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Solid-state (1H and 13C) nuclear magnetic resonance spectroscopy of insoluble organic
residue in the Murchison meteorite: A self-consistent quantitative analysis
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Abstract—Complementary, double- and single-resonance solid-state (1H and 13C) nuclear magnetic reso-
nance (NMR) experiments were performed on a solvent extracted and demineralized sample of Murchison
meteorite organic macromolecule. These NMR data provide a consistent picture of a complex organic solid
composed of a wide range of organic (aromatic and aliphatic) functional groups, including numerous
oxygen-containing functional groups. The fraction of aromatic carbon within the Murchison organic residue
(constrained by three independent experiments) lies between 0.61 and 0.66. The close similarity in cross-
polarized and single-pulse spectra suggests that both methods detect the same distribution of carbon. With the
exception of interstellar diamond (readily detected in slow magic angle spinning single-pulse NMR experi-
ments), there is no evidence in the solid-state NMR data for a significant abundance of large laterally
condensed aromatic molecules in the Murchison organic insoluble residue. Given the most optimistic
estimation, such carbon would not exceed 10% and more likely is a fraction of this maximum estimate. The
fraction of aromatic carbon directly bonded to hydrogen is low (�30%), indicating that the aromatic
molecules in the Murchison organic residue are highly substituted. The bulk hydrogen content, H/C, derived
from NMR data, ranges from a low of 0.53� 0.06 and a high of 0.63� 0.06. The hydrogen content (H/C)
determined via elemental analysis is 0.53. The range of oxygen-containing organic functionality in the
Murchison is substantial. Depending on whether various oxygen-containing organic functional groups exist as
free acids and hydroxyls or are linked as esters and ethers results in a wide range in O/C (0.22 to 0.37). The
lowest values are more consistent with elemental analyses, requiring that oxygen-containing functional groups
in the Murchison macromolecule are highly linked. The combined1H and 13C NMR data reveal a high
proportion of methine carbon, which requires that carbon chains within the Murchison organic macromolecule
are highly branched.Copyright © 2002 Elsevier Science Ltd

1. INTRODUCTION

The organic material in primitive chondritic meteorites has
attracted considerable attention, not only because it retains a
record of synthesis in the interstellar medium and possibly in
the Solar Nebula, but also because it may have been an impor-
tant component of the prebiotic organic material on the early
Earth. Organic material in chondrites can be divided into two
fractions (for a review, see Cronin et al., 1988): a soluble
fraction composed of a complex mix of compounds, including
many amino acids, and an insoluble fraction composed of a
largely uncharacterized macromolecular material. The insolu-
ble fraction is thought to be composed of a variety of aromatic
ring systems cross-linked by short methylene chains, esters,
ethers, sulfides, and biphenyl groups (e.g., Hayatsu et al., 1977;
Hayatsu and Anders, 1981; Sephton et al., 2000).

Currently, the origin of the macromolecular material remains
an enigma. On the basis of its highly aromatic nature, it was
originally suggested that it formed by pyrolytic alteration of
aliphatic material produced by Fischer-Tropsch synthesis in the
Solar Nebula (Hayatsu et al., 1977; Hayatsu and Anders, 1981).
Recent calculations by Kress and Tielens (2001) confirm that
Fischer-Tropsch processes could have been relatively efficient
in the Solar Nebula. Other mechanisms of synthesis proposed

include: synthesis via electric discharge (Miller, 1955), ultra-
violet radiation (Sagan and Khare, 1979), and direct conden-
sation from high temperatures (900 to 1100 K; e.g., Morgan et
al., 1991). Note, however, that none of these mechanisms could
explain the enormous isotopic fractionations observed in me-
teoritic organic molecules. It is possible that the macromolec-
ular material formed by thermal alteration of a mixture of more
aliphatic interstellar and solar system material in the Solar
Nebula (e.g., through lightning, Desch and Cuzzi, 2000, and
shock waves, Kress et al., 2001) or perhaps latter during the
hydrothermal alteration of the meteorite parent body.

There are components within the macromolecular material
with large enrichments in deuterium and15N (Robert and
Epstein, 1982; Yang and Epstein, 1983, 1984; Kerridge, 1983,
1985; Kerridge et al., 1987; Alexander et al., 1998), suggesting
that at least a proportion of the macromolecule is derived from
interstellar material. The isotopic composition of the macromo-
lecular material has been shown to vary from meteorite to
meteorite (Kerridge, 1983; Yang and Epstein, 1983; Alexander
et al., 1998). Furthermore, the isotopic composition of struc-
turally identical aromatic units also vary from meteorite to
meteorite (Sephton et al., 2000). One possible explanation is
that variations in the extent of mixing of interstellar medium
and solar system material produced a range of compositions in
the regions where the chondrites formed. However, the ratio of
presolar grains to organics is fairly constant in the most prim-
itive meteorites. A more likely explanation is that variations in

* Author to whom correspondence should be addressed (cody@
gl.ciw.edu).

Pergamon

Geochimica et Cosmochimica Acta, Vol. 66, No. 10, pp. 1851–1865, 2002
Copyright © 2002 Elsevier Science Ltd
Printed in the USA. All rights reserved

0016-7037/02 $22.00� .00

1851



the extent of parent body processing experienced by the mete-
orites have modified the macromolecular material, as well as its
stable isotopic composition (Alexander et al., 1998).

To place some constraint on the various “origin” theories,
one has to first establish a chemical structural model of the
macromolecule that is consistent with both degradative (extrac-
tive) and nondegradative (spectroscopic) analytical schemes.
We have chosen to study the macromolecular material in the
Murchison (CM2) meteorite because it is a large, well-studied,
recent fall (most of the soluble organic studies have concen-
trated on this meteorite). Also, despite the possibility of some
alteration on the parent body (Sephton et al., 2000), its macro-
molecular material has large D and 15N enrichments, indicative
of the survival of some interstellar material. In the work de-
scribed below, solid-state nuclear magnetic resonance (NMR)
spectroscopy is applied to the Murchison organic residue as a
complementary and nondestructive method capable of the
quantitative determination of the range of organic functionality
that constitutes the bulk of the carbon.

To our knowledge, there have only been three published
solid-state NMR studies of the organic macromolecule isolated
from the Murchison meteorite (two of these studies also in-
cluded the Orgueil meteorite, and only one included the Al-
lende meteorite). The first study (Cronin et al., 1987) presented
solid-state 13C-NMR spectra from extracted and HF/HCl de-
mineralized samples and used standard cross-polarization (CP)
and magic angle spinning (MAS) experiments. Their data in-
dicated that the percentage of aromatic carbon constituted
�40% of the total carbon (the amount of aromatic carbon is
typically defined as the fraction of aromatic carbon [Fa]; in this
case, Fa � 0.40). CP-MAS NMR may not detect carbon distant
from 1H. Cronin et al. (1987) noted that their value of Fa

appeared to be too low given previous estimates of the com-
position of the Murchison organic matter and single-pulse (SP)
13C solid-state NMR (a method that, in principle, should detect
all carbon) and reported that, qualitatively, the aromatic inten-
sity increased, suggesting that there might be carbon that is not
detectable via CP methods—for example, carbon in large aro-
matic domains distant from hydrogen.

More than a decade later, Cody et al. (1999) reinvestigated
the insoluble fraction of the Murchison organic assemblage by
means of solid-state 13C-NMR. In their study, the extent of
demineralization was nearly complete, and the signal to noise
was higher than that afforded to Cronin et al. (1987). Cody et
al. (1999) concluded from their data that the aromaticity (Fa)
was on the order of 0.60. In addition to increased aromaticity,
the 13C solid-state NMR spectrum revealed significant quanti-
ties of apparently oxygen-containing functional groups, includ-
ing carbonyls, carboxyls, and either aliphatic ether or alcohols.

Gardinier et al. (2000) published an NMR study of both the
Orgueil and the Murchison organic macromolecule. Their re-
sults for Murchison indicated an apparent aromaticity (Fa) of
0.52. On the basis of this apparent low aromaticity, Gardinier et
al. (2000) shared the conclusion of Cronin et al. (1987) that the
CP-MAS NMR experiments must be underestimating nonpro-
tonated aromatic carbon.

Gardinier et al. (2000) reported that their elemental analysis
of the Murchison residue yielded a value of H/C equal to 0.72.
From their NMR data, however, Gardinier et al. (2000) deter-
mined that the bulk hydrogen content (H/C) ranged between

0.84 and 0.93. To accommodate the apparent disparity between
the elemental value and that estimated from CP-MAS 13C-
NMR, they adjusted their data by adding a contribution of
“ invisible” (i.e., nondetectable and nonprotonated) aromatic
carbon sufficient to raise their Fa values up to a range of 0.61
to 0.68. This correction requires that a substantial percentage of
carbon (19 to 33%) is unable to be detected by means of
CP-MAS 13C-NMR.

Historically, there is some uncertainty regarding the correct
value for H/C. Hayatsu et al. (1977) reported an H/C of 0.76,
Robert and Epstein (1982) reported a H/C value of 0.51,
Kerridge (1983) reported a H/C value of 0.50, and Gardinier et
al. (2000) reported a H/C value of 0.72, whereas determination
of the bulk H/C values for the Murchison insoluble organic
residue in the present study is 0.53 (see section 2, Experimen-
tal, below, for details). It is not immediately obvious which of
these measurements is the most accurate. If one considers that
the correct H/C value is closer to 0.50 (e.g., Zinner, 1988), then
the upper limit in the adjusted Fa derived from the data of
Gardinier et al. (2000) could rise as high as 0.79, implying that
nearly 60% of the carbon is not detected via CP 13C-NMR.

As it stands, the range in apparent Fa for the Murchison
organic macromolecule is enormous, spanning from 0.40 up to
nearly 0.80. If NMR data are to be used to constrain a model
molecular structure of the insoluble organic fraction from the
Murchison meteorite, then the range in probable Fa must be
narrowed substantially. The NMR experiments described be-
low seek to do this by establishing an internally consistent set
of data, including a narrowly constrained value for Fa, an
accurate estimate of the abundance of primary organic func-
tional groups, and robust determination of H/C and O/C. In
addition, we seek to explain why the apparent disparity in Fa

values exists among the three previously published sets of data.

2. EXPERIMENTAL

2.1. Sample Preparation: Disaggregation and Demineralization

The Murchison sample analyzed in this study was largely covered by
fusion crust. This was scraped off with cleaned steel dental tools. The
sample was then etched twice in a high-purity mixture of 9 M HF/1 M
HCl. Before and after each etch, the sample was ultrasonically cleaned
with high-purity water. The sample was then crushed into roughly
half-centimeter-size fragments and freeze-thaw-disaggregated in a Te-
flon container with ultrapure water. After disaggregation, a series of
toluene/methanol extractions were conducted to remove as much of the
soluble organics as possible.

Our goal for the demineralization was to concentrate the organics
without modifying them. We developed a new approach to demineral-
ization that, aside from being less labor-intensive than the conventional
HF/HCl method, is both efficient and flexible. As with the conventional
HF/HCl technique, the F� ion was the principal demineralizing agent.
In contrast to the conventional HF technique, a fluoride salt (NH4F, KF,
or CsF) was used, thus allowing for the digestion of silicate minerals
under a variety of conditions, including at room temperature at pHs of
�9 to 8. A powdered terrestrial rock (e.g., basalt or granite) is fully
converted by this technique into HCl-soluble fluorsilicates within hours
at room temperature (within minutes at elevated temperatures). In
contrast, primitive chondrites are much more resistant, apparently
because the minerals are or become encased in carbonaceous material
and So from attacked sulfides.

To overcome this, we capitalized on the relative accessibility of the
organic material and their generally hydrophobic nature. We carried out
the demineralization reaction in the presence of two immiscible liquids:
the aqueous fluoride salt solution and a dioxane-CS2 mixture. This
mixture was mechanically shaken for a minimum of 24 h. After
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standing for a few minutes, the emulsified mixture separated into two
phases. Dioxane was mutually miscible in H2O and CS2, which facil-
itated the intimate mixing of the immiscible phases during shaking. It
also prevented the formation of stable aqueous globules within the CS2

layer and wet the organics, preventing them from adhering to the walls
of the container. The relatively dense unreacted material settled to the
bottom of the container; the organic macromolecular material, because
of its hydrophobic nature and lower density, concentrated as a thin disk
at the interface of the immiscible solutions. The CS2 acted as a solvent
for the elemental S produced when sulfides were attacked.

In the experiments described below, CsF was used because it pro-
duces a relatively dense solution of high ionic strength and because
Cs� is less likely to interact with the macromolecule than NH4. A
saturated solution of CsF (�30 M) is strongly alkaline, and its density
is �2.7 g/ml. To prepare the salt solution, water and concentrated HF
were added until the required pH and density were achieved. Tests on
low- and intermediate-rank coals showed that at a pH of 5 to 6, there
were no changes in bulk chemistry (detected via NMR spectroscopy).
At higher pH, a slight degree of deprotonation of acidic phenolic
groups (�2 to 3%, determined by solid-state 13C-NMR) was observed.

The sample, salt solution, and dioxane-CS2 mixture (40 to 50% CS2)
were combined in tightly capped Teflon tubes and shaken. Liberation of
the organics began within hours. Because of the density of the salt
solution, upon standing, the organics floated up to the interface of the
immiscible liquids, and the more dense material sank to the bottom.
The liberated organics were extracted after centrifugation, then washed
in a �1:1:1 mixture of dioxane-CS2-water. HCl (HCl �1 M) was
added to remove CsF, elemental S, and any other soluble material. The
final dried residue had an ash weight of �9 wt%.

2.2. Elemental Analysis

Elemental analysis (H, C, and N) was performed on 0.78 mg of dry
sample yielding 51.2 wt% C, 2.25 wt% H, and 1.74 wt% N, corre-
sponding to a formula of C100H52.7N2.9. Direct determination of oxygen
content via combustion/mass spectrometry was performed on 0.513-
and 1.17-mg samples and yielded an average value of 16.8 � 0.1 wt%
O, yielding 25 O/100 C. The ash weight was 9.3 wt%, leaving a
difference of 18.7 wt%, which is attributed to sulfur. The majority of
this sulfur is So produced during the demineralization of sulfides.

2.3. Solid-State NMR Spectroscopy

All experiments described in this report were performed with a
Varian-Chemagnetics Infinity solid-state NMR spectrometer. The static
field strength of the magnet is �7.05 T, and the Larmor frequencies of
1H and 13C at this field strength are �300 and 75 MHz, respectively.
All 13C-NMR experiments were performed with a 5-mm double reso-
nance MAS probe. The spectra were referenced to hexamethyl benzene
(a secondary reference) and are presented as frequencies in part-per-
million shift relative to that of the methyl group in tetramethylsilane.

All CP experiments used a 1H 90° pulse width of 4 �s; the delay
between acquisitions was 1 s, the spectral width was 50 kHz, and the
acquisition time was 2.56 ms. Both the 1H spin-lock and decoupling B1

frequencies were fixed at 62.5 kHz. CP experiments performed at
relatively slow spinning rates (4 kHz) used a standard (static value)
Hartmann-Hahn match (Hartmann and Hahn, 1962). Variable contact
time experiments were used to determine the optimum contact time
(see details below).

High-speed (MAS frequencies of 12 kHz) CP experiments require
the use of the variable-amplitude CP (VACP) method where, during the
contact time, the strength of the carbon B1 field was stepped over a
range of magnitudes below that of the static match frequency. Both
high- and low-speed MAS CP experiments were optimized to yield the
correct functional group distributions for a variety of organic standards,
including the following: dimethyl naphthalene, chrysene, syringic acid
(3,5 dimethoxy-4-hydroxy benzoic acid), syringaldehyde (4-hydroxy-
3,5-dimethoxybenzaldehyde), and hexamethylbenzene. The CP spectra
are the sum of 312,000 acquisitions coadded and Fourier-transformed
together.

Solid-state 13C SP (Bloch decay) MAS experiments were run to
compare and contrast the effects of deriving carbon signal from prox-
imal hydrogen (e.g., CP) with spectra in which all 13C nuclei are

excited, regardless of proximity to hydrogen (e.g., SP). The spectral
widths, acquisition times, and 1H decoupling fields were identical to
those used in the CP experiments. In general, after a 90° rotation 13C
pulse, it is necessary to wait up to five times T1 (where T1 is the
spin-lattice relaxation time) between acquisitions to avoid signal satu-
ration. Typical values of T1 for coals are on the order of 20 to 30 s (e.g.,
Tsiao and Botto, 1993); thus, an acquisition delay of 100 s is sufficient.
The relatively low value of T1 for coals is largely attributable to the
presence of unpaired electrons (on the order of 1018 to 1019 per gram
of carbon; see van Krevelan, 1993). Electron paramagnetic measure-
ments of the Murchison organic fraction record a value of 1.5 � 1018

unpaired electrons per gram of carbon (Cronin et al., 1987).
In our experiments, a 13C pulse width of 1.3 �s, corresponding to a

30° rotation angle, was used. The small rotation angle allows for a
shorter delay between acquisitions and minimizes the potential for
longitudinal interference due to incomplete relaxation of the 13C nuclei
(e.g., Ernst et al., 1991). Thus, an acquisition delay of 10 s was used,
ensuring that all carbon with T1 values of less than 50 s would not
suffer any signal loss due to longitudinal interference. A total of 24,000
acquisitions were added and Fourier-transformed to yield the final
spectra.

Solid-state 1H-NMR spectra were acquired with a high-speed MAS
probe that used 2.5-mm zirconia sample rotors. MAS frequencies of 30
kHz (the maximum safe speed for this probe) were used. The 1H
background signal from the probe was suppressed with a standard
16-pulse cycle sequence. The specific acquisition parameters included
a 2.5-�s 90° proton pulse width, a spectral width of 200 kHz, a recycle
delay of 2 s, and an acquisition time of 5 ms. A total of 6400
acquisitions were added and Fourier-transformed to yield the final
spectrum.

3. RESULTS AND DISCUSSION

3.1. NMR Spectroscopy

Thorough descriptions of NMR spectroscopy can be found in
numerous texts. In the interest in ensuring accessibility to
readers unfamiliar with NMR, we provide a brief general
description. The heart of a NMR spectrometer is a high static
field magnet. The sample is placed at the center of the field,
where the spins of nuclei align with and precess around the
static field at their characteristic (Larmor) frequencies. Not all
isotopes have the nuclear property of spin; for example, 12C has
no spin, whereas 13C is a spin 1/2 particle.

Signal is measured after spins in the sample have resonantly
absorbed radio frequency (RF) irradiation and exist in an ex-
cited state. The excited spin particles emit an RF signal that,
when transformed into the frequency domain, produces a spec-
trum characteristic of the chemistry of the system. The analyt-
ical basis of NMR spectroscopy is derived from the small
perturbation in the Larmor frequency of a “bare” nucleus (e.g.,
1H or 13C) by the electron current density associated with the
inner and outer shell electrons surrounding the nucleus—that is,
the bonding environment influences the NMR spectrum. As a
result of this perturbation, the resonant frequencies of RF
excited nuclei in different electronic environments are sepa-
rated into a spectrum. The magnitude of this perturbation is
small, so that the NMR spectra record the position of reso-
nances relative to a standard reference frequency. The position
of the resonant frequencies in a NMR spectrum may be as-
signed to specific functional groups. One of the advantages of
NMR spectroscopy is that the probability of transition between
spin states, and hence intrinsic resonance intensity, is the same
for any given nucleus in any electronic environment.

High-resolution spectroscopy in the solid state is generally
only possible through the application of magic angle sample
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spinning. In this case, the sample is physically rotated rapidly
(in the thousands of hertz) at an angle of 54.7° relative to the
static field. The rapid spinning at this angle averages out many
of the interactions that lead to severe line broadening inherent
in solids. Spinning at frequencies that are less then the strength
of a given line broadening interaction (e.g., dipolar coupling
between nuclei) leads to a redistribution of signal intensity
away from a specific resonance peak into a manifold of peaks
appearing at integral values of the rotation frequency. These
additional peaks are referred to as spinning side bands and their
intensities must be taken in to account when calculating the
relative abundance of functional groups.

3.2. CP Variable Contact Time Experiments

The essence of the CP experiment is that 13C acquires its
magnetization through “contact” with a fully polarized 1H spin
system. Contact is made by using the ingenious approach
described by Hartmann and Hahn (1962), wherein nuclei with
different resonant frequencies (at a given static magnetic field)
can be brought into contact (coupled) when directed via RF
irradiation into a doubly rotating reference frame. By careful
adjustment of the 1H and 13C RF fields, the difference in
precession frequencies of both nuclei in the tipped rotating
reference frame can be made to vanish. At this point, magne-
tization from one nuclear spin system can transfer to the other.

The CP method has been shown to be particularly useful in
the case where one has an abundant spin reservoir (e.g., 1H) and
a dilute spin reservoir (e.g., 13C) (Pines et al., 1973). This
stated, the coupling of the two spin systems is temporary and
the magnetization transfer is time dependent; thus, CP methods
suffer from relatively complex dynamic effects that can lead to
inaccurate conclusions regarding chemical structure (see, e.g.,
Wind et al., 1993).

The time dependence of magnetization (hence signal inten-
sity) for the targeted nuclei (13C in our case) is given by Eqn.
1 (Mehring, 1976):

Mc(�) � 4Mo(1 � TCH/T1�)
�1 [exp(��CT/T1�)

� exp(��CT/TCH)] (1)

where TCH is the time constant governing the rate of magne-
tization transfer, T1� is the spin-lattice relaxation time in the
rotating frame (the quantity that places the limit on the time two
nuclear spin systems can remain coupled in the rotating refer-
ence frame), �CT is the time during which the two spin systems
are actually coupled in the rotating frame (i.e., contact time of
the experiment), and M0 is the thermal equilibrium value of 13C
magnetization at the given static field.

Ideally for CP, the spin lattice relaxation in the rotating
frame should be slow and the magnetization transfer be rapid—
that is, TCH � T1�. However, in practice, this is not often the
case. The rate of magnetization transfer is proportional to the
magnitude of the strength of dipolar coupling between 1H and
13C; consequently, 13C nuclei surrounded by 1H (e.g., CH2

groups) will gain magnetization quickly, whereas 13C nuclei
one or more bonds away from a 1H will gain magnetization
more slowly. Although CH3 groups have an abundance of 1H,
they tend to rapidly rotate, thus reducing the strength of the
dipolar coupling between 1H and 13C and reducing the rate of
magnetization transfer.

The sum of these dynamic effects are illustrated in Figure 1.
By measuring the signal intensity of aliphatic carbon at a
chemical shift of 33 ppm (CH2, CH, or both) and the signal
intensity of aromatic carbon at 129 ppm over a range of contact
times, one can follow the buildup and decay of magnetization
due to TCH and T1�. The data in Figure 1A are from a the
relatively slow spinning (4 kHz) experiment, where it is clear
that the growth in magnetization of aliphatic carbon (33 ppm)
is much faster than aromatic carbon (129 ppm); the aliphatic
carbon magnetization peaks at a contact time of �1 ms,
whereas the aromatic intensity continues to grow reaching its
peak at a contact time of �2 ms. The magnetization of both
types of carbon decays beyond a contact time of 3 ms.

These data reveal that provided one is willing to lose signal
intensity (�50%), a choice of a contact time near 3 ms will
yield a largely representative spectrum reflecting the correct
relative proportions of aromatic and aliphatic carbon. However,
if a contact time between 1 to 2 ms is chosen, then the
contribution to the spectrum from aliphatic carbon will be
grossly overrepresented. In the study by Cronin et al. (1987), a
contact time of 1 ms was chosen, suggesting that their observed
low relative abundance of aromatic carbon resulted from an
overcontribution from aliphatic carbon due to incomplete mag-
netization transfer to aromatic carbon.

At higher spinning speeds (e.g., 12 kHz) and with the appli-
cation of the VACP method for polarization transfer, the situ-
ation remains qualitatively the same (Fig. 1B). The application
of VACP generally increases the effective TCH, also the
strength of the dipolar coupling decreases with increased sam-
ple spinning speed, resulting in a further reduction in the
magnetization transfer rate. As a result, whereas at 4 kHz
sample spinning a contact time of greater than 2 ms is required
to obtain representative spectra, at 12 kHz (and with VACP)
contact times greater than 3 ms are required to ensure that
spectra are obtained with representative distributions of func-
tional groups.

The data in Figure 1B suggest why the observed aromatici-
ties for the Murchison meteorite reported by Gardinier et al.
(2000) were so low. Their analyses used a 9.4-T static field
NMR system, requiring 15 kHz sample spinning to minimize
interference due to spinning side bands, as well as VACP to
enhance polarization transfer. However, Gardinier et al. (2000)
chose a 1-ms contact time for their experiments. From the data
in Figure 1B, it is clear that the combination of fast sample
spinning and VACP requires a contact time of at least 3 ms to
record spectra with a representative abundance of organic func-
tional groups. With a contact time of only 1 ms, there will be
an overrepresentation of the aliphatic carbon as a result of
incomplete magnetization transfer to aromatic carbon, yielding
an artificially low estimate of aromaticity.

In consideration of the data presented in Figure 1, all the CP
experiments discussed below use a contact time of 3 ms for
slow spinning (4 kHz) experiments and 4 ms for fast spinning
(12 kHz) VACP experiments.

3.3. Variable Amplitude CP and 12-kHz MAS Analysis of
the Murchison Organic Matter

The VACP (12 kHz) MAS spectrum of the Murchison or-
ganic residue is presented in Figure 2. Although the spectrum
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exhibits considerable inhomogeneous broadening, there are
distinct peaks highlighting the contributions of specific organic
functional groups. Moving down field (up in frequency and
chemical shift ppm), a peak attributed to methyl (CH3) groups
is observed with a chemical shift of �16 ppm. There exists a
broad range of frequencies that may be attributable to methyl
groups, the width of this range being a function of both in-
tramolecular (i.e., substituent effects such as aliphatic vs. aro-
matic) and intermolecular (i.e., shielding effects due to prox-
imity with the face of aromatic rings) (Werhli and Wirthin,
1976). The position of the methyl resonance at �16 ppm is low
for a methyl group bonded directly to an aromatic molecule, but
is consistent with a �-CH3 in an ethyl group on an aromatic
ring (e.g., Snape et al., 1979).

The broad peak at �33 ppm likely indicates the presence of
both methylene (CH2) and methine (CH) groups, the later more
likely contributing to the down field region of the peak (i.e., 40
to 50 ppm). The pronounced peak at �64 ppm is assigned to
oxygen-substituted sp2 carbon—for example, CHnOHi�0,1,
where n can range from 0 to 2 (the characteristic frequency of
methoxy groups (CH3O) is too low to be considered) depend-
ing on whether the oxygen-substituted carbon is tertiary, sec-
ondary, or primary and depending on whether the functional
group is an alcohol or an ether, i� 0 or 1 (Werhli and Wirthin,
1976).

The most prominent peak in the Figure 2 is at �129 ppm and
is assigned to aromatic carbon. The width of this peak is broad,
indicating that aromatic carbon in the Murchison organic res-

Fig. 1. Variable contact time experiments for 1H-13C CP solid-state NMR. Solid squares � intensity of aromatic carbon
(129 ppm); open squares � intensity of aliphatic carbon (33 ppm). (A) Change in intensity with contact time with slow MAS
(4 kHz). Magnetization transfer is much faster for aliphatic carbon. Full magnetization transfer is achieved at a contact time
of �2 ms. The decay in magnetization at times greater than 2 ms is caused by spin lattice relaxation in the rotating frame
and is governed by T1�. (B) Relatively fast MAS (12 kHz) combined with VACP results in a reduction in the rate of
magnetization transfer to aromatic carbon such that only after 3 ms, is there a representative amount of magnetization
distributed across aromatic and aliphatic carbon.

Fig. 2. VACP spectrum (12-kHz MAS) of the Murchison organic
macromolecule. Prominent peaks and shoulders are assigned to prob-
able functional groups identified by their respective chemical shifts in
ppm, the shift in frequency relative to the carrier frequency, �75 MHz,
referenced to tetramethylsilane (TMS). The spinning side bands are
designated by an asterisk.
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idue exists in many different local electronic environments. In
general, the region spanning �100 to 129 ppm can be attributed
to protonated aromatic carbon. The region from �129 to �150
ppm can be attributed to nonprotonated aromatic carbon,
whereas the region from �145 to �160 ppm can be attributed
to oxygen-substituted aromatic carbon. However, these desig-
nations constitute approximate values. Given that the aromatic
region is virtually devoid of any fine structure, any quantitative
assessment that is based on a fit of the aromatic region must be
considered suspect.

The clearly defined shoulder at �170 ppm corresponds to the
presence of carboxylate (COOR), where the COOR might be an
ester or an acid. At a chemical shift near 170 ppm, nitrogen
bearing functional groups such as amide (CONH) and amidines
(CNNH) might also contribute intensity. At �200 ppm, there is
another clearly defined shoulder assigned to carbonyl (C�O),
where the carbonyl may be either a ketone or aldehyde. Finally,
there are the prominent spinning side band peaks associated
with aromatic carbon centered at 289 and �31 ppm (�12 kHz
from the center of the aromatic peak at 129 ppm).

3.4. Functional Group Analysis Derived from VACP
Spectral Data

The spectrum in Figure 2 was fitted with gaussian peaks to
obtain an assessment of the aromaticity (Fa), as well as NMR
derived bulk parameters, such as hydrogen and oxygen content.
The results are presented in Table 1. The aliphatic region was
fitted with three gaussian peaks at 15, 32, and 63 ppm. The
aromatic region was fit with four gaussian peaks centered at
122, 133, 143, and 150 ppm. The aromatic region could be fit
equally well with two gaussian peaks, as was done by Gardinier
et al. (2000); however, given that it is well established that
oxygen-substituted aromatics are present in the Murchison or-
ganic residue (e.g., Hayatsu et al., 1977; Hayatsu and Anders,
1980; Sephton et al., 2000), a peak centered at 150 ppm is
included to account for oxygen bearing aromatics. Both the
COOR and CO regions were fitted with single gaussian peaks
at 168 and 195 ppm, respectively.

Carbon aromaticity, Fa, is 0.61, a value essentially identical
to the previously reported value of 0.60 by Cody et al. (1999),

which was based on a different sample of the Murchison
organic residue and derived from a VACP MAS spectrum by
using a different set of optimized acquisition parameters with a
higher MAS speed (15 kHz). The range in hydrogen content, n
(i.e., C100Hn), is derived by considering the contribution of
hydrogen from each functional group. The uncertainty regard-
ing the identity of specific functional groups—for example,
protonated and nonprotonated aromatic carbon—results in a
range of n from 32.7 to 126.6 (Table 1). The lower limit
considers all aromatic carbon to be nonprotonated, the oxygen-
substituted carbon to be a tertiary ether, the carboxylate to be an
ester, and the carbonyl to be a ketone. The upper limit is
derived by assuming that all the aromatic carbon is protonated,
the oxygen-substituted carbon is a primary alcohol, and the
carboxylate is an acid.

Determination of the number of oxygens (m) per 100 carbons
reveals a range from 26.8 to 37.0. The maximum is derived by
assuming that all oxygen-substituted alkyl carbon is in the form
of alcohol, all the oxygen-substituted aromatic carbon is hy-
droxyl, and the carboxylate is in the form of free acid. The
minimum value of m is derived by assuming that all carboxy-
late is linked to aromatic carbon via aromatic esters, the re-
mainder of aromatic oxygen is linked to aliphatic carbon via
alkyl aryl ethers (see, e.g., Hayatsu et al., 1980), and that the
remainder of the aliphatic oxygen linked as aliphatic ethers.
The direct measurement of the oxygen content of the residue in
this study indicates a value of m � 25. Hayatsu et al. (1980)
reported m � 12.2 determined by difference.

The minimum value of m in Table 1 is closest to the direct
determination of m � 25. A similar analysis of the spectral data
reported by Gardinier et al. (2000) yields a range in m from
22.7 to 37.0. However, in the spectral fit of their data on the
Murchison organic residue, the potential contribution of oxy-
gen-substituted aromatic carbon was not considered. If a range
for m is calculated from the data in Table 1 assuming that there
is no oxygen-substituted aromatic carbon, then the range of m
drops to 23 to 29.4. Where, the minimum now corresponds to
all of the oxygen-substituted carbon linked to carboxyl in the
form of aliphatic esters, and remaining carboxyl being free
acid.

Table 1. Functional group assignment for Murchison macromolecule derived from cross-polarization (VACP) solid-state NMR (MAS frequency,
12 kHz).

Carbon type Shift (�) (ppm) % of total C100Hn C100Om

CH3 15 8.0 24 0
CH, CH2 32 8.7 8.7–17.4 0
CHn � 1–2OHi � 0,1 63 5.5 0.0–16.5 5.5 (max)
Aromatic (C-H, C-R) 122 21.5a 0–21.5 0
Aromatic (C-H, C-R) 133 21.5a 0–21.5 0
Aromatic (C-H, C-R) 143 10.7a 0–10.7 0
Aromatic (C-O) 150 7.6a 0–7.6 7.6 (max)
R-COOH,R� 168 7.4a 0–7.4 14.8 (max)
R-CO-R� 195 9.1a 0 9.1

n � 32.7 � 126.6 m � 26.8 � 37.0b

Fa � 0.61 O/Ring � 0.74

a Includes intensity of the corresponding �1 spinning side bands.
b The minimum value corresponds to all COOR groups being linked as aromatic esters, the remaining phenyl-O linked as alkyl aromatic ethers,

and the remaining aliphatic-O being in the form of aliphatic ethers. The maximum corresponds to all free acids (COOH and phenyl-OH) and the
aliphatic-O groups being entirely alcohol.
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If we assume that the lowest NMR derived values for oxygen
content are more likely to be correct, by virtue of being closest
to the elemental analysis, then it is required that there exists a
maximum degree of linking among oxygen bearing function-
ality. Specifically, esters as opposed to free acids, and ethers as
opposed to free hydroxyls (either aliphatic or aromatic). It is
further noted that the estimates of hydrogen content are linked
to that of oxygen content; thus, the lower oxygen contents
correlate with the lower hydrogen contents (Tables 1 and 2).

3.5. SP 13C MAS (12 kHz) NMR of the Murchison
Organic Residue

It is well known that in the case of thermally mature coals,
where the hydrogen contents are low, NMR spectra obtained
via CP can underestimate the contribution of carbon distant
from hydrogen, for instance if there were substantial quantities
of large laterally condensed aromatic molecules present such as
coronene, ovalene, and larger. SP 13C-NMR is not subject to
such a bias because it detects carbon directly rather than relying
on magnetization transfer from the 1H spin reservoir. In Figure
3, the SP 13C-NMR spectrum of the Murchison organic residue
is presented. In comparison with the CP 13C-NMR spectrum
(Fig. 2), it is immediately apparent that the signal to noise is
considerably less. This is an accepted drawback when SP NMR
is used because it is an intrinsically less sensitive technique
(Pines et al., 1973).

Aside from the reduction in signal to noise, the SP 13C-NMR
spectrum (Fig. 3) of the Murchison organic residue is not
strikingly different than the CP 13C-NMR spectrum (Fig. 2).
Slight differences in functional group representation derived
from SP vs. CP NMR are apparent in the low-frequency region
of the spectrum where there is a reduction in the relative
amount of methylene, methine, and oxygen-substituted ali-
phatic carbon. In the high frequency region, there is a slight
increase in the relative abundance of carbonyl. Overall, how-
ever, the aromaticity (Fa) increases only slightly to 0.63 (Table
2). The NMR-derived values of hydrogen content, using the
identical scheme used above for the CP 13C-NMR data, reveal
a range from 34.9 to 119.4 hydrogens/100 carbons (Table 2).
The NMR derived values for oxygen content reveals a range
from 28.6 to 38.3 oxygens/100 carbons (Table 2). If we again

assume that there is essentially no oxygen-substituted aromatic
carbon, the range in oxygen content shifts down to a low of
25.6 and a high of 28.7.

The similarity of the SP and CP spectra (Figs. 2 and 3) and
data derived from them (Tables 1 and 2) does not support the
hypothesis that there is a substantial reservoir of hydrogen poor
carbon that is “ invisible” to CP NMR methods. Rather, these
data suggest that in the case of the Murchison organic residue,
the CP and SP experiments detect the same range of carbon
functionality and in similar abundance.

Table 2. Functional group assignment for Murchison macromolecule derived from single pulse (SP)–solid state NMR (MAS frequency � 12 kHz).

Carbon type Shift (�) (ppm) % of Total C100Hn C100Om

CH3
a 15 9.7 29.1 0

CH, CH2
a 32 5.8 5.8–11.6 0

CHn � 1–2OHi � 0,1 63 3.1 3.1–9.3 3.1 (max)
Aromatic (C-H, C-R) 122 20.4a 0–20.4 0
Aromatic (C-H, C-R) 133 19.0a 0–19.0 0
Aromatic (C-H, C-R) 143 13.6a 0–13.6 0
Aromatic (C-O) 150 9.6a 0–9.6 9.6 (max)
R-COOH,R 168 6.8a 0–6.8 13.6 (max)
R-CO-R� 195 12.0a 0 12.0 (max)

n � 38.0 � 119.4 m � 28.6 � 38.3
Fa � 0.63 O/Ring � 0.9

a Includes intensity of the corresponding �1 spinning side bands.
b The minimum value corresponds to the case where all COOR groups are linked to form aromatic esters, the remaining phenyl-O linked as alkyl

aromatic ethers, and the remaining aliphatic-O being in the form of aliphatic ethers. The maximum corresponds to all free acids (COOH and
phenyl-OH) and the aliphatic-O groups being entirely alcohol.

Fig. 3. SP spectrum (12-kHz MAS) of the Murchison organic mac-
romolecule. Prominent peaks and shoulders are assigned to probable
functional groups identified by their respective chemical shifts in ppm,
the shift in frequency relative to the carrier frequency, �75 MHz,
referenced to tetramethylsilane (TMS). The spinning side bands are
designated by an asterisk.
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3.6. Slow MAS Experiments: CP and SP on the
Murchison Organic Residue

Additional and independent chemical structural information
can be obtained with experiments run at lower spinning speeds
(4 kHz in this case) by exploiting the effects of increased
dipolar coupling between 1H and 13C. The disadvantage of
slow sample spinning is that carbon in bonding environments
with large degrees of chemical shielding anisotropy (e.g., aro-
matic carbon) will lose a significant proportion of their spectral
intensity into a large manifold of spinning side bands. These
side bands arise at � integral values of the rotor speed (at 4
kHz these are at �n � 53 ppm). Particularly problematic is the
case of the intense aromatic peak at 129 ppm (Figs. 2 and 3),
where the high field spinning side bands occur at 76 and 22

ppm, leading to substantial overlap with aliphatic carbon. An
unanticipated positive attribute in the case of the Murchison
organic residue is that small quantities of carbon in high sym-
metry environments (where the chemical shielding anisotropy
is low) will have their sensitivity proportionately enhanced
because they do not produce significant side bands.

In Figure 4, slow CP and SP MAS spectra of the Murchison
organic residue are presented. At a glance, one may observe that
the slow 4-kHz spectra differ enormously from the 12-kHz spec-
tra, principally because of the significant intensity of the spinning
side bands derived from the intense aromatic peak centered at
129 ppm. As was the case with the 12-kHz spectra (Figs. 2 and
3), the SP spectrum of the Murchison in Figure 4 also exhibits
much lower signal to noise relative to the CP experiment.

Fig. 4. Slow MAS (4 kHz) NMR spectra. Presented are a standard CP spectrum and a SP spectrum of the Murchison
organic macromolecule. The intense aromatic spinning side bands are labeled with asterisks. The sharp peak present in the
middle SP spectrum is assigned to the diamond resonance (34 ppm). For reference, an SP spectrum of 4 nm (detonation)
diamond powder is presented at the bottom (single peak at 34 ppm). No signal is observed for carbon in diamond via CP
methods.
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The most striking difference between the CP and SP spectra
is the presence of a sharp peak in the SP spectrum at 34 ppm.
This peak is coincident with the single carbon resonance ob-
served in diamond. At the base of Figure 4, an SP 13C spectrum
of 4-nm detonation diamonds is included demonstrating the
coincidence in resonance frequency at 34 ppm. Spectra of
larger diamond particles (up to 250 nm; data not shown) also
exhibit a single sharp resonance at 34 ppm.

The existence of nanodiamonds within the Murchison mete-
orite, as well as in other carbonaceous chondrites, is well
known (e.g., Lewis et al., 1987). In the Murchison meteorite,
nanodiamonds have been reported to be present at concentra-
tions of �400 ppm (�3% of the macromolecular carbon in the
case of the Murchison insoluble residue) (Lewis et al., 1987).
Integration of the SP spectrum in Figure 4 reveals that the
proportion of the sharp 34 ppm signal to the total signal
intensity is 2.9 � 0.2% (where the error accounts for an
uncertainty in the fit on the order of �10%). The straightfor-
ward detection of diamond in the Murchison insoluble organic
residue likely results from the presence of extensive defects and
associated paramagnetic centers within them.

The significance of the detection of interstellar diamonds via
slow spinning SP 13C-NMR is twofold. First, the detection of
interstellar diamond highlights the fact that large carbonaceous
domains distant from hydrogen are readily detected when
present with SP NMR. This means that if there were significant
domains of nonprotonated aromatic carbon these too should be
detected. Second, the relative concentration of interstellar dia-
mond is close to that reported via degradative methods (e.g.,
Lewis et al., 1987), indicating that the SP NMR spectra (Figs.
3 and 4) report a representative picture of the distribution of
organic carbon in Murchison. Given the discussions above
regarding the similarity between the VACP and SP with rela-
tively fast MAS, it then appears reasonable to infer that CP
methods also yield a representative picture of the functional
group chemistry in the Murchison insoluble organic fraction.

Finally, it is interesting to consider why interstellar diamond
is detected so readily in the 4-kHz SP spectrum and is not as
apparent in the 12-kHz SP spectrum (Fig. 3). Careful inspection
of Figure 3 reveals a sharpening of the 33-ppm peak (labeled in
Fig. 3 as “methylene” ) consistent with the presence of inter-
stellar diamond. As stated above, with slower sample spinning,
resonance intensity of carbon in less symmetric environments
diminishes as intensity is redistributed into the multiple spin-
ning side bands. In the case of diamond, the extremely high
symmetry of the electronic environment surrounding the car-
bon nucleus results in minimal side band intensity relative to
that of methine or methylene carbon. Therefore, with slower
sample spinning, although all other peaks shrink in intensity,
the diamond resonance will remain essentially unchanged, and
hence, it appears more pronounced. If the data presented in
Table 1 are corrected for the �3% interstellar diamond, the SP
value for Fa will increase to 0.65.

3.7. Interrupted Decoupling Experiments Using CP and
Slow Sample Spinning

The conclusion that CP experiments provide a representative
picture of the distribution of organic functional groups in the
Murchison insoluble organic fraction creates the opportunity of

applying two powerful experiments that can provide comple-
mentary data to support the aforementioned discussions. First,
in the discussions of the aromatic carbon peaks detected via
high-speed MAS using both the VACP and SP methods (Tables
1 and 2), it was acknowledged that it was not possible to assess
the extent to which aromatic carbon is protonated; a designa-
tion by peak position is not satisfactory. This uncertainty in
spectral assignment leads to the large uncertainties in the
NMR-derived hydrogen content (see Tables 1 and 2).

Interrupted decoupling experiments provide a means of de-
termining the fraction of protonated to nonprotonated aromatic
carbon (e.g., Alemany et al., 1983). This experiment is a
variation of the standard CP experiment wherein a delay period
(variable in length) is inserted immediately after the contact
pulse and before the acquisition time. During this delay, high
power 1H decoupling is gated off allowing dipolar coupling
between 1H-13C spins to induce a loss in phase coherence of the
13C magnetization, leading to a loss in signal intensity.

The rate of decay in signal intensity due to dipolar dephasing
is proportional to the distance between 13C and 1H, as well as
the number of hydrogen nearest neighbors. The dynamics of
signal loss exhibits the following useful property: carbon that is
directly bonded to a hydrogen exhibits a Gaussian decay—that
is, where I � I0exp(�Tdd

2 /2T2a
2 )—and carbon not directly

bonded to hydrogen exhibits a Lorenztian decay—that is,
where I � I0exp(�Tdd/T2b). The exception to this is the case of
methyl groups where their rapid rotation results in Lorenztian
decay (Murphy et al., 1982). In the case of the aromatic carbon,
where inhomogeneous broadening may lead to overlapping
peaks of both protonated and nonprotonated aromatic carbon,
the signal decay will record the superposition of both decay
trends. This allows for the determination of the fraction of
protonated to nonprotonated aromatic carbon. The method has
been used extensively and successfully to deconvolute the
chemical structure of complex organic solids such as coals
(e.g., Hatcher et al., 1989).

In Figure 5, an example of the application of interrupted
decoupling is provided using a model compound, 3,5-dime-
thoxy-4-hydroxy benzoic acid (syringic acid). Only the number
2 and 6 carbons are bonded directly to hydrogen. As seen in
Figure 5, their magnetization intensity diminishes rapidly with
gaussian decay characteristics. Carbons 3, 4, and 5 are not
directly bonded to hydrogen and their magnetization loss ex-
hibits Lorenztian decay characteristics. The methyl carbons
follow a more complex decay; although the decay is not,
strictly speaking, Lorenztian, the rate of decay is considerably
slower than that for carbons 2 and 6, even although they have
three times the hydrogen abundance.

Figure 6 presents the interrupted decoupling spectral data for
the Murchison organic residue highlighting the loss in magne-
tization with increasing dephasing time. Spectral intensity in
the range of methylene and methine (33 to 45 ppm) carbon is
observed to decay rapidly, whereas signal intensity persists for
the aromatic resonance (129 ppm and its side bands), as well as
for the methyl resonance (at 16 ppm) out to at least 90 �s
dephasing time. The resolution of an isolated 16 ppm methyl
resonance at long dephasing times supports the assignment of
this band to exclusively methyl groups in the previously dis-
cussed fast MAS experiments (Figs. 2 and 3; Tables 1 and 2).

The dephasing curves are presented in Figure 7. Both me-
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thine (�45 ppm) and methylene (�32 ppm) exhibit classic
gaussian decay behavior, as would be expected, whereas the
methyl peak (�16 ppm) exhibits Lorenztian decay. The aro-
matic resonance (�130 ppm) exhibits a dual mode for decay,
initially gaussian followed by Lorenztian; the fit of this data
(Table 3) shows that the fraction of the gaussian component
(aromatic carbon bonded to hydrogen) is �0.30 and that the
fraction of the Lorenztian component (nonprotonated aromatic
carbon) is �0.70. The uncertainty is estimated to be on the
order of � 0.08 on the basis of the signal to noise.

3.8. Slow-Spinning CP MAS 13C NMR with and without
1H Decoupling

An alternative to interrupted decoupling experiments in-
volves collecting CP-MAS spectra with and without high

power 1H decoupling. In the case of pure crystalline solid
compounds—for example, syringic acid—acquisition of a CP-
MAS spectrum without proton decoupling results in the com-
plete disappearance of signal intensity at the 2 and 6 carbons,
as well as that for the methyl carbons. The remaining peaks are
broadened substantially. In the case of the Murchison organic
residue, the extent of inhomogeneous broadening even with
high power proton decoupling is enormous, hence the principal
effect of collecting a CP-MAS spectrum without proton decou-
pling is to quench signal intensity from carbon immediately
bonded to carbon without imparting significant broadening.

Figure 8 presents CP-MAS spectra with and without 1H
coupling. The greatest loss in signal intensity occurs in the
low-frequency region of the spectrum. Subtracting these two
spectra results in Figure 9, where the residual signal corre-

Fig. 5. An example of spectral analysis through interrupted decoupling. With progressive increases in the delay period
between the CP contact pulse and the acquisition-proton decoupling stage, signal is lost as a result of dipolar dephasing.
These data is for a pure standard (3,5-dimethoxy-4-hydroxy benzoic acid). The curves have been displaced vertically for
clarity. The two protonated carbons (carbons 2 and 6) exhibit rapid signal loss with gaussian decay characteristics. Carbons
3, 4, and 5 exhibit slow dephasing times with Lorenztian decay characteristics. Because of rapid molecular rotation, the
methyl groups exhibit much slower signal loss resulting from dephasing.
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sponds (predominantly) to carbon directly bonded to hydrogen.
The difference spectrum corresponds to 31% of the area of the
CP-MAS with 1H decoupling spectrum (Fig. 8) indicating that
approximately 31% of the carbon in the Murchison organic
residue is protonated. The most intense peak in Figure 9 is
centered at 25 ppm and corresponds to undifferentiated ali-
phatic carbon, the remainder corresponds to predominantly
protonated aromatic carbon and its spinning side bands. What
is desired is the proportion of intensity shown in Figure 9 that
is aromatic and aliphatic, respectively.

Deconvolving Figure 9 into aliphatic and aromatic compo-
nents is complicated by the overlap of the aromatic carbon’s
high field spinning side bands with the aliphatic peaks; specif-
ically the side bands at 76 and 22 ppm (the side band at �31
ppm is well separated from the aliphatic region). There are two
constraints that facilitate this task. First, the peak shape char-
acteristics of side bands must be identical to that of the central
peak. Second, their position is determined precisely by the
sample spinning speed. The side band at 76 ppm is confidently
fitted by these constraints. The second side band at 22 ppm is
fitted by fixing the peak shape characteristics from the isotropic
peak at 129 ppm and setting its integrated intensity to lie
midway between those of the 76 and �31 ppm peaks. A test of

this assumption was made by analyzing the low-frequency side
band intensities of the protonated aromatic carbon in syringic
acid (carbons 2 and 6; Fig. 5). It is observed that the intensity
of the third side band is within � 5% of the mean intensity of
the second and fourth side bands, supporting this approxima-
tion. In general, however, this approach is justified by the well
understood systematic behavior of side band intensities (e.g.,
Herzfeld and Berger, 1980).

The difference spectrum in Figure 9 has 54 � 2% of its
intensity from aromatic carbon and 46 � 2% from aliphatic
carbon. By use of these data, we can now estimate (indepen-
dently of the previous experiments) both the aromaticity and
the fraction of protonated aromatic carbon. Note, that also
contributing to the nonhydrogen bearing fraction is carboxylate
and carbonyl. These values cannot be reliably obtained at slow
spinning speeds, consequently we use the values derived from
the high-speed CP and SP experiments (Figs. 2 and 3; Tables 1
and 2). Taken together the range in Fa derived from Figures 8
and 9 is from 62.1 to 66.7 (Table 4); this is in reasonable
agreement with the analysis of both the high-speed CP and SP
spectra (Tables 1 and 2). The fraction of protonated aromatic
carbon is �0.30 (Table 4), in reasonable agreement with the
interrupted decoupling experiment (Table 3).

3.9. Solid-State 1H MAS NMR, Constraint on Aliphatic
Moieties, and Refinement of NMR-Derived Hydrogen
Content

Solid-state 1H-NMR is complicated by strong dipolar cou-
pling between protons. The strength of this coupling (on the
order of 50 kHz) leads to extreme homogeneous line broaden-

Fig. 6. Stack plot of CP MAS (4 kHz) spectra of the Murchison
organic macromolecule with dephasing times ranging from 10 to 90 �s.
The spectral region near 35 to 40 ppm exhibits a rapid loss in signal
intensity, consistent with resonance intensity in this region being due to
the presence of methylene and methine carbon. At around 50 to 65 �s,
the only intensity left in the aliphatic region is a single peak at �16
ppm, which is consistent with the presence of methyl carbon. Intensity
due to aromatic carbon and its side bands persists out to 90 �s,
consistent with a high proportion of aromatic carbon being nonproto-
nated.

Fig. 7. The loss of signal intensity due to dipolar dephasing for
methyl (16 ppm), methylene (32 ppm), methine (45 ppm), and aromatic
(130 ppm) carbon. The curves have been displaced vertically for
clarity. Intensity at 32 and 45 ppm decays rapidly with gaussian decay
characteristics (spin–spin relaxation type a, T2a). Methyl carbon signal
decays slowly following Lorenztian decay characteristics (spin–spin
relaxation type b, T2b). Aromatic carbon exhibits an initial gaussian
decay followed by Lorenztian decay, behavior consistent with a small
amount of protonated aromatic carbon superimposed on a large reso-
nance due to nonprotonated carbon, �30% (T2a) and 70% (T2b).
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ing. This effect combined with the narrow chemical shift range
of 1H generally leads to totally featureless spectra. There are
two means to circumvent this effect. One method exploits the
classic Combined Rotation and MultiPulse Spectroscopy
(CRAMPS) (e.g., Mehring, 1976). A second method uses ex-
tremely fast MAS. In the present study, the latter approach is
used. By spinning the sample at 30 kHz, much of the dipolar
coupling is averaged to zero. This is demonstrated in Figure 10,
where the proton spectrum of the Murchison organic residue
reveals an intense central peak surrounded by spinning side
bands. The intensity of the side bands reflects the residual
strength of the dipolar coupling, which as can be seen in Figure
10 is low.

Expanding the central region (Fig. 11), two peaks are ob-
served; a high-frequency peak (�7 ppm) corresponding to
aromatic hydrogen and a lower frequency peak (�2 ppm)
corresponding to aliphatic hydrogen. Even with extremely fast
spinning, the 1H spectrum still remains broad. Much of this
residual broadening results from disorder in the macromolec-
ular structure such that a given proton’s intrinsic frequency is
perturbed by proximity to shielding and deshielding fields of

neighboring aromatic rings. Note, however, that the extent of
broadening is not in excess of what is observed with CRAMPS
when applied to similarly aromatic disordered organic solids,
such as coals (e.g., Jurkiewicz et al., 1993).

The spectrum in Figure 11 is fitted with two absorption
bands resulting in the fraction of aromatic 1H and aliphatic 1H
being 0.30 � 0.03 and 0.70 � 0.03. This is a valuable piece of
information, for when combined with the previously deter-
mined fractions of protonated aromatic and aliphatic carbon
(Table 4), one can use these fractions to establish the distribu-
tion of aliphatic functionality in terms of methyl, methylene,
and methine. The average hydrogen content of aliphatic carbon,
z (as in CHz), is determined from the combined 1H-NMR data
and data from Table 4 by using the relation

Z � (FH
AL/FH

AR) � (FCH
AR/FCH

AL) (2)

where FH
AL,AR are the fractions of aliphatic and aromatic hy-

drogen, respectively, and FCH
AR,AL are the fractions of protonated

aromatic and aliphatic carbon, respectively. On the basis of the
uncertainty of the fit of the 1H-NMR spectrum (Fig. 11), the

Table 3. Dynamic parameters derived from variable contact time and interrupted decoupling solid-state CP NMR experiments (MAS frequency �
4 KHz)

Peak (ppm) TCH (�s) T1� (ms) T2a (�s) T2b (�s) Ia
a Ib

b

16 (methyl) — — — 266 0 100
33 (methylene) 158 7.2 36 — 100 0
45 (methine) — — 26 — 100 0
130 (aromatic) 576 9.9 44 50 30c 70

a Intensity of Gaussian component.
b Intensity of Lorentzian compent.
c The fraction of protonated aromatic carbon (Fa

H) � 0.30 � 0.08.

Fig. 8. CP-MAS spectra of the Murchison organic macromolecule
with and without high power 1H decoupling. The loss in signal intensity
is predominantly in the aliphatic (low frequency) region, although there
is some loss exhibited in the aromatic region. Signal loss is due to
dephasing of carbon magnetization when carbon is directly bonded to
hydrogen.

Fig. 9. A difference spectrum derived from subtraction of CP-MAS
with and without proton decoupling. The result records the spectrum of
carbon directly bonded to hydrogen. Spinning side bands are labeled
with an asterisk.
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ratios of aromatic to aliphatic hydrogen range from 33:67
(mean, 30:70) to 27:73. The values of z range between 1.8 (H
poor), 2.1 (H intermediate), and 2.4 (H rich). Of course z is
related to the fractional abundance of methyl, methylene, and
methine hydrogen (designated, respectively, as J, K, L, where
J � K � L � 1.0), as in Eqn. 3:

Z � J � (CH3) � K � (CH2) � L � (CH). (3)

Eqn. 3 is underdetermined. However, from the interrupted
decoupling experiment (Fig. 6), it was observed that the methyl
groups are constrained to resonate at a frequency of 16 ppm.
We therefore constrain Eqn. 3 by fixing the methyl percentage
to that derived from 12 kHz 13C solid-state NMR data (Tables
1 and 2) and solve for the methylene and methine content. The
sum of methylene and methine include the oxygen-substituted
aliphatic carbon (Tables 1 and 2) as the solid NMR spectrum is
too broad to differentiate between the aliphatic functional
groups.

The results are presented in Table 5, where the analysis of
the data incorporates both the CP and SP derived values for the
methyl contribution, as well as aromatic hydrogen. The con-
straint of a fixed proportion of methyl groups acts as a lever,

enhancing the effect of choosing low, medium, or high values
of z. Thus, the proportions of methyl, methylene, and methine
shift dramatically across the allowed range of z. To calculate
the bulk hydrogen content, we chose the case where the oxy-
gen-containing functionality is fully cross-linked, yielding a
minimum bulk oxygen content (as described in Tables 1 and 2)
consistent with the elemental analyses. The result of these
calculations is that the bulk hydrogen content (given as H/C) is
0.65 � 0.07 for the CP data, but if we include the �3%
interstellar diamond, the bulk H/C would drop to 0.63 � 0.07.
For the SP data the bulk H/C is 0.58 � 0.06, or 0.53 � 0.06
when the SP data from Table 2 is corrected for the presence of
�3% interstellar diamond.

4. CONCLUSIONS

The application of independent yet complementary solid-
state 1H and 13C-NMR experiments yields a robust and self-
consistent picture of the organic chemistry of the Murchison
organic macromolecule. The data derived from this study lead
to the following conclusions.

Table 4. Functional group distribution derived from slow-spinning (4 kHz) CP-MAS experiments (with and without 1H decoupling).

Carbon type
Fraction of

carbon
Functional

groups Contribution (%)
Aromatic

carbon type (%)

Al-H 16.6
Protonated Carbon 0.36 Ar-H 19.4 29–30
Nonprotonated Carbon 0.64 Ar-C,O 45.2–47.5 70–71

COOH, R 6.8–7.4*
R-CO-R� 9.1–12.0*

Fa � 0.65 � 0.67

*Values for COOH,R and R-CO-R� are obtained from the fast-spinning (12 kHz) data for both cross-polarization (VACP) and single pulse.

Fig. 10. High-speed MAS (30 kHz) SP 1H-NMR spectrum of the
Murchison organic macromolecule using the DEPTH pulse sequence
for background suppression. The intensity of the spinning side bands
(indicated by an asterisk) reflect the magnitude of the residual dipolar
coupling.

Fig. 11. Expanded region of the SP MAS 1H-NMR spectrum show-
ing the “fi ne” structure—that is, broad resonances for aromatic protons
at (�7 ppm) and aliphatic protons at (�2 ppm).
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(1) The Fa within the Murchison organic residue is now
considerably better constrained and lies between 0.61 and 0.66,
as determined by three independent measurements. The maxi-
mum and minimum values are derived from independent CP
13C-NMR measurements, whereas estimates derived from SP
13C-NMR lie closer to the higher value.

(2) The CP and SP 13C-NMR spectra reveal a similar distri-
bution of carbon functionality. Such similarity requires that
quantities of large so-called laterally condensed molecules on
the scale of coronene, ovalene, or larger are not significant. The
difference in Fa between the 12-kHz MAS CP and SP 13C-
NMR data could accommodate up to 10% of these larger,
hydrogen-poor molecules. The NMR data do not place con-
straint on the size of cata-condensed polycyclic aromatic com-
pounds such as phenanthrene, chrysene, and larger, because
carbon in these compounds will be readily detected by using
CP methods.

(3) The previously derived conclusion that CP methods
(Cronin et al., 1987; Gardinier et al., 2000) do not detect
significant quantities of nonprotonated aromatic carbon in the
macromolecule—for example, 19 to 33% and up to 40%—
based on Fa derived by Cronin et al. (1987) is invalidated. The
previously published CP 13C-NMR experiments overrepre-
sented the abundance of aliphatic carbon due to their choice of
CP contact time.

(4) The Fa that is directly bonded to hydrogen is low
(�30%). Because the close similarity between the 12-kHz CP
and SP MAS data preclude the presence of large quantities of
large laterally condensed aromatic molecules, this indicates that
aromatic molecules in the Murchison organic residue are highly
substituted. This is a critical parameter to consider when for-
mulating a statistical molecular picture of the Murchison or-
ganic macromolecule. This conclusion is also consistent with
previous statements made by Sephton et al. (1999), who con-
cluded that earlier studies had overestimated the concentration
of large laterally condensed organic molecules as a result of
analytical schemes that lead to a loss of smaller, more volatile,
aromatic molecules.

(5) The hydrogen content, as derived from NMR data, lies in
the range of estimates that exist in the literature, provided that
there exists a high degree of cross-linking among oxygen-
containing organic functionality. The quantity of oxygen-con-
taining organic functionality in the Murchison macromolecule

is significant. Depending on whether various oxygen-contain-
ing organic functional groups exist as free acids and hydroxyl
dictates a huge range in O/C. It appears reasonable to favor the
lowest O/C estimates as they are closer to estimates derived
from elemental analysis. Furthermore, the lower O/C values
yield more reasonable values for H/C.

(6) A significant proportion of tertiary (methine, CH) carbon
is indicated by the combined analysis of the 1H and 13C
solid-state NMR data. This reveals that aliphatic carbon chains
within the Murchison organic macromolecule are highly
branched.

The picture of the chemical structure of the Murchison
organic residue that emerges from this analysis is one of a
structurally complex, extensively cross-linked, and highly aro-
matic macromolecule. It should be noted that molecular data
derived from degradative analysis of the Murchison reveal a
broad range of aromatic and aliphatic molecular constituents
(e.g., Hayatsu and Anders, 1981; Sephton et al., 2000); the
NMR data average across this complexity. The NMR and
elemental data discussed in this article serve to provide com-
positional boundary conditions for any molecular structural
model that may be proposed for the insoluble organic residue in
the Murchison. Before this step, however, more information
must be obtained regarding the types and abundance of the
oxygen-, nitrogen-, and sulfur-containing organic functional
groups. Such studies are in progress. Once a molecular struc-
tural model of the Murchison organic macromolecule is derived
that is both consistent with these NMR data and including the
range in molecular species identified via degradative tech-
niques, we can begin to consider a viable pathway back from
this enigmatic material to its solar or interstellar origins.
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