without superscripts is used to
denote hydrogen atoms irrespective of isotopic species,
whereas 1H and 2H indicate a speciﬁc isotope. Hydrogen
isotopic data (2H/1H ratios) are reported as d2H values relative to the Vienna Standard Mean Ocean Water
(VSMOW) international standard:
d2 H ¼

ð2 H=1 HÞsample
ð2 H=1 HÞVSMOW

1

ð1Þ

The permil (&) symbol used in conjunction with d2H values
implies a factor of 103 which is then omitted from Eq. (1).
Diﬀerences in isotopic abundance between two species (e.g.,
organic compound and water) are described by the isotopic
fractionation factor (a) and/or isotopic enrichment factor
(e):
aA;B ¼

ð2 H=1 HÞA
ð2 H=1 HÞB

;

eA;B ¼ ðaA;B  1Þ

An organic molecule often contains H atoms in diﬀerent
groups which are not chemically equivalent and thus must
be characterized by diﬀerent fractionations (Knyazev
et al., 1992; Criss, 1999). When equilibrium has been established between two organic molecules AHm and BHn, each
containing qA and qB groups of equivalent H atoms, the
fractionation factor between the two molecules can be estimated as (Galimov, 1971):
P
n qA pi bi m
aeq ¼ PiqB AH
ð2Þ
m j pj bjBHn
where biAHm and bjBHn are the b factor of the ith group in
AHm and the b factor of the jth group in BHn, respectively,
and pi and pj are the number of equivalent H atoms in the
ith and jth group. Eq. (2) shows that the b factor of the
whole molecule takes on the form of the arithmetic mean
of the individual beta factors weighted by the number of
equivalent H atoms in each group.
Potential for confusion arises because our experiments
compare isotopic compositions measured for entire molecules, inferred for certain molecular positions (e.g., all H
adjacent to a carbonyl group), and calculated for speciﬁc,
individual atoms. In the interest of clarity, we adopt the following conventions. (i) All d2H values refer to measured
isotopic compositions for entire molecules. (ii) Values of
aeq (and eeq) refer to 2H/1H fractionations between organic
substrate and water in equilibrium at the speciﬁed temperature. The isotope ratio of water is always placed in the
denominator, such that a normal isotope eﬀect yielding organic matter depleted in 2H relative to water results in aeq
values <1, and eeq values <0. Note that, when reporting

experimental results, aeq refers to all Ha atoms undergoing
exchange even if they are not equivalent, such as would
be measured in the asymmetric molecule 2-methyl-3-heptanone. In contrast, when reporting theoretical results, aeq refers to the fractionation calculated only for equivalent
hydrogen atoms (i.e., the two secondary Ha atoms in 2methyl-3-heptanone). In each case, the meaning is speciﬁed
in the text. (iii) In ab initio calculations, Ha positions normally thought to be equivalent (i.e., the three primary Ha
atoms on the methyl group of 2-heptanone) yield slightly
diﬀerent fractionations because the molecule is held in a static conformation for the calculations, ignoring the molecular rotations around C–C bonds that occur at ambient
temperature. In these cases, we average the fractionations
for all nominally equivalent positions to yield a single fractionation factor, which is reported.
The Greek letters a and b are conventionally used to denote the position of carbon atoms relative to a functional
group. Unfortunately, they are also used by geochemists
to refer to the fractionation factor (a) and reduced partition
function ratio (b), respectively. To minimize confusion, we
use Greek letters as subscripts to indicate molecular positions, e.g., Ha is the hydrogen atom attached to the ﬁrst carbon center adjacent to the carbonyl group, Hb is one
additional C–C bond further removed, etc. Greek letters
not used as subscripts always refer to isotopic fractionations (aeq) or reduced partition function ratios (b).
3. METHODS
3.1. Experimental methods
Seven diﬀerent volatile ketones were selected as substrates for experimental equilibration with water. Each ketone was fully dissolved in deionized water, sealed in
closed vessels with minimal headspace and incubated at
constant temperature. At selected time points, samples
were removed and the ketone extracted into hexane. The
d2H values of both ketone and water were then analyzed.
The value of aeq between exchangeable H and water at
equilibrium can be derived from the slope of a regression
between d2H values of the ketone and the corresponding
waters. Detailed descriptions of each step are presented
below.
3.1.1. Materials
Selection of organic substrates is constrained by several
factors. Molecules containing a carbonyl functional group
are required for rapid equilibration. Given that aldehydes
tend to oxidize and esters tend to hydrolyze in basic and
acidic conditions, we chose ketones as the substrates for
equilibration. To achieve suﬃcient concentration for isotopic analysis, the aqueous solubility of the substrate must be
higher than 2.5 mM (assuming 100% extraction eﬃciency), which excludes ketones of carbon number P10.
Small molecules are also preferred because they contain relatively more exchangeable H and thus can produce greater
d2H shifts during equilibration. However, as size decreases
the molecule becomes more hydrophilic and harder to extract. Chromatographic resolution from the solvent peak
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also becomes more diﬃcult, which thus excludes ketones of
carbon number 64.
Consequently, we chose 7 ketones ranging from C6 to C9,
including 2-heptanone (99%), 4-heptanone (98%), 5-nonanone (98%), 2-methyl-3-hexanone (99%), 2,4-dimethyl-3pentanone (98%), 3,5-dimethyl-4-heptanone (97%) and
cyclohexanone (99%) All were obtained from Sigma–Aldrich. They contain primary, secondary and tertiary Ha in
linear (straight and branched) ketones and secondary Ha in
a cyclic ketone. Fig. 1 gives ball and stick depictions of the
optimized structure of each molecule resulting from ab initio
modeling (see Section 3.2.2). A large amount of 2H-enriched
water was prepared from distilled water by addition of 2H2O
(99.5%, Cambridge Isotope Laboratories), and was then
mixed with 2H-depleted water (obtained from a melted Antarctic ice core) at varying volume ratios to produce series of
7–9 waters with evenly spaced d2H values between 286&
and +480&. This range brackets the d2H values of the unex-

7063

changed ketone substrates so that equilibrium can be approached from both directions.
3.1.2. Isotope exchange experiments
Ketones were individually dissolved in each of the 7–9
waters to form 51 diﬀerent ketone–water solutions. Concentrations of the solutions ranged between 10 and
22 mM, depending on the solubility of the ketone. Solution
pH was adjusted to either 12 or 1 with NaOH or HCl,
determined at 25 °C using an EC500 pH Meter (Extech).
Experiments were conducted in two stages, with the ﬁrst
designed to estimate exchange rates and the second to accurately measure equilibrium fractionations. In the ﬁrst stage
of experiments, 100 mL aliquots of each solution were
sealed in separate glass bottles with rubber septa and incubated in a water bath (Model 202, Napco) at 25, 50 or
70 °C. Aliquots (2 mL) were taken from each bottle at successive time intervals using a glass syringe. Each aliquot

Fig. 1. Optimized geometries of the 7 substrate ketone molecules ( = O, = C, s = H). H is labeled according to the relative distance from
the carbonyl group (subscript Greek letters) and the conﬁguration of the C atom (1° = primary, 2° = secondary, 3° = tertiary). fex is the
fraction of exchangeable H in each molecule, assumed to be exclusively Ha (see Section 3.1.5). The O@C–Ca–Cb dihedral angle is indicated for
2-methyl-3-hexanone, 2,4-dimethyl-3-pentanone and 3,5-dimethyl-4-heptanone.
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was immediately extracted by shaking with 6 mL of cold
(18 °C) hexane, with extraction eﬃciencies between 80%
and 95%. The extract was then analyzed without further
concentration. From the temporal evolution of substrate
d2H values and solution pH, exchange rates can be estimated according to the kinetics of second-order reactions
(Appendix B). Rate constants were measured for selected
combinations of ketone substrate, temperature and pH
(see Table 1) so as to estimate the time needed for each of
the 7 substrates to reach equilibrium.
Although consecutive sampling of a single bottle yields
an exchange proﬁle for the substrate that demonstrates
the achievement of equilibrium, repeatedly penetrating the
rubber septum over a period of days to weeks can also lead
to contamination of the sample with atmospheric water vapor and/or evaporation of the sample. Both eﬀects will bias
the measured fractionation factor. This is especially problematic at the highest temperature (70 °C) employed here.
Therefore, in the second stage of experiments three 2 mL
aliquots of each solution were ﬂame-sealed in glass ampoules so as to exclude any possible evaporation or exchange of water vapor. They were incubated at pH 12.00
in the water bath at 25 ± 0.5 °C, 50 ± 0.8 °C or
70 ± 1.0 °C, respectively. The length of incubation was
determined according to rate constants from the ﬁrst set
of experiments, and was always at least 80 exchange halflives to ensure equilibrium was reached. Following incubation, ampoules were removed from the water bath and
quenched in a dry ice/hexane mixture to form ice-water
slurry in less than 8 s. Each ampoule was then thawed at
room temperature, cracked open, and extracted by shaking
with 6 mL cold hexane. The purity of the extracted ketones
was checked with a ThermoFinnigan Trace GC equipped
with a DB-5 ms column (30 m  0.25 mm  0.25 lm) and
coupled to a DSQ mass spectrometer (GC/MS). In all cases
one peak of greater than 99% purity was observed. The d2H
value and pH of the water in three randomly selected ampoules were measured before and after the incubation,
and no signiﬁcant change was observed.

3.1.3. Isotopic analysis of ketones
The d2H value of each ketone substrate was measured
before and after exchange on a ThermoFinnigan Trace
GC coupled to a DeltaplusXP isotope-ratio mass spectrometer via a pyrolysis reactor (GC/P/IRMS). No Naﬁon
drier was employed. The GC was equipped with a
30 m  0.32 mm I.D.  1.0 lm ﬁlm-thickness ECTM-1 column (Alltech) and a programmable temperature vaporization (PTV) injector that was operated in splitless mode.
The pyrolysis tube (Al2O3, 0.8 mm I.D.  305 mm long)
was operated at 1440 °C. The ﬂow rate of the carrier gas
(He) was 1.4 mL/min. The temperature of the GC oven
was initially kept at 40 °C for 4 min, followed by three
sequential ramps: 8 °C/min to 100 °C, 20 °C/min to
200 °C and 6 °C/min to 320 °C. Methane reference gas
(d2H = 148&) introduced between the downstream end
of the GC column and the pyrolysis reactor was used as
the internal calibration standard (Wang and Sessions,
2008). Mass-2 and -3 signals were processed using ISODAT
NT 2.5 software (ThermoElectron), and data were reported
as d2H values relative to VSMOW in permil units. The H3+
factor was determined daily by measuring the mass 3/2 signal ratio of 10 injections of H2 reference gas at varying peak
height. The value of the H3+ factor was very stable at 3.0–
3.3 ppm/mV.
Our GC/P/IRMS system exhibits a memory eﬀect of
1–5% between successive peaks separated by 100 s (Wang
and Sessions, 2008). If uncorrected, this memory could lead
to errors up to 10& in the measurements of exchanged
ketones, for which d2H ranges from 260& to +70&.
Moreover, these errors systematically increase with the value
of d2H and hence will bias the derived fractionation factors.
To avoid these problems, a combined calibration-normalization strategy was employed as follows. Three n-alkane standards, C17 (142&), C22 (62.2&), and C27 (226.5&),
were co-injected with each ketone sample, and a group
of four methane reference peaks spaced at 50 s intervals
was inserted at 50 s before each of the analyte peaks
(Fig. 2a). The last methane peak in each group was used

Table 1
Second-order rate constant and exchange half-life for base-catalyzed Ha exchange. (See Appendix B for calculations).
T (°C)

kOHa (M1s1)

t1/2b (hours, pH = 12)

t1/2b (years, pH = 7)

Eac (kJ mol1)

Cyclohexanone
25
50
70

0.0188 (0.0003)
0.114 (0.011)
0.196 (N/A)

1.0
0.2
0.1

11.7
1.9
1.1

45.2 (9.0)

2-Heptanone
70

0.180 (0.023)

0.1

1.2

4-Heptanone
70

0.058 (N/A)

0.3

3.8

1.2

14.1

2,4-Dimethyl-3-pentanone
70
0.016 (0.001)
a

Second-order rate constant for base-catalyzed Ha substitution, corrected for the number of Ha atoms in each molecule. Uncertainties (1r)
are given in parentheses.
b
Exchange half-life calculated at pH 12 or 7.
c
Activation energy calculated according to the Arrhenius relationship.
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a
ketone

500

1000

n-C17

n-C22

n-C27

2000

1500
Retention time (s)

50

True/normalized δ 2 H (‰)

b

-50

ketone

n-C 22

n-C 17

-150

average normalization curve
y=1.003x+1.866, R 2=0.999

n-C 27

-250
250
-

-150

-50

50

Measured δ 2H(‰)

Fig. 2. (a) GC/IRMS chromatogram (m/z 2) from a typical
analysis of a ketone. Unlabelled peaks are methane reference gas.
(b) Normalization curve constructed for analyses of 2-methyl-3heptanone. The solid circles are data for the 2-methyl-3-heptanone
samples exchanged with seven waters of varying d2H values. Open
diamonds are for the three n-alkane standards associated with each
analysis and largely overlap.

to calibrate the d2H value of the following analyte. Since
the peak area (mass-2) was identical (±7%) for each n-alkane standard and the ketone analyte, all of them were
subject to equivalent memory eﬀects from the preceding
methane peaks. Therefore a normalization curve based
on the three n-alkane standards can be used to correct
for memory eﬀects. d2H values for the seven exchanged
samples of 2-methyl-3-heptanone and for the three n-alkane standards in these measurements are plotted in
Fig. 2b as an example. Each ketone sample was measured
2–5 times with standard deviation typically between 1&
and 4& (complete d2H data are in Electronic Annex Table
EA-1). The overall standard deviation for 306 measurements of the n-alkane standards was 4& for C17, 3& for
C22 and 3& for C27.
3.1.4. Isotopic analysis of water
The d2H value of water from each sample was analyzed
with a DLT-100 liquid–water isotope analyzer (Los Gatos
Research, Inc.). A constant volume of 0.65 lL was injected
into a heated (70C) injection port, and 25 scans were averaged to produce the measured 2H/1H ratio. A ﬂush cycle
of 100 s was adopted between injections to purge residual
water vapor from the laser cavity. Six consecutive injections of each sample or standard were measured, with
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the mean of the last three injections accepted as the ﬁnal
result. Six working standards spanning a similar d2H range
(275.2& to 457.6&) as the samples were used for calibration. Since the samples are highly basic (pH 12), we
ran the fresh standard every other sample to avoid base
precipitates accumulating in the syringe or injection port
(Lis et al., 2007). This procedure yielded standard deviations for measured d2H values typically between 0.2&
and 0.4&.
Because the water and ketone samples were analyzed by
independent analytical systems with diﬀerent standards, it
is essential to insure that they are calibrated to the same
d2H scale to avoid introducing systematic bias into derived
fractionation factors. Both the water and organic standards used here were measured by Dr. A. Schimmelmann
(Indiana University, Bloomington) using dual-inlet isotoperatio mass spectrometry. Organic standards were ﬁrst
combusted to water in quartz tubes, and all waters were then
reduced to H2 over hot uranium metal (Schimmelmann and
Deniro, 1993). In this way the analyses of both organic and
water working standards were calibrated against the same
IAEA water standards (VSMOW, SLAP, and GISP).
3.1.5. Calculation of equilibrium fractionation factors
At 2H/1H exchange equilibrium, the isotopic mass balance for a ketone molecule can be expressed as (Sessions
and Hayes, 2005):
dT ¼ fex ðaeq dW þ aeq  1Þ þ ð1  fex ÞdN

ð3Þ

2

where dT, dW and dN are the d H values of the total organic
molecule, water, and non-exchangeable H, respectively. fex
is the fraction of exchangeable H in the ketone molecule. aeq
is the average equilibrium fractionation factor between all
exchangeable H in the molecule and water. By regressing
dT on dW, the value of aeq can be obtained from the value
of the regression slope divided by fex, and dN can be calculated from the value of the intercept.
Since alkyl H typically exchanges on timescales of millions of years (Koepp, 1978), and keto-enol tautomerism
only involves the carbonyl group and Ca position, we assume that only Ha in the ketone molecules is exchangeable
during our experiments. The value of fex thus can be directly determined from the molecular structures (Fig. 1).
This assumption can be tested by observing the constancy
of dN for a ketone incubated at diﬀerent temperatures.
3.2. Computational methods
3.2.1. Estimation of equilibrium fractionation factors
2
H/1H exchange between two compounds, AH and BH,
can be described by the reaction:
A1 H þ B2 H ¼ A2 H þ B1 H
For the exchange of a single H atom, the value of aeq is
equal to that of the equilibrium constant, Keq, which can
be expressed as the ratio of the total partition function ratios between the compounds in equilibrium:
aeq ¼ K eq ¼

QðA2 HÞ=QðA1 HÞ
QðB2 HÞ=QðB1 HÞ

ð4Þ
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where Q is the total partition function of the indicated species. It was ﬁrst shown by Urey (1947) and Bigeleisen and
Mayer (1947) that the total partition function ratio can
be approximately described by molecular vibrations in the
form of the reduced partition function ratio, known as
the b factor. Therefore aeq can be written as
aeq ¼

bðAHÞ
bðBHÞ

ð5Þ

The value of b, under the Born–Oppenheimer and Harmonic Oscillator approximations and the Redlich–Teller
Product Rule, is calculated as:
b¼

3N
6
Y
i

u2i expðu2i =2Þ ð1  expðu1i ÞÞ


u1i expðu1i =2Þ ð1  expðu2i ÞÞ

ð6Þ

in which
ui ¼

hmi
kB T

ð7Þ

3N-6 is the number of normal modes for nonlinear molecules, mi is the vibrational frequency of the ith normalmode, h is Planck’s constant, kB is Boltzmann’s constant,
and T is temperature in Kelvin. Symmetry numbers that
would otherwise clutter the expression of b are omitted because they cancel in the calculation of aeq (Eq. (5)).
3.2.2. Ab initio modeling
Vibrational frequencies of each organic molecule were
calculated using the Density Functional Theory (DFT)
approximation (Greeley et al., 1994) to quantum mechanics, performed using Jaguar 7.0 (Schrödinger Inc.). In particular we use the B3LYP ﬂavor of DFT (Lee et al., 1988;
Becke, 1993) which has been established to provide systematically accurate energetics, structures, and vibrational frequencies for a wide range of organic molecules (Xu et al.,
2005). The B3LYP calculations used the 6-311G** basis
set, a triple split-valence basis set with polarization functions on all atoms. The solvation eﬀect for organic molecules was simulated using the Poisson–Boltzmann
continuum solvation model (Tannor et al., 1994) as implemented in Jaguar. These computations were carried out
using the following procedures.
Starting with a best-guess molecular geometry, an optimized geometry was ﬁrst calculated in the gaseous phase
and then re-optimized in the aqueous phase. For molecules
with branched carbon chains, we ﬁrst performed a conformation scan of internal torsion with 15° increments (see
Section 4.2.1). The conformation with the minimum energy
on the potential surface was then used as the initial guess
for geometry optimization. The convergence criterion for
the DFT electronic structure calculations was
5  105 hartree for energy and 5  106 hartree/Bohr for
root-mean-squared (RMS) change in density matrix. The
convergence criterion for optimization of the structures
was 5  105 hartree for energy. The convergence criteria
for optimization in solution are three times larger than in
the gas phase.
The Hessian matrix (second derivatives with respect to
atom positions) was calculated numerically for the optimized geometry. The same Hessian matrix was then used

to calculate vibrational frequencies for isotopologues. No
scaling factor was applied. Using these frequencies, the b
factor was calculated (Eq. (6)) with respect to 2H-substitution at individual Ha positions in an aqueous environment
over the range of 0–100 °C.
Calculation of the b factor for water was ﬁrst performed
on isolated molecules, i.e., as an ideal gas, following the
same method (B3LYP/6-311G**) as above. The solvation
eﬀect, however, was not treated in the same way. On one
hand, implicit solvation methods cannot account for the
external modes in condensed phase which are more important for water molecules that are aﬀected by hydrogen
bonding than for large organic molecules with hydrophobic
chains. On the other hand, explicit hydration models are
limited by the number of water molecules and the conﬁguration of the water cluster, and are thus inadequate to describe the bulk liquid water (Felipe et al., 2003). To avoid
such issues, we therefore chose to multiply the ideal-gas b
factor by the experimentally measured liquid–vapor fractionation factor (Horita and Wesolowski, 1994) to obtain
b factors for liquid water. This approach is presumably
more accurate than calculations based on solvation models
of liquid water. The value of aeq was then calculated as the
ratio of b factors between the organic molecule in aqueous
phase and liquid water.
4. RESULTS AND DISCUSSION
4.1. Isotope exchange experiments
4.1.1. Exchange kinetics
In time-series experiments, 2H/1H exchange proﬁles
were measured for all substrates at 70 °C, pH 12. They were
also measured for cyclohexanone at 25 and 50 °C, pH 12;
for cyclohexanone at 25 °C, pH 1; and for 2-heptanone at
70 °C, pH 1.2. Exchange rates, half-lives (t1/2) and activation energy (Ea) were estimated (Appendix B). The results
are summarized in Table 1.
Selected data for cyclohexanone are plotted in Fig. 3 as
an example (data for other ketones are shown in Fig. EA1). The d2H values of the ketone changed systematically
with time, clearly recording the progress of 2H/1H exchange
between ketone and water. At a speciﬁc temperature and
pH, all incubations reached equilibrium simultaneously,
as indicated by stable d2H values with time. At 25 °C and
pH 12, equilibrium was achieved within four days
(5  103 min). Exchange was faster at 50 °C and pH 12,
with equilibrium reached in less than 12 h (5  102 min).
In contrast, exchange at 25 °C and pH 1 was much slower,
where t1/2 was estimated to be 6 days and equilibrium was
not reached within two months. The attainment of isotopic
equilibrium under acid catalysis was conﬁrmed for 2-heptanone (Fig. EA-1). In this case, measured ketone dD values
at equilibrium and the calculated fractionation factor are
equivalent to those measured under basic conditions. Since
apparent exchange rate is proportional to the concentration
of H+ or OH (Appendix A), our data indicate that OH is
much more eﬃcient than H+ at catalyzing Ha substitution.
Basic conditions (pH 12) were thus employed in most
experiments.
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Fig. 3. Cyclohexanone d2H values over time during incubations
with waters of varying d2H values, temperature and pH (shown in
legend). Note the logarithmic x-axis. Error bars represent standard
deviations from 3 to 5 measurements of the same sample and are
generally smaller than the symbols.

At 70 °C, the exchange rate for secondary Ha in 4-heptanone is faster than for tertiary Ha in 2,4-dimethyl-3pentanone, while the rate for primary Ha in 2-heptanone,
estimated from the results of 2-heptanone and 4-heptanone,
is even faster. The decrease of exchange rate with increasing
alkyl substitution on Ca is probably related to steric hindrance of the alkyl group(s) on the Ha position. The activation energy for base-catalyzed Ha exchange is calculated to
be 45.2 ± 9.0 kJ mol1 for cyclohexanone. Approximate
rate constants for linear ketones at 50 and 25 °C can be estimated by assuming the same activation energy as for
cyclohexanone.
When extrapolated to neutral pH, t1/2 is estimated to
be several years for temperatures comparable to those of
diagenesis (Table 1). Exchange in natural environments
is probably much faster, because of the presence of enzymes (Richard et al., 2001) and mineral surfaces (Alexander et al., 1982) that are potent catalysts. Ha substitution
in carbonyl compounds other than ketones, e.g., carboxylic acids and their derivatives [R(C@O)X, where
X = OH/O/OR/SR/NH2. . .], also proceeds via keto-enol
tautomerism and facilitates many diagenetic transformation reactions such as the racemization of amino acids.
At neutral pH, Ha in oxy- and thiol-esters exchanges on
timescales of 101–102 years (Amyes and Richard, 1996),
comparable to ketones, while Ha in amides and the anions
of carboxylic acids exchanges slowly, with t1/2 on the order of 107 years. Under conditions typical of certain lab
procedures, e.g., the demineralization of sediments to isolate organic matter, where organic compounds are exposed to strong acids and elevated temperatures, Ha
exchange will be considerably faster. However, the impact
of this exchange on isotopic analysis should — in most
cases — be minimal due to the low fraction of exchangeable H in most lipids.

4.1.2. Experimental measurements of equilibrium
fractionation factors
During the second stage of 2H/1H exchange experiments, incubations were carried out with all substrates at
pH 12 for 7 days, 22 days and 85 days at 70, 50 and
25 °C, respectively, more than 80 times longer than the estimated t1/2 at each temperature. Equilibrium fractionation
factors for Ha are derived from the regression slope between
d2H values of the ketone and water at equilibrium (Eq. (3)).
This yields a single value of aeq that applies to all exchanging Ha positions, regardless of whether they are equivalent.
R2 values for these regressions are all greater than 0.99.
Data for 2,4-dimethyl-3-pentanone are plotted as an example in Fig. 4. Complete d2H data for incubated ketones and
water are presented in Electronic Annex (EA) Table EA-1.
Derived values of the equilibrium fractionation (expressed as the isotopic enrichment factor, eeq) for exchanging Ha positions of the ketone substrates are summarized in
Table 2 and Fig. 5. The uncertainty in eeq values, generally
between 10& and 20&, is estimated from the standard
deviation of the regression. The relatively large uncertainty
for 5-nonanone at 70 °C is due to the loss of two samples,
while that for 2-heptanone at 25 and 50 °C is probably
related to variation in analyte abundance during GC/P/
IRMS analysis. The values of dN in each ketone are statistically identical at diﬀerent temperatures, conﬁrming our
assumption that only Ha is undergoing appreciable exchange during the incubations.
The two ketones that contain only tertiary Ha atoms, 3,5dimethyl-4-heptanone and 2,4-dimethly-3-pentanone, yield
similar eeq values ranging between +27& and 32& and negative temperature dependence with a crossover of eeq = 0 at
about 55 °C (Fig. 5). Ketones containing only secondary
Ha atoms, 4-heptanone and 5-nonanone, have similar eeq
values between 130& and 112& with little temperature
variation. The value of eeq for 2-methyl-3-hexanone, a

0
δ 2 H (‰) of 2,4-dimethyl-2-pentanone

δw (‰) T(°C) pH

0
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25oC: y = 0.146x - 74.50, R² = 0.999
50oC: y = 0.143x - 76.05, R² = 0.999
70oC: y = 0.139x - 76.87, R² = 0.997
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Fig. 4. Regression of d2H values for 2,4-dimethyl-3-pentanone and
water in equilibrium at pH 12 and 25 °C (solid line), 50 °C (dashed
line) and 70 °C (dot-and-dash line). Analytical uncertainties for
each data point are smaller than the symbols.

7068

Y. Wang et al. / Geochimica et Cosmochimica Acta 73 (2009) 7060–7075

Table 2
Experimental isotopic enrichment factors (eeq) for Ha and d2H values for non-exchangeable H (dN) in the seven ketones.
Ketone substrate

25 °C

50 °C

70 °C

eeq (&)

dN (&)

eeq (&)

dN (&)

eeq (&)

dN (&)

2,4-Dimethyl-3-pentanone
3,5-Dimethyl-4-heptanone
2-Methyl-3-hexanone
4-Heptanone
5-Nonanone
2-Heptanone
Cyclohexanone

27 (11)
8 (16)
81 (6)
130 (22)
122 (12)
152 (30)
161 (11)

91 (2)
54 (2)
111 (2)
69 (9)
74 (3)
58 (17)
171 (8)

4 (12)
18 (20)
65 (8)
129 (17)
112 (18)
145 (25)
155 (10)

89 (2)
45 (3)
109 (2)
55(7)
76 (5)
42 (14)
182 (7)

25 (20)
32 (17)
90 (17)
112 (21)
128 (29)
140 (19)
138 (10)

85 (4)
47 (5)
109 (5)
79 (9)
80 (9)
39 (11)
198 (7)

Uncertainties (1r) are given in parentheses. They are propagated from the standard error of the regression slope and intercept.
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Fig. 5. Equilibrium isotopic enrichment factors (eeq) for Ha in
linear ketones as a function of temperature. Symbols represent
experimental results measured at 25, 50 and 70 °C with error bars
of ±1r. Dashed lines represent theoretical results from 0 to 100 °C
for the same molecules (see Section 4.2.2). Data represent the
weighted average for all Ha atoms in each ketone.

molecule containing one tertiary and two secondary Ha
atoms, agrees well with the weighted average of tertiary Ha
and secondary Ha. eeq for primary Ha is diﬃcult to measure
directly because the appropriate substrate — acetone — is
both highly soluble in water and volatile. Instead, it was calculated by mass balance from eeq values for 2-heptanone and
for secondary Ha in 4-heptanone and 5-nonanone. The result
is 172& at 25 °C, 167& at 50 °C and 148& at 70 °C. Ha
in cyclohexanone has eeq values (Table 2) between those for
primary and secondary Ha in linear ketones.
The value of eeq for Ha increases substantially with more
alkyl substituents attached to Ca. This is likely due to the
electron-donating eﬀect of alkyl groups, with methyl groups
being the strongest donor. It acts to enhance the electron
density of the Ca–Ha bond and thus increases bond
strength. As an example, the calculated force constants
for the Ca–H0a stretching mode are 1.01, 1.39, 2.31 and
2.42 mDyne/Å for acetone, 4-heptanone, 3,5-dimethyl-4pentanone and 2,4-dimethyl-3-pentanone, respectively.
Since heavier isotopes partition preferentially into stiﬀer

bonds (Bigeleisen and Mayer, 1947), the value of eeq is thus
larger for an H bonded to C with more alkyl substitution.
Hartshorn and Shiner (1972) ﬁtted force ﬁelds to published
vibrational frequencies for a series of small organic molecules (<C3) and their 2H-isotopologues, and then used those
force ﬁelds to calculate aeq relative to acetylene H at 25 °C.
They found that the successive replacement of H by C on a
CH3 group will result in a aeq ratio of about 1.10 between
the two molecules. Our results give a ratio of 1.055 between
secondary Ha and primary Ha and 1.174 between tertiary
Ha and secondary Ha, generally consistent with their results. In addition, their calculations revealed that aeq for
secondary H in cyclic hydrocarbons is lower than that in
linear hydrocarbons by a ratio of 0.93, also consistent with
the corresponding ratio of 0.959 in our study. Thomson
(1960) and Meloche et al. (1977) used isomerase enzymes
to catalyze 3H incorporation at 35 °C and thereby deduced
the value of aeq to be 160& for the primary Ha in pyruvate and 70& for the secondary Ha in malate, both comparable to our results.
Another noteworthy feature is that equilibrium 2H/1H
fractionation is mainly aﬀected by atoms directly bound
to the same C atom, and is only slightly aﬀected by more
remote structures. This “cutoﬀ eﬀect” has been demonstrated in several theoretical studies of isotope eﬀects in organic molecules (Stern and Wolfsberg, 1966a,b; Hartshorn
and Shiner, 1972), and is discussed further in Section 4.4.2.

4.2. Theoretical calculations
4.2.1. Optimized molecular geometries
Optimized geometries for the 7 ketone substrates in the
gas phase are shown in Fig. 1. Selected bond lengths and
bond angles are given in Table EA-2. For ketones with
branched carbon chains, including 2-methyl-3-hexanone,
2,4-dimethyl-3-pentanone and 3,5-dimethyl-4-heptanone,
a conformation scan of internal torsion about the
O@C–Ca–Cb dihedral shows that they are most stable
when one alkyl branch is at 30–37° to the carbonyl group
(Fig. 6 and inserts of Fig. 1). Similar stable conformations were found by Langley et al. (2001) for 3-methyl2-butanone and 2,4-dimethyl-3-pentanone using B3LYP/
6-31G* and molecular mechanics (MM3 and MM4)
methods.
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C-2 in 2,4-dimethly-3-pentanone and 2-methyl-3-hexanone
has two methyl branches, whereas the Ca at C-3 in 3,5-dimethly-4-heptanone has only one methyl branch).
In contrast, theoretical eeq values for cyclohexanone
(based on unscaled frequencies) are 60& higher than
the experimental results. It thus seems that while our computational approach does an excellent job of reproducing
experimental data for linear ketones, that approach does
not yield accurate results for cyclic compounds (see Section
4.4.3. for more discussion).
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4.3. Comparison of experimental and theoretical equilibrium
fractionations
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Fig. 6. Molecular potential curve of the internal torsion about the
O@C–Ca–Cb dihedral with 15° increments for (a) 2-methyl-3hexanone and (b) 2,4-dimethyl-3-pentanone.

4.2.2. Theoretical estimates of equilibrium fractionation
factors
Values of the b factor were calculated from 0 to 100 °C
for each Ha position in the incubated ketone molecules and
for water (complete b factor values are in Table EA-3 and 4). For each ketone molecule, the reported value of eeq is the
weighted average for all individual Ha positions.
Calculated values of eeq for the six linear ketone substrates are plotted together with the corresponding experimental results in Fig. 5. They agree well in both
magnitude and temperature dependence. As for the experimental results, calculated eeq values for Ha in structurally
similar molecules are consistent. At 25 °C, the standard
deviation (r) of eeq values for secondary Ha in 4-heptanone,
5-nonanone, 2-heptanone and 2-methyl-3-hexanone is 3&.
Tertiary Ha in 2,4-dimethly-3-pentanone and 2-methyl-3hexanone has consistent eeq values (r = 2&) that are 20–
30& higher than the tertiary Ha in 3,5-dimethly-4-heptanone. This is consistent with the experimental results and
is likely due to the stronger electron-donating ability of
methyl groups than that of other alkyl groups (the Ca at

Experimental versus theoretical isotopic enrichment factors (eeq) for Ha in the 6 linear ketones are plotted in Fig. 7.
In general, experiment and theory agree quite well. As temperature increases, there is a general trend towards slightly
lower slope (0.982 ± 0.035 at 25 °C, 0.904 ± 0.072 at 50 °C
and 0.811 ± 0.038 at 70 °C), i.e., the calibration curve is
temperature-dependent. The trend is driven primarily by
variations in tertiary Ha positions, and presumably indicates some aspect of the experiments that was not fully captured by the ab initio calculations (see discussion in Section
4.4.2).
We therefore adopt a temperature-dependent calibration
curve by ﬁtting the regression slope and intercept, respectively, to temperature (Fig. 8). This approach gives
slope = 1.081–0.00376T and intercept = 8.404–0.387T,
where T is temperature in degrees Celsius. This temperature-dependent calibration scheme is then used in a companion paper (Wang et al., 2009) to correct the calculated
isotope enrichment factor for other organic molecules. As
a simpler alternative, and considering the 10–20& experimental errors, one could use a temperature-averaged calibration curve (slope = 0.914 ± 0.032, intercept = 8.86 ±
3.22) derived from all 18 data points in Fig. 7. The two ap-
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Fig. 7. Regressions between experimental and theoretical eeq values
for Ha in six linear ketones at 25 °C (solid), 50 °C (dash) and 70 °C
(dot-and-dash), respectively. Error bars represent ±1r in experimental eeq values.
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Fig. 8. Regression of the calibration slope (circles) and intercept
(diamonds) against temperature. Dashed lines indicate ±1r for the
estimated slope or intercept at any temperature between 0 and
100 °C.

proaches yield calibrated isotopic enrichment factors that
diﬀer by less than 12& between 0 and 100 °C.
4.4. Sources of error
Uncertainty in the calibration represented by Fig. 7, and
in its application to other molecules, encompasses potential
systematic errors in both experimental measurements and
ab initio calculations. Here we attempt to describe and
quantify those uncertainties.
4.4.1. Experimental uncertainties
For the experimental dataset, the most likely potential
sources of error are (i) failure to achieve true equilibrium,
(ii) fractionations arising during sample extraction and handling, and (iii) systematic biases in measured d2H values.
The attainment of equilibrium in our samples is demonstrable in two ways. First, equilibrium was approached from
both directions by using waters of varying 2H/1H ratios.
While it is true that partial equilibration of samples could
still lead to a linear relationship between d2H values for
the substrate and water, this would yield consistent fractionations for diﬀerent molecules only if they exchanged at exactly the same rate, which is demonstrably untrue. Second,
isotopic exchange of 2-heptanone under both acidic and basic conditions (Fig. EA-1) — which catalyze very diﬀerent
exchange rates — yielded indistinguishable fractionations,
strongly supporting the attainment of equilibrium.
To evaluate potential isotopic fractionations of ketones
during sample extraction and handling, we conducted control experiments in which cyclohexanone, 4-heptanone and
2-heptanone were each dissolved in neutral deionized water
at 25 °C and then extracted without any equilibration. The
resultant d2H values of the ketones were indistinguishable
from those measured for the pure substances.
Because the measured d2H values for waters and ketones
cover a large range of isotopic compositions, there is also a
possibility for systematic biases in their measured values to

arise. Such an eﬀect is commonly referred to as ‘scale compression’, and is known to vary between individual mass
spectrometers (Coplen, 1988). Our extensive use of multiple
organic and water working standards which span the range
of measured d2H values and are both calibrated to the
IAEA SMOW/SLAP scale, should largely mitigate such effects. Although minor artifacts of scale compression may
still remain, they are likely <10&. Thus we believe that systematic errors in the experimental data are likely to be
small, and the uncertainties stated in Table 2 (which are
based solely on the statistics of linear regression) provide
an adequate estimate of both precision and accuracy for
this dataset.
4.4.2. Uncertainties in ab initio calculations
Approximations adopted in the calculation of b factors,
primarily the omission of anharmonicity, rotational correction, and rotation–vibration coupling, are generally expected to result in signiﬁcant systematic errors for
hydrogen isotopic fractionations. The excellent agreement
between theoretical and experimental eeq values for linear
ketones was thus unexpected. An important point is that
only the ratios of partition functions and b factors enter
into the calculation of aeq and eeq. Since the same calculation methods (except for the solvation model) were applied
to both water and ketone molecules, systematic errors in
their b factors are expected to be positively correlated and
tend to cancel, as pointed out by Hartshorn and Shiner
(1972) and Liu and Tossell (2005).
To help pinpoint the importance of various error
sources, we compared our calculated b factor for water to
the result of Richet et al. (1977), who calculated various
small molecules by taking into account the eﬀects of anharmonicity, rotational correction and rotation–vibration coupling. At 30 °C, their b factor for an isolated water
molecule is 11.064, smaller than our result (12.516) by a factor of 0.884. By reproducing their calculation using the
molecular constants provided in the paper, we ﬁnd that this
discrepancy is primarily due to the omission of the anharmonic correction to zero point energy (ZPE) in our calculation, which alone contributes a factor of 0.888. This term
arises from the anharmonicity of various normal modes
and their couplings at the ZPE level. Adding the rotational
correction introduces a factor of 0.995. The anharmonic effect on excited vibrational states and the rotation–vibration
coupling lead to factors of 1.00009 and 0.99998, respectively, and thus can be safely ignored. Note that the solvation eﬀect for water is treated by multiplying the b factor
for a gaseous molecule with the experimental liquid–gas
fractionation factor, which is presumably free of systematic
error. The overall uncertainty in the b factor of liquid water
is therefore dominated by the omission of anharmonity at
the ZPE level.
The signiﬁcance of the above errors to the b factor for
ketones can only be evaluated qualitatively, because the relevant molecular constants needed for quantitative calculations are unknown. The ketones studied here are large
polyatomic molecules, and their moments of inertia are
large enough that rotational corrections are negligible at
or above room temperature (Bigeleisen and Mayer, 1947).
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The eﬀect of rotation–vibration coupling is diﬃcult to evaluate but unlikely to be orders of magnitude larger for the
ketone than for water molecules.
Errors associated with use of the PCM solvation model
can be assessed as follows. The measured vapor pressure
isotope eﬀect (VPIE) for hydrocarbons is small (4&) at
24 °C (Wang and Huang, 2001). We also calculated VPIE
over 0–100 °C for the ketones used in our calibration, with
the results generally between 0& and 10&. Thus correction
for the solvation eﬀect is at most 10&, and systematic errors associated with the speciﬁc PCM model are likely to be
smaller than that. We also tested the eﬀects of using explicit
hydration with three, four and ﬁve water molecules in our
calculations. The resulting fractionation factors for the six
linear ketones were then regressed against the experimental
results, which give regression slopes around 1.1 and intercepts between 10& and 40& (summarized in Table EA5), with even larger temperature variability than that using
implicit solvation model. Although explicit H-bonding was
shown to have signiﬁcant eﬀect on hydrogen equilibrium
fractionation factors in the H4SiO4–H2O system (Felipe
et al., 2003), it is apparently much less important for Cbound H that interacts weakly with water, compared to
O-bound H.
The size of anharmonic eﬀects on the value of b factors
for ketones can be qualitatively evaluated by examining the
‘frequency scaling factor’. For a speciﬁc ab initio method,
the scaling factor is obtained by calibrating the calculated
vibrational frequencies against corresponding experimental
frequencies to correct the former for anharmonic eﬀects.
The precision and accuracy of the scaling factor thus depend on the size and diversity of the calibration dataset.
However, applying scaled ab initio frequencies to calculate
b factors using the Bigeleisen–Mayer–Urey equation (Eq.
(6)), which adopts the Harmonic Oscillator approximation,
will overestimate the anharmonic correction to ZPE (Scott
and Radom, 1996; Otake et al., 2008) and will not correctly
account for the anharmonic eﬀect on excited vibrational
states. Thus applying these scaling factors alone cannot
produce accurate b factors (see Table EA-5). Nevertheless,
they can be used to evaluate the relative signiﬁcance of
anharmonicity between various species. We therefore applied the recommended scaling factor for B3LYP/6311G** (0.967, Computational Chemistry Comparison
and Benchmark DataBase (CCCBDB), NIST) and recalculated b factors based on the scaled frequencies. Results are
plotted in Fig. 9 as the ratio of b factors calculated using
scaled (bs) and unscaled (bu) frequencies.
Fig. 9 shows that anharmonicity uniformly lowers the
value of b factor to similar extents (bs/bu 0.9) for both
water and ketones, which implies that errors due to the
omission of anharmonicity will largely cancel when bu is
used to calculate aeq, consistent with the excellent agreement between experiment and theory for linear ketones.
The bs/bu ratios for the ketones are slightly below that for
water. Therefore, accounting for anharmonicity will lower
the b factor for ketones more than that for water, and
thereby decrease the fractionation factor. This is consistent
with the fact that the experimentally determined fractionation factors are generally more negative than the calcu-
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Fig. 9. The ratio between b factors calculated using scaled
frequencies (bs) and those using unscaled frequencies (bu) over
0–100 °C. The same type of H, i.e., primary (1°), secondary (2°),
tertiary (3°) or hydroxyl H, in various organic molecules gives
virtually the same results.

lated fractionation factors (calibration intercepts <0).
Moreover, the bs/bu ratio progressively decreases from primary to secondary and tertiary Ha, such that accounting for
anharmonicity will lower the b factor for tertiary Ha (with
positive eeq values) more than that for primary Ha (with the
most negative eeq values), leading to calibration slopes <1.
Anharmonicity is also likely responsible for the temperature dependence of our calibration curve, because its eﬀect
gradually increases with temperature while the harmonic
term rapidly decreases. Otake et al. (2008) showed that
the relative decrease in b factors due to anharmonicity is
larger at higher temperature and for molecules of larger
size. Therefore the cancelation of errors between ketone
and water will vary slightly with temperature, and potentially give rise to the temperature dependence of the experimental–theoretical calibration. As shown in Fig. 7,
lowering of the regression slope is primarily due to the fast
decrease in eeq values of tertiary Ha, for which the mechanism is currently unclear.
Another mechanism possibly underlying the temperature variability is conformational changes with temperature. The ketones are large ﬂoppy molecules for which
long-range internal torsion along the carbon chain can exist
at ambient temperatures. Therefore, a single stable conformation might be inadequate to describe the real molecule,
especially at higher temperatures. Using 2,4-dimethyl-3pentanone (the ketone showing the largest temperature variation in eeq values) as an example, we calculated its entire
torsional potential around the O@C–C–C dihedral. The
value of eeq was then calculated for the optimized geometry
at each local minimum and weighted according to the
Boltzmann distribution to generate a conformation-averaged fractionation factor. The result is indistinguishable
from that based on a single geometry at the global minimum across the range of 0–100 °C. This observation is
consistent with the “cutoﬀ” eﬀect found in previous studies
(Stern and Wolfsberg, 1966a,b; Hartshorn and Shiner,
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1972), wherein structures beyond the c position from the
substituted atom can be largely ignored in the calculation
of isotopic fractionation. It is also buttressed by the frequency data, which show that the value of the b factor is
mainly controlled by the isotopic frequency shifts in the
stretching and bending modes that directly involve the
substituted C–H bond, whereas frequency shifts for the torsional modes are more than 100 times smaller.
In conclusion, uncertainties in the ab initio calculation
are likely dominated by anharmonic eﬀects, based on their
capacity to explain most discrepancies between theory and
experiment. Variation in the size of anharmonic eﬀects with
changing temperature and H position probably leads to the
observed temperature-dependence of the calibration curve,
which cannot be corrected by simply applying the scaling
factor (see Table EA-5). Quantitative calculation of anharmonicity requires computing a wide range of the entire potential surface (Young, 2001; Otake et al., 2008) which
would be prohibitively time-consuming for the large organic molecules we deal with.
4.4.3. Limitations in applying the calibration to other
molecules
To estimate the error that might arise from applying our
calibration to molecules other than ketones, we ﬁrst analyzed variations in the value of the scaling factor. To do
so, we calculated the scaling factor using frequency data
from the CCCBDB database for individual compound classes, including linear alkanes, alkenes, ketones, aldehydes,
esters, ethers and alcohols. Their scaling factors are very
consistent at 0.967 ± 0.002. Then we applied this scaling
factor to calculate the bs/bu ratio for C-bound H in these
compounds. The results are virtually identical to those in
ketones for analogous positions (primary, secondary, tertiary), indicating that the relative size of anharmonicity is
consistent for the three types of H positions in linear molecules. Therefore our calibration curve based on ketones
should be widely applicable to other n-alkyl compounds.
When the ±0.002 uncertainty in scaling factor is propagated into the calculation of eeq, the results vary by ±4–
8& (1r). We take this range as a conservative estimate of
systematic biases arising from the application of our calibration curve to other linear molecules. It is only about
one-third as large as uncertainties in the experimental calibration dataset.
We further note that the bs/bu ratios for hydroxyl H in
alcohols and carboxylic acids are slightly higher than those
for C-bound H (Fig. 9). As a result, applying the same calibration tends to systematically underestimate eeq for hydroxyl H by 6–10&. Also, bs/bu ratios for Ha in
cyclohexanone are virtually the same as those for linear ketones (Fig. 9), implying that the signiﬁcant oﬀsets between
experiment and theory for cyclohexanone are unlikely due
to the anharmonic eﬀect on ZPE. A possible explanation
is that the ring structure of cyclohexanone can introduce
stronger couplings among the normal modes and between
the vibration and rotation motions, as compared to the linear structures. Until the underlying mechanisms for this discrepancy are understood, the calibration presented here

should be applied only to simple straight and branched carbon chains.
In addition, when applying this calibration to molecules
with functional groups other than ketones, one might expect that systematic errors could arise since electrostatic
interactions with water molecules change substantially from
hydrocarbons (dispersion forces) to alcohols and carboxylic
acids (hydrogen bonding). Nevertheless, our calibration
curve is derived from ketones that are more polar than alkanes but less polar than alcohols and carboxylic acids,
which should help to mitigate such problems. Also, most
sedimentary organic molecules of interest are long aliphatic
chains with at most one or two functional groups. For such
molecules, even large uncertainties for the few H atoms surrounding the functional group would have only a slight impact on overall d2H values.
Finally, deviations from our calibration are likely to
arise with decreasing molecular size, because other systematic errors, e.g., rotational correction and rotation–vibration coupling, cannot be safely ignored for small
molecules. Hence we suggest the use of the calibration be
restricted to molecules with ﬁve or more carbon atoms.
Also, because the eﬀect of anharmonicity, as well as many
other systematic errors, changes systematically with temperature, use of this calibration for temperatures outside
the calibration range (0–100 °C) should be approached with
caution.
5. CONCLUSIONS
Equilibrium 2H/1H fractionations between Ha in linear
ketones and water were measured at 25, 50 and 70 °C via
isotope exchange experiments with uncertainties typically
between 10& and 20&. Results are in the ranges of
170& to 150&, 130& to 110&, and +30& to
30& for primary, secondary and tertiary Ha, respectively.
Primary and secondary Ha exhibit a positive temperature
dependence, while tertiary Ha exhibit a negative temperature dependence. Fractionations were also calculated using
vibrational frequencies from ab initio calculations (B3LYP/
6-311G**), with a standard deviation of 4–8& for structurally similar Ha in diﬀerent molecules. Systematic errors in
the calculations are likely dominated by the omission of
anharmonicity, and largely cancel in the value of aeq by taking the ratio of b factors. Consequently, experimental and
theoretical aeq values match very well in both magnitude
and temperature dependence, yielding a linear but
temperature-dependent calibration curve with slope =
1.0810.00376T and intercept = 8.4040.387T, where T
is temperature in degrees Celsius. Since the eﬀect of
anharmonicity is of the same size for C-bound H in most
linear compounds other than ketones, we propose that
this calibration can be applied to analogous theoretical
calculations for a wide variety of organic molecules with
linear carbon skeletons containing ﬁve or more C atoms,
and for temperatures in the range of 0–100 °C. Considering all sources of uncertainty, we estimate that this approach should yield results that are accurate to within
10–20&.
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APPENDIX A. MECHANISM OF HA SUBSTITUTION

constant (kobsd) can be obtained as the negative slope.
For base-catalyzed Ha exchange, kobsd = kOH [OH], where
kOH is the second-order rate constant (see Appendix A).
Moveover, the substitution to give monodeuterated product proceeds p times faster than to exchange all the Ha
atoms, where p is the number of equivalent Ha atoms in
the molecule. Therefore the true value of kOH is equal to
pkobsd/[OH]. Knowing kOH, kobsd can then be estimated
at various pH values.
Activation energy was obtained according to the Arrhenius relationship,
Ea

Ha substitution in carbonyl compounds, including ketones, carboxylic acids, and the derivatives (R(C@O)X,
X = OH/O/OR/SR/NH2. . .), takes place via keto-enol
tautomerism that can be catalyzed by both base and acid
conditions. In basic environment, Ha is abstracted by a base
moiety to leave an enolate ion that is resonance-stabilized
with the negative charge spread over the carbon and oxygen
atoms (Fig. A1-a). Reprotonation by water molecules can
occur either on Ca to regenerate the keto form or on the
oxygen to produce the enol form. For simple ketones and
aldehydes, the keto form predominates (99.99%). The
rate-limiting step is deprotonation by hydroxide ion. Therefore the pseudo-ﬁrst-order rate constant can be expressed as
k = kOH [OH], where kOH is the second-order rate constant. Acid-catalyzed exchange is initiated by protonating
the oxygen, which further acidiﬁes the Ha and thus allows
water to abstract the proton (Fig. A1-b).
APPENDIX B. KINETICS OF HA SUBSTITUTION
Isotope exchange reactions between an organic molecule
and water can be described by the ﬁrst-order rate equation
(Roberts and Urey, 1939; Wedeking and Hayes, 1983):
Ft  Fe
¼ ekt
Fi  Fe
where k is the pseudo-ﬁrst-order rate constant and Fi, Ft
and Fe are the fractional abundance of 2H for the organic
molecules initially, at time t, and at equilibrium. At natural
2
H abundances, d2H values can be approximately
substituted for F’s (Roberts and Urey, 1939; Sessions
et al., 2004). Therefore by regressing ln[(d2Ht  d2He)/
(d2Hi  d2He)] versus time, the apparent ﬁrst-order rate

k OH ¼ AeRT

where Ea is the activation energy; T is temperature in Kelvin; R is the gas constant; A is a constant. By regressing the
natural log of kOH (measured at 25, 50 and 70 °C) versus reciprocal temperature, Ea can be calculated from the regression slope.
APPENDIX C. SUPPLEMENTARY DATA
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.gca.2009.08.019.
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